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Abstract

Mychael A. Scoggins
The Effects of Alpha and Beta Anomeric Ratio on the Physical Characteristics of
Anhydrous Lactose Raw Materials and Tablets
(Under the direction of J. GRADY STROM)

Purpose

The objective of this dissertation was to examine the effects of the a: ß anomeric ratio
of anhydrous lactose on the physical characteristics of the raw material, on tablets made
from the raw material, and on tablets containing this raw material combined with

acetaminophen as a model drug.

Methods

Anhydrous ß-lactose was converted to the a anomer by exposure of powder to 98%
relative humidity for up to four weeks in a desiccator pre-conditioned with water.

Differential scanning calorimetry and loss on drying showed that anomeric ratio

could be quantitated. X-ray powder diffraction provided qualitative evidence of
anomerization.

Characterization of each raw material was performed to determine any differences

that may result from a change in anomeric form. Particle size and shape were assessed
using microscopic methods. Evidence of morphological changes was examined using

xviii



scanning electron microscopy. Surface characteristics were evaluated by surface area and

porosity measurements.

The influence of anomeric changes on the structure of tablets was determined by

routine tests of hardness, thickness, disintegration, and dissolution. Heckle analysis was

used to determine volume reduction mechanisms during compression. Tablets containing

acetaminophen as a model drug were produced for comparison.

Results

Tests performed to confirm conversion were reliable and provided qualitative and

quantitative evidence of anomeric conversion. As anomeric ratios shifted toward more of

the a anomer, particle size increased and particles became more spherical. SEM' s

provided evidence of morphological changes. Flow was adversely affected by increases

in moisture. Surface area and porosity exhibited increases in the samples.

As moisture increased, tablet thickness increased. Tablet hardness decreased as a

result of moisture and anomeric form change. Heckel analysis showed decreases in

volume reduction and increases in the plastic nature as more moisture was incorporated.

Disintegration times decreased with anomeric conversion from ß to a. Dissolution
studies showed that as the a anomer increased, faster dissolution rates of acetaminophen

were observed.

Conclusions

Storage of anhydrous ß-lactose at high humidity for periods of time alters the a:ß

ratio of the raw material and effects physical properties of the raw material, tablets made

xix



from the raw material, and tablets made from the raw material that also include

acetaminophen as a model drug.



Chapter 1

Introduction

Lactose is well known in the pharmaceutical industry as an excipient with great

versatility. Various sources have indicated that lactose is used in approximately 20 % of

all prescription drugs and approximately 6 % of all over-the-counter medications. It has

different forms that lend it to various applications. Among the more common forms are

crystalline monohydrate, crystalline anhydrous, and amorphous lactose. This material is

used in solid dosage forms as a filler and binder. It generally has good flow

characteristics that will allow for ease of processing. Many products also use lactose due

to its compatibility with many active ingredients. The ability of lactose to be used with a

wide variety of actives makes it an excipient of choice in the formulation development

stage of new product development. When used in solid dosage forms, lactose can be

utilized in direct compression processes, wet granulation processes, and dry granulation

processes. In direct compression blends, lactose can be employed to ensure adequate

dispersion of actives to alleviate blend uniformity and content uniformity issues. In wet

granulation, lactose can be used as a relatively inert filler to build granules that display

1
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good granule strength. In dry granulation processes, the flowability and good

compression characteristics of lactose make it a good choice to ensure quality ribbons

from a roller compactor. Lactose can also be used in capsule formulations. In these

products, lactose can be used as a bulking agent in the formulation. Again, the good flow

properties can be exploited to aid in the flow of the blend into capsule machines. Lactose

is also used in inhalation products where a very small particle size form is available that

makes it amenable to carrying drugs into the lungs. Yet another application for lactose is

in lyophilized product where it can be used as a stabilizing agent .
Much research has been done on lactose in various fields, primarily in the

pharmaceutical and dairy industries. Much of the research that has been done includes
examination of differences between the various types of lactose available. In these

studies, there has been a bulk of information generated on the physical and chemical

characteristics of the material. Widely reported, this information has helped guide the

pharmaceutical scientist on selection of the appropriate type of lactose from a formulation

standpoint as well as a processing standpoint. In addition to pharmaceutical applications,

lactose in the food and dairy industry has contributed to the overall understanding of the

material and its functionality. There have been many studies on milk and ice cream,

among others, that have provided insights into the chemical nature of lactose, including

form changes, crystal structure elucidation, and similar studies that are pertinent to the

pharmaceutical industry.



3

Lactose, however, is not without issues. A chemical reaction can occur between

lactose and other materials that contain a primary or secondary amine . This leads to a

"browning" reaction called the Maillard Reaction. In this type of reaction, a browning of
the material occurs which can be unsightly and lead to undesirable decomposition

products. The reaction is characterized by the following steps: formation of glycosamine,
elimination of water, Amadori rearrangement, formation of enol, loss of water,

elimination of the NH group, formation of hydroxymethylfurfural (HMF), and formation

of polymerized brown products. As each of these steps is highly complex and not the
subject of the current studies, detailed explanations of each step will not be presented
here. There can be issues with caking in certain types of lactose that result in bulk

material hardening due to incorrect storage conditions. Improper storage can also lead to
anomeric changes in the materials leading to negative characteristics of the material as
well as of products made with it. Under high humidity conditions, the anhydrous form of
lactose can change crystalline structure to an alternate crystalline form. This change can

lead to changes in flow characteristics, compressibility, solubility, and other

physicochemical characteristics .

Under normal conditions, lactose is a very stable material. Full characterization of

both physical and chemical properties and a basic underlying understanding of lactose
have led to its use without much regard for the nuances of the material. While the

inherent stability of the material makes it a safe choice in many formulations, it is still

important to conduct appropriate studies to ensure that it will act as expected. Some of
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these studies include sorption properties, particle size analysis, water content, anomerie

ratio analysis, and compatibility studies with other materials to be used in the
formulation.

The objectives of these studies are to:

• Alter the a and ß anomerie ratios of anhydrous ß-lactose

• Confirm the anomerie ratio in a qualitative and quantitative fashion

• Perform physical characterization studies of a-lactose monohydrate,

anhydrous ß-lactose, and treated anhydrous ß-lactose raw materials with

various a: ß ratios

• Perform physical characterization studies of tablets made from a-lactose

monohydrate, anhydrous ß-lactose, and treated anhydrous ß-lactose raw

materials with various a: ß ratios

• Perform dissolution studies on tablets made from anhydrous ß-lactose and

treated anhydrous ß-lactose raw materials with various a:ß ratios that include

acetaminophen as a model drug



Chapter 2

Literature Review

Forms ofLactose and Their Method ofManufacture

Solid lactose can be isolated in six forms. These forms are:

• a-lactose monohydrate

• unstable anhydrous a-lactose

• stable anhydrous a-lactose

• anhydrous ß-lactose

• a/ß-compound crystals

• amorphous lactose (as a, ß, or a combination of both anomers)

In the preparation of solid oral dosage forms, only three of these forms are commonly

employed (a-lactose monohydrate, anhydrous ß-lactose, and amorphous lactose). Alpha-

lactose monohydrate is commonly used as a filler or diluent in direct compression or wet

granulation processes. This form exhibits good flow properties, making it a suitable

choice to aid in flow characteristics; however, it does not have good binding properties.

Crystallization from a supersaturated solution below 93 0C results in this form .

5
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Anhydrous ß-lactose exhibits better binding properties than a-lactose monohydrate

but has less desirable flow properties. This form is also used as a filler or diluent in both

direct compression and wet granulation processes. This form is manufactured primarily

by spraying a supersaturated solution above 93 0C onto a cast iron drum roller. As the
material dries and is taken off the roller, it is milled to achieve a particular particle size

distribution4.

Amorphous, or spray-dried, lactose is mostly used as a filler or binder in direct

compression processes. It is manufactured by spray drying a suspension of lactose

crystals prepared in a solution of lactose. This process results in a material with an a-

lactose base glued together with amorphous lactose. Exposure to moisture can cause the

amorphous portion to crystallize resulting in clumping. For this reason, amorphous

lactose is not a good candidate for wet granulation processes.

Various grades of lactose can also be used capsules, inhalation products, and

lyophilized products where it is used to increase plug size and aid in caking .

Physicochemical Properties

A comparison of some of the physicochemical properties of a-lactose monohydrate

and anhydrous ß-lactose is useful to see differences between the two materials. This

comparison can help to explain why the selection of one form may be more appropriate



than the other and, in general, shows just how different the materials really are despite the

small chemical modification that distinguishes one form from the other .

Table 1. Comparison of typical properties of a lactose monohydrate and anhydrous ß-
lactose

Property a-Lactose monohydrate Anhydrous ß-lactose
Melting point 20 1 - 202 0C 229.5 0C

Bulk density* 0.75 g/cm3 0.67 g/cm3
Tapped density* 0.90 g/cm3 0.85 g/cm3
Hausner ratio* 1 .20 1 .27

Carr' s compressibility index* 10 19

Molecular weight 360.3 342.3

Specific optical rotation

[(X2V
+91.1 +33.5

Heat of solution -50.24 J g"1 -9.62 J g"1
Solubility in water at 20 0C 7.4g/100mL 50.00 g/lOOmL
Water content 5.2 % 0.5 %

*Function of particles, remaining properties are functions of the molecule.

Particle Size Distribution

Lactose is commercially available is a variety of particle size distributions, depending

on the particular application. The particle sizes and distributions will have a profound
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influence on mixing and possible segregation of mixed materials, specifically in dry
mixtures. It is easier to facilitate effective mixing when particles sizes of individual

ingredients are similar5. The distribution of particle sizes in a mixture can affect the
f\ 7

bioavailability of some drugs and have a major effect on mixture flowability ' .
Additionally, manufacturers control particle size distribution by means of specifications,
however, lot-to-lot variations can occur within these specifications that can alter the
material's performance in a given formulation5. For this reason, careful measurement of
particle size should be performed for each lot of material prior to use. Changes in
particle sizes that occur from either normal lot-to-lot variation or through mechanical or

o

thermal manipulation during processing may result in loss of process control .
For lactose, mean particle sizes range from 10 µ?? to over 250 µ??. Specific

applications utilizing the smaller particle sizes include inhalation formulations while
larger particle sizes may be used for wet granulation processes5. Due to the widespread
use of lactose in various formulations, many particle sizes between these extremes are

available to assist in developing formulation with desirable flow, blending, and

compression characteristics .

Measurement of particle size and shape can be performed by a number of ensemble
methods. Some of these methods include optical microscopy, laser light scattering, and

automated microscopy (the method used in this work), electrical zone sensing, and sieve

analysis6. In the automated microscopy method, the most important factor to consider
when developing a sound method is powder dispersion. The main goal of dispersion is to



minimize the presence of aggregates and agglomerates through manipulation of the

compressed air settings used to disperse the sample onto a glass slide . If this step is not

carefully considered, significant errors and incorrect distributions may occur.

Incompatibilities

Lactose is generally a stable excipient that can be used with most other excipients as

well as active ingredients. However, there are exceptions. A Maillard-type condensation
reaction can occur between lactose and compounds containing either a primary or

secondary amine group1. This will form a brown or yellow-brown product that can
discolor tablets. This reaction has also been shown to occur with secondary amines,

however, no discoloration will occur. Other incompatibilities include lactose in

combination with amino acids, amphetamines, and lisinopril.

Anomeric Forms

Lactose exists in two anomeric forms, a and ß. The structures of a-lactose

monohydrate and anhydrous ß-lactose can be seen in Figure 1 .

CH1OH

- HO

CS3OH

CH2OH

4-O-ß-d-galactopyranosyl-D-glucose ß-d-galatopyranosyl-o-4 d-glucopyrannose

Figure 1. Chemical structures of a) a-lactose monohydrate and b) anhydrous ß-lactose
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Chemically, lactose is a natural disaccharide and consists of one glucose and one

galactose unit10. Commercially, a-lactose monohydrate is 100 % a-lactose while
anhydrous ß-lactose is comprised of approximately 80 % ß-lactose and 20 % a-lactose.

The a designation is arbitrarily assigned to the form with greater rotation in the dextro
direction11. In solutions of either of these materials, an equilibrium concentration of 35 %

a and 65 % ß will be reached 3. Mutarotation has been shown to be a first-order reaction
and the velocity of the reaction is dependent on temperature. Reaction rate will increase

approximately 3-fold with each 10 0C rise in temperature. Rate of mutarotation is also

affected by pH, with the rate being slowest around pH 5 and increasing on either side of

this value. The rate is rapid at very low pH but increases most rapidly in alkaline

solutions. Equilibrium is established in a few minutes at pH 912. In the solid state, the ß
anomer will undergo mutatrotation to the a anomer upon exposure to water (high relative

humidity). On dissolution in water, the hemiacetal ring will open and reform, giving rise

to products with different anomeric configurations. This mutarotation proceeds by

interconversion of the a and ß anomers. In a-lactose, the hydroxyl group is in the axial

position and Van der Waals repulsion occurs between the hydroxyl group and protons on

the same side of the ring. This destabilizes the configuration so that the equilibrium

between a and ß-lactose lies towards the ß-lactose, which is the thermodynamically more

stable anomer. Also, in aqueous solution, pyranoid ring compounds with equatorial

hydroxyl groups such as ß-lactose fit more tightly into the water structure and are

therefore selectively stabilized .
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Moisture Sorption

An important characteristic of materials used in pharmaceutical preparations is its

tendency to sorb moisture. The ability to resist sorption of moisture can contribute to the

overall stability of the excipient. This is particularly important with lactose due to its

widespread use and the large quantities that are usually found in the dosage form.
Increases in the moisture content of lactose can result in a reduction in the hardness of

tablets and increased pressure requirements to achieve specific hardness values .

Different materials uptake water at different rates. This is particularly true for different

types of lactose. Alpha-lactose monohydrate takes up almost no moisture at relative
humidities less than 75 %, and then will begin taking up moisture very quickly above 75

0Zo1. Anhydrous ß-lactose sorbs water at a relatively constant rate from humidity levels of
10 % - 90 %. This illustrates that use of a-lactose monohydrate at normal manufacturing

environment conditions will not be affected to a great extent while use of anhydrous ß-

lactose must include careful monitoring of environmental conditions to ensure form

changes are not occurring during the manufacturing process. Flowability can also be

affected by moisture uptake7. This can result in both physical and chemical changes. Of
particular interest is the case of lactose where increases in moisture can result in

agglomeration of particles that will have a negative impact on flow characteristics as well

as cause anomeric changes that can affect solubility. This will, in turn, effect

disintegration and dissolution performance15.
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Mechanical Properties '

Mechanical properties of pharmaceutical importance include the compressibility and
compactability of powders. Understanding these factors help in designing a robust
manufacturing process5. During the formation of a tablet, bulk particles are transformed
into a solid compact by force-induced densification of the compressed materials. Particles
are first densified into a matrix. When all the void spaces are filled, particles are bent

elastically and then fragment to create new surfaces that then bind to each other. Once
force is reduced (ejection from die) the tablet will release some of the deformation energy
(tablet relaxation)8. Free flowing materials will more efficiently and reproducibly fill die
cavities on a tablet press while poor flowing materials fill dies less completely and

consistently. This can result in tablets that, while having similar compaction
characteristics, will be more likely to have weight variation issues which can lead to

inconsistent uniformity of the active ingredient in the dosage form7. This is of importance
when utilizing lactose in the dosage form. In particular, the use of anhydrous ß-lactose
that has either been stored at high humidity conditions or exposed to moisture during

processing can convert from the ß form to the a form. This anomeric form change can
have an impact on the performance of the excipient in the formulation and subsequent
tablet performance when tested for physical properties such as tablet hardness or tablet
performance characteristics such as disintegration and dissolution. It is reported widely in
the literature that anhydrous ß-lactose demonstrates superior compactability than a-

lactose monohydrate.
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X-ray Powder Diffraction and Crystalline Habit

X-ray powder diffraction (XRPD) is a technique that can be used for determining the
crystal structure of identified materials. The technique can also be used for identification
of single-phase materials, multi-phase materials, identification and structure analysis of
minerals, chemical compounds, ceramics, and other engineered materials, and

recognition of amorphous materials in partial crystalline mixtures. Some advanced
techniques include unit-cell calculations, quantitative determination of amounts of
different phases, determination of crystallite size from analysis of peak broadening, and
determination of crystallite size from analysis of peak symmetry .

