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What is the role of standardized methods for determining the impact of
material properties in pharmaceutical formulation and process devel-
opment? In this Perspective article, we identify material properties that
are potentially important in solid dosage form design, and we review
approaches linking these properties to product specifications in dry
granulation process development. We also assess the potential ben-
efits that could be obtained by standardizing the methods for deter-
mining the impact of material properties of commonly used excipients
and propose a program of research to achieve the desired goal of an
efficient, science-based approach for incorporating material proper-

ties in solid dosage form design.

Current state

Solid dosage form design and process development depend
heavily on the physical properties of the active and excipi-
ent components. Physical properties are closely linked to
final product specifications such as purity, uniformity, dis-
solution, stability, appearance, and mechanical durability.
Physical properties are also often at the center of manufac-
turing problems that can emerge unexpectedly during the
life cycle of the product. Despite a general awareness of the
importance of physical properties, formulation scientists face
a knowledge gap as they attempt to develop pharmaceuti-
cal products and manufacturing processes. Limited progress
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has been made in creating standard methods for character-
izing pharmaceutical components, and in creating reliable
databases and predictive relationships of properties for com-
mon components.

At the core of this gap is the lack of precise knowledge
regarding the role played by many of the physical proper-
ties of pharmaceutical materials as well as the methods to
quantify those properties. Pharmaceutical material proper-
ties are a challenge for several reasons. Organic solids are
more difficult to characterize than inorganic solids because
of the unformalized weak interactions between polyatomic
organic molecules and their innate flexibility. Pharmaceu-
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tical systems consist of multiple components of particles,
and mixture properties must be determined for each com-
position of interest. Many properties of particulate solids
also depend, in unpredictable ways, on factors such as the
particle size distribution, which can vary between lots. Fi-
nally, behavior during processing is a complex function of
the multiple particulate and powder properties that are
amplified by the impact of process parameters such as the
equipment geometry and energy input.

Properties and their impact on product
attributes and processing behavior

The impact of specific material properties is dependent on
the amount and function of a particular component within
the dosage form. Generally, the impact of a component is
greatly reduced when it is present in a relatively low con-
centration, but there are some notable exceptions. For ex-
ample, low concentrations of lubricants, such as magnesium
stearate, and flow aids, such as talc, can have significantly
more than a proportional impact on the tablet strength [1].
Mixing rules relating the properties of a pharmaceutical
mixture to the properties of the individual components have
been developed for certain properties, particularly for bi-
nary mixtures [2,3], but in general, such rules do not exist
and each composition must be individually investigated.

A fairly comprehensive but by no means exhaustive set
of critical material properties is shown in Table 1, along
with their potential impact on product attributes and pro-
cessing behavior. Poor flow behavior contributes to com-
monly encountered phenomena such as bridging and arch-
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ing, rat-holing, surging, and the uneven movement of par-
ticles into die cavities [4]. The latter problem impacts weight
uniformity during unit dosing operations such as tablet com-
paction and capsule filling. Wetting behavior impacts granu-
lation processes and the dissolution rates of oral dosage
forms.

Linking product specifications to material
properties

Product design should start by identifying the desired final
dosage form and its critical quality attributes, along with
the potentially limiting properties of the active pharmaceu-
tical ingredient (API). Potential excipient matches designed
to suppress or amplify the API characteristics and process-
ing approaches that are likely to result in a product that
consistently meets specifications are identified. This is fol-
lowed by an iterative set of activities that optimize the for-
mula and manufacturing process simultaneously. Adjust-
ments can include changing the formula, changing equip-
ment, or adjusting operating parameters. As an example,
we review the literature on the development of dry granula-
tion processes.

