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Abstract
With the implementation of Quality by Design (QbD), pharmaceutical product
development is gradually transforming from an art based on empirical practice to a science
based on knowledge of material and process. In this thesis work, we employed two classic
antihistamine drugs — loratadine (Lor) and desloratadine (Des) as model compounds. The
more superior tabletability of Lor than that of Des is explained by the bonding area (BA)
and bonding strength (BS) model. The molecular origins of both BA and BS are
systematically investigated, which can be applied to effectively improve mechanical
properties and tableting performance of drugs. The problems of poor water solubility and
dissolution rate of Lor at physiological pHs is overcome through crystal engineering that
leads to a new multicomponent crystalline form of Lor with an artificial sweetener,
saccharin. The sweet taste, enhanced solubility and dissolution rate, as well as acceptable
physical stability of the new salt facilitate the development of a chewable tablet formulation,
demonstrating the usefulness of crystal engineering in pharmaceutical development of
chewable tablets. New insights into the relationship between crystal structure and

macroscopic bulk powder compaction behavior were gained from this research.
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CHAPTER 1 Introduction




1.1 General Introduction

The goal of pharmaceutical science is to develop safe, effective and economical drug
products for the well-being of the general public. For a typical solid dosage form of small
molecule drugs, the discovery of a New Chemical Entity is just the beginning of a long
journey full of challenges. A chemical compound must go through several key steps
before it can be produced as a drug product for clinical trials. First, the solid-state
screening is conducted to determine the most appropriate solid form, including
polymorphs, salts and cocrystals, for development.! Solubility, bioavailability, powder
flow, compression, thermal stability, hygroscopicity, and a number of other properties
are all taken into consideration to render a solid form with best performance. Once the
proper solid form of the compound is selected, formulation development is followed to
further modify the properties and overcome the drawbacks of the drug with the aid of
excipients. The stability, safety, efficacy, manufacturability, and patient compliance are
expected to be improved with a judiciously designed formulation.? Finally, all
manufacturing processes involved to produce the drug product need to be assessed. For
example, for a direct compaction tablet product, critical process parameters including
compaction pressure®, compaction speed* and powder particle size® have great impact on
the quality of final product. Throughout all these processes, pharmaceutical material
science plays an increasingly important role. As the FDA puts more emphasis on the

concept of quality by design (QbD) 8, the development of a drug product has moved from



fostering empirical practice such as trial-and-error approach to understanding the
fundamental knowledge of materials and process parameters. With mechanistic
understanding of material properties, pharmaceutical scientists can not only decode and
solve an existing problem related to poor pharmaceutical properties but also develop new
materials with desired properties.
The overall objective of this thesis research is to demonstrate pharmaceutical materials
science as a powerful tool to understand compaction behavior of bulk drug powder and
improve physical properties and manufacturability of drug product. Two classic
antihistamines drugs, loratadine and desloratadine, were utilized as model compounds.
This thesis research covers the following aspects of pharmaceutical materials science:
(1) Understanding macroscopic compaction behavior of drug bulk powders via
microscopic crystal structure and intermolecular interaction analysis
(2) Developing new solid states of drugs with improved physicochemical properties and
manufacturability by crystal engineering approach
In this work, we gave an explicit explanation on the distinct compaction behaviors
between loratadine and desloratadine, designed a new salt of loratadine with enhanced
solubility and sweet taste to enable the development of a chewable tablet formulation.
The mechanistic understanding of diverse compaction properties of drugs and the
efficient approach to enable the development of chewable tablets through crystal

engineering can be applied to solve problems encountered with other drugs.



1.2 Loratadine and Desloratadine

Loratadine (Lor) and desloratadine (Des) are classic H1-receptor antihistamines for the
relief of allergic diseases such as allergic rhinitis and urticaria.” They are competitive
inverse agonists of the H1 receptor that have relatively high specificity and can stabilize
the receptor in inactive state.® They are classified as second generation H1-receptor
antihistamines due to non-sedating advantages over the first generation products.®
Compared to the first-generation drugs, which rapidly get into central nervous system, Lor
and Des have higher peripheral selectivity and do not cross the blood-brain barrier.° Thus,
they seldom cause side effect like drowsiness or somnolence and can be taken by patients
of special occupation including pilots or drivers.!!

Lor was patented in 19812 and brought to market in 1988 by Schering-Plough. It was first
developed as a derivative of azatadine with tricyclic structure.® The ester chain was
introduced as its N-substituent with the intention to reduce penetration into brain.*>* Lor
reaches peak blood concentration 1.5 h after oral dosing and rapidly metabolized by liver
through first pass effect.® The major active metabolite of Lor s
descarboethoxyloratadine, which was four times more potent than Lor and subsequently
developed as Des.'® The elimination half-life is 8—14 hours for Lor and 17-24 hours for
Des, which leads to the 24-hour duration of action when Lor is administered.’> ¥’ FDA
approved the over-the-counter (OTC) status of Lor in 2002. The commercial product of

Lor, Claritin, has become one of the most successful OTC products.8 1



Des was patent in 19842° and brought to market in 2001 by Schering-Plough. Des is the
primary active metabolite of Lor. It is a classic example of discovering a new drug from
investigating the metabolites of an existing drug. Similar to Lor, Des exhibits a short onset
time and reaches peak blood concentration 3h after dosing.?! The longer elimination half-
life, less extensive first pass metabolism and higher potency compared to Lor supports its

once daily dosing and makes it a good alternative to Lor.?%24

1.3 Tablet and tablet strength

Tablet is the most common dosage form for drug administration. It will continue to be
the mainstay of drug therapy because of the several advantages, including better stability
of drugs, ease of administration, lower cost of manufacturing, and better patient
compliance.?® According to different absorption site and intended clinical use, the drug
release mode can be controlled, leading to various types of tablets: immediate release
tablets, sustained/controlled release tablets, delayed release tablets, buccal and sublingual,
chewable tablets, effervescent tablets, and orally disintegrating tablets.?” Several tablet
types, including chewable tablet and orally disintegrating tablet, have been marketed for
Lor and Des.

A successful tablet product should meet several requirements, including good physical
and chemical stability of drugs, uniform distribution of drugs, high purity, appropriate

mechanical strength, appropriate drug release profile, and good manufacturability.?
5



In term of the requirement of tablet strength, a tablet must be strong enough to withstand
the stress and crushing during handling, packaging and shipping and to avoid
unacceptable friability and reduced drug dose.?® On the other hand, unnecessarily
excessive strength leads to slower tablet disintegration and drug release, which is not
suitable for treating emergency cases needing fast drug release.®% 3

Developing tablets with appropriate strength is a challenging task because tablet
properties vary significantly with the change of materials. For example, tablet strength
depends on mechanical properties of API as well as particle size. Polymorphs of the same
drug, i.e., same molecular structure but different crystal packings, may exhibit distinct
tableting properties.3 Variations in initial particle size of bulk powders also may
significantly influence tableting behavior.®® Thus, a comprehensive understanding of the
structure-property relationship at different length scales, ranging from single molecule to
crystal lattice to the bulk powder and to the finished tablet, is beneficial to develop tablet

products of high quality and provide solutions to tabletability related problems.

1.4 Structure-property relationship

For pharmaceutical materials, pertinent properties include physicochemical properties,
mechanical properties (elasticity, plasticity, brittle), particulate properties, surface
properties, powder tabletability, powder flowability, powder cohesion and sticking.?

These properties are affected by structures at molecular (chemical composition of
6



molecules), crystal (crystal structure, bonding strength and bonding patterns)3* 35,
granular (particle size and shape)®, bulk powder (powder surface structure)®’, and
finished drug products (tablet porosity)® levels.

