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ABSTRACT

This thesis project studied microcrystalline cellulose 11 (CIl), a polymorphic form
of cellulose, which has lower mechanical properties, less plastic deformation, higher
elastic recovery and faster disintegration properties than microcrystalline cellulose 1 (Cl).
Also, the effects of processing and silicification on ClI materials were investigated.

Particle modification through spray drying, wet granulation and spheronization
was employed to improve CII performance. Spray-drying (SDCII) and wet granulation
(WGCII) produced materials with no difference in mechanical or disintegration
properties from unprocessed Cll, but did show an increase in density and particle flow.
Conversely, spheronization (SPCII) showed the poorest mechanical properties compared
to CII. Further, SDCII showed better dilution potential than CII. Thus the advantages of
SDCII were apparent when it was mixed with a poorly compressible drug
(acetaminophen) because fibrous CIl was converted to spheroidal particles through spray
drying. The rapid disintegration of SDCII and CII compacts was due to water wicking
through capillaries followed by compact bursting. Compacts of ibuprofen mixed with
SDCII and Avicel® PH-102 had comparable disintegration rates and release profiles
compared to ibuprofen formulated with commercial disintegrants and Avicel® PH-102,
especially at levels >10% wi/w.

Adding fumed silica into CII particles through spray drying, wet granulation
(WGCII) and spheronization (SPCII) at 2-20% w/w was also studied. Silicification
increased physical properties such as true density, Hausner ratio, porosity, ejection force
and specific surface area of SDCII and WGCII. Other properties such as bulk and tap
densities were reduced due to the amorphous and light character of fumed silica.
Spheronized CII showed no change in these properties with silicification. Silicification
diminished lubricant sensitivity with magnesium stearate due to the competition of SiO,
with magnesium stearate to coat CII particles.

Silicification also decreased the affinity of CII for water only at the 20% w/w
level due to the few silanol groups available for water interaction compared to surface

hydroxyl groups on ClII alone. Particle size modification of CIl was process-dependent



rather than silicification-dependent. Additionally, silicification decreased the apparent
plasticity and elastic recovery of SDCII and WGCII when compacted. The former effect
along with increased powder porosity increased surface area and compressibility of
SDCII and WGCII. Compact tensile strength of silicified CIl materials was in the order:
spray-dried > wet granulated > spheronized. This order was due to the combined effect of
particle morphology and how fumed silica was incorporated and distributed within CIlI
particles. Silicification did not affect the rapid disintegration properties of CII. Thus,
diphenhydramine HCI and griseofulvin tablets prepared with silicified CllI had faster
disintegration and release than those prepared with commercial silicified Cl (Prosolv®).
Moreover, Cll beads containing diphenhydramine HCI or griseofulvin had faster release
profiles compared to beads prepared with Prosolv® SMCC 50 or Avicel® PH-101. This
behavior showed that rapid disintegration is an intrinsic property of CII.

Compact tensile strength decreased more for unsilicified Cl and Cll compacts
stored at >75% RH, while silicified Cl and CIlI compacts lost less tensile strength under
the same conditions. Reprocessed CI materials containing acetaminophen (1:1mixtures)
lost 35-72% of their original strength compared to silicified CIl materials (15-25% loss)

indicating more particle interaction upon recompression.
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CHAPTER I
INTRODUCTION

Solid Dosage Forms

Currently, more than 80% of all dosage forms on the market are comprised of
tablets because they (i) are easy to dispense, (ii) offer dosage accuracy, (iii) present lower
likelihood of toxicity compared to parenteral dosage forms due to their reduced
bioavailability, (iv) are tamper resistant compared to capsules, and (v) offer better
stability to heat and moisture compared to liquid and semi-solid formulations (Jivraj et
al., 2000).

The International Pharmaceutical Excipient Council (IPEC) defines an excipient
as any substance other than the active drug or prodrug that is included in the
pharmaceutical process or is contained in a finished pharmaceutical dosage form. There
is a broad range of excipients that can be used for making solid dosage forms. Based on
their chemical nature, they can be classified as natural (such as cellulose, starch, chitosan,
etc.), inorganic (such as dicalcium phosphate), synthetic (such as polyvinylpyrrolidone)
and semisynthetic (such as hydroxypropyl cellulose) excipients. Cellulose, starch,
lactose, mannitol, sorbitol, and dicalcium phosphate are some of the most common
excipients employed for tableting. Direct compression (DC), wet granulation (WG), dry
granulation (DG), and extrusion/spheronization (SP) are processes used to prepare a
blend of the active pharmaceutical ingredient (API) and the excipient(s) prior to
converting into atablet or capsule dosage form. Direct compression is a simple and
economical method by which compacts are made directly from a powder blend of API

and the excipients.



In wet granulation, the API is mixed with a wet binder (often starch) and other
excipients and then sequentially passed through sieves to obtain granules suitable for
tableting (Allen et al., 1999). Wet granulation is the most common technique for
tableting, since it allows a large number of drugs to be compacted in a wide range of
doses. Nevertheless, when wet granulation is employed, batch to batch reproducibility
might be difficult to achieve, especially when employing a highly soluble API. In such
cases, the APl may migrate from the core to the surface during drying. Further,
segregation might occur during unit operations, such as blender-to-bin transfer, and bin-
to-tablet press transfer. Such segregation could affect the uniformity of the dose. This
problem could also be present in direct compression if there is a large difference between
densities of the powder mixture (Hedden et al., 2006).

The dry granulation process involves the preparation of a dry blend of the API
and excipients followed by precompression of the powder with high pressure rollers
employing from 1 to 6 tons of force to form ribbons (roller compaction), which are then
milled and sized. If needed, a dry binder and/or a lubricant are added and the mixture is
compressed into a tablet.

In the extrusion/spheronization process, the API is blended with the excipients,
followed by the addition of a wetting agent or a binder in an appropriate liquid (water or
ethanol). The resulting plastic mass is extruded to form a noodle-like extrudate. The
extrudate is then converted to beads with a spheronizer. The beads are dried and coated,
if necessary, before putting them into capsules or making tablets (Soh et al., 2008).

Typically, the first three processes require the addition of several specialized
excipients, such as a binder (compact forming material), filler (diluent), a disintegrant
(facilitating compact disintegration) and a glidant/lubricant (improves powder flow and

reduces friction with punch-die tooling). Among all the above mentioned methods direct



compression is the simplest, fastest and more economical method to study the tableting
behavior of new excipients alone or in mixtures with drugs. Presented below is a brief
overview of the direct compression process.

Direct Compression (DC)

In a 1993 survey of 58 pharmaceutical companies in the US about the selection of
a tableting process, 41.5% of the companies indicated that direct compression was their
preferred method. On the contrary, 1.5% indicated that they never used direct
compression and 15.5% indicated that direct compression was not appropriate for their
APIs. The other 41.5% indicated that they used both direct compression and wet
granulation processes (Shangraw and Demarest, 1993). However, a recent report states,
around 80% of the new drug application (NDA) projects employ wet granulation. The
decision is driven by timelines rather than costs, since this is the most likely process to
succeed. Employing direct compression which might appear as a rapid formulation
procedure may have a higher chance to failure since it might not work for poorly
compressible drugs with challenging physicochemical properties (McCormick, 2005).

Less than about 20% of APIs can be compressed directly into tablets (Harden et
al., 2004). For some APIs, such as ethynylestradiol (dose = 25 ug), levothyroxine (dose
=50 ug), glimepiride (dose = 2 mg) the dose is too small to be able to be compressed into
a tablet directly without needing a filler. To facilitate their handling during manufacture,
ease of administration and to achieve the targeted content uniformity, it is recommended
that the tablet thickness and weight should be kept above 2 mm and above 50 mg,
respectively. Thus, diluents are used, usually from 5 to 80% of the tablet weight
(Lachman et al., 1986). They are added to formulations to increase bulkiness of
compacts, but sometimes they are added to improve cohesion, allow compression,

enhance flow, and adjust tablet weight (Swarbrick and Boylan, 1986).