Evaluating material impact

Sheskey and Dasbach [5] investigated the effect of commonly
used polymer binders on drug release and mechanical char-
acteristics of immediate release formulations (prepared by
roller compaction). As expected, higher binder levels resulted
in greater tablet strength. Tablets containing higher binder
levels generally exhibited a greater range of dissolution

Property Impact Blending Wetting Drying Mechanical Dissolution  Stability
Flow
Particle size distribution X X X X X X X
Particle shape distribution X
True density X X
Bulk density — poured and tapped X X X
Pore size distribution X X X
Surface area X X X X X X X
Surface energy X X X
Flow X
Cohesiveness X X
Internal friction X X
Wall friction X X
Amorphous content X X
Elastic modulus X
Compactibility X
Brittleness X
Static charge X X
Hygroscopicity X X X
Table 1. Potential impact of material properties on quality attributes and processing behavior.
Continued on page 14.
September/October 2006 | Journal of Pharmaceutical Innovation 13



Perspective

times. Mollan and Celik [6] studied the effect of lubrication
on the compaction of tablets produced from maltodextrin
powders — processed by several methods including roller
compaction. Lubricant sensitivity, as measured by the R
value (i.e., the ratio between the maximum lower punch force
and the maximum upper punch force), was found to reach a
plateau when the concentration of magnesium stearate was
0.5% (w/w) or higher. Inghelbrecht and Remon [7] found that
when microcrystalline cellulose was used as a dry binder or
filler, the particle density influenced the tablet dissolution
rate more than the particle size. Mitchell et al. [8] studied
the use of hydroxypropyl methylcellulose (HPMC) to enhance
the solubility of poorly soluble drugs, and they found that
compaction enhanced solubility, when compared with the
drug alone and also with the corresponding loosely mixed
powders. Soares et al. [9] found that dry granulation im-
proved the compression and flow characteristics of spray-
dried plant extracts.

Modeling the impact of processing stresses and
parameters

The work described previously in this Perspective article on
identifying impact provides evidence of the significant ef-
fects of material properties on dosage form performance.
However, modeling of the impact of processing stresses is
required for optimal design space activities and selection of
processing parameters. Falzone et al. [10] studied the effect
of roller compactor settings on the properties of granula-
tions produced by compaction. The system was modeled with
a quadratic correlation model. They studied several differ-
ent materials including Avicel PH 101, anhydrous lactose,
and an acetaminophen blend. A different correlation was
developed for each material. The correlations could be used
to determine roller compactor settings that would produce
desired values of post-milled granule size distribution and
recompressibility. Hervieu et al. [11] studied the effect of
feed and roll speeds and compaction pressures during roll
compaction of a pharmaceutical powder. The ratio of speeds
between the screw-feeder and the roll speed was found to be
a critical parameter in determining the compact quality, as
measured by a cohesion index. Inghelbrecht and Remon [12]
found that the roller compaction behavior of different types
of lactose evaluated by granule friability could be described
by a linear quadratic model. The equations showed that the
roll pressure was the most important parameter, followed
by the horizontal feed speed and roll speed. In contrast to
this simple statistical model, modeling the compaction of
drum-dried waxy maize starch (DDWM) required a complex
neural network model [13]. Sheskey et al. [14] studied the
scale-up of roller compacted controlled release formulations.
They optimized the roll speed, screw speed, and roll pres-
sure at the laboratory scale, and then scaled up these set-
tings using linear roll speed and roll pressure (per inch of

14 Journal of Pharmaceutical Innovation |

Journal of Pharmaceutical Innovation
www.ispe.org/jpi

©2006 ISPE. All rights reserved. |

roll width) as the scale-up parameters. They found that
manufacturing scale compacts exhibited a lower bulk den-
sity and increased compressibility, compared with labora-
tory scale and pilot scale compacts, thus highlighting the
need for a fundamental understanding of material proper-
ties and their response to stresses. Rambali et al. [15] stud-
ied the effect of roll compaction force on buccal bioadhesive
tablet properties and found that higher compaction force
led to an increase in the bioadhesive energy. This was at-
tributed to an increase in tablet-pore radius and ‘wettability’,
which in turn promotes binding. Simon and Guigon [16]
found that the design of the feed system resulted in com-
pact heterogeneity, which was principally caused by the
variable powder packing that took place in the last flight of
the screw-feeder.