Tablet compaction is a process of material consolidation, which depends on the
mechanical properties and deformation mechanisms of the material. The most common
deformation mechanisms include elastic deformation, plastic deformation, and
fragmentation. Most pharmaceutical materials exhibit all three types of deformation
depending on the pressure applied. Typically, elastic deformations take place under a low
compaction pressure. For perfectly elastic materials, particles recover to original shape
upon the removal of stress and the interparticular contact areas reduce to point contacts
after decompression process. Thus, high elasticity deteriorates powder tabletability.>® On
the contrary, the permanent plastic deformation leads to large contact and bonding area,
which is necessary for tablet formation.?® Higher plasticity generally leads to superior
compaction properties of drugs.

It has been shown that plasticity has strong relationship with crystal packings.®? 34 3° The
presence of active slip planes is one of the leading contributors to plasticity of crystals.
Slip planes are crystallographic planes in the crystal exhibiting weak interplanar
interactions. They are typically of the highest molecule density and largest d-spacing
when compared to other planes in the same crystal structure. The lower interaction energy
and smoother surfaces of slip planes favor more facile slip, which results in higher

plasticity and better tabletability of pharmaceutical materials.*® 4!
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This correlation between crystal structure and mechanical properties has been verified in
a new context by comparing the compaction behavior of Lor and Des in the Chapter 2 of

this thesis.

1.5 Crystal engineering

Understanding the relationships between structure and properties of materials is a critical
first step. The next step is to use such knowledge to design materials with desired
properties. Crystal engineering is a powerful tool to accomplish this.*

Crystal engineering is the design of new solid form with desired properties based on the
understanding of intermolecular interaction.** The main intermolecular interactions in
crystal engineering are hydrogen bonding and van der Waals interactions.** These
intermolecular interactions link critical functional groups in different molecules together
and form supramolecular synthons. In this way, new solid forms of a molecule can be
synthesized by judicious selection of coformers with desired properties and functional
groups for synthon formation.

Crystal engineering has recently been utilized to address common problems of
pharmaceutical compounds caused by poor physicochemical properties such as physical
and chemical stability, solubility, dissolution, bioavailability, and mechanical
properties.*>*8 In 2015, the first cocrystal drug Entresto was approved by FDA for the

treatment of chronic heart failure. This cocrystal is a trisodium hemipentahydrate
8



cocrystal-salt containing Valsartan and Sacubitril in 1:1 molar ratio®, exhibiting superior
efficacy and reduced side effect compared to pure Valsartan.®® This example
demonstrates the potential of crystal engineering as a promising approach to not only
enable the more robust manufacturability but also drugs with better clinical outcomes.

Lor and Des also have some pharmaceutical deficiencies, such as poor aqueous solubility.

1.6 Structure of thesis

Chapter 2

In Chapter 2, we tried to explain why Lor exhibited much higher tabletability than
Des over the typical tableting pressure range of 25-350 MPa. The more superior
tabletability of Lor is explained by its both larger bonding area (BA) and higher
interparticle bonding strength (BS). The larger BA of Lor is attributed to its higher crystal
plasticity, which is determined both experimentally and computationally by energy
framework calculation and topological analysis. Higher BS is attributed to the
significantly higher dispersive component of the surface energy of Lor than that of Des.
This work provides new insights into molecular origins of both BA and BS, which can
be applied to guide future crystal engineering to improve mechanical properties and
tableting performance of drugs.

Chapter 3



In Chapter 3, we synthesized the first multicomponent crystalline form of Lor with
artificial sweetener saccharin. The new salt exhibits sweet taste, enhanced solubility
and dissolution rate, as well as acceptable physical stability, which facilitates the
development of a chewable tablet formulation. The simultaneous release of loratadine
and sweetener without problems of physical separation between sweetener and drug
during manufacturing process makes it effective in masking the bitter taste of Lor. We
identified a compaction pressure window by applying friability and chewing difficulty
index requirement. This example shows the usefulness of sweet salt formation in the
development of a chewable tablet product of a drug with poor solubility and unpleasant

taste.

10



CHAPTER 2
Molecular insights into the distinct compaction behaviors
of two structurally similar antihistamine drugs: loratadine

and desloratadine

11



2.1 Introduction

Loratadine (Lor) and desloratadine (Des) (Fig. 2.1) are second generation H1-
receptor antihistamines widely used for the relief of allergic rhinitis and urticarial. They
have high peripheral selectivity and do not readily cross the blood-brain barrier, leading to
non-sedating advantages over first generation drugs that have side effects, such as
drowsiness and somnolence 2. Lor was first developed as a derivative of tricyclic azatadine.
The ester chain on Lor possibly accounts for its low penetration into brain® 4. Lor reaches
peak blood concentration 1.5 h after oral dosing and rapidly metabolized by liver through
first pass effect? > . The major active metabolite of Lor, descarboethoxyloratadine or Des,
was subsequently developed into a new drug. FDA granted Lor over-the-counter (OTC)
status in 2002, which has become one of the most successful OTC products under the brand
name, Claritin” 8, Des is a successful example of discovering new drugs from carefully
investigating metabolites of existing drugs. Compared to Lor, Des exhibits longer
elimination half-life, less extensive first pass metabolism, and higher potency®!!. Thus,

Des is a useful alternative to Lor*2.

Most commercially available products of Lor and Des are tablets. Tablets remain
a preferred dosage form because of their physical and chemical stability, ease of
administration, high manufacturing efficiency, and low manufacturing cost'®. One of the
criteria for a successful tablet product is appropriate mechanical strength so that they are

strong enough to withstand crush during handling and storage but not too strong to cause

12



problems such as slow drug release!4, difficulty with chewing® and prolonged
disintegrating time'®. This is relevant to both Lor and Des because they have orally

disintegrating tablet and chewable tablets on the market.

Despite their similar molecular structures, Lor and Des exhibited significantly
different tabletability, where tablet tensile strength of Lor is more than two times that of
Des over a wide range of compaction pressure. The large difference between tabletability
of Lor and Des suggests their significantly different crystal mechanical properties’*®,
Thus, Lor and Des present an opportunity to further advance the current state of
understanding in the relationship between crystal structure and mechanical properties.
Past efforts in this direction used anhydrate and hydrate crystals?®® 2!, different
polymorphs?? 23, cocrystals 2+ 2%, and salts 227, Lor and Des pair is the first example of
exploring crystal structure — mechanical property relationship using a drug and its

metabolite.

2.2 Materials and Methods

2.2.1 Materials

Both Loratadine and Desloratadine were purchased from Wuhan Biocar Bio-pharm
Co. Ltd. (Wuhan, Hubei, China). Microcrystalline cellulose (MCC; Pharmacel 102) was

provided by DFE Pharma (Goch, Germany). All materials were used as received.

13



Deionized water, formamide (Sigma—Aldrich, St. Louis, MO) and diiodomethane (DIM;

Sigma—Aldrich, St. Louis, MO) were all reagent grade.

2.2.2 Methods

2.2.2.1 Powder X-ray Diffractometry (PXRD)

A wide-angle X-ray diffractometer (X Pert Pro; PANalytical Inc., West Borough,
MA) with Cu Ko radiation (45 kV and 40 mA, wavelength of 1.54059 A.) was used to
collect X-ray diffraction patterns at ambient temperature. Discs of Lor and Des were
prepared by compressed at 200 MPa and the flat surface of discs were scanned between 5
and 35° 20 with a step size of 0.017<at 1s/step. Theoretical PXRD patterns were
calculated from crystal structures (CSD refcodes: BEQGIN for Lor and GEHXEX for Des)

using Mercury (V.3.10, Cambridge Crystallographic Database Centre, Cambridge, UK).