Most materials can be described as crystalline. When a crystalline material is

subjected to x-rays, a diffraction pattern is achieved. The most common type of x-ray
used in XRPD is CuKa. This is due to less radiation being absorbed by air across the

diffractometer beam path than other x-ray sources, meaning more usable intensities will
be achieved.17. The same substance will always give the same diffraction pattern;

therefore, a material's diffraction is like a fingerprint. A crystalline material is said to

have atoms that are arranged in a regular pattern, with the smallest repeating pattern

being called the unit cell. The three dimensions of the unit cell are described by three
axes: a, b, and c and the angles between them are referred to as alpha, beta, and

gamma16. Another parameter examined in XRPD is ¿/-spacing. This is a measure of the
distance separating each lattice plane in repeating unit cells .
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The repeating structure that comprises a crystal is the lattice. This represents the basis

of the structure17. Each lattice point is in an identical place in each repeating unit of the

crystal. In Figure 2, an example of the notation of lattice points and planes is seen. The

lattice points are 100, 101, and 102. Thus, 100 is a point one unit along the a axis, zero

points along the b axis, and zero points along the c axis. Likewise, 102 is a point one unit

along the a axis, zero units along the b axis, and 2 units along the c axis. The point 000 is

noted as the origin. Lattice planes are defined in terms of Miller Indices. These are

defined as reciprocals of the intercepts of the planes on the coordinate axes cleared of

fractions18. In Figure 2, the planes intercept a, b, and c at 100, 010, and 002, respectively.
The Miller Indices for these would be \l\(d), \l\(b), and l/2(c). Reduced, these would in

turn be noted as 2a,2b,\c, or by convention as (221). Since these notations refer to

repeating units, Miller indices refer to a family of parallel lattice planes among these

repeating units. The distance between these parallel planes in repeating units is

designated as d.

Examination of the lattice points, planes, and Miller indices is of importance in the

current studies since anomerization of lactose between the a and ß forms occurs. In order

to determine the conversion of one form to another, x-ray diffraction patterns are studied

and resulting peaks due to structures of the two anomers will shift and be of varying

intensities depending on the anomer present and the quantity in which it is present.

XRPD is also used to elucidate the crystal structures in terms of crystal growth (shape

and direction). While this elucidation is not part of the current study, this information is
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Figure 2. Notation of lattice points and planes

integral in understanding the crystallographic nature of a- and ß-lactose.

Crystallization is basically a two-step process. This process involves nucleation and

growth of the nucleus to a macro size. Generally, the rate of crystallization increases

rapidly as supersaturation is increased. This rate is different for different faces of the

crystal. This will ultimately effect the shape of the crystal during its growth19. In lactose,
the ß anomer will inhibit the growth of the a anomer20. This inhibition gives rise to the

7 1 99
characteristic tomahawk shape of a-lactose monohydrate crystals ' . Inhibition also

9 1
contributes to the slower crystallization process of lactose as compared to other sugars .

The general shape of ß-lactose anhydrous crystals is uneven shaped diamond . The

crystals are smaller than a crystals and are usually seen as rough-surfaced agglomerates
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whereas a crystals can usually been seen as discrete crystals. The crystal structure for ex-

lactose monohydrate is seen in Figure 3.

1-50)

(0-11
1-10

a

(100

110 (010)

Figure 3. Crystal structure of a-lactose monohydrate

The apex of the tomahawk shape is at the -b end of the crystal. The crystal only tends

to grow in the +b direction. This has been interpreted by Michaelis and van Kreveld as

inhibition in the -b direction by the ß-lactose anomer. It is observed that the -b end is the

only location of absorption of the ß-anomer, due to the unmodified galactose moiety

inside the crystal that is a binding point for the ß anomer20. Each crystal of a-lactose
monohydrate contains two molecules of a-lactose and two molecules of water. The

structure falls into the class of the monoclinic system. The molecules are held together by

hydrogen bonds which form a three-dimensional network. Some of the bonds connect the
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lactose molecules while others connect lactose molecules to water. This gives rise to a

specific structure where certain portions of the crystal are exposed on the outer surface of

the crystal while other portions are internal to the crystal. This arrangement of molecules

within the crystal structure accounts for different chemical properties since different faces

of the crystal will expose different portions of the molecules which are then available for
interactions1 .

Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) is a thermal analysis technique. The

technique measures the energy necessary to establish a nearly zero temperature difference
between a substance and an inert reference material. The sample and reference are

subjected to identical temperature regimes in an environment that is heated or cooled at a
controlled rate.

There are two common types of DSC systems. Power compensation controls the

temperature of the sample and reference independently using separate furnaces. The

power input to the separate furnaces is varied to keep the temperatures identical. The

energy required to keep the temperatures the same is a measure of the heat capacity

(enthalpy) in the sample relative to the reference.

In heat flux DSC, the sample and reference are connected by a low resistance heat

flow path that is enclosed into a single furnace. Enthalpy changes in the sample cause a

temperature difference .
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Measurements that can be achieved by DSC include melting point, crystallization,

glass transitions, and decomposition. There are many advantages of using DSC including
relatively small sample sizes, wide temperature ranges, simplicity, and rapid
measurements .

Berlin, et al., have demonstrated that DSC can be used to determine the heat of
dehydration of a-lactose monohydrate26. In this study it was shown that bound water in
the monohydrate was liberated beginning at 97 0C. This information is useful in that it
can provide evidence of the monohydrate form. In samples of anhydrous ß-lactose that
contain a small portion of the a-monohydrate, DSC can then be used to quantitate the
amount of the monohydrate present in an anhydrous sample. Brittain, et al, have shown
that anhydrous lactose consists mainly of a melting endotherm at about 235 0C while
Itoh has determined a corrected melting point of 229.5 0C27. This melting is accompanied
by decomposition. It is also observed that should any monohydrate "contamination" be
present, a minor dehydration endotherm will be observed at about 135 0C along with
possible shifts in melting point. The basic thermogram for anhydrous lactose has also
been examined by Itoh, et al, and agree with other studies mentioned here of melting
temperatures and little or no other heat-induced transitions .

Brittain and Blaine have also shown that it is possible to accurately quantitate the

amount of anhydrous ß-lactose in spiked samples utilizing DSC28. In this study, samples
of the monohydrate were spiked with known amounts of the anhydrous ß form (to give
samples at the 10 % and 90 % levels). DSC analysis was performed and it was observed
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that the amount of monohydrate could be accurately determined. Linear regression was

performed on the five data points from each level with an r2 value of 0.9999.
Loss on Drying

Loss on drying (LOD) is a thermogravimetric technique used to determine the amount

of water in a material. In this test, drying time is not defined; rather drying is continued

until the sample exhibits a constant weight. A sample is loaded onto an internal balance.

A lid covers the sample prior to analysis to ensure environmental control of temperature

and as a mean to protect the sample from atmospheric moisture. On commencement of

the heating cycle to a pre-defined temperature, the weight of the sample is taken. The test

is concluded when consecutive weighings do not differ by more than a specified amount,

with the second weighing following an additional period of drying. The instrument then

gives a reading of percent moisture in the sample29. This test is useful for incoming
material testing for moisture determination and can provide information on batch-to-

batch variability.

Shah, et al., have shown that LOD can be used to determine percent conversion of

anhydrous ß-lactose to a-lactose monohydrate30. The investigators determined
quantitation was achievable by testing samples and using the following formula to

determine percent conversion:

(LOD at 150 0C - LOD at IQB aO
% lactose form, conversion = ; — M „ x 100

Wt. fraction of lactose ? 4. 7
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where 4.7 is the theoretical percent water (w/w) in the crystal of a-lactose monohydrate.

At 105 0C, only unbound water is lost. At 150 0C, bound water (water of hydration) that

is incorporated into the crystal structure is lost. Samples tested by this method were

placed in a desiccators filled with a saturated solution of potassium sulfate, resulting in an

equilibrium relative humidity of 97 %. Samples were removed from the desiccator for

analysis at varying time intervals. Upon testing these samples using the LOD technique
described, it was determined that percent conversion could be determined and that after

four weeks at the high relative humidity storage condition, complete conversion from the

ß form to the a form was achieved.

Porosity

Porosity, e , is a measure of the fraction of a matrix that exists as pores or channels

into which surrounding gas, liquid, or other contaminates can penetrate31. Properties such
as disintegration and dissolution can be affected by the porosity of a material. The

porosity of a sample is defined as the ratio of the void volume to the bulk volume as can

be seen mathematically by the equation

Vpe = l- —
Vb

where e is porosity, Vp is the true volume of particles in the sample, and Vb is the is the

bulk volume of the sample. Porosity is usually expressed as a percent, € x 10°-

Mercury intrusion porosimetry is usually used for measuring the porosity of a

sample32. In this test, a sample is placed into a container. The container is evacuated to
remove contaminate vapors and gases. While still evacuated, mercury is introduced onto
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the sample. Vacuum is released and once the pressure returns to ambient, the container is

introduced into a pressure vessel. Pressure is incrementally increased to allow mercury to

infíltrate the pores present in the sample. The volume of mercury that intrudes into the

sample is equal to the porosity. The data collected for the amount of mercury intruded

into the sample at each pressure is plotted to generate graphs that show the amount of
•5-3

mercury taken into the sample versus the pore sizes present in the sample .

The mechanical strength of a tablet based on its porosity was initially described by

Ryshkewitch34. It was found that the strength of a compact decreased exponentially with
increasing porosity. The relationship between a compact's strength and porosity is the

material's compactability. Sun35 has reported that disintegration of a tablet is also
impacted by porosity. Tests have shown that as disintegration time decreases as porosity

increases. This is presumably due to inter-particulate bonding being weaker in a tablet

with higher porosity. Likewise, in tablets with higher porosity, the rate of water

penetration into the pores is faster, leading to decreases in the time it takes for the tablet

to disintegrate. This will subsequently affect the dissolution rate of an active ingredient

from tablets with higher porosity. Since the tablet will disintegrate more quickly, the

active ingredient will available to the dissolution medium more quickly.

Surface Area

The smaller the particles of a material, the greater that material's specific surface area

will be. The overall packing density of a compact is also affected by surface area. More

surface area will result in more surfaces being available for bonding during compression
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processes, resulting in harder tablets. Materials that compress by brittle fracture, such as
lactose, can lead to even more surface area if compression occurs at high compression
forces. Measurement of surface area is dependent on the degree of penetration of the

adsorbant gas onto either the exterior surface of the samples or into the fine structure and
pores within the particles36. Disintegration and dissolution rates will increase as surface
area increases37. As a tablet breaks into aggregates in the disintegration process, these

large aggregates must then break down into smaller particles. This deaggregation step can
be a rate-limiting factor in both the disintegration and dissolution processes. As

deaggregation occurs, surface area increases and as a result of this increase in surface
area, more surfaces are available to the disintegration or dissolution medium. The initial

particle size of the materials used to make tablets can play a role in how quickly surface
area increases. For this reason, it is important to keep in mind the effects of storage

conditions and various mechanical treatments of materials prior to, and during

manufacturing processes.

The most common approach for determining surface area is based on the Brunauer-

Emmett-Teller (BET) theory of adsorption38. This theory states that most substances will
adsorb a monomolecular layer of gas under certain conditions of partial pressure and

temperature. By knowing the monolayer capacity of an adsorbant and the area of the
adsórbate molecule, the surface area can be calculated. The more gas that is adsorbed, the

larger the surface area of the sample39. To measure surface area, samples are prepared
and placed into a glass tube. Samples are then degassed with an inert gas such as helium
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or argon prior to analysis. For analysis, sample tubes are; introduced into liquid nitrogen.
The samples are then exposed to the analysis gas (nitrogen) at a series of controlled
pressures. At each successive pressure, the number of gas molecules adsorbed onto the
exposed surfaces increases and is recorded. Once a single layer of gas is adsorbed, plots
of pressure versus the amount of gas adsorbed on the sample are generated and the BET
surface area is calculated by the following equation:

where ? is the volume of gas, P is the pressure, P0 is the saturation pressure, vm is the
volume of gas required to form a monolayer, and c is the BET constant. The plot
generated is a straight line whose slope and intercept are used to determine the amount of
gas adsorbed in the monolayer and thus the surface area of the sample can be determined.
Disintegration

Disintegration is the process by which a solid compact will break apart in a liquid
medium, making it possible for particles to go into solution. The process of disintegration
takes place in two parts: 1) the detachment of particles from the solvent/tablet interface
and 2) the diffusion of particle layers away from the interface40. During this process,
water exerts a force in the tablet pores which will begin the process of the tablet

beginning to disintegrate41. In tablets, there are three basic bonding mechanisms to
consider: solid bridges, mechanical interlocking, and intermolecular forces (believed to



24

be the dominant bonding mechanism42. Luangtana-Anan et al.43 have discussed the
propensity to disintegrate in a liquid and found that there is a correlation between the

disintegration time and the strength of intermolecular bonding forces. It has been reported

in the literature that lactose is capable of disintegrating without the use of added

disintegrants even though it is not a swelling material43"45. This phenomenon has been
referred to as self-disintegration or spontaneous disintegration. The proposed mechanism

for this spontaneous disintegration is annihilation of the hydrogen bonds within the

material and subsequent repulsion between particles46. Van Kamp44 has shown that for
lactose, disintegration occurs in two steps. In the first step, water penetrates into the tablet

pores by capillary action. In the second step, intermolecular bonds are either weakened or
broken which leads to a widening of the pores, allowing more uptake of water. The force

with which water will affect these intermolecular bonds has been examined by Catellani

et al47. Depending on the type of lactose and the strength of the tablets and the bonds
within the tablet, the tablets will either break apart or will become soft masses easily

broken apart by agitation or physical force.

It has been seen that for a-lactose monohydrate, as compression force increases, there

is an initial retardation of water uptake into the tablets. Once water begins to penetrate

these tablets, disintegration will begin to occur rather quickly. On the other hand, for

anhydrous ß-lactose, there is an initial retardation of water uptake at low compression

forces; however, as compression forces increase, the retardation of water uptake is
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prolonged and these tablets will not disintegrate but will rather dissolve over a longer

period of time44.
Dissolution

Dissolution is a method for measuring the rate of drug release from a dosage form. In

tablets, the overall process of making an active pharmaceutical ingredient (API) available

for absorption in vivo is comprised of the tablet disintegrating into primary particles and

the dissolution rate of those particles15. There are three main theories of dissolution of a
particle: film theory, surface renewal theory, and limited solvation velocity theory.