The dilution potential of an excipient is influenced by the compressibility of the
API. It corresponds to the amount of excipient incorporated with a drug without losing its
functional properties, such as compactibility or compressibity (Allen et al., 1999).

In the direct compression process, APl and excipients are blended together and
then compressed into tablets. Direct compression (DC) is gaining popularity since
compared to current APIs, the emerging new molecules are usually sensitive to moisture,
oxidation and heat, making wet granulation less attractive (Avachat and Ahire, 2007).
Thus, DC is ideal for moisture and heat sensitive APIs, such as aspirin. It presents few
stability issues, involves few excipients and requires less multifunctional excipients.
Changes in dissolution profiles and the possibility of microbial growth on storage are also
less likely to occur in tablets made by DC than in those prepared by wet granulations.
Compacts made by DC disintegrate into primary particles, rather than granules, and
hence, can provide faster API release (Saha and Shahiwala, 2009). The main advantage
of DC over other tablet manufacturing methods is its simplicity, since it requires few unit
operations and utilizes much less, energy, making the process more economical (Bolhuis
and Chowhan, 1996).

Direct compression is highly influenced by the material characteristics, such as
flowability, compressibility and dilution potential, since ~70% of commercial
formulations contain excipients at higher fractions than APls. Thus, an ideal DC
excipient enables one to prepare compacts with APIs even at levels lower than 50%
excipient (Jacob et al., 2007).

Since most poorly compressible drugs are limited to a maximum loading of 30%
in a formulation, direct compression is not recommended for these materials. It is also not
suitable for poorly flowing powdered drugs since they may agglomerate or segregate

during manufacture (Shangraw and Demarest, 1993). In addition, problems, such as



weight variation and content uniformity, might occur because most filler-binders
commercially available have limited dilution potential. For instance, acetaminophen,
which has poor flow, compressibility, compactibility and low density is not
recommended for DC (Bolhuis and Chowhan, 1996).

Even the choice of excipient grade can cause problems in DC. Choosing an
improper grade of excipient could lead to segregation and greater lubricant sensitivity
(Almaya and Aburub, 2008). For example, Avicel® PH-200 (dia. 180 um) is more
affected by addition of magnesium stearate than Avicel® PH-101 (dia. 50 pm) and
Avicel® PH-102 (dia. 100 um) because it has more regularly-shaped particles which are
covered easily by magnesium stearate leading to less particle bonding. Further, large
differences between the excipients and API particle shape and size may lead to
inconsistent die filling, preferred orientations in particle bonding, non-homogeneous
particle slippage and differences in pressure transmission within the powder bed, all
resulting in tablet lamination and capping. Lamination corresponds to the separation of a
compact into two or more distinct horizontal layers, whereas capping occurs when the
upper or lower segment of the compact separates horizontally from the main body (Chow

et al., 2008).

Attributes of an Ideal Direct Compression Excipient

The manufacture of a tablet dosage form usually involves a binder, filler, glidant
(flow enhancer), disintegrant and lubricant. Functionality describes the activity of an
excipient. A multifunctional excipient is defined as a material that has more than one
functional property. A glidant improves flowability of the powder mixture; while a
lubricant is added to reduce the friction between the powder and tablet tooling. The latter
also enhances tableting efficiency and reduces punch-and-die wear. The filler (diluent) is

used to increase the bulk of the tablet or capsule to the desired size/volume, easing



compact handling and administration. A binder allows the formation of granules or
tablets of adequate tensile strength, whereas the use of a disintegrant allows the tablet
break into particles when it comes in contact with water. Compressibility is expressed as
the relative volume reduction of the powder bed in response to the applied pressure, and
compactibility is the ability to form a compact with sufficient strength when a
compression force is applied (Allen et al., 1999). Loading capacity or dilution potential is
defined as the minimum amount of the excipient that when mixed with a drug shows no
change in its compressibility, flow rate, and ability to form hard compacts at low
pressures (Flores et al., 2000).

In order to ensure a robust and successful manufacture of tablets, a direct
compression (DC) excipient ideally should possess the following characteristics:
excellent compressibility, adequate powder flow, resistance to segregation during
handling and storage, fast compact disintegration, a broad range of bulk densities, low
sensitivity to lubricants, it should also be easily scaled up and allow higher drug loading
even at low usage levels and it should not have a complex production (Jacob et al., 2007;
Zeleznik and Renak, 2005).

In addition, a DC multifunctional excipient should preferably have the following

characteristics (Thoorens et al., 2008; Chang and Chang, 2007):

[EEN

. Physiologically safe and it should not affect drug bioavailability;

2. Be physically and chemically stable to heat, moisture and air;

3. Not adversely affect the functional properties of other excipients and the API;
4. Be compatible with the packaging material(s);

5. Have a particle size that matches the active ingredient;

6. Good compactibility even in high speed tableting machines (low dwell times);

7. Ability to be reworked without loss of flow or compactibility;



8. Be cost effective and available preferably from multiple suppliers;

9. Have pleasant organoleptic properties, be well characterized and accepted by the
industry and regulatory agencies;

10. Not contribute to the microbiological load of the formulation;

11. Preferably white.

A compendial excipient is a well characterized material other than the active
ingredient, which possesses the desirable purity, strength and quality requirements
specified by the United States Pharmacopoeia-National Formulary (USP/NF). Currently,
several DC excipients are commercially available. However, most of them lack
multifunctional characteristics. Hence, in recent years, several blends of two or more
excipients with different properties to complement/improve their functionality have
become commercially available (Garr and Rubinstein, 1991).

Direct Compression Excipient Examples

Materials, by virtue of their response to applied forces, can be classified as elastic,
plastic, or brittle materials (Figure 1-1). Generally, materials are not entirely elastic,
plastic or brittle, but have some of all three characteristics. Thus, pharmaceutical
materials may exhibit all three types of behavior, with one type being the predominant
response. Opposed to brittle materials, a ductile material can withstand large
deformations without breaking. Brittleness is caused by progressive failure along weak
points in the crystals, whereas ductility favors sliding of crystal planes. Ductility and
brittleness favor bonding because new surfaces are produced and, consequently, an
increase in contact area between particles occurs during compression.

Picker developed a three dimensional model based on compression pressure,
dwelling time and porosity data to characterize tableting behavior of pharmaceutical

materials (Picker, 2004).
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Figure 1-1. Deformation Mechanism upon Compression®



Based on the observed ability of the materials for densification, Picker ranked the
ductility of some excipients as: maize starch > potato and pregelatinized starches =
maltodextrin > microcrystalline cellulose = a-lactose monohydrate > xylitol = maltose =
mannitol = sodium carboxymethyl cellulose > dicalcium phosphate. The advantages and
disadvantages of some common direct compression excipients are presented in Table 1-1.

Need for New Excipients

In the recent past, few new excipients have been introduced into the market. The
development of new excipients so far has been market driven (i.e., excipients are
developed in response to market demand) rather than marketing driven (i.e., excipients
are developed first and market demand created through marketing strategies). One reason
for this lack of new excipients is the relatively high cost involved in excipient
development, including the toxicological tests. However, with the increasing number of
new drug moieties with varying physicochemical, pharmacokinetic, permeation and
stability properties, there is a growing interest among formulators to search for new
excipients that have minimal scale-up problems, low manufacturing costs, and little
environmental impact (Marwaha et al., 2010). Other factors driving the search for new
excipients are:

e The growing popularity of the direct compression process and demands for an ideal
filler-binder that can replace two or more excipients avoiding the need for multiple
excipients (i.e., disintegrant, lubricant, glidant, etc.).

e The increasing speed capabilities of tablet presses, which require excipients to
maintain good compressibility and low weight variation even at short dwell times.

e Shortcomings of existing excipients, such as loss of compaction upon wet

granulation, high moisture sensitivity and poor die filling as a result of agglomeration.