2.2.2.2 Thermal Analysis

Thermal stability was analyzed using thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC). For TGA, a thermogravimetric analyzer (Q500;
TA Instruments, New Castle, DE) was used. Approximately 3 mg of each sample was
placed in an open aluminum pan and heated from room temperature to 250°C at 10°C/min
under dry nitrogen purge (75 mL/min). For DSC, a differential scanning calorimeter
(Q1000, TA Instruments, New Castle, DE) was used. Approximately 3 mg of sample was

loaded into Tzero hermetically sealed aluminum pans and heated from room temperature

14



to 175 <C at a heating rate of 10 <C/min under a continuous nitrogen purge at a flow rate
of 25 mL/min. DSC cell parameter was calibrated with indium for heat flow, indium and

cyclohexane for temperature.

2.2.2.3 Dynamic Water Vapor Sorption Isotherm

Isothermal water sorption profiles were obtained from an automated vapor sorption
analyzer (Intrinsic DVS, Surface Measurement Systems Ltd., Allentown, PA, USA) at
25<C with nitrogen flow rate of 50 mL/min. Each sample was equilibrated at a series of
RHs, from 0% to 95% in 5% increments, and sample weight was monitored by a micro
balance. Once one of two equilibration criteria, dm/dt < 0.003% or maximum equilibration
time of 6h, was reached, the relative humidity (RH) was changed to the next target value

by controlling flow rates of the dry and wet lines of nitrogen gas.

2.2.2.4 Powder Compaction

Lor and Des powders were first undergone sieve cut of 125-180 jum to control the
particle size to minimize unwanted influence on the tablet behavior of powders. Sieved
powders were observed under a polarized light microscope (Eclipse €200; Nikon, Tokyo,
Japan) to compare their particle size. Formulations containing 25% (w/w) either of Lor
or Des and 75% (w/w) MCC PH102 were mixed in a glass bottle and the bottle was blended

on a mixer (Turbula, Glen Mills Inc., Clifton, NJ) at 49 rpm for 4 min.

15



A material test machine (model 1485, Zwick/Roell, Ulm, Germany) was used to
explore the tableting behavior of Lor, Des and their formulations. Tablets with
approximately 150 mg of weight were prepared separately over the 10-300MPa
compaction pressure range at a punch speed of 5 mm/min (8 mm flat faced punch).
Tablets were relaxed under ambient conditions for at least 24h before measuring their

dimensions and diametrical breaking force.
2.2.2.5 Powder true density and tablet porosity

Powder true density was measured using a helium pycnometer (Quantachrome
Instruments, Ultrapycnometer 1000e, Byonton Beach, Florida). Approximately 1 g
accurately weighed sample was placed into a sample cell (10 mL cell volume). A total
of 100 measurement cycles were run unless the coefficient of variation of five consecutive
measurements was < 0.005%. The last five measurements were used to calculate an
average and standard deviation of true density. Tablet porosity (¢) was calculated using

Eq. (2.1):

e=1-2 (2.1)

where p and pt are tablet density and powder true density, respectively.

2.2.2.6 Tabletability analysis

16



Tablet diametrical breaking force was determined using a texture analyzer (TA-
XT2i; Texture Technologies Corporation, Scarsdale, NY) at a speed of 0.01 mm/s with 5 g

trigger force. Tablet tensile strength was calculated from Eq. (2.2)%:

i (2.2)

nDh
where F, D, and h are the breaking force (N), tablet diameter (mm), and thickness (mm),
respectively.

2.2.2.7 Compressibility analysis

Compressibility is the ability of a powder to undergo a reduction in volume as a
result of an applied pressure, represented by a plot of tablet porosity against compaction
pressure.?® Compressibility data was analyzed using Heckel equation (Eq. 2.3)% 3! and

Kuentz-Leuenberger (Eq. 2.4)%:
—Ine=KP+A (2.3)

P=Lle—¢ —¢.In (gi)] (2.4)

Al

where ¢ and P represent tablet porosity and compaction pressure respectively. The
reciprocal of K, named mean yield pressure (Py) and 1/C correspond to material plasticity.
A lower Py or 1/C value corresponds to higher material plasticity. Linear portion (R? >
0.99) of the Heckel plot in the middle compaction pressure region were used for calculating

Py.

17



2.2.2.8 Compactibility analysis

Compactibility is the ability of a material to produce tablets with sufficient strength
under the effect of densification, which is represented by a plot of tablet tensile strength

against tablet porosity. Compactibility data was analyzed using Eq. 2.5: 23

0 =o0ye % (2.5)

where o is tablet tensile strength, € is tablet porosity, oo IS the tensile strength of the tablet

at zero porosity and a is an empirical constant describing the sensitivity of ¢ to changes in

2.2.2.9 Contact angle and surface energy

Compacts prepared by compressing Lor and Des powders at 300 MPa were used
for contact angle measurement using a goniometer (MAC-3, Kyowa Interface Science Co.
Ltd., Japan) by the sessile drop method. A drop of approximately 2 uL probe liquid was
gently placed on the surface of the tablet using a syringe dispenser. The image of the
liquid drop was recorded every 67 ms for 60 s using a high-speed camera. The angle
between the sample surface and the tangent line at the edge of the drop was determined
using image analysis software, FAMAS3.72 (Kyowa Interface Science Co. Ltd., Japan).
Three measurements were made at different locations on each tablet, and the mean and

standard deviation were calculated.

18



Surface energy of Lor and Des were calculated using Owens/Wendt theory

(harmonic mean method).>® Contact angle data can be plotted in the form of Eq. (2.6):

)/L(1+cos 0) \/g yL + (26)

A

where yP = dispersive component of the surface tension of the wetting liquid, ¥ = polar
component of the surface tension of the wetting liquid, y2 = dispersive component of the
surface energy of the solid, y¥ = polar component of the surface energy of the solid, y,=
total surface tension of the wetting liquid and 6 = the contact angle between the liquid and

the solid. The surface energy parameters of reference liquids are summarized in Table 2.1.

P
From the fitting line of the plot of L2329 /I—LD the y& can be calculated from the
L

s

slope and ¥2 can be calculated from the intercept. The total surface energy of solid is the

summary of dispersive and polar component.
2.2.2.10 Structure Visualization and Topology Analysis

The crystal structures of Lor (BEQGIN) and Des (GEHXEX) were visualized using
Mercury (4.1.0, CCDC, Cambridge, UK). The quantitative layer topology in crystal

structure was analyzed using CSD Python program.®*
2.2.2.11 Energy framework

The intermolecular interaction energy was calculated based on B3LYP-D2/6-

31G(d,p) electron densities model using CrystalExplorer (v17.5, University of Western
19



Australia)®® and Gaussian09. The hydrogen positions were normalized to standard
neutron diffraction values before the calculation. The energy framework was constructed
based on the crystal symmetry and total intermolecular interaction energy, including
electrostatic, polarization, dispersion, and exchange-repulsion components with scale
factors of 1.057, 0.740, 0.871, and 0.618, respectively.®® The intermolecular interaction
with a intermolecular distance more than 3.8 A was neglected.®” In the energy framework,
cylinder thickness is proportional to the intermolecular interaction energy and interactions

energy below a certain energy threshold are omitted for clarity.

2.3 Results and Discussion

2.3.1 Solid state properties

Prior to compaction, solid state characterizations of the bulk powders of Lor and
Des were carried out to ensure the phase purity and stability of powders. The PXRD
patterns of the bulk powders of Lor and Des matched well with the PXRD patterns
calculated from their corresponding single crystal structures (Fig. 2.2), confirming the high
phase purity of bulk powders. For Des, the slight shift of experimental peaks to lower 26
angles is attributed to thermal expansion of unit cell since experimental PXRD data were
collected at 298 K but the crystal structure was solved at 100 K 3. A majority of sharp

peaks can still be observed in the PXRD patterns of Lor and Des tablets compressed at 300

20



MPa, indicating phase stability of both crystals against compaction. The differences in

peak intensity are attributed to the preferred orientation.