In the film theory, it is assumed that the bulk liquid will pass past the solid with a

certain velocity. It is, however, also assumed that there is a stagnant film of liquid

surrounding the solid particles. If steady state is assumed, Fick's first law may be

employed that states that
dc

where / is the diffusion current, ^ is the diffusion coefficient, and 'Qx is the

concentration gradient. In this model, the solid will diffuse across the stagnant liquid

layer48. A gradient exists across the diffusion layer, with a saturated solution at the
drug/diffusion layer interface. As dissolution occurs across the gradient, the diffusion

layer is less concentrated as it moves further away from the drug. This allows for sink

conditions. In this manner, the drug will diffuse away from the solid particles and into the
T 1

bulk dissolution liquid .
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In the surface renewal theory, the assumption of a stagnant layer is discarded. Instead

it is proposed that turbulence from the dissolving liquid extends all the way to the solid

surface48 and that the surface is being constantly replaced with fresh liquid. The driving

force behind this theory is that the liquid must solvate the solid instead of drug diffusing

from solid to bulk through a stagnant diffusion layer .

In the limited solvation theory, it is said that at steady state, the amount of solute

entering and leaving a plane at some distance from the solid is the same. This will give a
constant dissolution rate .

Another more recent model of dissolution exists. This is the Higuchi Model. The

basic concept of this theory is that dissolution occurs by penetration of the dissolution

liquid into the solid. As the liquid attacks the solid, channels are created in the solid.

Penetration of the liquid into these channels will dissolve particles which then exit the

solid. The boundary layer will then recede into the solid as dissolved particles are leached

out into the bulk liquid .

The most common compendial methods for testing dissolution are Apparatus 1 and

Apparatus 2. Apparatus 1 utilizes a 40-mesh rotating wire basket into which the dosage

form is placed. This basket is attached to a rod and the basket is lowered into a defined

volume of dissolution medium. The test is performed at a pre-defined rotation rate and

for a specific time (method dependent). Samples are withdrawn from the media at defined

time points and analyzed for drug content. In Apparatus 2, a rotating paddle is used in

place of a rotating basket. The dosage form is dropped into the dissolution medium and
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the paddle is lowered into the medium. The test proceeds for a set amount of time and
with a defined rotation rate .

A number of processes can effect dissolution including: temperature, turbulence,

particle size, presence of impurities, and in the case of lactose, the ratio of a and ß
anomers50. With lactose, Hodges50 has shown that mutarotation can significantly affect
the rate of solubility. With a-lactose monohydrate, the solubility rate is the limiting factor
for dissolution. As a-lactose dissolves, mutarotation begins and the ß anomer will begin

to form. As this occurs, more a-lactose will dissolve to replace the amount that has been

converted to ß-lactose. Dissolution will continue to the point that the solution is saturated
and an equilibrium between a and ß has been reached.

In tablets containing a binary mixture of lactose and API, the disintegration and
dissolution of lactose will play an important role in making the API available to the
dissolution medium so that it can undergo dissolution and be made available for

absorption. Given a tablet that is predominantly lactose (low dose of API), the dissolution
characteristics of the lactose portion of the tablet will play a crucial role in the rate of
release of the API. Since it has been seen that different types of lactose behave differently

in terms of disintegration and dissolution, it can be theorized that these characteristics
will affect the rates of release of APIs in tablets made from them. This rate of release can

be further affected when the solubility of the API is low due to the API having more

exposure to the dissolution medium.
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a to ß Conversion and Methods of Analysis

To create samples with various ß lactose contents via exposure to high humidity
conditions.

Purpose. The purpose of this study was to expose anhydrous lactose (as supplied) to
high humidity conditions for various amounts of time to create samples with different ß
contents. The target ß contents to be achieved are approximately 50 % and 0 % (complete

conversion from ß to a anomer). This will allow for further studies that will allow

comparison of physical properties of tablets made with anhydrous lactose with

approximately 83 %, 50 %, and 0 % ß content.

Lactose monohydrate is a relatively non-hygroscopic material, showing little water

uptake at relative humidities below 75 %. On the other hand, anhydrous lactose will
begin water uptake at lower relative humidities (20 - 30 %) .

Materials. Anhydrous lactose, USP/NF (SuperTab 21 AN, Lot #10371 109, DMV

Fonterra, Princeton, NJ) (82.9 % ß content)

Method. In a large weigh boat, anhydrous lactose was placed in a flat, even layer. A

desiccator was preconditioned with water and allowed to equilibrate at 22 °C/98 % RH.

The lactose samples were then introduced into the desiccator. A temperature and

28
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humidity monitor was also placed inside the desiccator. Samples were withdrawn at 24,

48, 72, and 96 hours and placed into appropriately labeled glass vials with screw caps.

Results. All samples were taken at the prescribed time points and put into

appropriately labeled glass vials with screw caps. During the timeframe the samples were

in the desiccator, the temperature ranged from 21 0C to 23 0C. Relative humidity stayed

at 98% for the length of the study, except for brief excursions that occurred when samples

were taken. Recovery of relative humidity took only a few minutes once the lid was

replaced on the desiccator.

Tests to confirm B to A conversion

Differential Scanning Calorimetry

Purpose. The purpose of this study was to apply and verify the DSC method for

quantitation of a and ß anomers of anhydrous lactose as outlined by Brittain . This

method is necessary to determine the amount of ß-lactose that is converted to the a

anomer when anhydrous lactose is stored at elevated relative humidity. DSC can be used

to measure the purity, polymorphism, and degradation of a compound, among other

properties such as melting point and evolution of water. A sample and reference are kept

at equal temperatures and the heat flow necessary to maintain the temperature equality is

measured. Plots are obtained by measuring the differential rate of heating versus

temperature. Anhydrous lactose is reported in the literature as having a decomposition

endotherm at approximately 237 0C and a minor dehydration endotherm at 135 0C. This

dehydration endotherm is assigned to crystalline water6. Due to the presence of water in
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different amounts in lactose monohydrate and anhydrous lactose, this method provides an

appropriate method of measurement and differentiation between these materials. This

should be evident by a larger dehydration endotherm corresponding to the amount of

water incorporated into the sample's crystal lattice based on how long it had been

exposed to elevated humidity conditions; the longer the exposure time, the greater the

percentage of the sample that incorporates this water.

Materials. Anhydrous lactose, USP/NF (SuperTab 21AN, Lot #10371 109, DMV

Fonterra, Princeton, NJ) (82.9 % ß content)

Lactose monohydrate, USP/NF (Pharmatose, 100 mesh, Lot #10396944,

DMV Fonterra, Princeton, NJ)

Method. Physical mixtures of anhydrous lactose and lactose monohydrate were made

to contain 25 %, 50 %, and 75 % ß-lactose. Pure lactose monohydrate was used for 0 %

ß-lactose. Anhydrous lactose, as supplied, was used as a control. DSC thermograms were

obtained on a TA DSC Q 1000 (TA Instruments, New Castle, DE). Samples were scanned

from 40 0C to 200 0C at a scanning rate of 10 0C min"1 under a nitrogen purge with a flow
rate of 50 mL min"1. Calibration of the DSC was performed with an Indium standard

(156.4 0C melting point). Samples of 3-4 mg were prepared in standard crimped

aluminum pans and run in triplicate. The % ß is calculated by averaging the enthalpies for

lactose monohydrate (mean = 108.6 J/g) and dividing by each individual sample

enthalpy. This number is then multiplied by 100. The mean enthalpy for the 0 % samples

(1.3 J/g) is then subtracted from this number to give the measured % ß. This corrects for
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the small amount of a lactose monohydrate that is present in the neat anhydrous lactose

samples.

Results. Data generated for this study show that there is a close correlation between

the theoretical amounts of ß-lactose in the spiked samples to the calculated amounts

(Table 2). Linear regression of the data yielded a R2 value of 0.9973 (Figure 4). These
findings show that this DSC method can be used to quantitate the a- and ß-anomer

content in samples used during further studies.
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Table 2. DSC data for spiked samples

Theoretical % Measured %
Sample Enthalpy (J/g) Anhydrous Lactose Anhydrous Lactose

LM1 110.1 0 -2.8
LM2 110.2 0 -2.9
LM3 105.5 0 1-8
AL1-25 87.86 25 19.4
AL2-25 79.76 25 27.5
AL3-25 83.91 25 23.4
AL1-50 59.22 50 48.1
AL2-50 56.49 50 50.8
AL3-50 52.50 50 54.8
AL1-75 29.34 75 78.0
AL2-75 29.87 75 77.4
AL3-75 28.03 75 79.3
AL1 1.549 100 105.7
AL2 1.318 100 106.0
AL3 1.396 100 105-9
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Anhydrous ß-Lactose Content in Spiked Samples
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Figure 4. DSC method verification results

X-ray Powder Diffraction

Purpose. The purpose of these studies was to analyze lactose samples using X-ray

Powder Diffraction (XRPD) to confirm conversion of the ß anomer to the a anomer in

samples that were exposed to high humidity for various lengths of time. These studies
provide evidence of crystal structure with characteristic peaks that can be seen for both
the ß and a forms. XRPD will measure the spatial arrangement of molecules within a

species. Most crystalline materials have a habit that is retained no matter the physical size
of the crystal, so any difference in the particle size distribution of the samples will not

interfere with the analysis. The same crystalline substance will always give the same
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diffraction pattern; therefore, each diffraction pattern is like a fingerprint for a given
substance. Thus, this method of analysis is ideally suited for characterization and

identification of polycrystalline phases51. XRPD will measure the constructive
interference at specific angles to produce a characteristic diffraction pattern . This

pattern is represented graphically by a plot of peaks in which intensity versus diffraction

angle are plotted. Intensities of diffraction patterns are determined by the distribution of
electrons in the unit cell (the three-dimensional form a crystal takes). Since the highest

density of electrons is found around atoms, the intensities will depend on the types of

atoms being analyzed and their location within the unit cell51. This analysis should show
shifts in characteristic peak intensities for each material as the ß form mutarotates to the a

form.

Materials. Anhydrous lactose, USP/NF (AL) (DMVF SuperTab 21 AN, lot #

10371109)

Lactose monohydrate, USP/NF (LM) (DMVF Pharmatose, 100 mesh, lot

#10396944)

Methods. Anhydrous ß-lactose and a-lactose monohydrate (both as supplied) were

analyzed to provide baseline scans of the two materials (XRPD - Philips Electronics,

Model 12045). Additionally, samples that had been exposed to high humidity for various

lengths of time were scanned. Approximate 1 g samples were prepared (without grinding

to prevent structure change to amorphous lactose or form conversion from a to ß) into

standard powder packs. Samples were detected at 2T. Intensity data were collected using
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CaKa radiation at 40 kV/25 mA. Step size was 0.04 steps/degree and count time was 1

sec/step.

Results. The major characteristic peaks for the ß and a anomers occur at

approximately 10 ° and 12 ° 2T, respectively. This is in agreement with values reported in

the literature52"56. Crystals of a and ß lactose belong to the monoclinic P2i space
group52'53'55. Representative scans can be seen in Figures 5 and 6.
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Figure 5. Representative XRPD scan of anhydrous ß-lactose
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Figure 6. Representative XRPD scan of a-lactose monohydrate

Samples exposed to high humidity were scanned. Overlays of these scans can be seen

in Figure 7. The overlay shows that as anhydrous ß-lactose was exposed to high humidity

for increasing amounts of time, the major characteristic peak for the ß anomer decreased

and the major characteristic peak for the a anomer increased. The appearance of the peak

for the a anomer, which is absent from the scan in Figure 5 is further proof that exposure

of anhydrous ß-lactose to high humidity conditions spurs mutarotation resulting in the ß

anomer converting to the a anomer.



37

a

96 hour
sample

2 /
~J Lv u^j\

17 20

I /lis I 23 38

72 hour
sample

l2 3 J
a

I 6
19

UU__/AA/

13

20 23

¿61?8
222

26 29

*25]
OTWWuïs^w

30
3536 38

28/1 32 34 ? ™ 19

48 hour
sample

? ,4 .67

*-/ La^_jVUV

24 hour
sample

\—«*>\?

16 19

3132 34

L3-' GW yw-

11.00
-------------1 ¡ )

19.00 27.00 3S.00

Figure 7. XRPD scans of anhydrous lactose exposed to high relative humidity for various
lengths of time



38

Additional changes are evident in the scans for each sample, particularly in the region
around 19 ° - 27 ° 2T, however, these peaks are not major characteristic peaks and will
not be used here to confirm conversion, as the previously identified major characteristic

peaks are sufficient proof of mutarotation. Only those peaks indicated at approximately
10 ° and 12 ° 2/9 are being used for this confirmation, as they provide the easiest visual
evidence of conversion. For the crystalline forms, a and ß, crystallographic studies have

shown that bond lengths and angles along with superimpositions of conformations reveal
only limited geometrical differences52. This is evident on examination of the chemical
structures that show the only difference between the two anomers is the location of the
terminal OH group on the galactose moiety.

Loss on Drying

Purpose. The purpose of this study was to verify an alternate method to quantitate the
amounts of a and ß-lactose anomers in samples that had been exposed to high humidity
for various lengths of time. This method is based on loss on drying and was used as the
primary method for determining anomeric quantities due to its accuracy, ease of
preparation, and efficient analysis times.

Materials. Anhydrous lactose, USP/NF (SuperTab 21AN, Lot #10371109, DMV
Fonterra, Princeton, NJ) (82.9 % ß content)

Methods. Loss on drying is based on heating a sample that has been placed on an
internal balance. The instrument is heated to a programmed temperature and the weight
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change of the sample is monitored. Once a temperature is reached where there is no

additional loss of weight due to water removal, the percent water in the sample is given.

Due to the differences in water content of neat anhydrous lactose compared to samples

that have been exposed to high humidity conditions, this method is applicable to

measuring form changes from ß to a lactose that occur upon exposure to high humidity.

Shah, et al30, described a method of a and ß quantitation utilizing loss on drying

techniques. The method relies on unbound water being released at 105 0C while bound

water (water of hydration) will evolve at 150 0C. Thus, samples are read at these two

temperatures and percent conversion from ß to a is calculated using the following

equation:

(LOD at 150 ttC - LOD at 105 0C)
% lactose form conversion = ——— ; — —— X 100Wt. fraction of lactose X 4.7

where 4.7 is the theoretical percent water (w/w) in the crystal of a-lactose monohydrate.

Samples of anhydrous lactose (as supplied) and those stored at high humidity for 24, 48,

72, and 96 hours were tested for loss on drying using the CompuTrac Max 50 (Arizona

Instruments, Chandler, AZ). The as supplied sample (approximately 5 g) was tested at a

temperature of 105 0C. All other samples (approximately 5 g each) were tested at a

temperature of 150 0C. Loss on drying data as well as percent conversion from the ß
anomer to the a anomer are then calculated from the above equation. The ß content

calculation is performed as follows:

Corrected % lactose form conversion = (100 % - % conversion) ? 82.9
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where 82.9 is the ß content of the as received sample (from manufacturer's certificate of

analysis).

Results. Results from the loss on drying study are summarized below in Table 3.

Table 3. Loss on drying and percent conversion from ß to a
LOD at 150 0C

Sample LOD at 105 0C (%) % Conversion ß Content
(%)

AL » 029 » 8T9

AL-24* 0.65 -- 7.7 76.5

AL-48 0.99 -- 14.9 70.5

AL-72 1.24 -- 20.2 66.2

AL-96 1.26 -- 20.6 65.8

*AL = anhydrous ß-lactose, 24, 48, 72, and 96 indicates hours of exposure to high
humidity conditions

As expected, each sample that was exposed to high humidity had higher loss on

drying than the as-supplied sample. As exposure time increased, water content also
increased. From the calculation, percent conversion from ß to a increased. This is

confirmation that upon exposure to high humidity, conversion from the anhydrous ß

lactose to the a monohydrate form is occurring. While this study did confirm the desired

conversion from a to ß, it was desired that the extent of conversion would be larger. In

order to achieve a higher degree of conversion, additional samples were prepared that
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were exposed for longer amounts of time at the same temperature and relative humidity
conditions.