Table I-1. Direct Compression Excipients: Advantages and Disadvantages.

Advantages

Disadvantages

Has good flow and is unreactive with
moisture sensitive drugs (Whiteman
and Yarwood, 1988).

Reacts with amines and alkaline
materials. B-lactose has poor
flowability, and can pick up moisture

lubricants (Doldan et al., 1995).

(b}

é e It has good tableting properties and easily (Whiteman and Yarwood,

« high dilution potential (Bolhuis et al., ~ 1988).

3 2004). e Compressibility decreased at >5%
moisture content (Bolhuis et al.,
2004).

¢ Inexpensive, shows good flow and e Itis highly sensitive to lubricant
S renders a homogeneous distribution (Jahn and Steffens, 2005) and at high
g of API during wet granulation compression speeds suffers from
5 (Klinger et al., 1986). capping (Alderborn and Nystrom,
= e Ithas self-lubricant properties 1996).
= (Rahmouni et al., 2002). ¢ [t shows a slow disintegration
'@ e Used in wet granulation, direct (Almaya and Aburub, 2008).

g compression, capsule and bead
formulations (Van Veen et al., 2005).

e Moisture content of <7% in the e Compactibility is adversely affected
© product eases slippage of individual when processed by wet granulation
= crystals upon compression and avoid (Sherwood and Becker, 1998).
< @ capping tendency (Jivraj et al., 2000). e It is expensive and shows poor flow
= %. Has good compactibility and (Gustafsson, 2000).
§ ?‘3 compressibility (Jivraj et al., 2000). e Magnesium stearate leads to compact
2 capping and lamination. It requires
= disintegrants and suffers from strain

rate sensitivity (Moreton, 2008).
e |t is inexpensive. The anhydrous and e It requires the addition of lubricants
hydrated forms can be used for direct and disintegrants and its tablets
€2 compression and wet granulation possess high porosity. On storage,
% Juf::z) (Miyazaki et al., 2009). compacts become hard delaying
.<D_J %o It is relatively insensitive to alkaline dissolution times, specifically when

stored at low RH (Doldan et al.,
1995).
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Table 1-1: Continued

It has a cooling sensation in the
mouth. It is less hygroscopic (<1%)
than sorbitol (Ashok and Mahesh,
2006).

e |t is more expensive than sorbitol. It

is available in three polymorphic
forms (a, B, and y). Flow and
binding properties of all three forms

It shows poor hygroscopicity, good
flow and is lubricant insensitive
(Eroma et al., 2003).

2 e Thegranular form has the best flow  depend on the recrystallization

S and binding properties ( Kim et al., conditions during its manufacture

S 19998). (Yoshinari et al., 2003)

e The a-form has the best
compactibility and flow. Compact
disintegration takes ~9 min (Yu et
al., 1999).

e |t has sweet taste and renders good On storage, compact disintegration
mouth feeling (Stout et al, 1991). and hardness increases, while,

e Direct compression produces friability decreases. It is highly
stronger compacts over wet hygroscopic, and reacts with amine

o granulation (Olmo and Ghaly, groups. It has poor compactibility at

8  1999). > 9% moisture content (Olmo and

% e Dextrose is soluble in water and, Ghaly, 1999).

a hence, its tablets do not An equal mixture of the anhydrous
disintegrate, but dissolve (Olmo and monohydrate forms improves
and Ghaly, 1999). compactibility (Hebeda, et al,

1979).
e |t is 40% more sweet compared to It forms less strong compacts, but
sucrose and does not contribute to possesses lower capping tendency
© blood glucose levels. It has a low compared to mannitol and sorbitol

= caloric value (Eroma et al., 2003). (Bolhuis, et al., 2009).

§ e |t is employed in chewable tablets.

11



Table 1-1: Continued

It is non-hygroscopic and
insensitive to magnesium stearate
(Nehete et al., 1992).

It makes strong chewable compacts

e It could increase the glucose levels in
diabetic patients (Bowe et al., 1997).

masking agent (Mullarney et al.,
2003).

(b}
IS (Muzikova and Balharkova, 2008).
f_zﬂ It is 33% sweeter than sucrose. Its
compacts are non-friable and
disintegrate < 9 min (Bowe et al.,
1997).
It is used for making lozenges, e Storage at > 65% RH induces
chewable, and orally disintegrating liquefaction and at low RH
tablets. It exists in the a, B, v, and & recrystallization, causing tablet
_ forms (Guyot-Hermann and hardening and instability of moisture
2 Draguet-Brughmans, 1985) sensitive drugs. It also clumps in the
'g The y form is the most stable and feed of the hopper and sticks to the
n presents the best compaction, surface of the die during tableting at
disintegration and dissolution RH > 50% (Lieberman, et al, 1990).
characteristics. It is lubricant
insensitive (Reiff et al., 1986).
It is used for wet granulation and ¢ It has poor compactibility (Behzadi et
° has good flow (Behzadi et al., al., 2006).
3 2006).
S It serves as an excellent taste
(9p]

12
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e The lack of excipients that address the needs of a patient, with a specific disease state
such as those with diabetes, hypertension, and lactose and/or sorbitol sensitivity.

e The ability to modulate the solubility, permeability, or stability of drug molecules.

New Excipient Sources

Excipients with improved functionality can be obtained by developing a new
chemical entity, new grades of existing materials or their combinations (Moreton, 1996).
An excipient is only considered novel when it is a new chemical entity, a new route of
administration is created by its use, a physical/chemical modification of an existing
excipient is formed, a co-processed mixture of existing excipients is developed, or a food
additive is used for the first time for oral drug administration (Larner et al., 2006). In the
last three decades, new grades of existing excipients have been developed, but only a few
novel excipients have been introduced in the market (Chang and Chang, 2007).

New grades of existing excipients can be achieved by modifying fundamental
properties, leading to improved derived (functional) properties (Block et al., 2009;
Reimerdes, 1993). Fundamental characteristics, such as morphology, particle size, shape,
surface area, porosity and density all determine excipient functional properties, such as
flowability, compressibility, compactibility, dilution potential, disintegration, and
lubrication potential as depicted in Figure 1-2. Any new chemical entity being developed
as an excipient must undergo various stages of regulatory approval aimed at addressing
issues of safety and toxicity, which is a lengthy and costly process. The requirements of
purity, safety, and functionality of the excipients are established and harmonized by the
International Pharmaceutical Excipients Council (IPEC).

In addition, like active ingredients, the excipient must undergo a phase of
development, which shortens the market exclusivity period making the investment less

attractive.



Modified fundamental property Derived functional property

Disintegration, dissolution,

Water affinity moisture content and flow

Particle porosity

Compressibility and solubility

Particle size and
density distribution

Segregation and dilution potency

Particle shape Flowability and compressibility

Y IANN

Flowability, segregation potential
and compressibility

Surface roughness

Figure 1-2. Material Effects on Derived Formulation Properties.
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One of the solutions was to develop drug products jointly, in which a new
excipient becomes part of the new drug application. Thus, the combined expertise of
pharmaceutical and excipient companies can lead to the development of tailor-made
innovative excipients. For example, CyDex Pharmaceuticals (Lenexa, KS) and Pfizer
(New York, NY) worked collaboratively to obtain the approval of a solubilizer for IV
applications (Marwaha et al., 2010).