The DSC thermograms (Fig. 2.3a) show that Lor exhibited a lower melting point
(134.43 <C) and heat of fusion (81.41 J/g) than those of Des (155.28 <C, 137.5J/g). No
significant weight loss of Lor and only 2.0% weight loss of Des were observed at 200 <C
in TGA thermograms (Fig. 2.4). The constant sample weight before melting temperature
suggests no sublimation occurred before melting event took place. Both Lor and Des are
not hygroscopic because less than 1.0% weight was gained at 95% RH (Fig. 2.3b). The
slightly higher moisture sorption of Des is consistent with its higher aqueous solubility than

Lor.%®

2.3.2 Compaction properties of Lor and Des bulk powders

The tabletability of Lor is always better than that of Des over the entire compaction
pressure range and nearly 3-fold at high compaction pressures (Fig. 2.5a). The slight
decrease in tensile strength of Lor and Des at high compaction pressure range (> 250 MPa)
suggest possible overcompression, which is usually caused by excessive elastic recovery

that induces macro defects in tablet*.

The tablet tensile strength is the net effect of the interplay between bonding area

(BA) and bonding strength (BS)*!. Since particle sizes were comparable (Fig. 2.6), the
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significantly better tabletability of Lor cannot be explained by difference in particle size.
However, the much better tabletability can be explained by its higher apparent BS, which
IS shown by its greater tensile strength at zero porosity (co) (Fig. 2.5b). Moreover,
porosity of Lor tablet is lower than Des tablet under the same compaction pressure (Fig.
2.5¢), indicating Lor is more plastic and compressible than Des. This is confirmed by the
lower Py of Lor (16146 MPa) than Des (25610 MPa) and the lower plasticity parameter
1/C of Lor (382447 MPa) than that of Des (871458 MPa). The lower tablet porosity or
Lor corresponds to larger BA. Therefore, both larger BA and higher BS explains the

significantly higher tabletability of Lor than Des.

When mixed with 3 parts of MCC (75%, w/w), the compressibility profiles of the
two formulations were nearly identical (Fig. 2.8a). This is reasonable because
consolidation of the mixtures was dominated by the plastic MCC. However, the higher
tabletability and compactibility of Lor than Des (Figs. 2.5a, 2.5b) still led to higher
tabletability (Fig. 2.7a) and compactibility (Fig. 2.7b) of Lor formulation. Thus, the large
difference between tabletability of Lor and Des have an impact on the tabletability of

formulations even only 25% of the drugs were present.

2.3.3 Structural origin of differential crystal plasticity
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The crystal structures were analyzed to understand the different mechanical
properties of Lor and Des. Key crystallographic parameters of Lor and Des are
summarized in Table 2.2. It has been well established that organic crystals exhibiting
active slip planes or columns, featured with strongly intra-layer/column interactions but
weak inter-layer/column interactions and smooth layer/column surfaces, favor the plastic
deformation*?.  Such plastic crystals usually exhibit larger BA and, therefore, better
compressibility and tabletability than harder crystals?® %% 44, Although both Lor and Des
contain two nitrogen atoms, no strong hydrogen bond of N-H--N is observed in them. In
Lor crystal, dimers connected through weak hydrogen bonds of C-H--O=C (3.380 A)
assembled into infinite 1D chain along the c direction (Fig. 2.9a). Such 1D chains
assemble into flat layers with relatively large interlayer separation. This structure implies
high plasticity. In Des, 1D infinite zigzag chains are formed through C-HN (3.357 A)
weak hydrogen bonds (Fig. 2.9b), which stack to form 2D layers through C-H-m (3.599 A)

interactions along the bc plane (Fig. 2.9f).

Neighboring chains in Lor and layers in Des are simply arranged in the close-
packed fashion, without strong hydrogen bonds or aromatic stacking between adjacent
chains or layers.3 % Therefore, molecular packing in both crystals is dictated by dispersive
forces. The calculated intermolecular interaction energies, confirm that the dispersive
interaction is the major bonding energies for both Lor and Des (Fig 2.10, Table 2.3). In

addition, the larger lattice energy of Des (286.8 kJ/mol) than Lor (276.4 kJ/mol) is in
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agreement with the higher melting point (155 <C vs 134 <C) and density (1.373 vs. 1.364
gecm™at 100 K) of Des. It was shown before that visualization of crystal structure alone
can lead to erroneous assignments on slip planes and predictions of mechanical properties.
In contrast, an integrated energy framework calculations and topology analysis is much
more reliable 4246, The energy framework suggested that (1 0 1) is the primary slip plane
for Lor. The much larger intralayer bonding energy (-218.7 kJ/mol) than its interlayer
bonding energy (-57.7 ki/mol), and positive interlayer distance (+0.1 A) suggested, both
energetically and topologically, that (1 0 1) plane is an active slip plane (Fig. 2.9¢c, 2.9¢).
However, no clear active slip plane was identified in Des because all layers are interlocked.
The most probable slip plane, (1 0 1), determined by topology analysis exhibits
interdigitation with a negative interlayer distance of -0.72 A (Fig. 2.9d). The energy
framework of Des (Fig. 2.9f) suggested that (0 0 1) is the most energetically favorable for
slip but these planes are interlocked with a greater degree of interdigitation (interlayer
distance -1.14 A). Thus, the structure analysis shows that the plasticity of Des is much
lower than that of Lor, which is consistent with the lower Py of Lor from the Heckel

analysis (Fig. 2.9d) and lower 1/C from the K-L analysis.

2.3.4 Relationship between interparticlular bonding strength and surface energy

Surface energy has been thought to strongly influence powder compaction behavior

by affecting bonding strength?*47-48, Such a correlation was examined in this work, where
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surface energy of Lor and Des was quantified by analyzing contact angles with three probe

liquids using the Owens/Wendt theory (Fig. 2.11, Table 2.4).

The total surface energy of Des is higher than that of Lor. However, the
composition of surface energy is radically different between Lor and Des. Lor exhibits a
greater fraction of dispersive surface energy while Des exhibits a greater fraction of polar
surface energy. At the contact points in a compressed tablet, molecules are separated only
by a molecular distance!®. Dispersive forces are effective at this distance for molecular
solid*. For Lor and Des, no strong hydrogen bond could be found in their crystal structure
and their whole structures were linked mainly by weak dispersive interaction. It should
be noted that weak hydrogen bonds are dispersive interactions in nature, except for the
directionality®. In addition, polar interactions play a more important role at the liquid-
solid interface than at the solid-solid interface, which explains the higher moisture sorption
(Fig. 2.3b) and aqueous solubility of Des than Lor 3.  However, it was suggested that the
dispersion forces dominate polar forces at the solid-solid interface in tablet*® 1. The
correspondence between larger dispersive surface energy and higher BS of Lor than those
of Des supports this view, which can be readily understood by considering characteristics
of polar interaction and the random orientation of particles in tablet. Polar interactions,
such as hydrogen bonds, require stringent directionality to be effective. Their strength and
directionality direct molecular packing in crystals, which is essential for designing crystals

52-54

by modifying molecular structures or selecting co-crystalizing molecules That is also
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why crystals with structures dominated by more polar interactions tend to have larger
lattice energy and melting point, as in the case of Des. However, such directionality
requirement can hardly be met at the contact points between particles in tablet because
particles are randomly packed. Therefore, the total contribution by polar interactions to

BS is low. This is an important hypothesis that deserve further exploration.