To create new samples with a higher degree ofconversionfrom the a anomer to the ß

anomer via exposure to high humidity conditionsfor longer times

Purpose. The purpose of this study was to repeat the prior study in which samples

were exposed in a desiccator preconditioned with water to 98 % relative humidity for

longer periods of time. The prior study showed conversion, but the extent of conversion

was not as large as desired. This study aimed to expose the samples for a period of time

such that the last sample taken would have complete conversion of the ß anomer to the a

anomer.

Materials. Anhydrous lactose, USP/NF (SuperTab 21 AN, Lot #10371 109, DMV

Fonterra, Princeton, NJ) (82.9 % ß content)

Methods. In 4 large weigh boats, anhydrous lactose was placed in a flat, even layer.

Four individual desiccators were preconditioned with water and allowed to equilibrate at

22 °C/98 % RH. The lactose samples were then introduced into the desiccators. A

temperature and humidity monitor was also placed inside the desiccator. Samples were

withdrawn at 1, 2, 3, and 4 weeks and placed into appropriately labeled glass jars with

screw caps.

Results. All samples were taken at the prescribed time points and put into

appropriately labeled glass jars with screw caps. During the timeframe the samples were

in the desiccators, the temperature ranged from 21 0C to 23 0C. Relative humidity stayed



between 90 % - 100 % fon the length of the study. Charts indicating the temperature and

humidity conditions in each desiccator can be seen in Figures 8-11.
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Temperature and Humidity Tracking
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Figure 1 1 . Temperature and humidity plots for 4 week sample
X-ray Powder Diffraction - Part II

Purpose. The purpose of this study was to repeat the prior XRPD study on new

samples that had been exposed to high relative humidity for longer times. The major

peaks for a anomer and ß anomer were again monitored to show the incremental
conversion between forms.

Materials. Anhydrous lactose, USP/NF (AL) (DMVF SuperTab 21AN, lot #

10371109)

Lactose monohydrate, USP/NF (LM) (DMVF Pharmatose, 100 mesh, lot

#10396944)

Methods. Anhydrous ß-lactose and a-lactose monohydrate (both as supplied) were

analyzed to provide baseline scans of the two materials (XRPD - Philips Electronics,
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Model 12045). Additionally, samples that had been exposed to high humidity (98%) for

periods of 1, 2, 3, and 4 weeks were scanned. Approximate 1 g samples were prepared

(without grinding to prevent structure change to amorphous lactose or form conversion

from a to ß) into standard powder packs. Samples were detected at 2T. Intensity data

were collected using CnKa radiation at 40 kV/25 mA. Step size was 0.04 steps/degree

and count time was 1 sec/step.

Results. Again, the major characteristic peaks for the ß and a anomers occur at

approximately 10 ° and 12 ° 2T, respectively. Representative scans can be seen above in

Figures 3 and 4. Samples exposed to high humidity for longer times were scanned.

Overlays of these scans can be seen in Figure 12. The overlays again show that as

anhydrous ß-lactose was exposed to high humidity for increasing amounts of time, the

major characteristic peak for the ß anomer decreased and the major characteristic peak

for the a anomer increased. In these newly prepared samples, it is seen that by 4 weeks,

the major peak for the ß anomer is completely gone. This provides conclusive evidence

that by 4 weeks, the ß anomer has undergone complete mutarotation and only the a

anomer remains.
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Figure 12. XRPD scans of anhydrous lactose exposed to high relative humidity for 1, 2,
3, and 4 weeks

Loss on Drying - Part II

Purpose. Once samples were exposed to high humidity conditions for longer
amount of time to ensure complete conversion, samples were again tested for loss on

drying in order to quantitate the degree of conversion for each sample. The prior XRPD
analysis showed that the ß anomer was completely changed to the a anomer, but the a:ß
ratio was not quantitated from this test. Loss on drying, as seen in previous studies, is
able to quantitate the amount of each anomer present in the samples.

Materials. Anhydrous lactose, USP/NF (SuperTab 21 AN, Lot #10402199, DMV
Fonterra, Princeton, NJ) (83.0 % ß content)

Methods. Samples were tested in the same manner as in the previous loss on drying

study. Once again, the calculation used to quantitate the amount of each anomer present
is given by the equation:

CLOD at 150 *C - LOD at 105 "C)
% lactose form conversion = ——; X 100' WL fraction of lactose X 4.7

where 4.7 is the theoretical percent water (w/w) in the crystal of a-lactose monohydrate.

Samples of anhydrous lactose (as supplied) and those stored at high humidity for 1, 2, 3,
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and 4 weeks were tested for loss on drying using the CompuTrac Max 50 (Arizona

Instruments, Chandler, AZ). The as supplied sample (approximately 5 g) was tested at a

temperature of 105 0C. All other samples (approximately 5 g each) were tested at a

temperature of 150 0C. Loss on drying data as well as percent conversion from the ß
anomer to the a anomer are then calculated from the above equation. The ß content

calculation is performed as follows:

(1 - % conversion) ? 83.0

where 83.0 is the ß content of the as received sample (obtained from the manufacturer's

certificate of analysis). The LOD at 105 0C is used in the calculations for all samples. The

value for anhydrous ß-lactose (AL) at 150 0C is assumed to be zero.

Results. Results for loss on drying are in Table 4 below.

Table 4. Loss on drying and percent conversion from ß to a

LOD at 150 0C LOD at 105 0C 0/ n . ß ~„+0„fSample ro/. (0/, % Conversion ß Content
AL -- 0.41 -- 83.0

AL-I week* 2.32 -- 40.6 49.3

AL-2week 3.44 -- 64.5 29.5

AL-3week 4.37 -- 84.3 13.0

AL-4week 5.46 -- 107.4 0.0

*AL = anhydrous ß-lactose, 1, 2, 3, and 4 week indicates weeks of exposure to high
humidity conditions
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From the results in Table 4 above, it is observed that, as in the previous study, as the

sample was stored at high humidity conditions for longer amount of time, the percent

conversion from the ß anomer to the a anomer increased. The results are also in

agreement with the previous XRPD study that shows that the degree of conversion

increased to the point that the 4 week sample completely converted all of the ß anomer to

a. This study confirms that the conditions the samples were exposed to (humidity and

time) were adequate to achieve a range of conversion with complete conversion having

occurred at the 4 week mark.



Chapter 4

Raw Material Characterization

Particle Size and Shape

Purpose. The purpose of this study was to determine the particle size and shape

characteristics of anhydrous lactose and lactose monohydrate. The size and shape of

particles are of utmost importance when developing a direct compression tablet. Particle

size can affect flow properties, especially when the material comprises the bulk of the

tablet, as a diluent such as lactose can. Particle size can also play an important role in the

overall uniformity of the dosage form. Likewise, the shape of the particles can also have

an effect on flow characteristics. In particular, the crystal shape of lactose can greatly

affect flow. Lactose monohydrate is made up of larger, discrete tomahawk-shaped crystal

that exhibit good flow properties whereas anhydrous lactose is agglomerates of smaller

but highly angular crystals that result in its relatively poor flow characteristics . It is

worthwhile, then, to examine the overall particle size and shape of these two materials.

Materials. Anhydrous lactose, USP/NF (AL) (DMVF SuperTab 21 AN, lot #

10371109)

Lactose monohydrate, USP/NF (LM) (DMVF Pharmatose, 100 mesh, lot

#10396944)

50
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Methods. Samples were analyzed on a Malvern Morphologi G3 Particle Size and

Shape Analyzer (Malvern Instruments, Columbia, MD). The instrument provides size and

shape information on a static sample that is dispersed onto a glass plate by means of a

sample dispersion unit (SDU) using pressurized air. The user defines a method within the

software that prescribes the area of the dispersion to scan along with the optic(s) to use.

Each particle within the defined scan area is counted and an image is taken of each of

those particles. At the conclusion of the run, sample data is made available through

customizable reports in the software.

Results. The Circle Equivalent Diameter (CE Diameter) Means were determined on

both a number and volume basis. The algorithm used to calculate particle size on the

Morphologi G3 converts the pixel area of each particle into a sphere of equivalent area,

and then measures the diameter ofthat sphere to give the CE Diameter. The number

distribution examines the distribution based solely on the number of particles present

while the volume distribution will examine the distribution based on the volume of the

particles. Distributions based on both number and volume can be seen in Figures 13 and
14.
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Figure 14. CE Diameter Mean (volume distribution)

From the number distribution, it is seen that as anhydrous ß-lactose is exposed to high

humidity for longer amounts of time the mean particle size is increasing. This is most

likely due to particles that have either begun to agglomerate or from primary particles
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that have dissolved and recrystallized into larger particles. Upon examination of the

volume distribution it appears that on a volume basis the mean particle size is decreasing
up to 72 h and then increases again at 96 h. The decrease may, again, be due to primary
particles that have dissolved, decreasing the volume of larger agglomerates of ß-lactose
particles and recrystallization into smaller a-lactose particles. The increase at 96 h may
be attributed to increased crystal growth of the a-lactose particles as more water is

incorporated into the crystal structure and more time at elevated humidity passes, leading
to a net increase in mean volume of the sample. A similar pattern can be seen in the

d[0.9] CE Diameter Means of the samples (Figures 15 and 16).

Circle Equivalent Diameter D[n, 0.9]
(number distribution)

25

?
3 20
o
N

OT
£
?
t 15
?ß
o.

10
LM AL AL-24 AL-48 AL-72 AL-96

Sample

Figure 15. CE Diameter Mean d[0.9] (number distribution)
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Again, the number distribution shows an overall increase between time points that is

possibly due to agglomeration of particles or primary particles that have dissolved and

recrystallized into larger particles. The number distribution spike at 96 h correlates to that

seen in Figure 16, which may be attributed to crystal growth of the a-lactose particles.

Also of interest is the shape of the particles. The mean area and length of the particles

was measured and can be seen in Figures 17 and 1 8.



Particle Area Mean

300

250

a 200
2
<
f
S 150
t
is
O.

100

50
LM AL

55

AL-24 AL-48 AL-72 AL-96
Sample

Figure 17. Particle Area Mean

Particle Length Mean

15

~. 13
E
a.

1 11o>
C
0)
_i

LM AL AL-24 AL-48 AL-72 AL-96

Sample

Figure 18. Particle Length Mean

An overall increase in these two shape factors is observed as samples are exposed to

high humidity conditions for various amounts of time. This is in agreement with the size

data presented in Figures 13, 14, 15, and 16 above and is further evidence that as
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exposure time increases at humid conditions, the area will increase along with a decrease
in the volume distribution and the length of the particles will increase in association with

possible recrystallization and crystal growth. Additional shape factors that support this

dynamic are particle width and circularity. Circularity is a measure of how close to a

perfect circle a particle is and is measured on a scale of 0 - 1, with circularity = 1 being a

perfect circle. The length of the particles increases over time, as is also seen with particle

length in Figure 18 above. The circularity factor is seen to decrease in the anhydrous ß-

lactose samples until, over time, it approaches the circularity of a-lactose monohydrate.

Width and circularity comparisons can be seen in Figures 19 and 20.
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Capillary condensation occurs under high humidity conditions in lactose. This can
lead to Ostwald ripening and cause significant solid bridges within a sample . Although

these samples for particle size analysis were sieved with a 20-mesh screen prior to

analysis to de-lump, some particles have undoubtedly remained agglomerated. This is

another potential explanation for particle size growth throughout this study.

Particle Size and Shape - Part II

Purpose. The purpose of this study was to re-examine particle size and shape

parameters for samples that were exposed to elevated humidity conditions for 1, 2, 3, and
4 weeks to understand, from a morphological standpoint, what affect storage for extended

periods of time had on anhydrous lactose samples as conversion from the ß anomer to the
a anomer began.
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Materials. Anhydrous lactose, USP/NF (SuperTab 21AN, Lot #10402199, DMV
Fonterra, Princeton, NJ) (83.0 % ß content)

Methods. As before, samples were analyzed on a Malvern Morphologi G3 Particle

Size and Shape Analyzer (Malvern Instruments, Columbia, MD) under the same
parameters as in the previous study.

Results. It is expected that morphological data for the present samples will differ
from those in the previous study since they were exposed to high humidity conditions for
much longer time periods. Since the samples were in for up to four weeks, more moisture
was exposed to the samples, allowing for increased absorption. This increased absorption
can have a profound effect on changes in the physical form of the lactose. The first
analysis performed looked at the number of particles scanned. At first glance, this may
not seem to be an important characteristic; however, the data suggests that the number of
particles examined in the neat sample was much higher than for the exposed samples,
even though the sample size remained the same. This is an indication that upon water
uptake, the samples begin to agglomerate and portions of the agglomerates dissolve, and
then crystallize into larger particles. Therefore, a sample size of the same weight would
exhibit a lower number of particles, comparatively. The change in the number of particles
examined can be seen in Figure 21.
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While there is some variation in the number of particles counted from weeks 1-4, this

relatively small discrepancy can be attributed to sampling of the powders. This variation

is of little consequence when compared to the number of particles counted in the neat

sample.

The next parameter examined was the circle equivalent diameter. This size parameter

was analyzed on a volume basis so observation of particle growth could be determined

better than analysis on a number basis since the volume measurement will take into

account the actual size change of the particles instead of examination on solely the

number of particles. Results can be seen in Figure 22.
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It is observed that as the samples are exposed for longer periods of time, the mean

diameter of the particles consistently increases. This indicates that as the samples are

exposed for longer amounts of time, more water is allowed to be incorporated into the

samples and more agglomeration of particles occurs. During this time, moisture is

causing some of each sample to go into solution. This is the environment in which

conversion from the ß anomer to the a anomer begins to occur. This same trend can also

be seen in the number distribution of the particles measured as can be seen in Figure 23.
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Other parameters that examine the shape of the particles are useful in determining

differences between samples. One of these parameters that appear useful is measurement

of the elongation of the particles. Neat anhydrous lactose particles are seen as discrete

masses that are agglomerations of many small particles into one primary particle. These

particles possess a basic shape that changes upon exposure to high humidity. As these

particles sorb moisture and begin to agglomerate into larger masses, the newly formed

shapes become more round. The elongation parameter measures, on a scale from 0 - 1 ,

how much a particle resembles a rod-type shape. A particle with an elongation of 1 will

be a rod shape while an elongation of 0 would be seen as a perfectly round particle. As
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can be seen in Figure 24 below, the neat sample has a more elongated shape than samples

that have been exposed to high humidity. As moisture is sorbed and particles come into
contact with each other and create larger particles, these particles can be seen to become
more rounded in nature.
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Figure 24. Mean Particle Elongation

Correlating to this change in elongation is a change in the aspect ratio of the particles.
This parameter measures the ratio of the particle width to its length. This parameter is
again measured on a scale from 0-1, with an aspect ratio of 1 meaning that the particle
width to length is close to equal (for example, a square or circle). Figure 25 demonstrates
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that as the elongation decreases with sorbed water and becomes more rounded, the aspect

ratio of the particles shows a correlating increase in aspect ratio. This is further evidence

that the particles, on exposure to moisture, are agglomerating and becoming less

elongated and more spherical in nature.
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Figure 25. Mean Particle Aspect Ratio

When examined as a whole, the analysis of particle size and shape give compelling

evidence of a major shift is particle characteristics as samples are exposed to high

humidity. As moisture is sorbed by the samples, a change in both the size of the particles

as well as the shape of the particle is seen that give clues that the materials will behave
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differently when used to produce powder blends and tablets. These differences can

manifest themselves in altered powder flow, an increase in the amount of compression

pressure necessary to make tablets, surface area of the particles, and porosity of the

samples.