Mechanistic models of roller compaction also have been
developed. Johanson’s model [17] assumes that the mate-
rial is isotropic, frictional, cohesive, and compressible, and
follows the effective yield function proposed by Jenike and
Shield [18]. Bindhumadhavan et al. [19] verified that the
model can be used to predict the peak pressures generated
by the rolls when compacting Avicel PH 102. However, simi-
lar predictions have not been as successful for molecular
organic crystalline powders.

Dec et al. [20] reviewed mechanistic models for roller
compaction and suggested that finite element analysis was
the most versatile approach because it could incorporate ad-
equate information about powder behavior, geometry, and
frictional conditions. They concluded, again, that the big-
gest challenges in implementing finite element modeling
do not arise from computational problems, but from the lack
of adequate material data. Specifically, there is a need for
more-accurate material models that realistically represent
the behavior of the powder through the wide range of densi-
ties, which are encountered during compaction, and also for
appropriate friction models to describe phenomena at the
material and/or roll interface. The need for material models
that can represent the behavior of the material through the
entire compaction process, including the feed system, also
was stressed by Sommer and Hauser [21]. Initial develop-
ment of a constitutive model to describe the mechanical be-
havior of microcrystalline cellulose over the range of densi-
ties encountered in tableting is described by Cunningham
et al. [22]. Material behavior during compaction also can be
modeled using combined finite-discrete element modeling
[23] or non-equilibrium molecular dynamics simulations
[24], but challenges remain in scaling these methods up to
model systems with large numbers of particles.

Although we have selected roller compaction as the ex-
ample, similar limitations based on the lack of fundamen-
tal material science for compounds of pharmaceutical inter-
est are ubiquitous for our solid unit operations. Even high-
shear wet granulation, which seeks to erase the material’s
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memory of all variability of the raw materials, suffers from be drawn from the discussion in the previous sections of

this lack of understanding.

Material characterization

Of course, it is necessary to have reliable and reasonably
objective methods to measure the properties before model-

this article and the information in Table 2:

(1) Methods are often specified with reference to a specific
vendor apparatus with varying amounts of detail about
specific operational settings.

ing begins, whether empirical or first-principle based. The
test methods used in the studies described previously have (i1) There is limited use of standardized test methods for

been summarized in Table 2. The following conclusions can

characteristics other than perhaps equilibrium solubil-

Material property, processing
characteristic, and/or quality attribute

Method

Particle size distribution

True density

Bulk density, tap density

Surface area

Internal friction, wall friction
Lubrication
Flow

Crushing force

Friability (granules)

Friability (tablet)

Dissolution

Stability

Ro-Tap sieve shaker, 5 min (Sheskey and Dasbach [5]);Retsch sieve shaker,
10 min, 2 mm amplitude (Inghelbrecht and Remon [7]);ATM Sonic Sifter, 5 min,
amplitude 8, (Mitchell, Reynolds and Dasbach [8]);Retak sieve shaker (Soares
et al. [9])Sieve shaker, 6 min (Falzone, Peck and McCabe [10]);Laser diffraction
with Helos particle size analyzer, (Inghelbrecht and Remon [12]);Retsch sieve
shaker, 10 min, 2 mm amplitude (Inghelbrecht et al. [13])Ro-Tap sieve shaker, 5
min (Sheskey et al. [14]);Retsch sieve shaker, 5 min, 1.5 mm amplitude
(Rambali et al. [15])Laser granulometry with Malvern Mastersizer (Simon and
Guigon [16]);Laser diffraction with Helos particle size analyzer
(Bindhumadhavan et al. [19])