In the past four decades, excipients have been physically or chemically
engineered for developing new grades, such as pregelatinized starch, Avicel® PH-101,
PH-102, and PH-200 (FMC Biopolymers, Newark, DE), spray-dried lactose (Foremost
Farms, Baraboo, WI) and crospovidone (Polyplasdone® XL and Polyplasdone® XL-10,
International Specialty Products, Wayne, NJ). However, functionality can be improved
only to a certain extent, because of the limited range of possible modifications that
restricts functionality (Nachaegari and Bansal, 2004). Powder density and particle size
could be altered to achieve better flow. However, when one attribute is improved, another
may be compromised (i.e., flow of Avicel® PH-200 is improved 1.6 fold at the expense of
its compactibility and vice versa for Avicel® PH-101) (Lerk et al., 1974; Taylor et al.,
2000). However, in the case of native starches, thermal treatment led to an improved
binder property (pregelatinized starch), attributable to the partially hydrolyzed nature of
the granules which made them more hydrophilic (Klinger et al., 1986). Pregelatinization
also provided other functionalities, such as excellent flow, self-lubrication, improved use
as a filler in hard gelatin capsules (5-75%), and a better binder in wet granulation (5-
20%). Further, this material has improved use as a dry binder for roller compaction and
direct compression applications and as a disintegrant in tablets (5-10%) (Ashish and

Neves, 2006).
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Particle Engineering as a Source of New Excipients

Solids are characterized by three levels of state: molecular, particle, and bulk.
Changes in one level are reflected in other levels. Thus, excipient functionality can be
improved by modifying any of the three levels.

The molecular level comprises the arrangement of individual molecules in the
crystal lattice and includes changes, such as polymorphism, pseudopolymorphism, and
the amorphous state. The molecular level can be modified by changing the arrangement
of molecules in the crystal lattice, generating new allomorphs, pseudopolymorphs, or
making a material more amorphous by a chemical treatment (crosslinking). Varying the
crystal lattice arrangement by adjusting parameters, such as crystallization and drying
conditions often can create a particle with different properties.

One example of how a variation in the polymorphic form changes the functional
properties of a material is lactose. Lactose exist in two forms, a-lactose and B-lactose. a-
lactose monohydrate has good flow, small surface pore area, but poor binding properties.
Anhydrous a-lactose, on the other hand, has a larger pore area, excellent binding
properties (4 times larger), keeping the good flow characteristics. Further, different from
the regular structure of a-lactose crystals, B-lactose has a granular form consisting of
aggregates of small crystals with better binding properties (Lerk, 1993).

Other modifications at the molecular level involve chemical reactions or
crosslinking of the excipient with a low molecular weight substance. These processes are
expensive and usually require a need for solvent recovery and determination of residual
solvents. Further, crosslinking agents are often toxic and leave traces of by-products
(impurities) that could be harmful or degrade in vivo to toxic products. For example,
MCC, starch, chitosan, lactose, and other sugars can be easily cross-linked with

glutaraldehyde in a complex etherification reaction. However, glutaraldehyde also self-
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polymerizes, leading to the formation of undesirable by-products, which are difficult to
remove (Rasmussen and Albrechtsen, 1974). Further, carboxymethylation of potato
starch (ether synthesis) followed by neutralization with citric acid produces a
superdisintegrant (sodium starch glycolate). Similarly, another type of starch crosslinking
produced hydroxyethyl starch, useful for parenteral applications. Cellulose derivatives,
such as ethyl cellulose, methyl cellulose and hydroxypropylmethyl cellulose are also
chemically modified excipients (Krassig, 1996).

The particle level comprises individual fundamental particle properties, such as
morphology, particle size, shape, surface area, porosity, and density. At the particle level,
individual particles can be modified by physical processing such as spray drying, wet
granulation, crystallization, etc; or co-processing of the excipient with other inert
materials. Co-processing is based on the concept of excipient interaction at the sub-
particle level. It provides a functional synergy as well as masking the undesirable
properties of the individual components (Block et al., 2009). Particles of the minor
component can be incorporated either on the surface, or within the core of the excipient
particles. This process requires homogenization of the excipients, followed by a co-
processing step. As long as the two materials comply with the compendial requirements,
the co-processed product does not need toxicity studies required for a new chemical
entity.

At the bulk level, larger scale arrangements of the materials are involved. This
level is of importance during the drug development stage and implies, for example, a dry
blend of two or more excipients in a particular ratio. This level is composed of an
ensemble of particles and governs functional properties, such as flowability,
compressibility, compactibility, dilution, disintegration and lubrication potential, which

are critical factors in the excipient’s performance. This level can be modified by changing
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particle interaction in the bulk state. The resulting blends will exhibit intermediate
properties between those of the two parent materials. In a few cases, the magnitude of
these properties is non-ratio-dependent (Nachaegari and Bansal, 2004). Particle size,
particle size distribution and bulk density of the materials should be similar to prevent
segregation during manipulation, handling and storage of the product, and batch-to-batch
variability problems (Levin, 2006).

In the design and development of a drug product, it is not uncommon to use two
or more excipients/coadjuvants to obtain a mixture with adequate tableting properties.
The properties of such blends can result in either synergistic or antagonistic effect(s) with
respect to various tableting properties (Lerk et al., 1974). For example, a dry blend can be
used to formulate rapidly disintegrating tablets for a mixture of Prosolv® SMCC 90,
mannitol and a poorly soluble drug (loratadine) compressed at low pressures. Prosolv®
can adsorb a sufficient quantity of fine dust of the fast dissolving excipient (mannitol).
The resulting compacts are able to disintegrate within 60 sec after contact with water or
saliva (Beso and Sirca, 2006).

In a few cases, the API can be dispersed among the excipients in a liquid followed
by spray drying to form a more homogeneous blend. For example, acetaminophen can be
spray-dried with maltodextrin in water to produce oblong, free flowing particles with
good compactibility. In this case, the binary mixture has good compactibility, but its
compacts show a capping tendency (Gonnissen et al., 2008). Sometimes it is advisable to
diminish the undesirable effects of adjuvants in the bulk simply by changing blending
time (i.e., the negative effect of hydrophobic magnesium stearate on plastically
deforming materials can be decreased by decreasing the blending time to < 5 min)

(Jivraj et al., 2000).
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Excipient Co-Processing as a Source of New Excipients

Over the years, the strategy for developing co-processed excipients has gained
importance. However, the development of such combinations is a complex process
because one excipient may interfere with the existing functionality of the other excipient.
Co-processing was initially used by the food industry to improve stability, wettability,
and solubility and to enhance the gelling properties of food ingredients, such as co-
processed glucomannan and galactomannan (Modliszewski and Ballard, 1996). Excipient
co-processing in the pharmaceutical industry originated in the early 1990s with the
introduction of co-processed microcrystalline cellulose and calcium carbonate (Auguello
et al., 1998a).

Excipient co-processing could lead to the formation of materials with superior
properties compared to simple physical mixtures (gravity driven blending) of
components. The aim of co-processing is to obtain a product with added value by a
balance of its functionality and production costs. An excipient of reasonable price, such
as a diluent, has to be combined with another functional material in order to obtain an
integrated product with superior functionality than the simple blend of components. The
randomized embedding of the components in the particles minimizes anisotropic
behavior, such that deformation during compression along any plane and multiple clean
surfaces are formed during the compaction process. Thus, the use of a co-processed
excipient as a direct compression material may combine the advantages of wet
granulation with the lower cost of direct compression (Reimerdes and Aufmuth, 1992). A
major limitation of the co-processed excipient mixture is that the ratio of the excipients in
the mixture is fixed. When developing a new formulation, a fixed ratio of the excipients

may not be optimal for a particular API and for the dose per tablet under development
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(Bolhuis and Chowhan, 1996; Saha and Shahiwala, 2009). A co-processed excipient
development involves:

» Identifying the two or three excipients to be co-processed by carefully studying material
characteristics and functionality requirements.