2.4 Conclusion

Despite similar molecular structures, Lor and Des exhibited very different
mechanical properties and tableting behavior. The significantly higher tabletability of Lor
bulk powder than that of Des is attributed to its both larger bonding area and apparent
bonding strength. The larger bonding area of Lor is a result of its higher plasticity, which
is established at molecular level by energy framework and topology analysis. The greater
bonding strength of Lor is attributed to its much larger dispersive forces than Des. This
study reveals new insights into the molecular origin of bonding area and bonding strength
that is critical for understanding tabletability. Such fundamental understanding paves the
way for future design of crystals exhibiting desirable mechanical properties and tableting

behavior through crystal engineering.
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Figure 2.1 Chemical structures of (a) Lor and (b) Des
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Figure 2.2 Powder X-ray diffraction patterns (calculated, bulk powder and tablet surface) of (a)

Lor and (b) Des.
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Figure 2.3 Physicochemical properties of Lor and Des: (a) thermal properties by differential
scanning calorimetry and (b) moisture sorption isotherm at 25 °C
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Figure 2.4 Thermogravimetric analysis thermogram of Lor and Des
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Figure 2.6 Pictures of (a) Lor and (b) Des powders under polarized light microscope
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Figure 2.9 Comparison of packing patterns of Lor (a, c, €) and Des (b, d, f). Infinite 1D
molecular chain observed in (a) Lor and (b) Des. The stereoview of the (c, d) packing
arrangement patterns and (e, f) the energy framework. The thickness of each cylinder (in blue)
represents the relative strength of intermolecular interaction. The energy threshold for the energy

framework is set at —25 kJ/mol.
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Table 2.1 Surface tension component of reference liquid.

Reference liquid yP vP YL
Water 21.8 51 73
Formamide 39 19 58
DIM (Diiodomethane) 49.5 1.3 51
(unit: mN/m)
Table 2.2 Crystallographic parameters of Lor and Des
Compound Lor Des
Chemical formula C22H23CIN202 C19H19CIN;
Crystal system Monoclinic Monoclinic
Space group C2/c P2,
a(A) 28.299 (3) 6.934 (1)
b (A) 4.993 (1) 11.998 (2)
c(A) 29.137 (3) 9.469 (1)
B () 109.19 (1) 107.37 (1)
4 8 2
VA 1 1
Volume (A3) 3888.204 751.826
T (K) 283-303 100
R-factor 4.4 3.2
Density (g/cmd) 1.308 1.373
CCDC BEQGIN GEHXEX
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Table 2.3 Intermolecular interaction energies estimated using B3LYP-D2/6-31G (d,p) dispersion
corrected DFT model. Both the total energy (E(tot)) and electrostatic (E(ele)), polarization
(E(pol)), dispersion (E(dis)), and exchange-repulsion (E(rep)) components of the energy are
listed. R indicated the distance between centers of mass of the pair of molecules.

Loratadine
Symop R Eele | Epol | Edis |Erep |Etot
X, Y, Z 499| -7.1|-2.6|-80.6|35.6-57.6
X, =Y, -Z 7.84-12.1|-4.5|-32.8(20.2(-32.2
X, Y, -Z 8.24|-10.3|-5.9|-36.1|22.0(-33.1
X, Y, -z+1/2 17.59| -8.4|-0.2(-11.1|{34.0| 23
X, -y, z+1/2 1490| -1.3|-0.3| -5.7| 3.3| -45

-X+1/2, -y+1/2, -z 945| -49|-0.8|-23.5(11.1|-194

-X+1/2, y+1/2, -z+1/210.68| -5.3(-1.5|-23.8|13.3|-19.1

-X+1/2, -y+1/2, -z 8.41| -45|-0.8|-35.6(15.4|-26.8

X, -y, z+1/2 1469| -0.2|-0.1| -34| 13| -24

Desloratadine

Symop R Eele | Epol | Edis | Erep | Etot

I-X, y+1/2,-z| 8.07|-14.1|-3.5|-24.9(28.4|-21.7

-X, y+1/2,-z| 9.23| -1.4|-1.0(-25.0{12.9|-16.1

-X, y+1/2,-z| 7.27|-11.5|-1.7(-59.443.3|-38.5

X, Y, Z 6.93| -7.0(-1.9(-40.2|18.5|-32.5
X, Y,z 993| -51(-1.8|-11.3| 5.8|-12.9
X, Y, Z 12.00| -25|-04| -6.1| 58| -4.6

-X, y+1/2,-z| 9.47| -8.1|-1.2(-244(22.2|-17.1
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Table 2.4 Surface energy composition of Lor and Des. The unit of all surface energy is mJ/m?

Material Y2 vE Vs
Lor 28.35+1.54 6.0540.67 34.4042.21
Des 3.5541.49 61.0445.36 64.5946.85
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CHAPTER 3
Development of Chewable Loratadine Tablet Through

Sweet Salt Formation
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3.1 Introduction

Loratadine (Lor, Fig. 3.1a) is a second-generation non-sedating Hi antihistamine?.
It is now widely used as an over-the-counter drug for the relief of allergic disorders like
seasonal allergic rhinitis?2. Lor is a Biopharmaceutics Classification System (BCS) class
Il drug with poor water solubility and low dissolution rate in the physiological pH range®.
Bioavailability data suggested that the low solubility and dissolution rate of Lor partly
account for its high inter- and intra-subject variability of the pharmacokinetic parameters
in humans®®. In order to minimize variation and achieve consistent bioavailability, many
techniques have been utilized to increase the solubility of Lor, including inclusion
complexation®, self-emulsifying system’, solid dispersion®, polymorph selection®, and
coamorphous system'®. However, these approaches require sophisticated techniques or
additional processing steps, which lead to high manufacturing cost. In addition, Lor
presents unpleasant taste!.  In this work, we aimed at simultaneously overcoming the poor

solubility and dissolution rate, as well as unpleasant taste of Lor by crystal engineering.

Crystal engineering is a technique that designs new solid forms with desired
properties based on the understanding of intermolecular interaction'2. Crystal engineering
has been utilized to address common problems of pharmaceutical compounds caused by
poor physico-chemical properties®>!¢.  Among all crystal engineering approaches, salt
formation plays a significant role in pharmaceutical industry. More than fifty percent of

currently marketed drugs are prepared in salt form!’. With rational selection of
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counterions, solubility, dissolution, physical stability, and chemical stability can be
improved to enable oral administration of drugs!®. However, no pharmaceutical Lor salts
have been developed to overcome its poor solubility and dissolution rate, and unpleasant

taste problems?®.

Currently, chewable tablet is a popular dosage form of Lor. Chewable tablet is an
oral dosage form intended for patients who are unable or unwilling to swallow intact tablets.
The advantages of chewable tablet form include ease of administration, overcoming
swallow difficulty, elimination of need of water, and better compliance provided taste of
the drugs can be successfully masked to deliver pleasant taste, which are highly desired for
children and elderly?® 2!, The taste masking strategy employed in the currently marketed
chewable tablet is to physically mix sweeteners and flavors with other formulation
components. However, physical separation between the drug and sweetener during
manufacturing process can reduce the effectiveness of taste masking. Thus, the
simultaneous release of drug and sweetener by a sweet salt of Lor is highly attractive for
chewable tablet development. This can be achieved through salt or cocrystal formation

with artificial sweeteners?? 23,

Lor contains a pyridine nitrogen atom, which can accept a proton?.  In this study,
we discovered a new sweet crystal with saccharin (Sac, Fig. 3.1b), which is a strong acid
exhibiting strong tendency to donate its amide proton. We hypothesized that proton

transfer can occur to facilitate the formation of a sweet salt between Lor and Sac and, if
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successfully prepared, such a sweet salt can be used to develop a chewable tablet

formulation of Lor.