Helium pycnometry (Mollan and Celik [6]);Beckmann air comparison pycnom-
eter (Soares et al. [9]);Helium pycnometry (Simon and Guigon [16])

Graduated cylinder, 250, 500, 750, 1000, 1250 taps (Inghelbrecht and Remon
[7]);Graduated cylinder, Engelsmann tapping device (Soares et al. [9]);-
Vanderkamp tap density tester, 500 taps (Sheskey et al. [14])

Nitrogen adsorption multipoint Brunauer Emmett Teller (BET) method (Mollan
and Celik [6])

Peschl rotational split level shear tester (Bindhumadhavan et al. [19])
Total work of compression, average power consumption (Mollan and Celik [6])
Discharge time from funnel (Soares et al. [9]);Flow time (Hervieu et al. [11])

Key hardness tester (Sheskey and Dasbach [5]);Pharma Test strength tester
(Inghelbrecht and Remon [7]);European Pharmacopeia Supplement, Erweka
hardness tester (Soares et al. [9]);Key hardness tester (Sheskey et al. [14]);-
Pharma Test strength tester (Rambali et al. [15])

Erweka friabilator, 10 min, 25 rpm with glass beads (Inghelbrecht and Remon
[7], Inghelbrecht et al. [13]);

Vanderkamp friabilator, 4 min (Sheskey and Dasbach [5]);Erweka friabilator
(Inghelbrecht and Remon [7]);Vanderkamp friabiliator, 6 min (Sheskey et al.
(14])

USP (US Pharmacopoeia) apparatus |, 100 rpm (Sheskey and Dasbach
[5]);USP XXIlI specs, 150 rpm (Inghelbrecht and Remon [7])USP apparatus Il,
100 rpm (Mitchell, Reynolds and Dasbach [8]);USP apparatus I, 50 rpm
(Sheskey et al. [14]);Paddle method, 50 rpm (Rambali et al. [15])

Ambient conditions: 21°C, 50% RH. Accelerated conditions: 40°C, 75% RH
(Sheskey et al. [14])

Table 2. Characterizing material properties and their impacts for dry granulation.

Continued on page 16.
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ity measurements, which ultimately should not be sig-
nificantly affected by variability in the raw material
(other than, of course, in the case of purity).

(ii1) Processing behavior of materials is typically evaluated
in terms of relative performance indices such as
flowability or lubricant efficiency, rather than funda-
mental material properties.

(iv) Extensive experimental studies are required to deter-
mine material properties impacts and processing be-
havior, even when using common formula ingredients
such as microcrystalline cellulose (MCC), lactose, and
starch.

(v) The development of mechanistic process models has
been hampered by the lack of adequate molecular and
particulate level models that describe material behav-
ior.

Clearly, the existence of standardized test methods for prod-
uct quality attributes, such as solubility, reflects the impor-
tance placed on controlling these characteristics by regula-
tory agencies. However, in general, a similar emphasis has
not been placed on characterization of the raw materials
and intermediates that will be incorporated into the final
product. Similarly, the evaluation methods for material char-
acteristics that are important for a given process also ex-
hibit varying degrees of standardization. A variety of indi-
ces have been proposed in the literature, but it is difficult to
assess the predictive value of these indices without exten-
sive experimental studies and/or the development of detailed
process models.

The role of standards

Specifications for excipients are often built around the vari-
ous pharmacopoeial standards such as the British Pharma-
copoeia (BP), European Pharmacopoeia (PhEur), Japanese
Pharmacopoeia (JP), and the United States Pharmacopoeia/
National Formulary (USP/USPNF). However, industry has
long recognized that these standards are insufficient because
they emphasize purity, chemical stability, and assays, but
have little to contribute at a similar level of rigor for the
physical or mechanical properties of excipients.