» Selecting the proportions of the excipients to optimize.

* Assessing a suitable solvent in which to disperse the excipients.

* Selecting an appropriate drying process such as spray or flash drying.

* Optimizing the process to avoid batch-to-batch product variations.

Role of Material Science in Co-processing

Excipient co-processing offers a valuable tool to alter compression and/or flow
behavior of a material. A combination of plastic and brittle materials is necessary for
optimum tableting performance (Nachaegari and Bansal, 2004). Ideally, a co-processed
material exhibits superior properties compared to the simple physical mixture of
individual components. Co-processing is generally conducted with one excipient that is
plastic deforming with another that is brittle as seen previously in Figure 1-1. This
combination could minimize storage of elastic energy during compression, which is
associated with the compact’s tendency for capping and lamination (Jacob et al., 2007).
Further, co-processing of these two types of deforming materials produces a synergistic
effect, in terms of compressibility, by selectively overcoming individual disadvantages.
Such combinations can help improve functional properties, such as compaction
performance, flow properties, strain-rate, lubricant and moisture sensitivities, or reduced
hornification (ability to form hydrogen bonding). The products so formed are physically
modified in a way so that they do not lose their chemical structure and stability. This
means that excipients maintain their independent chemical properties, while

synergistically increasing their functional performance (Chow et al., 2008).
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If the resulting co-processed excipient is porous, segregation is typically
diminished since APIs can adhere onto s excipient particles, making process validation
and in-process control easy and more reliable. Spray drying, wet granulation,
spheronization, and co-crystallization can be used for co-processing. Spray drying is a
process in which an aqueous or non-aqueous dispersion of the materials is sprayed
through a nozzle at high pressures and the droplets formed are rapidly dried and collected
as a powder. Wet granulation involves addition of an aqueous dispersion of a binder to a
previously mixed powder blend, followed by wet sieving and drying. In the
spheronization process, the wet mixture of excipient(s) is first extruded to produce
homogeneous spaghetti-like rods. These rods are, while wet converted to beads by using
a spheronizer. In co-crystallization, the two materials are dissolved in a solvent (often
with heat) in which both are highly soluble followed by cooling at different rates to
produce desired co-crystals. Differences in the cooling rate cause changes in the size and
shape of the resulting crystals. These crystals can be then milled or passed through sieves
to control their particle size.

Co-Processed Excipients

Table I-2 and Table I-3 list and describe salient features of some commercial and
investigational co-processed microcrystalline cellulose excipients, respectively. The
following is a brief discussion of the functional properties of some of these co-processed

excipients.
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Table I-2. Commercial and Investigational Co-processed Cellulosic Excipients.

Type Brand name Manufacturer Ingredients % Processing
Avicel® HFE ~ FMC Biopolymers MCC 90 Spray drying
Mannitol 10
Avicel® RC591  FMC Biopolymers MCC 89 Milling, spray
Na CMC 11 drying
Avicel® RC581 FMC Biopolymers MCC 89 Milling, bulk
Na CMC 11 drying
Avicel® CL611 FMC Biopolymers MCC 85 Milling, spray
Na CMC 15 drying
Avicel® RC591  FMC Biopolymers MCC 89 Milling, spray
Na CMC 11 drying
Cellulose . ® . -
Based Avicel” RC581 FMC Biopolymers MCC 89 Milling, bulk
Na CMC 11 drying
Avicel® CL611 FMC Biopolymers MCC 85 Milling, spray
Na CMC 15 drying
Prosolv® SMCC JRS Pharma MCC 98 Spray drying
50 and Prosolv® Colloidal silicon dioxide 2
SMCC 90
o MCC 80 Spray drying
- Investigational® Calcium carbonate 20
Investigational® Rice starch 70 Spray drying
-- MCC 30
Lactose Cellactose® Meggle o-Lactose monohydrate 75 Spray drying
Based Powder cellulose 25
Microcellac® Meggle a-Lactose monohydrate 75 Spray drying
MCC 25

aAuguello et al., 1998a; Limwong et al., 2004.
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Table I-3. Salient Features of Co-processed Cellulosic Excipients.

Salient features

Lactose-Cellulose (Cellactose®)

Has good compactibility attributed to the synergic effect of
consolidation by fragmentation of lactose and the plastic
deformation of cellulose (Arida and Al-Tabakha, 2008).

During spray drying lactose particles coat the cellulose fibers.
Lactose renders good flow and solubility whereas cellulose
contributes to particle binding (Belda and Mielck, 1996).

Produces stronger compacts than the physical mixture of 75%
cellulose and 25% lactose. Compacts made at 150 MPa have a
hardness of 140 N (Schwarz et al., 2006).

Disintegration of its particles starts once the outer lactose shell has
dissolved allowing access towards the cellulose core (Casalderrey et
al., 2004).

At low compression pressures fragmentation predominates, and at
higher than 180 MPa plastic deformation is prevalent. It is also more
compactable than lactose (Schmidt and Rubensddrfer, 1994).
Compactibility is affected by high compression speeds (Arida and
Al-Tabakha, 2008).

Lactose-MCC
(MicroceLac®
100)

It has superior flowability and binding properties compared to the
physical mixture of MCC and different lactose grades (Schwarz et
al., 2006; Clerch, 2008).

It forms stronger compacts with faster disintegration times than
those of Cellactose® (Muzikova and Novakova, 2007).

MCC-Calcium

The increased bulk density of the co-processed product (0.41 g/cm?®)
compared to MCC (0.29 g/cm®) allows greater dilution potential,
improves flow and lower tablet weight variability (Auguello et al.,
1998a).

Calcium carbonate provides a more uniform surface, providing a
smooth appearance to the tablets.

This excipient is useful to load drugs with a bulk density < 0.30
g/cm® (Auguello et al., 1998b).

(Avicel®
CE-15)
[ ]

MCC-
Guar gum [Carbonate (80:20)

Guar gum decreases the chalkiness taste caused by MCC (Auguello
et al., 1998b).

Guar gum makes it suitable to formulate chewable compacts
(Auguello et al., 1998b; Gupta et al., 2006; Saigal et al., 2009).




Table 1-2. Continued.

MCC-Mannitol (Avicel® HFE)

MCC imparts greater compressibility and compactibility to the
composite particles, but compromises flow. Mannitol, on the other
hand, provides good mouth feel, low chalkiness, low plasticity and
low sensitivity to humidity and causes a high dissolution rate (Jacob
et al., 2007).

The fast compact disintegration is due to the increased porosity and
formation of submicron particles of the water wicking mannitol on
the surface of MCC (Jacob et al., 2007).

Compacts of this product and acetaminophen are less friable and
more compactable than those containing MCC and mannitol,
separately (Carlin, 2008).

Compact tensile strength had a 38% decrease with reprocessing
(Thoorens et al., 2008).

MCC-NaCMC (Avicel® RC-
591/RC-581/Avicel® CL-611)

These excipients are used as suspending aids to improve the stability
and texture of disperse systems, such as suspensions, creams, and
lotions. They produce a firm gel structure via steric stabilization due
to particle-particle interactions (Battista, 1965; 1966).

Compared to MCC alone, the presence of sodium carboxymethyl
cellulose rendered a 2-fold increase of glizipide release within 360
min (Garcia and Ghaly, 2001).

Avicel® RC-591 and RC-581 are used at levels of 1-2% for nasal
sprays, topical sprays, lotions and oral suspensions, whereas Avicel®
CL-611 is mainly used for reconstitutable suspensions and oral
suspensions (Mihranyan et al., 2007).

MCC-Rice Starch

The cellulose component imparts greater compressibility to the
composite particles, but makes particles less spherical, with rougher
surfaces, resulting in a decrease in flowability (Limwong et al.,
2004).