Scanning Electron Microscopy

Purpose. The purpose of this study was to examine anhydrous lactose and lactose

monohydrate by scanning electron microscopy (SEM). To provide for better visualization

of particle characteristics, SEM was utilized. This method provides a highly detailed,

close-up image of particles that can be used to detail differences in particle size and

morphology.

Materials. Anhydrous lactose, USP/NF (AL) (DMVF SuperTab 21 AN, lot #

10371 109), neat and exposed to high relative humidity for 1, 2, 3, and 4

weeks

Lactose monohydrate, USP/NF (LM) (DMVF Pharmatose, 100 mesh, lot

#10396944)

Methods. Samples of lactose monohydrate and anhydrous lactose were sputter-coated

with a thin layer of gold. They were then placed into the sample chamber and images

were taken. This is done by detection of secondary or backscattered electrons produced

when an electron source is impinged upon the coated samples. These electrons are then

concentrated within a positively charged detector where they are accelerated and strike a
CD

scintillator material, which produce light that is amplified by a photomultiplier tube .



Results. SEMs can be seen below in Figures 26 and 27.
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Figure 26. SEM of anhydrous ß-lactose
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Figure 27. SEM of a-lactose monohydrate

In the image of anhydrous lactose, the agglomerated nature of the smaller crystals is

evident. The image of lactose monohydrate shows the larger, smooth, tomahawk shape

characteristic of this material. The results of these analyses agree with those reported in

the literature1 .

Samples that had been exposed to high humidity conditions for 1, 2, 3, and 4 weeks

were also imaged by SEM. Images of these samples can be seen in Figure 28.
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Figure 28. SEM images (50 - 60X) of anhydrous lactose samples exposed to high
humidity for a) 1 week, b) 2 weeks, c) 3 weeks, and d) 4 weeks

Closer examination of particles shows an interesting morphological change. As

magnification is increased from 50 - 6OX to about 1000X, a more detailed view of the

surface changes that have taken place on sorption of moisture is possible. In the neat

sample, it is observed that there are larger, plate-like particles making up the outer layer
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of the particles. As a closer examination of the samples exposed to high humidity is
made, the outer layer of the particles have changed. These particles are much smaller and
appear more crystalline in nature. This change is seen progressively as the samples were
exposed for longer amounts of time. The change from a plate-like morphology to that of a
more crystalline material supports the thought that as samples are exposed to high
humidity for extended amounts of time, the material is undergoing a physical change
from the ß anomer to a anomer. These images can be seen in Figure 29.
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Figure 29. SEM images (1000 - 1020X) of anhydrous lactose samples exposed to high
humidity for a) 1 week, b) 2 weeks, c) 3 weeks, and d) 4 weeks
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Powder Flow

Purpose. The purpose of this study was to assess the flow characteristics of neat

lactose monohydrate, neat anhydrous lactose, and anhydrous lactose that had been

exposed to high humidity conditions for up to 4 weeks.

Materials. Anhydrous lactose, USP/NF (AL) (DMVF SuperTab 21AN, lot #

10371 109), neat and exposed to high relative humidity for 1, 2, 3, and 4

weeks

Lactose monohydrate, USP/NF (LM) (DMVF Pharmatose, 100 mesh, lot

#10396944)

Methods. Flow characteristics were assessed using a Flodex instrument. This

instrument is comprised of a stainless steel funnel attached to a metal stand. To the

underside of this funnel, metal plates with various apertures can be attached. Prior to

testing, the orifice is covered. The sample (50 g or an amount that fills the sample cup to

within 1 cm from the top) is introduced into the funnel and a lever is turned allowing the

sample to come into contact with the metal plate. Small orifices are used at the beginning

of the testing and if the sample will not pass through this aperture, the test is repeated

with new plates installed with progressively larger apertures. The test is considered

successful if the powder sample freely flows from the funnel through the aperture and

forms an inverted cone of powder underneath. Flow is characterized by the measurement
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of the aperture (in mm). The smaller the aperture used for a successful test, the better the

material's flow. Visual representation of the Flodex can be seen in Figure 30.
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Figure 30. Flodex instrument
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Results. Data generated from the flow test are quite interesting and can be seen

summarized in Table 5.

Table 5. Flodex testing results for lactose monohydrate, neat anhydrous lactose, and
anhydrous lactose exposed to high humidity for 1, 2, 3, and 4 weeks

Powder Flow

______________Flodex (n = 3)
Sample Passing Orifice (mm)

LM 20
AL 26

AL - 1 Week 22
AL - 2 Week 24
AL - 3 Week 32*
AL - 4 Week 34*

* fell flat instead of falling into an inverted cone

As can be seen from the data, lactose monohydrate demonstrates better flow than any

of the anhydrous lactose samples, with the samples passing through the 20 mm aperture.

Comparatively, the neat anhydrous lactose shows poorer flow, with the successful test

utilizing the 26 mm aperture. This is an expected result, as it is generally recognized that

lactose monohydrate, due to its particle morphology, exhibits better flow characteristics

than anhydrous lactose. Where the unexpected results come in is from the samples of

anhydrous lactose exposed to high humidity for 1 and 2 weeks. Both of these samples

exhibit better flow than the neat anhydrous lactose sample, only not quite as good as the

lactose monohydrate sample. The one week sample was successfully tested with a 22 mm
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plate while the 2 vtfeek sample passed with a 24 mm plate. It is theorized that the amounts
of moisture in these 1 and 2 week samples has begun to change the materials' physical

characteristics, but not to a point that it has become detrimental to the flow properties. It

has been shown that exposure to high humidity has resulted in an increase in particle size.
Along with an increase in particle size, the surface area of the powder is also changing.
For the time period up to 2 weeks, it is possible that the surface area has increased but not
yet to a point that flow is impeded. It is thought that the change in particle size and shape
to more rounded particles lends itself to somewhat improved flow.

It is not until the 3 and 4 week samples are analyzed that flow become markedly

impeded. It is thought that this overall increase in particle size and shape in conjunction
with the surface area increasing to a critical point leads to the poorer flow. The 3 week

sample marginally passed with a 32 mm plate while the 4 week sample required a 34 mm
plate. Both the 3 and 4 week samples fell flat after passing through the aperture as
opposed to forming the inverted cone. These materials exhibited a large degree of
cohesion. They did not flow in a continuous stream out of the hopper as was seen for
other samples. The flow was characterized as spurts and, while they flowed without
assistance through the aperture, did not do so in a way that would lead one to believe that

processing a blend made with these powders would result in a robust, free-flowing blend.
Surface Area

Purpose. The purpose of this study was to examine the surface area of neat
anhydrous lactose and anhydrous lactose that had been exposed to high humidity
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conditions for 1, 2, 3, and 4 weeks. It was theorized that upon exposure to high Mmidity
for increasing lengths of time, the surface area of the anhydrous lactose samples would
increase due to solvation of the lactose by sorbed moisture followed by recrystallization

accompanied by mutarotation from the ß anomer to the a anomer.

Materials. Anhydrous lactose, USP/NF (AL) (DMVF SuperTab 21 AN, lot #
10371 109), neat and exposed to high relative humidity for 1, 2, 3, and 4
weeks

Methods. Samples were prepared by weighing approximately 1 .5 - 2.0 g of
anhydrous lactose and placing the samples into a glass tube. Samples were degassed with
nitrogen for 16 h at 55 0C prior to analysis. For analysis, sample tubes were introduced
into liquid nitrogen. The samples were then exposed to the analysis gas (nitrogen) at a
series of controlled pressures. At each successive pressure, the number of gas molecules
adsorbed onto the exposed surfaces increases and is recorded. Once a single layer of gas
is adsorbed, plots of pressure versus the amount of gas adsorbed on the sample are
generated and the BET surface area is calculated by the following equation:

where ? is the volume of gas, P is the pressure, P0 is the saturation pressure, vm is the
volume of gas required to form a monolayer, and c is the BET constant. The plot
generated is a straight line whose slope and intercept are used to determine the amount of
gas adsorbed in the monolayer and thus the surface area of the sample can be determined.
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The instrument used for surface area determinations was the TriStar II 3020

(Micromeritics Instrument Corporation, Norcross, GA)

Results. The BET surface was calculated for each sample and the results are

summarized in Table 6.

Table 6. BET surface area for anhydrous lactose (neat and stored at high humidity for 1,
2, 3, and 4 weeks)

Sample Surface Area (m /g)

Neat 0.2449

1 Week 0.2482

2 Week 0.5173

3 Week 0.6066

4 Week 0.5456

As can be observed from examination of the data, as samples were exposed to high

humidity conditions for longer periods of time, the BET surface area of the samples

increased as theorized. A modest increase was seen from the neat sample to the 1 week

sample. This is indicative of the lower amount of moisture that had been sorbed onto the

sample to this point. While it had been seen in the earlier loss on drying study that some

mutarotation had occurred in the 1 week sample, it appears that not enough of a change

has occurred in this sample to effect a significant change in the surface area of the

sample. This also correlates to the results observed in the powder flow experiments that
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showed slightly better flow in the 1 week sample as compared to the neat sample. It

seems that the moisture at this point has only served to begin agglomeration of particles

into more spherical masses. This agrees with the particle shape analysis performed

previously that showed a decrease in particle elongation and an increase in particle aspect
ratio.

On examination of the 2, 3, and 4 week samples, it is observed that the surface area

dramatically increases. There is over a two-fold increase in surface area for these

samples. This is indicative of these samples having taken up enough moisture to induce

major changes. These changes appear to have occurred due to the moisture causing some
dissolution of the samples and recrystallization. As seen in the SEM images presented

earlier, these samples exhibit crystals that are much smaller than seen in the neat and 1

week samples. This decrease in size of the particles is responsible for the large increase in
surface area. This also correlates back to the flow studies that demonstrate that these

samples exhibit very poor flow compared to the neat and 1 week samples.

Isotherm plots were generated for each sample and can be seen in Figure 3 1 . It is

readily observed that each plot shows a Type I isotherm which indicates that these are

microporous samples with relatively small external surfaces for which the limiting uptake

is governed by the accessible micropore volume rather than by the internal surface area of

the samples. This is demonstrated in the 2, 3, and 4 weeks samples which show

increasing amounts of gas adsorbed due to their increasing surface area. Type I isotherms

are the most commonly observed isotherms in pharmaceutical materials.
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Figure 31 . Isotherm plots for a) neat anhydrous lactose, b) 1 week sample, c) 2 week
sample, d) 3 week sample, and e) 4 week sample
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Additionally, all BET surface area plots had R2 values of 0.9997 or higher which
demonstrates goodness of fit for the respective linear regressions.

Porosity

Purpose. The purpose of this study was to determine the porosity by mercury
intrusion porosimetry of neat anhydrous lactose and anhydrous lactose that had been
exposed to high humidity conditions for 1, 2, 3, and 4 weeks. It was theorized that upon
exposure to high humidity for increasing lengths of time, the porosity of the samples
would increase due to particles dissolving upon sorption of water and subsequent

recrystallization. This recrystallization process is thought to bring about a physical as
well as chemical change in the samples. This physical alteration would then lead to
changes in the structure of the lactose particles, altering the number of voids present in
the samples.

Materials. Anhydrous lactose, USP/NF (AL) (DMVF SuperTab 21 AN, lot #
10371 109), neat and exposed to high relative humidity for 1, 2, 3, and 4
weeks

Methods. To measure the porosity of the samples, approximately 0. 1 5 g of each

lactose sample was placed into a container. The sample containers are then evacuated for
5 min by vacuum at 50 µ?? Hg to remove contaminant gases and vapors. While the
sample containers are evacuated, mercury is introduced into the containers and
equilibrated for 10 sec. Vacuum is released at this point, allowing the non-wetting
mercury to fill the very large (approximately 12 mm) pores to be filled. The samples are
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then introduced into a pressure chamber. Pressure is incrementally increased and the
mercury will fill into pores down to approximately 0.003 µ?? in diameter. For each
increase in pressure, the samples are equilibrated for 10 sec to allow the maximum
amount of mercury to intrude into the samples at that pressure. The pore size is equal to
the amount of mercury that intrudes into the sample due to the increased pressure.
Measurements were carried out on an AutoPore IV 9500 (Micromeritics Instrument

Corporation, Norcross, GA).

Results. Samples were tested for porosity using mercury intrusion porosimetry. Data

generated for this study is summarized in Table 7.

Table 7. Mercury intrusion porosimetry data for anhydrous lactose (neat and stored at
high humidity for 1, 2, 3, and 4 weeks)

Sample Porosity (%) Percent Change
AL 56.9553 0.0

AL-I week 58.1862 2.16

AL -2 week 59.3024 4.12

AL -3 week 67.1925 17.97

AL -4 week 67.4683 18.46

On examination of the porosity data, it is observed that as the lactose samples were

exposed to high humidity conditions for increasing lengths of time, the percent porosity
increased. The data show a modest increase when comparing the neat sample to the 1
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week sample and the 1 week sample to the 2 week sample. Comparing the data generated

in this study to the data generated in the surface area study show a correlation in that a

large difference in not seen in this time and exposure interval. At two weeks, there is not
as large of a porosity change as seen for this interval when compared to surface area. It is
thought that this discrepancy is due to the fact that enough moisture had been sorbed into
the sample to affect a change in the surface area, but at this point, only enough moisture
had been sorbed to change the surface area due to the samples beginning to dissolve and

not enough of the sample had the opportunity to recrystallize to the point of showing an

increase in porosity. On further examination of the data at the 3 and 4 week time periods,

a large change in percent porosity is seen. While comparison of the neat sample to the 1

week sample and the 1 week sample to the 2 week sample show porosity increases of

2.16 % and 4.12 %, respectively, comparison of the neat sample to the 3 week and 4

week samples show increases of 17.97 % and 18.46 %, respectively. This large change in

porosity is the result of the samples having the opportunity to dissolve and recrystallize,
changing their physical form and introducing a new pore structure into the samples.

Examination of the SEMs in Figure 29 (a-d) shows that the 3 and 4 week samples have a

much finer and well defined crystalline structure not seen in the earlier samples. This

physical change in the structure of the particles is thought to be responsible for the
increase in porosity.

In Figure 32 below is an overlay plot of the cumulative intrusion volume versus pore

size. It is observed that all samples follow the same basic intrusion pattern which match
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that of a Type I isotherm, the most commonly observed isotherm for pharmaceutical

powders. All samples begin taking up mercury into the samples' larger pores at a

diameter of approximately 100 µ??. Next there is a rapid increase in the amount of

mercury intruded into the samples down to a pore size of approximately 10 µp?. From 10

µ?? to approximately 1 µ??, the rate of mercury uptake slows until finally plateauing

through the end of the measurement at approximately 0.005 µp?. The most significant

difference in the curves, as stated earlier, is with the 3 and 4 week samples. The rapid

increase between 100 µp? and 10 µp? seen in all samples is seen to a greater extent in the

3 and 4 week samples. Likewise, the plateau region in these samples indicates more

mercury has intruded into the samples, corresponding to a larger pore volume and greater

overall sample porosity.
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Figure 32. Plot of cumulative intrusion volume versus pore size
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These data suggest that a definite change in the samples has occurred. As more

moisture is taken up by each sample as they are stored at high humidity for longer

amounts of time and the ß anomer is mutarotating to the a anomer, a change in the

physical nature of the samples is also occurring. These changes support the theory that as
mutarotation occurs, other changes are also taking place that can impact the material and

the way it is processed and the way it will behave when combined with other materials.