3.2 Materials and Methods

3.2.1 Materials

Loratadine (Lor; Wuhan Biocar Bio-pharm Co. Ltd., Wuhan, Hubei, China),
saccharin (Sac; Carbosynth Ltd., Compton, Berkshire, UK), mannitol (Pearlitol 100SD,
Roquette, Lestrem, France), microcrystalline cellulose (MCC; Pharmacel 102, DFE
Pharma, Goch, Germany), croscarmellose sodium (CCS; Ac-Di-Sol, FMC Biopolymer,
Philadelphia, PA) and magnesium stearate (MgSt; Mallinckrodt Inc., St. Louis, MO) were
used as received. Commercial Lor chewable tablets (Children’s Claritin Chewable Tablet
(loratadine 5 mg); Bayer Healthcare LLC., Whippany, NJ) were purchased from CVS

Pharmacy (Minneapolis, MN).

3.2.2 Methods

3.2.2.1 Preparation of bulk Lor-Sac salt

Bulk powders of Lor-Sac salt were prepared by dissolving Lor (7.67 g, 0.02 mol)
and Sac (3.66 g, 0.02 mol) in ethyl acetate at a 1:1 molar ratio under ambient condition.
The solution was clear, colorless and sticky at first but large amount of solid precipitated

out after continuous stirring. Crystals suitable for single crystal X-ray diffractometry
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examination were prepared by re-dissolving small amount of bulk powder (2.5 mg) into 5

mL ethyl acetate followed by slow evaporation in a cold room (4°C).

3.2.2.2 Single Crystal X-ray Diffractometry

Single crystal X-ray diffraction (SCXRD) experiments were performed on a
Bruker-AXS Venture Photon-I1 diffractometer (Bruker AXS Inc., Madison, Wisconsin)
using MoK radiation at 100 K. Intensity data were corrected for absorption and decay
using SADABS. The crystal structure was solved and refined using ShelXle %. Direct
methods were employed to locate most non-hydrogen atoms from the E-map. Full-matrix
least-squares/difference Fourier cycles were performed to refine the position of non-
hydrogen atoms. All non-hydrogen atoms were refined with anisotropic displacement
parameters. Remaining hydrogen atoms were placed according to the residual peaks in

the Fourier map.

3.2.2.3 Powder X-ray Diffractometry

Powder X-ray diffraction (PXRD) patterns were obtained from a wide-angle
diffractometer (X’pert Pro; PANalytical, Westborough, MA) using Cu Ka radiation (45
kV and 40 mA, wavelength of 1.54059 A.) at ambient temperature. Samples were scanned

between 5 and 35° 20 with a step size of 0.016° and a dwell time of 1s/step.

3.2.2.4 Fourier Transformation Infrared Spectroscopy (FT-IR)
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FT-IR spectra of dry sample powders was obtained from a FT-IR spectrometer
(Nicolet™ iS50, Thermo Scientific, Waltham, MA) equipped with a diamond attenuated
total reflection (ATR) and DLaTGS detector. The average graph of each sample was

taken after 32 scans in the range of 4000—450 cm ™! at a resolution of 2 cm™.

3.2.2.5 Thermal Analysis

Thermal stability was analyzed using thermogravimetric analysis (TGA) and
differential scanning calorometry (DSC). For TGA, approximately 3 mg of each sample
was placed in an open aluminum pan and heated on a thermogravimetric analyzer (Q500;
TA Instruments, New Castle, DE) from room temperature to 250°C at 10°C/min under dry

nitrogen purge (75 mL/min).

For DSC, Approximately 3 mg of sample was loaded into Tzero hermetically sealed
aluminum pans and heated on a differential scanning calorimeter (Q1000, TA Instruments,
New Castle, DE) from room temperature to 175 <C at a heating rate of 10 <T/min under a
continuous nitrogen purge at a flow rate of 25 mL/min. DSC cell parameter was calibrated

with indium for heat flow, indium and cyclohexane for temperature.

Both TGA and DSC data were analyzed using Universal Analysis 2000 software

(TA Instruments, New Castle, DE).

3.2.2.6 Hot Stage Microscopy
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Crystals were observed under a polarized light microscope (Eclipse e200; Nikon,
Tokyo, Japan), while being heated to 175 <C on a hot stage (Linksys 32; V.2.2.0, Linkam
Scientific Instruments, Ltd., Waterfield, UK) at a constant rate of 5 <C/min. Photos of

crystals at different temperature were captured by a DS-Fil microscope digital camera.

3.2.2.7 Dynamic Vapor Sorption (DVS)

Water sorption isotherms were obtained using an automated vapor sorption
analyzer (Intrinsic DVS, Surface Measurement Systems Ltd., Allentown, PA, USA) at
25 T with nitrogen flow rate of 50 mL/min. Each sample was equilibrated at a specified
relative humidity (RH), ranging from 0% to 95% in 5% increments in this work, and sample
weight was monitored by a micro balance. Once one of two equilibration criteria, dm/dt <
0.003% or maximum equilibration time of 6 h, was reached, the RH was changed to the

next target value by controlling flow rates of the dry and wet lines of nitrogen gas.

3.2.2.8 Solubility and Intrinsic Dissolution Rate (IDR)

The solubility of Lor and Lor-Sac was determined in a water-methanol medium
(1:1 v/v) by suspending an excess amount of solid (100 mg) in 5 mL of the medium under
stirring at 23°C for 24 h. The sovlent mixture was used so that the solubility of Lor could
be monitored by a UV (DU 530 UV/vis spectrophotometer; Beckman Coulter, Chaska,
Minnesota). Otherwise, no detectable dissolution of Lor was observed by UV in water

due to extremely low solubility. In addition, the PXRD patterns of residual solids were
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collected to identify crystal form. Lor-Sac was found to convert into Lor when slurred for
24h in water (Fig. 3.2). The dissociation of Lor-Sac was avoided in the mixed solvent
system (Fig. 3.2). The suspensions were filtered through 0.45 um PTFE membrane filters.
The filtrates were appropriately diluted with medium for measurement by a UV/vis
spectrometer. Solution concentrations were determined from the absorbance based on a
previously constructed calibration curve (Fig. 3.3). All measurements were performed in

triplicate.

The intrinsic dissolution rate (IDR) of both Lor and Lor-Sac were determined using
a modified rotating disc method?®. Approximately 20 mg of powders were compressed at
a force of 2000 Ib in a custom-made steel die for 2 min to prepare a pellet (6.39 mm in
diameter). The dissolution medium was the same as that for the solubility test. The die
containing pellet was immersed and rotated at 300 rpm in 150 mL dissolution medium at
23°C, an UV-Vis fiber-optic probe (Ocean Optics, Dunedin, FL) was used to continuously
monitor the UV absorbance of the solution. Solution concentrations were determined
using the absorbance and from a previously constructed calibration curve (Fig. 3.4). IDR
was calculated from the initial slope of the linear portion of the concentration - time profile

and the pellet surface area exposed to the dissolution medium.

3.2.2.9 Formulation and Powder Compaction

The compositions of a chewable tablet formulation are summarized in Table 3.1.

Each component in the formulation was first passed through a 250 pm sieve and mixed in
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a glass bottle. The bottle was blended on a mixer (Turbula, Glen Mills Inc., Clifton, NJ)
at 49 rpm for 2 min. 1% MgSt was added to the bottle and the whole formulation was

further blended for 4 min.

A material testing machine (model 1485, Zwick/Roell, Ulm, Germany) was used
to explore the optimal compaction pressure for this chewable tablet formulation. Tablets
with approximately 250 mg of weight were prepared separately over the 25-300 MPa
pressure range at a punch speed of 5 mm/min (9.5 mm flat faced punch). Tablets were
relaxed under ambient conditions for at least 24 h before measuring their dimensions and

diametrical breaking force.