Gelatinization of starch grains might be responsible for binding rice
and cellulose particles together through solid bridge formation to
form composite granular particles. The functional properties of this
material are better than those of rice starch alone (Limwong et al.,
2004).
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Table 1-2. Continued.

MCC-SiO; (Prosolv®)

It is available in three grades: Prosolv® SMCC 90, Prosolv® SMCC
50 and Prosolv® SMCC HD90 (JRS PHARMA, Patterson, NY)
(Bolhuis and Chowhan, 1996).

Compacts of Prosolv® SMCC HD90 had a 60% larger toughness
than Prosolv® SMCC 50 and Prosolv® SMCC 90 (Muzikova and
Novakova, 2007).

Prosolv® SMCC 90 has better flow and produces stronger compacts
than Avicel® PH-200 (Angle of repose of 28° vs. 32°; and crushing
strength of 170 N vs. 95 N, respectively) (Lahdenpaa et al., 2001).
Prosolvs® have low sensitivity to magnesium stearate since fumed
silica suppresses the negative effect of magnesium stearate on the
binding properties of MCC (Edge et al., 2000).

Prosolv® cannot be used at > 50% levels because it leaves an
unpleasant gritty sensation in the mouth and it does not dissolve in
saliva (Beso and Sirca, 2006).

Prosolvs® possess a high degree of surface roughness, which
increases powder shear in the dry blending process and improves
low dose API loading (Zeleznik and Renak, 2005).

Prosolvs® have good dilution potential of poorly compressible drugs

(Sherwood et al., 2004).

Fumed silica interacts with cellulose possibly through hydrogen
bonding and dipole-dipole interactions (Rashid et al., 2008; Van
Veen et al., 2005; Kachrimanis et al., 2003).

MCC granulates better than Prosolv® SMCC 50 since the former
produced larger granules (Sherwood et al., 2004). Also, both
excipients exhibited comparable strain rate sensitivity suggesting
that these materials deform by a plastic mechanism (Habib et al.,
1999).

The high compactibility of Prosolv® is beneficial in developing
direct-fill formulations for automatic capsule-filling machines (Guo
et al., 2002; Felton, et al., 2002).

The pore size distribution characteristics are comparable for
Prosolv® SMCC 90 and MCC (Emcocel® 90). This suggests that
improvement in functionality is due to surface modification caused
by SiO; (Bolhuis and Armstrong, 2006).
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Powder Compaction and Particle Bonding

An optimum excipient should be able to form a successful compact with the
intended drug to withstand handling and storage. Usually, the robust indirect measure
used to test this property is friability, which should not be larger than 1% (see compact
friability).

The compaction process is a composite of several events: particle movement into
void spaces, particle fracture, elastic deformation, plastic deformation and cohesion
between particles surfaces. These processes occur simultaneously, but not necessarily to
the same degree at any stage of the compression process (Shlantha and Milosovich,
1964).

During consolidation of a powder bed, a reduction in porosity occurs. This
reduction in compact volume brings particles into close proximity to each other. The
reduced distance between the particles facilitates creation of bonds and makes the
particles adhere together into a coherent compact. Two different types of interactions are
normally considered in direct compression of pharmaceutical materials: intermolecular
interactions and mechanical interlocking. Van der Waals forces are probably the most
important intermolecular forces responsible for holding the particle together in a tablet.
Hydrogen bonding is another example of forces that act over a short distance between
particles. The nature of these forces depends on the chemical composition of the material.
Bonding by hooking or twisting of particles depends on the surface texture and shape of
the particles. The dominant bond type depends on various factors, including the degree of
compression and the inherent properties of the material. In the high porosity range, the
principal attraction between particles has been suggested to be intermolecular forces;

whereas in the low porosity range, solid bridges play a major role (Adolfsson and
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Nystrom, 1996). Usually solid bridges connect particle by spanning, sintering, melting,
and crystallization (Hiestand, 1997).

Powder Consolidation Models

The assessment of powder compressibility can be determined by studying the
relationship between compact porosity and compression pressure. If high pressures are
applied to a powder bed, low porosities of the resulting compact can be achieved. When
the porosity of the tablet is close to zero, the structure of a tablet should be different from
the structure at normal porosities (5-25%) (Adolfsson and Nystrom, 1996). The final
porosity reduction may eventually represent a transformation to a new physical structure,
where the solid constitutes the continuous phase. Thus, the bonding structure of the
resulting compact may also be altered. Knowledge of the volume reduction ability of a
powder makes it possible to predict the compaction behavior of a pharmaceutical material
(Bassam et al., 1990).

Mathematical models have been used to describe the consolidation or volume
reduction of powders. Such models were derived from empirical mathematical
relationships and were based on the proposal that different mechanisms occur in distinct
ranges of applied pressure (Kennedy et al., 1996). These models are used to characterize
tableting excipients for compact development. They also identify and describe the
predominant powder densification and deformation behavior (plastic, brittle and elastic)
(Picker, 2000).

The most widely used equation relating the porosity (€) of a powder bed during
compaction to the applied pressure (P) is the Heckel equation (Egn. I-1, below). The
reciprocal of the slope (m) of the linear portion of the Heckel curve is referred to as the
mean yield pressure, Py.The Py can be used to indicate the mechanism occurring during

compression. From the value of A (the intercept), the total relative density
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“Dy” (Da=1- exp™) or powder solid fraction due to die filling and particle rearrangement

can be calculated (Roberts and Rowe, 1986).

Lni = mo+ A Eqn. I-1

Heckel curves are constructed by plotting the variation of powder porosity
(volume reduction) with compression pressure. Three types (A, B and C) of powder
behavior can be obtained from the shape of these curves and are shown in Figure 1-3. In
Type A, the different sized fractions have different initial packing densities and the plots
remain parallel as the applied pressure is increased, owing to plastic deformation. For
type B, plots merge at a high pressure; this is attributed to particle fragmentation during
rearrangement at low pressures. In type C, i.e., mixtures of lactose and fatty acids, curves
are initially steep and then merge into a common plateau close to a solid fraction of 1 at
low pressures. For this reason, type C curves have no practical use for this model.
Sodium chloride and lactose are examples of types A and B materials, respectively, while
C applies to lipid materials (Fassihi, 1988). This latter behavior (type C) is exhibited for
materials that do not show particle rearrangement before plastic deformation occurs but
possibly, melting of particles.

For plastically deforming materials, such as sodium chloride and potassium
chloride, the measured yield pressure varied with particle size. However, for materials
which deform by particle fragmentation, such as lactose and calcium carbonate, yield
pressure increased with reduced particle size (Roberts and Rowe, 1986). There are two
methods used to obtain density-pressure profiles: the in-die and out-die (or ejected
tablets) methods. In the out-die method, the compact volume is measured after the tablet

is ejected from the die having undergone partial elastic recovery.
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Figure 1-3. Various Heckel Plots: (A) Plastic Material at Two Size Fractions; (B)
Fragmenting Material; (C) Mixture of Wax and Lactose Reaching Complete
Densification at Low Pressures (Adapted from Fassihi, 1988).
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In this case, compacts are made for each compression pressure and a linear region of the
curve, usually from 50 to 150 MPa, is selected to build the Heckel plots (Gabaude et al.,
1999). Conversely, the in-die method measures the compact densification in the die by
evaluating punch displacement(s) respect to the increase in compression pressure. This
method is faster and consumes less material than the out-die method, which requires a
new compact for each compression pressure. However, the in-die density measurement
contains an elastic component leading to falsely low mean yield pressures, which is
disadvantageous when using the information to prepare a tablet formulation.