Chapter 5

Tablet Compression and Testing

Tablet compression

Purpose. The purpose of this study was to determine an appropriate method of
compressing tablets for use in further examination of tablet properties.

Materials. Anhydrous lactose, USP/NF as supplied and exposed to high humidity for
1, 2, 3, and 4 weeks (SuperTab 21AN, Lot #10371 109, DMV Fonterra,

Princeton, NJ)(82.9% ß content)

Lactose monohydrate, USP/NF (Pharmatose, 100 mesh, Lot #10396944,

DMV Fonterra, Princeton, NJ)

Magnesium Stéarate, USP (Nitka Tablube, lot #MS080121L)

Methods. Tablets of anhydrous lactose, both as supplied and exposed to high

humidity and lactose monohydrate, as supplied, were compressed on a Carver Press

(Model C, Carver, Inc., Wabash, IN). The Carver Press is a two-column laboratory press
with a dual scale gauge that measures in pounds and metric tons. Tablet weight was

targeted at 200 mg. Tooling used was 9/32" round, standard concave. The compression
force was 89.0 MPa and dwell time was 5 sec. Due to the lack of lubricity of lactose,

82
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ejection from the die resulted in tablets that consistently broke upon ejection on the
Carver Press. To mitigate this issue, a 1 % suspension of magnesium stéarate in isopropyl
alcohol was made. This suspension was then applied to the upper and lower punch faces,

the punch shafts, and the inner wall of the die prior to making each tablet. The alcohol
was dried with compressed air, leaving lubricated surfaces to facilitate tablet ejection.
This allowed for tablets of 100 % anhydrous lactose and 100 % lactose monohydrate to

be compressed and ejected from the die without tablet breakage.
Results. The described method yielded acceptable tablets.

Tablet hardness

Purpose. The purpose of this study was to examine the hardness of compressed
tablets made from lactose monohydrate, neat anhydrous lactose, and anhydrous lactose

that had been exposed to high humidity for 1, 2, 3, and 4 weeks to see if any difference in
hardness was evident when tablets were exposed to similar compression parameters.

From hardness data generated, Heckel analysis will also be performed to describe the

elastic properties of the compressed lactose.

Materials. Anhydrous lactose, USP/NF as supplied and exposed to high humidity for
1, 2, 3, and 4 weeks (SuperTab 21 AN, Lot #10371 109, DMV Fonterra,

Princeton, NJ)(82.9% ß content)

Lactose monohydrate, USP/NF (Pharmatose, 100 mesh, Lot #10396944,

DMV Fonterra, Princeton, NJ)

Methods. Tablets were produced using the parameters described earlier. Tablets were

tested on a Vanderkamp VK 200 Benchsaver Series Tablet Hardness Tester (VanKel,
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Edison, NJ). Tablets were placed against the stationary flat-faced sensing jaw. The

moving jaw presses the tablet against the sensing jaw until the initial fracture of the tablet
is detected. The hardness reading is then displayed on an LCD display on the front of the

tester. This hardness tester conforms to the specifications set forth in <1217> Tablet

Breaking Force in USP32-NF2759.
Results. The results of tablet hardness can be seen below in Table 8 and Figure 33.

Tablets were allowed to sit at room temperature (21 0C - 22 0C) at a relative humidity

that ranged from 43 % - 5 1 % in glass vials with a screw cap for 48 h prior to testing.

Hardness values for neat anhydrous lactose tablets were statistically significantly

higher than tablets made from lactose monohydrate. The range of hardness values for

anhydrous lactose tablets was considerably more variable than the range for lactose

monohydrate tablets. The mean hardness of 14.6 kp for anhydrous lactose tablets

compared to the mean hardness value for lactose monohydrate of 4.5 kp is evidence of

the superior compactability of anhydrous lactose. This could lead to a more robust tablet

that can withstand the rigor of the manufacturing and packaging operations, particularly
for a tablet that will be coated. It is also observed that in tablets made from materials that

were exposed to high humidity for various lengths of time, hardness values decreased
from the value observed for neat anhydrous lactose. This change in hardness is related to

the form change from ß to a as well as the overall change in the physical attributes of the

samples. As has been seen earlier, surface area, porosity, and particle size and shape have

changed significantly in the samples exposed to high humidity for long amounts of time.
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These changes have caused a change in the resultant hardness of tablets made from these

samples. As samples were exposed for longer lengths of time, the hardness values

decreased close to the values seen for lactose monohydrate.

Table 8. Tablet hardness of tablets made from anhydrous lactose and lactose
monohydrate (? = 6)

Mean Tablet Weights and Hardness Values (n = 6)

Sample
Powder Weight

mg SD

Tablet Weight

mg SD

Hardness 2 Days
After Compression

kp SD

Lactose Monohydrate

Anhydrous Lactose

Anhydrous Lactose - 1

Week

Anhydrous Lactose - 2

Week

Anhydrous Lactose - 3

Week

Anhydrous Lactose - 4

Week

200.5

200.8

200.8

200.6

200.6

200.6

0.20

0.15

0.14

0.20

0.12

0.17

199.9

200.1

200.2

199.8

199.1

196.1

0.33

0.27

0.13

0.31

0.46

0.27

4.5

14.6

10.2

6.2

5.9

6.7

0.45

2.65

0.65

0.83

2.66

2.09
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Figure 33. Mean tablet hardness values for lactose monohydrate (LM), anhydrous lactose
(AL), and anhydrous lactose exposed to high humidity for 1, 2, 3, and 4 weeks (n = 6)

An interesting note was that due to the poor flow as samples were exposed to high

humidity (especially for the 3 and 4 week samples), the dies were very hard to fill. In

addition, due to the increase in surface area and overall density of these samples, the 200

mg sample weight nearly filled the die to capacity. This is in contrast to the neat, 1 week,

and 2 week samples that only occupied half to two-thirds of the die capacity. The change

in form of these samples in addition to the physical changes seen in these samples (and

described earlier) resulted in tablets with very poor tableting characteristics. For the neat,

1 week, and 2 week samples, the six tablets required for the test were readily made.

However, the 3 week and 4 week samples required at least twelve attempts to produce six
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tablets that survived the ejection process without capping or survived tablet relaxation

over 48 h without capping. This speaks to the detrimental effect that storage at high

humidity conditions has on the tabletability of anhydrous lactose.
From the hardness data generated in this study, Heckel analysis was performed to

describe the elastic properties of the compressed lactose and any changes in this property

due to exposure to high humidity levels.

The Heckel equation is used to determine the volume reduction mechanisms during
compression. It is based on the assumption that powder compression follows first-order
kinetics with the inter-particulate voids as the reactants and the densification of the

powder as the product. The main utility of the Heckel plots arises from their ability to
identify the predominant deformation behavior of the material. The relationship is mostly
used to distinguish between substances that consolidate by fragmentation and those that
consolidate by plastic deformation. Lactose has been accepted generally as a substance
that consolidates by fragmentation, similar to dicalcium phosphate .

Tablets were produced at 22.2, 44.5, 57.8, 71 .2, and 89.0 MPa (n = 6 for each
compression pressure). The Heckel equation was used and plots were obtained. The
mathematical form of this equation is

-Inf e) = aP +h

where e is the density of the powder compact at pressure P. The constant a is a measure

of the plasticity of the compressed material and constant b is related to die filling and
particle rearrangement before deformation and bonding of discrete particles . The true
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density, ?, was generated for each sample as part of the mercury intrusion analysis. The
apparent density, p', is calculated for each sample by the following equation:

h = ^-^ X 1. 6 cm2
P

where h is the height (thickness, in mm) of the tablet and 1.6 cm2 is the radial cross-
sectional area of the tablets. Once these data have been generated, the calculated porosity

of each tablet at a given compression pressure can be calculated by

.-1-('Vp)
The true densities, apparent densities, porosities, and -In porosities are summarized in
Table 9.
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Table 9. Summary of data for Heckel analysis !
Sample g P^ e -Ins

1.414 0.6799 0.5192 0.6555
1.414 0.6972 0.5070 0.6793

AL -Neat 1.414 0.7106 0.4975 0.6982
1.414 0.7191 0.4914 0.7104

1.414 0.7264 0.4862 0.7210

1.471 0.6598 0.5334 0.6285

1.471 0.6911 0.5112 0.6710

AL-I Week 1.471 0.6957 0.5080 0.6772

1.471 0.7064 0.5004 0.6923

1.471 0.7159 0.4937 0.7058

1.397 0.6469 0.5425 0.6116
1.397 0.6644 0.5302 0.6346

AL -2 Week 1.397 0.6780 0.5205 0.6529

1.397 0.6931 0.5098 0.6737
1.397 0.7074 0.5000 0.6938

1.449 0.6391 0.5480 0.6015

1.449 0.6593 0.5337 0.6279
AL -3 Week 1.449 0.6746 0.5229 0.6484

1.449 0.6931 0.5098 0.6737

1.449 0.7028 0.5030 0.6872

1.455 0.6504 0.5400 0.6161
1.455 0.6737 0.5236 0.6471

AL-4Week 1.455 0.6897 0.5123 0.6689

1.455 0.6997 0.5052 0.6829
1.455 0.7080 0.4993 0.6945
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From the data summarized in Table 9 above, Heckel plots were constructed by

plotting -In D versus compression pressure to yield a linear relationship with slope a and

intercept b. Plots can be seen in Figure 34.

Heckel Plot
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e
u

Ê. 0.66
I

0.64

0.62

0.6

Figure 34. Heckel plots for tablets made from AL - Neat, AL - 1 Week, AL - 2 Week,
AL - 3 Week, and AL - 4 Week samples

After constructing the above plots, linear regression lines were added. To obtain the

yield pressure for each set, the reciprocal of the slopes was calculated. The yield pressure,

Py, is a material-dependent constant which is inversely related to the ability of the
material to deform plastically under pressure. Lower values of Py indicate the onset of

a

D

O
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a AL - 1 Week
? AL - 2 Week
? AL - 3 Weel?

x AL - 4 Week
?
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Compression Pressure (MPa)
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plastic deformation at lower applied pressures. The slopes, intercepts, R values, and

yield pressures are summarized in Table 10.

Table 10. Calculated data for Heckel plots
7GSample Slope y-Intercept R Yield

Pressure, Py(MPa)

AL -Neat 0.0162 0.6443 0.9704 61.73

AL-I Week 0.0176 0.6222 0.902 56.82

AL -2 Week 0.0204 0.5922 0.999 49.02

AL -3 Week 0.0217 0.5826 0.9904 46.08

AL-4Week 0.0193 0.6042 0.9588 51.81

From the Heckel plots, it is seen that as tablets were made from samples that had been

exposed to high humidity for increasing lengths of time, a general pattern occurs that

shows that as more moisture is in the samples, the tablets exhibit a more plastic nature

and a decrease in the reduction in volume of the compacts. This can be directly attributed

to the plasticizing nature of water. As more water is incorporated into the samples, the

increase in plastic deformation delays the onset of brittle fracture of the particles and
results in an increase in the thickness of the tablets due to the decreased volume reduction

under similar compression pressures. This can also be seen by examination of the yield

pressures. As the yield pressure increases, this is directly related to the increased

plasticity of the materials. Of interest is the 4 week sample which exhibits an increase in
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yield pressure. A similar pattern has been seen in previous studies of tablet hardness and
powder surface area. In hardness studies, as samples had more moisture, the hardnesses
decreased until the 4 week sample where an increase was seen. This is also the case when

examining the surface area of these samples. As moisture increased in the samples, the
surface area also increased until the 4 week sample where a slight decrease was observed.

These observations can be correlated to compression behavior in that an increase in

surface area will provide more surfaces for bonding to occur during compression. A

result of particles having more surface area for more bonding to occur, this will also

result in the tablets being harder. With this information, it becomes evident that tablets
made from material with more surface area that also have higher hardness values behave

more like samples that contain less moisture (such as the neat samples). This change in

the 4 week sample may be attributed to the complete anomerization from the ß to the a

anomer as well as incorporation of water into the crystal structure of the lactose resulting

in the anhydrous a anomer changing into the a monohydrate form. Water can be

incorporated into a solid crystal structure as a hydrate or pseudo-hydrate, or could be
incorporated non-stoichiometrically as by adsorption onto a solid surface, acting as a
plasticizer60. These water-solid interactions are complex and can be driven by the range
of pressures studied as well as the punch/die diameter.

Tablet thickness

Purpose. The purpose of this study was to examine the thickness of compressed
tablets made from lactose monohydrate, neat anhydrous lactose, and anhydrous lactose
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stored at high humidity conditions for 1, 2, 3, and 4 weeks to see if any difference in
thickness was evident when tablets were exposed to similar compression parameters.

Materials. Anhydrous lactose and lactose monohydrate tablets compressed in Tablet
hardness study above

Methods. Tablet thickness (mm) was determined using an Absolute Digimatic digital

caliper (Mitutoyo USA, Aurora, IL). Tablet thickness was measured by placing the jaws
of the digital caliper at the highest and lowest points on the top and bottom of the domed
surfaces of the tablets. The reading on the calipers at this orientation was taken as the
tablet thickness. Tablet thickness is a measure of the compactability of a material. Since

all tablets are compressed with the same force with the same dwell time, any differences
in tablet thickness will indicate a difference in the physical properties of the materials

with regard to compactability.

Results. The results of tablet hardness can be seen below in Table 1 1 . Tablet thickness

was tested immediately after compression and then the tablets were allowed to sit at room

temperature (21 0C - 22 0C) at a relative humidity that ranged from 43 % - 51 % in glass
vials with a screw cap for 48 h prior to re-testing thickness to determine the degree of
tablet expansion.

Tablet thickness did not show large variation between the sample sets, but some

differences were noted. There was a 1.4 % difference between tablets made from

anhydrous lactose and lactose monohydrate, with the lactose monohydrate tablets being
the thicker of the two. This is further evidence of the superior compactability of
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anhydrous lactose as the consolidation of particles into the compact was slightly greater
than that of lactose monohydrate. All samples exhibited some amount of expansion on

sitting for 48 h. The mean thickness for lactose monohydrate, neat anhydrous lactose, and
the 1 week anhydrous lactose samples increased by only 0.01 mm (0.22 % - 0.23 %) over
Table 11. Tablet thickness of tablets made from lactose monohydrate, neat anhydrous
lactose, and anhydrous lactose exposed to high humidity for 1, 2, 3, and 4 weeks (n = 6)

Sample

Lactose

Monohydrate

Anhydrous

Lactose

Anhydrous

Lactose - 1 Week

Powder
Weight

mg

200.5

200.8

Anhydrous

Lactose - 2 Week

Anhydrous

Lactose - 3 Week

Anhydrous

Lactose - 4 Week

200.8

200.6

SD

0.20

0.15

0.14

Tablet Weight

mg

199.9

200.1

200.2

0.20

200.6

200.6

0.12

0.17

199.8

SD

0.33

0.27

0.13

Thickness
Immediately

After
Compression
mm

4.47

4.41

4.48

0.31

199.1

196.1

0.46

0.27

4.50

SD

0.01

0.02

0.02

Thickness 2
Days After

Compression
mm

4.48

4.42

4.49

0.02

4.54

4.47

0.02

0.03

4.53

SD

0.01

0.02

0.03

0.01

4.58

4.49

0.03

0.03
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i

the means of the same tablets measured immediately after compression. In contrast, the 2,

3, and 4 week samples exhibited expansion of 0.67 %, 0.88 %, and 0.45 %, respectively.