Tablet diametrical breaking force was determined using a texture analyzer (TA-
XT2i; Texture Technologies Corporation, Scarsdale, NY) at a speed of 0.01 mm/s with a

5 g trigger force. Tablet tensile strength was calculated from Eq. (3.1) 2’

2F
o= a (31)

where F, D, and h are the breaking force (N), tablet diameter (mm), and thickness (mm),

respectively.

After determining the optimal compaction pressure, a compaction simulator
(Presster, Metropolitan Computing Company, East Hanover, NJ) was used to simulate a
29-station Korsch XL400 high-speed tablet press (9.5 mm flat faced punch). The dwell

time was set at 20 ms, corresponding to a linear speed of 0.423 m/s (52,000 tablets/h).

47



Chewing difficulty index (CDI), proposed by Food and Drug Administration

(FDA), awas calculated from Eq. (3.2) to quantify the level of difficulty in chewing a tablet

28.

CDI = Fgh (3.2)

where Fqand h are the diametrical breaking force and tablet thickness, respectively. The

unit of CDI is N-m.

3.2.2.10 Powder Flowability

Flowability of the chewable tablet formulation was measured using a ring shear cell
tester (RST-XS; Dietmar Schulze, Wolfenb(itel, Germany). A cell with 10 mL volume
was used for collecting data at the preshear normal stresss of 1 kPa and the measurements
were triplicated, from which flowability index (ffc) was calculated to quantify powder

flowability?°.

3.2.2.11 Expedited Friability

Tablet friability profile of the chewable tablet formulation was obtained using an
expedited method®. Tablets compressed under different compaction pressures were
coded and tested in a friabilator (Model F2, Pharma Alliance Group Inc., Santa Clarita, CA)
running at 25 rpm for 4 minutes. The percentage weight loss was calculated for each tablet

and plotted against compaction pressure.
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3.3 Results and discussion

3.3.1 Crystal structure analysis

The Lor-Sac crystallized in the monoclinic space group P21/c with Z’=1 (detailed
crystallographic information in Table 3.2). The asymmetric unit contains Lor and Sac in
1:1 molar ratio (Fig. 3.5a). There are four asymmetric units in the unit cell (Z = 4, Fig.
3.5b). The proton transfer from amide group of Sac to the pyridine nitrogen of Lor
indicates the formation of a salt.®! 32 The Lor* and Sac™ are assembled via charge assisted
N*-HN" (dp...a: 2.670 A, 172.25° hydrogen bond. The hydrogen bond length and angle
are comparable to those from reported salts that contain N*-H*N-bond formed by Sac". 3
% The Lor* and Sac™ pairs are connected through S=0-H-C (3.101 and 3.264 A), C-H O
(3.231 A) hydrogen bonds along the bc plane (Fig. 3.5¢) to form a 2D layered structure.
Only weak S=0H-C (3.394 A), C-H'CI (3.367 A) and C-H0 (3.361 A) hydrogen bonds

(Fig. 3.5d) were observed between adjacent layers.

3.3.2 Solid state characterization

The phase purity of bulk powders prepared by slurry method was confirmed as all
peaks in PXRD patterns matched well with those calculated from the single crystal
structure (Fig. 3.6). Compared to Lor and Sac, the characteristic peaks of Lor-Sac are at
11.76, 14.74, 18.16 and 21.64°. The absence of characteristic peaks of Lor and Sac also

supports their complete conversion to salt in the prepared bulk salt powder.
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In the FT-IR spectra of Lor-Sac, characteristic peaks of both Lor and Sac could be
observed in Lor-Sac (Fig. 3.7). For example, the C-O stretching peak at 1275cm™ from
the ester chain of Lor and the S=O stretching peaks at 1330cm™, 1170cm™ from the
sulfonamide group of Sac are visible. The shift of of N-H (3100cm™) and C=0 (1700cm"

1y stretching peaks indicates their participation in different hydrogen bonds.

The melting point of Lor-Sac (140.95°C) is in between those of Lor (135°C) and
Sac (228°C) (Fig. 3.8a). The TGA profile (Fig. 3.8b) showed no weight loss before
melting point, suggesting neither decomposition nor sublimation occurred before the salt
melted. In addition to stability against high temperature, Lor-Sac is also stable against
high RH. Isothermal moisture sorption analysis showed less than 1.0% weight gain up to
95% RH (Fig. 3.9). The higher moisture absorption of Lor-Sac than Lor suggests potential

wettability and solubility improvement of Lor-Sac over Lor 3536,

Overall data suggest that Lor-Sac is physically stable under typical pharmaceutical
manufacturing and storage conditions. Thus, Lor-Sac is an acceptable candidate for

further tablet product development.

3.3.3 Solubility and intrinsic dissolution rate

Enhancement of solubility and dissolution rate is one of the potential
pharmaceutical advantages of salts. The solubility and intrinsic dissolution rate data are

summarized in Table 3.3 (see Fig. 3.10 for IDR profiles).
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Both solubility (>9.8) and dissolution rate (<L1) of Lor-Sac were significantly higher
than those of pure Lor. The linearity of IDR profiles of Lor-Sac indicates an absence of
disproportionation in the water-methanol mixture during the time frame of IDR
experiments. If salt disproportionation can be inhibited, for examples by using
appropriate precipitation inhibitors®’, the same dissolution advantage of Lor-Sac can be
expected in water. The higher solubility of Lor-Sac may be attributed to the highly
hydrophilic Sac’, which facilitates the release of Lor® 3. In addition, the hydrophobic
ester chain of Lor is buried under the surface of the crystal while the hydrophilic Sac is

exposed to the surface of Lor-Sac crystals®® 4,

3.3.4 Chewable tablet formulation design

Lor-Sac exhibited better pharmaceutical properties over Lor, especially the
solubility at physiological pHs and sweet taste?® 26, These advantages make it a good

candidate for chewable tablet development.

A good chewable tablet must meet several criteria: (1) appropriate hardness (easy
to chew but still can withstand normal handling), (2) palatable (comfortable taste and
mouth feel), (3) suitable size and shape, and (4) easy disintegration (facilitate dissolution

and avoid side effect like gastrointestinal obstruction).

With these criteria in mind, we proposed a chewable tablet formulation as

summarized in Table 3.1. Mannitol was chosen as the filler of this chewable tablet
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formulation because of its low hygroscopicity, inertness towards active pharmaceutical
integrant (API) and acceptable tableting behavior®®. Among all of the commercially
available grades of mannitol, the intermediate tensile strength and excellent flowability
made mannitol 100SD the best choice for this chewable tablet formulation** °.
Additionally, mannitol 100SD particles, d50 ~125 um, are much smaller than 250 um,
which eliminates the possible problem of grittiness *¢. A small amount of MCC was added
to improve the tablet mechanical strength. The super-disintegrant CCS in formulation
functions to reduce tablet size when contacting with saliva in oral cavity to avoid unwanted
obstruction in digestive tract. It is noteworthy to mention that no additional sweetener is
included in this formulation since the counterion, Sac’, is a potent artificial sweetener (300
times as sweet as sucrose)*’ and the amount of Sac in Lor-Sac is sufficient to enable the

palatability of the chewable tablet.

3.3.5 Determination of optimal compaction pressure

A successful tablet formulation should have both good flowability and tabletability.
Adequate flowability assures consistent die filling and uniform tablet weight, while good
tabletability allows the preparation of tablets with sufficient mechanical strength to sustain
handling and storage processes after compression. The flowability of the proposed Lor
chewable tablet formulation is much higher (ffe = 11 at 1kPa) than that of Avicel PH102

(ffc = 6 at 1kPa), largely due to the excellent flowability of the grade of mannitol used in
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the formulation. Therefore, flowability is not an issue for this formulation even for a high-

speed tableting process*.