The Kawakita linear model is another porosity-pressure function used to

characterize powder compressibility. It is expressed as:

P/C = P/a+ 1/ab Eqn. 1-2
C = [1-po/pd] Eqn. I-3

Where, P is the applied pressure and C is the degree of volume reduction, po is the bulk
density, p, is the compact apparent density, “a” is indicative of powder compressibility
and “b” determines the likelihood of volume reduction. However, the actual physical
meaning of the latter is not well understood. The plot of P/C vs. P gives a straight line.
The constants “a” and “b” can be determined from the slope and intercept, respectively.
Another interesting model is the Leuenberger equation, which describes the
relationship between compact tensile strength and the product of compression pressure

and solid fraction in a modified exponential function (Lanz, 2005):

TS = Ty *[1 —e Ve P 2r)] Eqn. 1-4
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Where, TS is the radial tensile strength, Tmax IS the theoretical tensile strength at infinite
compression pressure, yc IS the compression susceptibility parameter, py is the relative

density, and P is the compression pressure.

Factors That Affect the Mechanical Properties of Powders

Wong and Pilpel (Wong and Pilpel, 1990) investigated the effect of particle shape
on the mechanical properties of powders. They concluded that materials that consolidate
by plastic deformation, such as Starch 1500® and sodium chloride exhibit a large increase
in compressibility and a significant decrease in yield values and elastic recovery in going
from regular to irregular particles. This accounts for the increase in tensile strength,
which is due to the increased in area of particle contact as they deform. For materials
which consolidate by fragmentation such as lactose and dicalcium phosphate, particle
shape has no effect on the above properties, but irregular particles fracture more than
regular ones (Wong and Pilpel, 1990). The value of parameters related to compact
mechanical properties, such as yield pressure, Young’s modulus, tensile strength and
brittle fracture index depend on the deformation mechanism, compression speed, dwell
time, type and amount of lubricant, compression pressure, amount of sample and particle

size employed (Narayan and Hancock, 2003).

Cellulose Il Allomorph as a Direct Compressive Agent

Cellulose is the most abundant natural linear polymer consisting of 1,4-linked-f3-
D-glucose repeat units and is known to exist in the following distinct allomorphs: 1,
(fromalgae), Ig (from superior plants), Il (the most stable form produced by
mercerization), I1l, and 111, (prepared from ammonia at -30 °C), and IV, and IV,
(produced at 260 °C in glycerol). Each allomorph differs in its physicochemical
properties (Klemm et al., 1998a; Klemm et al., 1998b). Cellulose 111 is formed when

native cellulose is treated with liquid ammonia at low temperatures, whereas cellulose 1V
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is obtained by treatment of regenerated cellulose at high temperatures (Figure 1-4)
(Krassig, 1996). Of these, the cellulose I (CI) allomorph is the most prevalent form and
cellulose Il is the most stable form (Kroon-Batenburg et al., 1996). CI can be converted
to ClII, but not vice versa (Blackwell and Kolpak, 1975; Kolpak and Blackwell, 1976).
Thus, as shown in Figure 1-5, in cellulose I (Cl), the chain orientation is exclusively
parallel (Krassig, 1996), whereas in cellulose 11 (ClI) the chains are arranged in an anti-
parallel manner.

Microcrystalline cellulose (MCC) contains the cellulose I lattice. It is obtained
from wood pulp and cotton linter by treatment with a dilute strong mineral acid (HCI) at
boiling temperatures until the degree of polymerization levels-off (Battista et al., 1957;
Battista and Smith, 1961). Acid hydrolyzes the less ordered regions of the polymer
chains, leaving the crystalline regions intact. MCC powder is also called hydrolyzed
cellulose or hydrocellulose.

Since the 1970s, microcrystalline cellulose I (MCCI) has been the dominant
excipient used for direct compression due to its good diluent and binding properties and
low moisture content. The strong binding properties of MCC are due to hydrogen
bonding between the plastically deforming cellulose particles. However, it suffers from
sensitivity to lubricants and poor flow (Lerk et al., 1974; Moreton, 1996). Because of its
strong binding properties, it requires the addition of a disintegrant for effective drug
release, making formulations more costly. The compactibility of MCCI is also adversely
affected when processed by high shear wet granulation since upon drying part of the
water interacts with cellulose through hydrogen bonding and as a result, these hydrogen

bonds are not available for further particle bonding (Westermarck et al., 1999).
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Figure 1-4. Scheme for Producing Cellulose Allomorphs.
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A. Cellulose I (parallel chain arrangement)

Figure 1-5. Conformations of Cellulose I (A) and Cellulose Il (B), Adapted from Klemm
et al., 1998a.
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Recently, cellulose 11 (CIl) was introduced as a new direct compression excipient
(Kumar et al., 2002; Leuenberger and Kumar, 2004; Reus and Kumar, 2007). It can be
produced by soaking CI (produced from cotton linters) in an aqueous sodium hydroxide
solution (> 5 N) at a 1:6 weight-to-volume ratio for 14 h at room temperature, with
occasional stirring. The resulting CII gel is then precipitated (regenerated) with a 50-
60% aqueous ethanolic solution, filtered, washed with distilled water to neutrality by
decantation, filtered again, and dried at 40 °C until reaching a moisture content of less
than 6% (Kumar et al., 2002). In general, CIl powders show lower crystallinity and
higher bulk and tap densities compared to the starting CI counterpart. They are less
ductile, and their compacts, irrespective of the compression force used to prepare them,
show rapid disintegration (within 30 sec).

Recently, Cll was marketed as MCC SANAQ® by Pharmatrans Sanaq AG
Pharmaceuticals (Basel, Switzerland). It is available in different grades depending on its
particle size and bulk density. Thus, grades 101, 102, 200, 301, 302 and UL-002
corresponds to 50, 100, 180, 50, 100, 50 pum and bulk densities of 0.26 - 0.31, 0.28 - 0.33,
0.29 - 0.36, 0.34 - 0.45, 0.35 -0.46, and 0.13 - 0.23 g/cm®, respectively (Krueger et al.,
2010). This material is used as a diluent, a binder and a rapidly disintegrating material for
direct compression, dry and wet granulation and as a diluent for hard gelatin capsules. It
could be also used as a pelletization aid. These pellets show faster disintegration and, as a
result, have faster release of a poorly water-soluble drug (i.e., chloramphenicol) than
pellets made of MCCI (Avicel® PH-102). Differences among MCCI and ClI pellets are
attributed to water affinity and porosity. Thus, CllI requires 15-20% less water to make

pellets (Krueger et al., 2010).
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Spray Drying to Engineer Functional Properties of Cellulose

Spray drying is a single-step continuous process used to produce dried particles
from their dispersions or solutions, preferably, in water. This process is achieved in four
stages: atomization of the feed dispersion (or solution) by a pneumatic system, contact of
the sprayed droplets with hot air, fast drying of the sprayed droplets and separation of the
dried particles from the drying air (Master, 1991). This technique has been extensively
applied to prepare free flowing granules, agglomerates, or spherical particles in a narrow
particle size range (Billon et al., 1999; Broadhead et al., 1992; Vehring et al., 2007;
Vehring, 2008) as well as in the development of new excipients for direct compression
(Bolhuis et al., 2004; Limwong et al., 2004; Te Wierik et al., 1996). It has also been used
to modify the physicochemical properties of materials. For example, spray-dried lactose
shows better flow and compactibility than the unprocessed material (Corrigan and Crean,
2002; Elversson and Millgvist-Fureby, 2005; Sebhatu et al., 1994; Vromans et al., 1986).
Other techniques, such as wet granulation do not form spherical particles of small size,
but increase particle densification and hence could improve flow and drug uniformity of
content. Likewise, extrusion/spheronization is another technique, which is used to
produce beads of larger sizes than spray drying. The advantage of beads is that can be

used for controlled release of drugs.