As every formulator will attest, the Handbook of Phar-
maceutical Excipients [25], which contains information on
>500 excipients, is the most widely used reference for ex-
cipient properties. However, the information in the hand-
book is necessarily constrained by the fact that it is largely
derived from open literature. As an example, for sucrose,
the handbook lists absolute values for bulk densities and
gives particle size distributions for crystalline and powdered
forms, but without reference to the method of measurement.
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Flowability is described in relative terms, but information
on many of the remaining property categories shown in Table
1 is not included because it is not currently available. So,
despite these laudable efforts, it is difficult to compare prop-
erties for excipients because of this knowledge gap.

It is proposed that, even with these challenges, sig-
nificant progress can be made with a focused effort. Simi-
lar challenges faced by other industries have led to the
systematic development of databases of physical proper-
ties for relevant materials. The Design Institute for Physi-
cal Properties (DIPPR) provides critically evaluated
thermophysical and environmental property data for in-
dustrial applications [26,27]. The data include synonyms
that identify the compound, the molecular formula and
structure, data quality codes, sources, safety information,
explanatory notes, fixed value properties such as the criti-
cal temperature and pressure, and correlation coefficients
for temperature-dependent properties. Additional informa-
tion, such as the oxygen demand and toxicity, that is use-
ful for environmental impact studies is also available for
certain compounds. The National Institute of Standards
and Technology (NIST) Standard Reference Data program
(http://www.nist.gov/srd) covers a wide range of informa-
tion, including thermochemical and thermophysical data,
spectroscopic constants, and chemical structures. The pro-
gram provides scientists and engineers with numeric data
that are extracted from the literature and assessed for re-
Liability.

The key difference between these databases and the cor-
responding sources that are used in the pharmaceutical in-
dustry is that the former are founded on more-mature sci-
ence and less-varied downstream applications. In part, this
gap exists because there has been insufficient incentive from
all sectors to generate fundamental physical property mod-
els and information on molecular organic materials. Addi-
tionally, excipient vendors might not conduct a test even if
they have the capacity to do so, because they cannot antici-
pate all uses that might be intended by the manufacturer.

Recommendations

Given this litany of challenges, but embracing the approach
adopted by other industries faced with similar problems,
the following is proposed. The current empirical approaches
to solid dosage design could be streamlined considerably if
standardized methods were developed to provide formula-
tion scientists with comprehensive databases of properties
for commonly used excipients. This should be accompanied
by the development of a set of verified physical models that
link physical properties to processing behavior and final
product performance. The characterization methods should
be carefully chosen to supply the required material proper-
ties for the process models. We recommend a program of
research in which the following elements are applied itera-
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tively to improve the pharmaceutical design process con-
tinuously:

(1) Currently available models for common pharmaceuti-
cal unit operations should be assessed and the relevant
physical properties identified to confirm and/or expand
Table 1.

(i1) Available methods for quantifying the physical prop-
erty list generated in the previous step should be evalu-
ated and the most promising approaches further devel-
oped, particularly for pharmaceutical powders.

(ii1) As methods reach a sufficient state of maturity, the most
commonly used pharmaceutical materials should be
characterized and the results should be made available
through standardized databases. The results should
include multiple vendors and include appropriate esti-
mates of variation.

(iv) The component test results and the methods from the
previous step should be used to develop methods for
predicting material properties from first principles and
to generate appropriate mixing rules for predicting the
relevant properties of powder mixtures from the prop-
erties of the components.

(v) The component and mixture properties would be used
to refine and improve the existing process models.

Clearly, implementation of such a broad program will re-
quire concerted action by drug product manufacturers, ex-
cipient vendors, instrumentation companies, the academic
community, regulatory agencies and standards bodies to
investigate the underlying regulatory and competitive is-
sues, and to provide the supporting research in material
characterization. The effort should be structured so the ac-
tivities are at a precompetitive stage, and should strike a
balance between the needs of excipient vendors and drug
product manufacturers. The authors have been collaborat-
ing with NIST to initiate a series of workshops and confer-
ences that are directed toward meeting these objectives.
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