Tabletability is the capacity of a powder to be transformed into a tablet of specified
strength under the effect of compaction pressure, which is usually presented by a plot of
tensile strength against compaction pressure*® %°. For the proposed Lor chewable tablet
formulation, tensile strength increased linearly with increasing compaction pressure (R?>
0.99, Fig. 3.11). The tensile strength is > 1.28 MPa, the average tensile strength of
commercial Lor chewable tablets (Children’s Claritin Chewable Tablet) (n = 6, Table 3.4),

at 100 MPa compaction pressure or higher.

Although lower tablet strength favors easier chewing, very weak tablets exhibit
very high friability are not commercially viable. An ideal chewable tablet should be
strong enough to avoid the friability problem but not too strong to present difficulty with
chewing. Therefore, the acceptable design space of a chewable tablet is defined by

friability, tablet variability, and chewing difficulty index (CDI).

Tablet friability is the tendency of a tablet to lose component particles due to wear
and tear during manufacturing, storage, and handling. Friability plots, percentage weight
loss as a function of compaction pressure, is a very useful way to characterize friability of
a formulation®® %!, The percentage weight loss of Lor chewable tablets prepared at
different pressures followed a power law relationship (Fig. 3.12), as observed in other

materials®> 3, From this profile, the compaction pressure corresponding to 1.0% friability
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is approximately 100 MPa. Therefore, compaction pressure should be at least 100 MPa
to avoid excessive friability. Combining tabletability and friability data, any pressures
higher than 100 MPa is suitable for manufacturing chewable tablets with sufficient

mechanical strength for this formulation.

CDI has been proposed to evaluate difficulty to chew a tablet?® 42, Calculating
CDI only requires tablet diametrical breaking force and thickness. CDI appropriately
accounts for the effect of tablet thickness on chewability since a thinner tablet is easier to
chew when hardness is the same. In absence of a universal CDI criterion, CDI of a
commercial chewable tablet product was measured as a reference (Fig. 3.13), which
exhibited CDI in the range of 0.175 - 0.2 Nm. The 0.2 CDI corresponds to a compaction
pressure of 125 MPa for the proposed chewable formulation. Thus, any pressure between
100 and 125 MPa can be used to manufacture tablets with both low friability and acceptable
chewability. This compaction pressure range was further evaluated at a high speed using
a compaction simulator with a dwell time of 20 ms (corresponding to 52,000 tablets/h). At
100 MPa, tablet tensile strength was 1.55 +0.02 MPa (n = 6), the CDI was 0.182 +0.003
N-m (n = 6), and tablet weight variation was 0.06% (249.2 +£0.17 mg, n = 6). This is
better than the reference commercial chewable tablet, with tensile strength of 1.28 +0.06
MPa (n = 6), CDI of 0.188 +0.009 N-m (n = 6) and tablet weight variation of 0.9% (247.0
+ 222 mg, n = 6). Therefore, chewable Lor tablets can be manufactured under

commercial tableting conditions using the proposed Lor tablet formulation in Table 3.1.
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3.4 Conclusion

We have prepared and characterized a novel salt of Lor with Sac. This sweet salt
exhibits enhanced solubility and dissolution rate. A chewable tablet formulation based on
Lor-Sac was successfully designed. The new chewable tablet of Lor achieved acceptable
pharmaceutical properties without the risk of physical segregation between drug and
sweetener encountered in conventional chewable tablet formulations. This is another
example of expedited development of a challenging tablet dosage form enabled by crystal

engineering.
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pKa=4.5 pKa=1.2

Figure 3.1 Molecular structures and electrostatic potentials maps of (a) loratadine (MW = 382.88
g/mol, pK, = 4.5) and (b) saccharin (MW = 183.18 g/mol, pKa = 1.2).
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Figure 3.3 Calibration curve of (a) Lor and (b) Lor-Sac for the determination of solubility.
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MN); Detection wavelength: 247nm for Lor, 270nm for Lor-Sac.
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247nm for Lor, 270nm for Lor-Sac.
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Figure 3.5 Crystal structure of Lor-Sac: (a) asymmetric unit, (b) unit cell, (¢) 2D layer structure,
and (d) 3D packing pattern.
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Table 3.1 Chewable tablet formulation

Material Amount (w/w)
Loratadine-Saccharin (Lor-Sac) 3.75%
Mannitol 82.25%

MCC 8.0%

CCS 5.0%

MgsSt 1.0%

Table 3.2 Crystallographic information of loratadine-saccharin salt

Loratadine-Saccharin Salt

Formula
Formula weight
Crystal system
Space group
a, A

b, A

c, A

B, °

Volume, A3

4

7>

T,K

R-factor

Density, g/lcm?®

C29H28CIN30sS
566.06
Monoclinic
P2l/c
17.8526(18)
10.0517(11)
16.3428(15)
113.069(4)
2698.18

4

1

100

4.37

1.393
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Table. 3.3 Intrinsic dissolution rate and solubility of Lor and Lor-Sac in MeOH-H;0O (1:1, v/v) at
23°C) (n=3)

Solid form Solubility (mg-ml?) @ IDR (pg-cm?2-st)a
Lor 1.58340.073 28.924+1 .65
Lor-Sac 15.5240.48 322.22422.31

Table 3.4 Summary of chewable tablet parameters of commercial reference

No. Tablet Tablet Breaking Tensile CDI (Nm)
thickness diameter force (N) strength
(mm) (mm) (MPa)

1 3.16 9.55 61.44 1.30 0.194

2 3.14 9.54 60.01 1.28 0.188

3 3.15 9.54 64.92 1.38 0.204

4 3.12 9.55 58.71 1.25 0.183

5 3.14 9.56 57.81 1.23 0.182

6 3.11 9.55 57.26 1.23 0.178

Average 1.28 0.188

SD 0.06 0.010
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CHAPTER 4 Research summary and Future work
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4.1 Research Summary

The research based on two classic antihistamines-loratadine and desloratadine
successfully demonstrated how to utilize pharmaceutical materials science and tools to
understand compaction behavior of bulk drug powder and improve physical properties
and manufacturability of drug product.
Chapter 2

In Chapter 2, the origin of different mechanical properties and tableting behavior
between Lor and Des were systematically investigated. The significantly higher
tabletability of Lor bulk powder than that of Des is attributed to its both larger bonding
area and higher bonding strength. The larger bonding area of Lor is originated from its
higher plasticity, which is confirmed computationally by energy framework calculation
and topology analysis. The greater bonding strength of Lor is attributed to its much
larger intermolecular dispersive interaction than Des. This study reveals new insights
into the molecular origin of bonding area and bonding strength that is critical for
understanding tabletability.
Chapter 3

In Chapter 3, we have prepared and characterized a novel salt of Lor with Sac.  This
sweet salt exhibits enhanced solubility and dissolution rate. A chewable tablet
formulation based on Lor-Sac was successfully designed. The new chewable tablet of
Lor is easy and less expensive to manufacture, while achieving better pharmaceutical
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properties without the risk of physical segregation between drug and sweetener in
conventional chewable tablet formulations. This is a good example of expedited

development of a challenging tablet dosage form enabled by crystal engineering.

4.2 Future work

In Chapter 2, we provided molecular insight into bonding area and bonding strength. The
dispersive surface energy was correlated to bonding strength for the first time. The
reliability of this promising correlation should be evaluated in different molecular

systems.

In Chapter 3, we synthesized a new salt of Lor and developed a chewable tablet
formulation using it.  Other artificial sweeteners, including acesulfame and aspartame,
may also be suitable to modify drugs with poor pharmaceutical properties. The
effectiveness of different sweeteners should be systematically evaluated and compared to
guide future selection following the crystal engineering approach described in this work.
Chewing difficulty index is an empirical parameter. More research is needed to further
develop it or even develop a new index to assess the chewing difficulty of tablet. For the
chewable formulation developed in this research, further evaluations, such as stability

and dissolution, are required to ensure its commercial success.
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