Amorphous SiO, as a Co-Processing Agent for ClI
Fumed silica (SiO,) is a white, fluffy, odorless and tasteless free-flowing powder
of high purity (> 98%) that is widely used as a glidant and antistatic agent in tablet and
capsule formulations to promote flow of granulations to avoid caking, clumping or
formation of lumps (Hidaka et al., 2009). This latter property has been reported to be
superior compared to that of magnesium stearate and talc (Cabot, 2004; Cabot, 2008a;

Cabot, 2008b). SiO; is light (bulk density of ~0.05 g/cm®) and is composed of



37

semispherical nanoparticles (~20 nm in size) with a surface area of ~200 m?/g. These
nanoparticles usually exist as aggregates (Figure 1-6). SiO, possesses few free hydroxyl
groups (silanols), which make the formation of hydrogen bonds with water possible
(Figure 1-7). These silanols are formed when fumed silica is exposed at high relative
humidities for increased periods of time (Wang and Wunder, 2000).

However, fumed silicais poorly soluble in water (0.012 g/100 g). As soon as it is
dispersed in water, the aggregates of semispherical particles build up a three dimensional
(3D) network, leading to an increase in viscosity and the formation of a stable dispersion.
Alternatively, in alkaline aqueous solutions (pH >10), fumed silica is transformed rapidly

into silicate anion (SiO,™) and becomes water soluble.

Co-Processing of CllI with Fumed Silica

One strategy to improve the functional properties (such as flow, compactibility
and lubricant sensitivity) of CIl as obtained from cotton linter, without compromising its
fast disintegration, could be through co-processing with amorphous silicon dioxide using
the wet granulation, spray drying and spheronization techniques. The properties of any
co-processed product could be beneficial with respect to various tableting properties
(Lerk et al., 1974). For example, different co-processing of starch:fumed silica ratios by
either co-precipitation or wet granulation rendered different tableting properties to the
material. The 1:1, 10:1 and 100:0 (w/w) co-processed products produced compacts of
hardness of 20 kN, 40 kN and 250 kN and disintegration times of 10 sec, 30 sec and
>10 min, respectively (Badwan et al., 2008). Similarly co-processing of chitin and fumed
silica at 50:50 and 80:20 ratios by co-precipitation from an aqueous solution of both
components rendered materials with a bulk density of 0.45 g/cm?® and 0.26 g/cm®,

respectively and Carr indexes of 10% and 28%, respectively (Rashid et al., 2008).
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Figure 1-7. Hydrogen Bonding between SiO, and Water (Adapted from Cabot, 2004)
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CHAPTER II
OBJECTIVES

Modifications at the particle level of an excipient could affect tableting behavior
and formulation success in a solid dosage form. Usually, particle changes will be
reflected at the bulk powder level and on the quality characteristics of the resulting
compacts. Further, particles of two different materials could interact synergistically or
antagonistically during the compaction process affecting tableting performance.
Therefore, the overall goal of this study was to investigate and understand
mechanistically the effect of physical changes of cellulose Il (CIl) on the powder and
tableting properties of the treated material. Likewise, the effect of fumed silica
incorporation (silicification) on the bulk powder, water sorption, and tableting properties
of cellulose Il (CIl) by co-processing with spray drying, wet granulation and
spheronization and the suitability of the resulting materials as direct compression
excipients was investigated in comparison to commercial cellulose 1. The primary and

specific objectives were:

Primary Obijective #1

To investigate how particle transformation through spray drying affects powder
and tableting performance of CIl compared to common direct compression carbohydrate
excipients.

Specific Objectives
e To evaluate the effect of spray drying on the dilution potential of CII.
e To compare the functional properties of the spray-dried material (SDCII) with

commonly used direct compression carbohydrate excipients.
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e To assess the compression and compaction characteristics of SDCII.

Primary Objective #2

To study the suitability of Cll and SDCII as disintegrating agents for the
development of fast disintegrating compacts.
Specific Objectives
e  To investigate the compact disintegration mechanism of these materials.
e  To compare the compact disintegration performance of SDCII and CII with that of
commercial superdisintegrants.

e  Toassess the disintegrant effect on the release profile of ibuprofen.

Primary Obijective #3

To evaluate how particle modification through silicification and processing affect
powder, water sorption, mechanical, drug release and tableting properties of CIl powders.
The goal is to optimize silicification levels and processing for producing tablets by direct
compression.

Specific Objectives

e To characterize the particle properties of CII1:SiO, composites prepared at different
weight ratios by spray drying, wet granulation and spheronization.

e To investigate the effect of silicification on CII water sorption and swelling
properties.

e To evaluate the effect of silicification on CIlI compression behavior and elastic
recovery.

e To determine if silicification affects the disintegration properties of CII.

e To assess how ClI silicification alters the release profiles of a water-soluble drug

(diphenhydramine'HCI) and a poorly water-soluble drug (griseofulvin) compacts.
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To evaluate how CII’s mechanical properties (e.g., energy at fracture, compressibility
and compactibility) are affected by silicification.

To assess the influence of silicification on lubricant sensitivity of CII.

To examine the role of silicification on materials reprocessability after milling.

To investigate the effect of relative humidity and storage time on compact strength.
To explore the potential use of Cll and CI1:SiO, composites for spheronization.

To analyze the effect of silicification on compact surface area.



CHAPTER Il

EXPERIMENTAL SECTION

Materials

All materials employed in this study are listed in Table I11-1.

Table 111-1. List of the Materials Employed.

Material (Brand, lot)

Supplier (City, State)

Acetaminophen (lot GOHOAO1)
Acetonitrile (lot 042316)

Anhydrous dibasic calcium phosphate
(A-TAB, lot 024M0118)

Ammonium hydroxide, 29.7% (lot
956272)

Capsules (Size 0 and 3, lot 9PN734)
Cotton linter (lot R270)

4-Chloroacetic acid (lot 043624)

Copper (I1)-ethylenediamine
complex, 1M (lot A0253713)

Crospovidone (Polyplasdone® XL, lot
S10906)

Diphenhydramine HCI (lot 88H1186)

Griseofulvin (lot 31K1464)

Hydrochloric acid (37%, lot
2612KLHV)

Sigma-Aldrich (St. Louis, MO)
Fisher Scientific (Fair Lawn, NJ)

Rhodia Inc. (Cranbury, NJ)
Fisher Scientific (Fair Lawn, NJ)

Eli Lilly and company
(Indianapolis, IN)

Southern Cellulose Products, Inc.
(Chattanooga, TN)

Fisher Scientific (Fair Lawn, NJ)
Acros Organics (Morris Plains, NJ)

International Specialty Products
(Wayne, NJ)

Sigma Aldrich (St. Louis, MO)

Sigma Aldrich (St. Louis, MO)

Mallinckrodt Specialty Chemicals
Co (St. Louis, MO)

42
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Table 111-1. Continued

Material (Brand, lot)

Supplier (City, State)

Ibuprofen (lot QJ0238)

Magnesium stearate (Powder Hyqual,
lot 2256KXDS)
Mannitol (lot 26821)

Methanol (lot A4412)

Microcrystalline cellulose powder
(Avicel™ PH-102, lot 2339)

Microcrystalline cellulose powder
(Avicel™ PH-101, lot 1430)

Microcrystalline cellulose 1, Celphere®
beads (CP-203®, lot 26J10)

Pregelatinized Starch (Starch 1500®, lot
IN504089)

Silicified microcrystalline cellulose
(Prosolv® 50, lot XCSD9ID661X)

Silicified microcrystalline cellulose
(Prosolv® 90, lot XCSD5B61X)

Sodium carboxymethyl cellulose (Ac-
Di-Sol®, lot T353NDR63)

SiO; (Cab-o0-Sil M5, lot 1107)
Sodium hydroxide 97.5%, (lot 51758)

Sodium lauryl sulfate (