While expansion overall was small for all samples, the 2, 3, and 4 week samples did

show more expansion on tablet relaxation. ANOVA comparing neat anhydrous lactose

data to that of the 2, 3, and 4 week samples show that ? values for the 2 and 3 week

samples were 0.003258 and 0.000155, respectively, indicating the amount of expansion is

statistically different for these samples. Meanwhile the ? value comparing the neat

anhydrous lactose sample to the 4 week sample was 0.152651, indicating that the

differences in expansion between these two samples is not statistically significant;

however, the standard deviation for the 4 week samples was a bit higher than for other

samples. This increased noise within the data may or may not account for the lack of

statistical significance observed between these samples.

This agrees with the earlier observation that these samples were harder to produce

with many capping tablets seen. It appears that the internal pressure within the tablets due

to increases in surface area, porosity, and particle size and shape are causing the tablets to

expand to a larger degree (with some tablet capping on ejection from the die or before the

48 h relaxation period).

Tablet disintegration

Purpose. The purpose of this study was to examine the disintegration of compressed

tablets made from lactose monohydrate, anhydrous lactose, and anhydrous lactose stored

at high humidity conditions for 1, 2, 3, and 4 weeks to see if any difference in
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disintegration rate and/or disintegration pattern was evident when tablets were exposed to

similar compression parameters.

Tablet disintegration is an important parameter to measure since is an indicator of

how quickly an active ingredient will go into solution and be made available for

absorption in the body. Differences in disintegration time can have a consequence on

dissolution rate and therefore must be controlled.

Materials. Anhydrous lactose and lactose monohydrate tablets compressed in the

Tablet compression section above.

Methods. Disintegration was measured on tablets (n = 6 for each sample) using a

Sotax DT2 disintegration tester (Sotax, Basel, Switzerland). The disintegration test was

run according to USP <701> Disintegration61.
Results. The results of tablet hardness can be seen below in Table 12 and Figure 35.

Tablets were allowed to sit at room temperature (21 0C - 22 0C) at a relative humidity

that ranged from 43 % - 51 % in glass vials with a screw cap for 48 h prior to testing.

Tablet disintegration data varied widely between the sample sets. A comparison of

neat anhydrous lactose and lactose monohydrate tablets showed there was a large

difference is disintegration times. Neat anhydrous lactose tablets had a mean

disintegration time of 271 s while the mean disintegration time of lactose monohydrate

tablets was 27 s. An observation that was particularly interesting is the disintegration

pattern of the tablets. Tablets made from anhydrous lactose did not truly disintegrate but

rather eroded in a manner analogous to a bar of soap. Lactose monohydrate tablets, on the
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other hand, exhibited a classical disintegration pattern, breaking almost immediately into

small granules, then going into solution.

Table 12. Tablet disintegration of tablets made from anhydrous lactose and lactose
monohydrate

Mean Disintegration Time (n = 6)

Sample

Lactose Monohydrate
Anhydrous Lactose
Anhydrous Lactose - 1 Week
Anhydrous Lactose - 2 Week
Anhydrous Lactose - 3 Week
Anhydrous Lactose - 4 Week

Powder Weight

mg
200.8
200.7
200.6
200.7
200.5
200.8

SD

0.11
0.14
0.12
0.08
0.08
0.19

Tablet Weight

mg
200.3
200.2
200.0
199.7
199.1
196.9

SD

0.32
0.18
0.26
0.30
0.18
1.12

Disintegration 2
Days After

Compression
sec

27
271
139
109

83
57

SD
1.38

23.95
36.93
33.49
24.33
21.18

Comparison of Mean Disintegration (sec, 37 0C)
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Figure 35. Individual tablet disintegration times
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Given this large difference in disintegration times and patterns, it was expected that

anhydrous lactose samples exposed to high humidity for increasing amounts of time
would begin to behave more and more like tablets made from lactose monohydrate. If
true, this would mean these samples would not only disintegrate more quickly than the

neat anhydrous lactose tablets, but they would also transition from the "bar of soap"
disintegration pattern to the more classical disintegration pattern observed in the lactose
monohydrate tablets. This, in fact, did occur. As tablets made from materials that were
exposed to high humidity for longer amounts of time were tested, disintegration times
became shorter. From the 1 week sample to the 4 week sample, disintegration times

declined 48.7 % at 1 week, 21.6 % at 2 weeks, 23.9 % at 3 weeks, and 31.3% at 4 weeks.

The disintegration patterns for these samples also changed. As each sample was tested, it
was observed that the disintegration pattern showed a progressive change from erosion

(at 1 week) to true disintegration (at 4 weeks).

Correlating these results with prior physical testing, the results observed in the

disintegration tests are as expected. Examination of porosity has shown that as samples
are exposed to high humidity, they become more porous. This increase in porosity leads
to more void areas available for water ingress. Once tablets are produced with higher

porosity material and are exposed to the disintegration media, there is more opportunity
for the media to infiltrate the voids and cause the tablets to begin to break apart into

granules - the first step in the disintegration process. As tablets became more porous,
more water was allowed into the tablets, allowing them to break apart more quickly, thus
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leading to quicker disintegration times. Also, the increase in smaller particles observed in

the SEMs is noted. These smaller particles that are seen on the surfaces of anhydrous

lactose increased the overall surface area. This increase in surface area was also observed

in the surface area testing of the samples. This increased surface area makes more of each

sample available to be exposed to the disintegration media which also contributes to the

increase in disintegration times. Lastly, the decrease in tablet hardness seen as lactose

samples were exposed to high humidity for longer lengths of time is a contributing factor

to the increases seen in disintegration. As tablets increased in porosity and surface area,

they were increasingly harder to compress and resultant tablet hardness values decreased.

Given the tablets were compressed under the same compression parameters but resulted

in tablets with lower hardness values, overall softer tablets were produced from lactose

samples that were exposed for longer amounts of time. As softer tablets were exposed to

the disintegration media, tablet integrity was decreased and became more likely to begin

breaking apart more rapidly. The results of previous studies have provided reasonable

evidence that, when examined as a whole, provide a linkage between the physical nature

of the samples and the observed disintegration times and disintegration patterns.

Tablet dissolution - Experiment 1

Purpose. The purpose of this study was to modify the current USP monograph

dissolution method for acetaminophen tablets to determine if proposed modifications

allowed for accurate analysis of acetaminophen content. Proposed modifications to the

USP method were made for higher throughput of samples.
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Materials. Anhydrous lactose, USP/NF (SuperTab 21 AN, Lot #10371 109, DMV

Fonterra, Princeton, NJ) (82.9 % ß content)

Acetaminophen, USP 90 % (Lot #009307P313, Mallinckrodt, Hazelwood,

MO)

Magnesium Stéarate, USP (Nitka Tablube, lot #MS080121L)

Tablets compressed from a blend made from the above ingredients

Methods. A blend was made according to the formula in Table 13. A 0.5 quart V-

blender (Patterson-Kelley, East Stroudsburg, PA) was loaded with approximately half of

the lactose, followed by the APAP and MgSt. The remainder of the lactose was then

loaded on top of the powder bed. This procedure was followed so the APAP was

sandwiched between layers of lactose to facilitate uniform blending. Blending was

carried out for 15 min (420 revolutions at 28 rpm).

Tablets were compressed on a Carver Press (Model C, Carver, Inc., Wabash, IN). The

press was equipped with 9/32" round, standard concave tooling. Tablet weight was 200

mg (10 mg acetaminophen per tablet). Tablets were compressed at 89 MPa of pressure

with a dwell time of 5 s. Dissolution testing commenced immediately following

compression.
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Table 13. Formula for tablets used in dissolution studies

Ingredient % Amount/tab (mg) Amount/5 g batch (g)

AL (neat) 9345 ÏS63 4.672
APAP 5.55 11.1 0.278

MgSt 1.00 2.0 0.05

Total 100.0 200.0 5?

According to the USP monograph for dissolution of acetaminophen tablets, 900 mL

degassed pH 5.8 phosphate buffer is used as the dissolution medium . Tablets are

introduced into the dissolution vessels and the test is performed for 30 min using

Apparatus 2 (paddles) at 75 rpm. Samples are withdrawn at 45 min, filtered, diluted with

dissolution medium if necessary, and read using UV absorption at the wavelength of

maximum absorption at about 247 nm.

In order to simplify this method for more efficient throughput of samples,

modifications were made to this method. The specified dissolution medium was changed

to water. The volume was also reduced from 900 mL to 500 mL. Due to the relatively

low amount of acetaminophen in each tablet (10 mg) and amount of dissolution medium

for the acetaminophen to dissolve, solubility was not an issue and this change helped to

save financial resources that would be spent on phosphate buffer components. Also,

samples were not filtered prior to being read on the UV. Again, this was designed as a

change to improve the efficiency with which samples could be read. Paddles were used at
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50 rpm and total dissolution time was reduced to 30 min. Sample volume was

approximately 8mL. An APAP standard was made in water at a concentration of 0.02 mg
mL _1 by weighing 1 1.1 mg APAP 90 % into a 500 mL volumetric flask and bringing to
volume with purified water. The standard was read on the UV at 243 nm prior to reading
the dissolution samples (6 replicate readings). 243 nm was used instead of 247 nm as

prescribed in the USP method for acetaminophen tablets. This wavelength (243 nm) is
closer to the wavelength used in the USP method for Acetaminophen (244 nm)6 . After
reading the dissolution samples, 3 additional replicates of the standard were read to
ensure there was no drift in the absorbance readings. Percent acetaminophen was

calculated using the following equation:

t sample abs \/std conc\—— I 1 ivoiM Q Q)iean sta aas* v 10 '

where sample abs is the absorbance of the individual tablets at 243 nm, mean std abs is
the mean standard absorbance of all standard readings at 243 nm, std cone is the

concentration (mg/mL) of the standard, 10 is the theoretical amount of acetaminophen in
each tablet, and vol is the volume (mL) of dissolution media from which the sample was

taken. Samples were read on an Agilent 8453 UV/Vis spectrophotometer controlled with
ChemStation software (Agilent Technologies, Inc., Santa Clara, CA).
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Results. Results are summarized in Table 14. The UV scans can be seen in Figure 36.

Table 14. APAP dissolution method verification data

Mean 1.2621

%RSD 0.40

Std Acetaminophen Dissolution

1.2718 Tablet Absorbance (243 nm) %APAP

1.2648 Í 1.2665 100.3

1.2579 2 1.2872 102.0

1.2622 3 1.2921 102.4

1.2667 4 1.3459 106.6

1.2615 5 1.2389 98.2

1.2595 6 1.2680 100.5

1.2594 Mean 1.2831 101.7

1.2552 %RSD 2.81 2.81
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Overlaid Spectra:

1 ' ¦ ' ' I
900 Wavelength fnml

# Mame

Std 1
Std 2
Std 3
Std 4
Std 5
Std 6
Tablet
Tablet

Abs<243nm> # Name Abs<243nm>

,27180
.26480
,25790
,26220
,26670
,26150
,26650
.28720

9
10
11
12
13
14
15

Tablet 3
Tablet 4
Tablet 5
Tablet 6
Std 7
Std 8
Std 9

1.29210
1.34590
1.23890
1.26800
1.25950
1.25940
1.25520

Figure 36. UV scans

Data generated for the standard show the measurement is highly reproducible with a

low percent relative standard deviation. Also, the standard readings prior to and

subsequent to the dissolution sample readings agree, indicating no drift in absorbance

readings throughout the measurements. The dissolution sample readings were also

consistent, with percent APAP dissolved in the six tablets ranging from 98.2 % - 106.6 %

(some blend uniformity issues may be responsible for the range seen for final tablet

dissolution data). These data indicated that the dissolution method was suitable for

determining APAP dissolution for tablets as prepared. This dissolution method was used

for all subsequent dissolution studies.
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Tablet dissolution - Experiment 2

Purpose. The purpose of this study was to examine the dissolution profiles of tablets

made with anhydrous lactose that had been stored at high humidity for various lengths of

time that incorporated acetaminophen as the model drug and eliminated magnesium
stéarate from the formulation.

Dissolution is a critical test, as it determines how quickly a drug is released from the

tablet matrix and correspondingly goes into solution and is made available for absorption.

For an immediate release tablet, dissolution is the rate limiting factor in making an active

ingredient available for absorption64. Variations in dissolution can result in a drug being
released too slowly, resulting in the patient not achieving the desired therapeutic benefit

of the drug. Likewise, dissolution that is too rapid can result in "dose dumping", exposing

the patient to too much of the drug too quickly65. The goal of this study is to determine if
differences exist in dissolution profiles when tablets are comprised of drug

(acetaminophen) and anhydrous lactose that has been stored at high humidity for various

lengths of time, resulting in varying ß contents. The USP monograph method for

acetaminophen tablets was used as a starting point and the method was modified for

higher throughput of samples, as described in the previous section.

Materials. Anhydrous lactose, USP/NF as supplied and exposed to high humidity

(SuperTab 21 AN, Lot #10371 109, DMV Fonterra, Princeton, NJ) (82.9 %

ß content)
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Acetaminophen, USP 90 % (Lot #009307P313, Mallinckrodt, Hazelwood,

MO)

Magnesium Stéarate, USP (Nitka Tablube, lot #MS080121L)

Tablets compressed from blends made from the above ingredients

Methods. Blends were made according to the formula in Table 13, with the exception

that no magnesium stéarate was used. The elimination of magnesium stéarate from the

tablets was done to eliminate any dissolution-altering effect the lubricant may have. It is

known that magnesium stéarate can alter dissolution performance by "waterproofing" the

tablet components. By taking the lubricant out of the formulation, the potentially

confounding effect it could have is eliminated. To account for the amount of tablet

weight lost due to removal of magnesium stéarate (2.0 mg/tablet), 2.0 mg of additional
lactose was added to the formulation to keep the target tablet weight at 200 mg. The

blending procedure described in the previous section was again used for these blends. To

aid tablet ejection from the die after compression, the die and punch faces were swabbed

with a magnesium stearate/alcohol slurry, as in previous experiments.

Tablets were compressed on a Carver Press (Model C, Carver, Inc., Wabash, IN). The

press was equipped with 9/32" round, standard concave tooling. Tablet weight was 200

mg (10 mg acetaminophen per tablet). Tablets were compressed at 89 MPa of pressure

with a dwell time of 5 seconds. Dissolution testing was performed after the tablets were

allowed to relax for 6 days in sealed glass vials at 21 0C - 22 0C and 44 % - 51 % relative

humidity.



Approximate 8 mL samples were withdrawn at 2, 4, 6, 8, 10, 15, and 20 min without
media replacement (this loss of dissolution media was accounted for in all calculations).
Samples were again read on the UV at 243 nm. Calculations were performed to
determine the amount of acetaminophen dissolved at each time point using the

calculation in the previous section. Data were then plotted to generate the dissolution

profile for each formulation.

Results. Data were collected and calculations were performed to determine the

amount of acetaminophen released at each time point. These data were then plotted to
give graphical representation of the dissolution profiles. A summary of the mean
dissolution data and dissolution profiles can be seen in Table 15 and Figure 37,

respectively.



Table 15. Summary of dissolution data for tablets made with neat, 1
week, and 4 week anhydrous lactose samples

Neat Anhydrous Lactose Dissolution Data
Volume (mL) Time Mean Abs Std Dev mg APAP %APAP Normalized % APAP

500
492
484
476
468
460
452

0
2
4
6
8
10
15
20

0.0
0.3507
0.7094
0.9830
1.1517
1.2510
1.2946
1.2988

0.0
0.055
0.086
0.080
0.068
0.043
0.021
0.024

0.0
2.7362
5.4471
7.4253
8.5557
9.1371
9.2936
9.1619

0.0
27.4
54.5
74.3
85.6
91.4
92.9
91.6

0.0
29.9
59.5
81.0
93.4
99.7
101.4
100.0

Anhydrous Lactose - 1 Week Dissolution Data
Volume (mL) Time Mean Abs Std Dev mg APAP %APAP Normalized % APAP

500
492
484
476
468
460
452

0
2
4
6
8
10
15
20

0.0
0.4735
0.8594
1.0625
1.2013
1.2646
1.3189
1.3273

0.0
0.125
0.099
0.075
0.068
0.041
0.027
0.025

0.0
3.6950
6.5989
8.0253
8.9239
9.2360
9.4682
9.3626

0.0
37.0
66.0
80.3
89.2
92.4
94.7
93.6

0.0
39.5
70.5
85.7
95.3
98.6
101.1
100.0

____________________Anhydrous Lactose - 2 Week Dissolution Data
Volume (mL) Time Mean Abs Std Dev mg APAP %APAP Normalized % APAP

500
492
484
476
468
460
452

0
2
4

6
8
10
15
20

0.0
0.5466
0.8084
0.9703
1.1057
1.1882
1.2886
1.3228

0.0
0.139
0.136
0.135
0.126
0.095
0.054
0.019

0.0
4.2655
6.2068
7.3292
8.2135
8.6782
9.2508
9.3309

0.0
42.7
62.1
73.3
82.1
86.8
92.5
93.3

0.0
45.7
66.5
78.5
88.0
93.0
99.1
100.0

____________________Anhydrous Lactose - 3 Week Dissolution Data
Volume (mL) Time Mean Abs Std Dev mg APAP %APAP Normalized % APAP

500
492
484
476
468
460
452

10
15
20

0.0
0.6429
0.8304
1.0081
1.1290
1.2048
1.2970
1.3127

0.0
0.075
0.054
0.061
0.055
0.051
0.038
0.029

0.0
5.0165
6.3758
7.6148
8.3867
8.7998
9.3111
9.2601

0.0
50.2
63.8
76.1
83.9
88.0
93.1
92.6

0.0
54.2
68.9
82.2
90.6
95.0
100.6
100.0

Volume (mL)
______Anhydrous Lactose - 4 Week Dissolution Data

Time Mean Abs Std Dev mg APAP %APAP Normalized % APAP

500
492
484
476
468
460
452

0
2
4
6
8
10
15
20

0.0
0.7229
0.9184
1.0600
1.1553
1.2218
1.3095
1.3250

0.0
0.076
0.054
0.080
0.030
0.024
0.016
0.018

0.0
5.6407
7.0518
8.0067
8.5824
8.9240
9.4007
9.3463

0.0
56.4
70.5
80.1
85.8
89.2
94.0
93.5

0.0
60.4
75.5
85.7
91.8
95.5
100.6
100.0
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Acetaminophen Dissolution (normalized)

<

AL
x- AL- 1 week

— AL - 2 week
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AL - 4 week

Time (min)

Figure 37. Dissolution profiles for tablets

Each set of dissolution data had the percent of acetaminophen dissolved at 20 min

between 91.6 % - 93.6 %. The Q value for percent dissolved according to the USP

monograph for acetaminophen tablets is 75 % in 45 min; therefore, the release rates of

the tested tablets complies with compendia guidelines. For the purposes of this study, the

final percent acetaminophen dissolved is not the important factor. The data to be
examined is more concerned with the rate of dissolution of acetaminophen over time

rather than full recovery. Of note is the closeness of percent dissolved at the final

sampling time in the study. Since the data at the final sample times are similar, this
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allows comparison without concern for total amount dissolved. For this reason and for

ease of comparison, data were normalized to 100 % at 20 min.

From the data it can be observed that neat anhydrous lactose tablets have the slowest

rate of dissolution when comparing all samples. Given previous data generated on

disintegration rates, this is to be expected. Since tablets made with neat anhydrous lactose

have shown erosion patterns rather than the tablets breaking apart, it follows that the

acetaminophen in the tablets will take longer to be exposed to the dissolution media;

therefore, will take longer to go into solution. With respect to tablets made from

anhydrous lactose that had been exposed to high humidity for periods of time, it has been

shown that as the ß anomer mutarotates to the a anomer, the disintegration pattern begins

to follow the pattern of lactose monohydrate where a true disintegration pattern is seen

where the tablets break apart into granules. As this occurs, the acetaminophen contained

within the tablets is exposed to the dissolution media more quickly, thus allowing it to go

into solution at a more rapid rate. As samples that were exposed to high humidity were

used to make tablets, the tablets using anhydrous lactose exposed for longer amount of

time disintegrated into granules progressively faster, allowing acetaminophen in these

tablets to release progressively faster, especially at early sampling points. This points to

the fact that there is a complex influence of moisture on the structure of these tablets. The

increased rate dissolution does not appear to be the result of increased solubility of the

raw material. Rather, it appears to be related to the rate of disintegration of the tablets as

increasing amounts of moisture are incorporated into the raw material used to make the
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tablets. This, in turn) creates more surface area for the dissolution medium to penetrate

into the tablets, allowing acetaminophen to dissolve more quickly.

To aid in comparison of dissolution data showing differences in dissolution rate,

linear regression was performed on each profile over the range from 0 min - 10 min. This

section of the dissolution curves shows the largest differentiation between sample profiles

and gives the best information on differences in release rates over the period examined.

Examination of the slopes of each regression line demonstrates overall rates, where larger

slopes would normally be indicative of faster release rates. It is observed, however, that

the slopes of the truncated profiles decrease as samples were tested that had been exposed

for longer amounts of time under high humidity conditions. This is a bit misleading in

that a larger slope would indicate a faster dissolution rate. However, in this case, it is seen

that the initial dissolution rates are markedly different and then begin to plateau. It is this

separation in the data seen at 2 min that is responsible for lower slopes for samples

exposed to high humidity for longer periods of time. As initial rates increase rapidly and

then plateau, the remaining amount of acetaminophen available to dissolve is less;

therefore, not as much separation in the data is seen as time progresses. For this reason,

slopes actually decrease as dissolution rates increase. This can also be seen in the y-

intercept data that show that as samples are tested that were exposed for longer amounts

of time, the y-intercept increases significantly. The corresponding R2 values for each
regression also confirm this pattern. As y-intercepts increase, R values decrease,

showing less linearity (more curvature) in the data. This combination of higher y-
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intercepts and lower R2 values are able to explain what is visually evident - that thè
samples exposed to high humidity for longer periods of time exhibit progressively faster
dissolution rates, especially at early sampling points. Figure 38 shows the truncated
dissolution profiles for the area examined by linear regression. Table 16 shows results of
linear regression analysis for each sample.

Acetaminophen Dissolution (0-10 min, normalized)

S 70.0

.S 50.0

S 40.0

AL

x AL - 1 week

AL - 2 week

*-- AL -3 week

- -a- ¦ · AL - 4 week

4 5
Time (min)

Figure 38. Truncated dissolution profiles used for linear regression analysis
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Table 16. Regression analysis results for truncated dissolution profiles
rSample Slope y-Intercept R value

Neat anhydrous lactose 10.154 9.8085 0.9444
Anhydrous lactose - 1 Week 9.6574 16.650 0.8838
Anhydrous lactose -2 Week 8.6284 18.826 0.8625
Anhydrous lactose -3 Week 8.5388 22.449 0.8219
Anhydrous lactose -4 Week 8.3150 26.555 0.7594

To further demonstrate the differences in the dissolution profiles, the time required

for 50 % of the acetaminophen (D50) in the tablets to go into solution was calculated on

the profiles from Table 15 and Figure 37. Results of these linear interpolations can be
seen in Table 17.

It can be seen from the data in Table 17 the time to recover 50% of the

acetaminophen changes drastically as tablets were tested that had been made with
anhydrous ß-lactose that had been exposed to high humidity for various lengths of time.
This is further evidence that moisture uptake and anomeric conversion plays a role in the

time required for dissolution to occur. Figure 39 shows graphically the interpolated points
on the dissolution profiles.
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Table 17. Linear interpolation data for dissolution profile

Acetaminophen Dissolution Data with t50 Interpolation

_______________Percent Acetaminophen Dissolved (normalized)
t(min) AL AL-IWk AL-2Wk AL-3Wk AL-4Wk

Ö ÖÖ ÖÖ ÖÖ ÖÖ ÖÖ
2 29.9 39.5 45.7 54.2 60.4

4 59.5 70.5 66.5 68.9 75.5

6 81.0 85.7 78.5 82.2 85.7
8 93.4 95.3 88.0 90.6 91.8

10 99.7 98.6 93.0 95.0 95.5
15 101.4 101.1 99.1 100.6 100.6

20 100.0 100.0 100.0 100.0 100.0

Interpolated Value
(min)

Change from AL (%)

AL 50 3.36 0.0

AL-IWk 50 2.68 -20.3

AL-2Wk 50 2.41 -28.2
AL-3Wk 50 1.85 -45.1

AL-4Wk 50 1.66 -50.7



Acetaminophen Dissolution
(0-20 min, normalized, D50)

SS^*--""!-
iSi.—A--·-'

¦ AL Tabulated data

.....A···· AL-IWk Tabulated Data

—x— AL-2Wk Tabulated Data

- -* - AL-3Wk Tabulated Data

— · — AL-4Wk Tabulated Data

+ Interpolated data

8 10 12
Time (min)

14 16 18 20

39. Linear interpolation dissolution profile graph for D5o



Chapter 6

Conclusions

From the studies conducted, a number of observations can be made. The observations

cover topics of raw material conversion from the ß to the a anomer, raw material
characterization of converted anomers, manufacturing tablets using converted materials,

and incorporation of an active ingredient into raw material blends to assess dissolution
characteristics.

For raw material conversion, it was seen that anhydrous ß-lactose could be converted to

a-lactose monohydrate. This was achieved by exposing anhydrous ß-lactose to high

humidity condition for extended periods of time. Loss on drying and x-ray powder
diffraction were used as tools to confirm mutarotation from the ß form to the a form. In

these studies, it was observed that specific conversion percentages were achievable by

exposing samples for specific amounts of time under elevated humidity storage

conditions. Loss on drying experiments provided a quick, efficient, and accurate means

of determining the percentage conversion. X-ray powder diffraction also provided a

qualitative means of confirming mutarotation by analysis of major characteristic peaks
associated with each of the anomeric forms. It was also seen that use of differential

scanning calorimetry is a valid tool that can be used to quantitate the degree of
conversion.

116
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Raw material characterization showed that from a morphological standpoint,

anhydrous lactose that has been exposed to high humidity for various lengths of time
exhibit increases in both particle size and shape that could impact flow and tableting

characteristics. The changes observed in particle size and shape are directly attributed to

the increased amount of moisture in the samples as they were exposed to high humidity

conditions for various lengths of time. As moisture increased, a general trend of

increasing particle size was seen. This was due to absorbed moisture in the samples
causing agglomeration of particles that increased their size. Shape factors were also
affected in this same manner. As more moisture infiltrated the samples, agglomeration

accounted for more spherical particles.

SEM images were acquired of lactose monohydrate, neat anhydrous lactose, and
anhydrous lactose samples that had been exposed to high humidity conditions for 1, 2, 3,
and 4 weeks. The images provided visual evidence of morphological changes as a result
of the storage conditions. It was observed that as samples were exposed for longer
lengths of time, surface changes occurred. The images show smaller particles on the
surfaces of the anhydrous resulting, presumably, from the dissolution and

recrystallization of particles upon exposure to moisture. The lactose monohydrate and
neat anhydrous lactose images provided visual evidence of the different characteristic
crystalline nature of each of the anomeric forms with lactose monohydrate exhibiting a
larger, tomahawk shape while neat anhydrous lactose shows more of an small,
agglomerated structure. These physical changes help to support other changes seen in
experiments on porosity and surface area.
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A reduction of powder flow properties was observed as samples increased in moisture
content. Samples exposed to high humidity for 1 week exhibited an increase in

flowability. For the remaining samples, the increase in moisture had a deleterious effect
on powder flow. It is concluded that higher moisture content should be avoided with
regard to flowability since the reduction in flow properties can have negative
consequences on blending efficiency, can cause blend uniformity issues, tablet weight
variation, and die filling issues during tableting operations.

Analysis of porosity and surface area provided evidence that mutarotation that took
place under the detailed conditions cause a change in these parameters. It was seen that as
anhydrous lactose was exposed to high humidity for increasing lengths of time, both
porosity and surface area were affected. Both surface area and porosity were seen to
increase as the amount of moisture in the materials increased These changes can have

effects on tableting properties, as observed in the tableting studies performed. These

changes can lead to difficulties in tableting, changes in the compactability of the
materials, and changes in tablet thickness and hardness. These changes can have a

negative impact in a production setting that will be seen in failure to meet thickness or
hardness specification, poor flow, blend uniformity issues, and tablet quality issues such
a capping or laminating.

It was shown that the methods devised to compress tablets of anhydrous ß-lactose and

a-lactose monohydrate produced good tablets suitable for determining physical
characteristics. It has been observed that tablets made from lactose samples that had been
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exposed to high humidity for different periods of time differed in overall tablet thickness
as well as tablet hardness. Heckel analysis of these tablets has also shown differences in

the plastic nature of the samples depending on the amount of moisture in each sample.

These samples also exhibited a decrease in the volume reduction of the compacts due to

increased porosity in the samples.

Disintegration patterns and times were also evaluated. It was observed that there were

marked changes in disintegration times as the amount of the a anomer increased. It was

observed that lactose monohydrate disintegrated in a classic disintegration pattern where

the tablet broke apart in agglomerates very quickly. On the other hand, tablets made from

neat anhydrous lactose eroded instead of disintegrating and took much longer to go into

solution. As samples of anhydrous lactose were exposed to high humidity for increasing

amounts of time, disintegration patterns began to resemble the pattern exhibited by

lactose monohydrate. As samples were tested that had been exposed for longer lengths of

time, the disintegration times also decreased markedly. The effect seen in the

disintegration testing can have an impact on dissolution times. Since disintegration is a

prerequisite for dissolution, shorter disintegration times can equate to faster dissolution

time since the penetrating medium can access more of the tablet content in less time.

Testing of tablets with an active ingredient (acetaminophen) was also performed. It
was observed that tablets made with lactose samples that had varying degrees of a: ß

ratios exhibited different rates of dissolution of acetaminophen when dissolution profiles

were performed. Close examination of truncated profiles showing the early time points



shows that samples with increasing moisture release the active into solution at a higher

rate than samples with lower moisture. This indicates that moisture content and the

subsequent ratio of a: ß play an important role in the rate of dissolution of actives.

In conclusion, it is seen that by altering the a:ß ratio in anhydrous ß-lactose there is

an effect on the physical characteristics of both the raw material and tablets. The impact

was seen to be correlated to the degree of conversion, with more conversion resulting in

more of an effect. Whether these effects will ultimately have a negative impact in a

production setting will depend on the amount of lactose used in a particular formulation,

the overall formulation in question (immediate release, modified release, delayed

release), and the specifications one is trying to achieve. It may be prudent, therefore, to

be cognizant of these potential effects during early stage development of a dosage form.

Proper testing of lactose samples on initial inspection and before use can mitigate

downstream issues related to lactose performance in the manufacturing operation and in

quality control operations that test product performance.
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