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Section 1. Introduction



1.1 Tablets and tableting

1.1.1 Introduction

Tablets represent one of the most common dosage forms within the pharmaceutical
industry [1]. They are usually manufactured by the compression of a powder or granule.
Besides one or more active pharmaceutical ingredients (APIs), they may contain
excipients such as diluents, binders, disintegrants, lubricants and/or glidants. Reasons
for their popularity include precise dosing, superior patient compliance and a
comparably efficient manufacturing procedure [1, 2]. The simplest process for tablet
production is the direct compression (DC) of a powder or powder mixture. If DC is
feasible, no equipment for additional process steps such as the production and/or
drying of granules or other intermediate products is necessary. This reduces costs,

processing time and energy consumption [3, 4].

DC requires for a powder to possess sufficient flow, lubrication and cohesion [3-5].
Sufficient flow ensures a uniform filling of the die, which is usually volumetric on an
industrial scale. If it is assumed that all particles within a powder mixture are
homogenously distributed, a reproducible filling during production ensures weight and
therefore content uniformity of the compact [6]. The flowability of a powder is affected
by forces acting between particles including Van der Waals, electrostatic and capillary
forces [6, 7]. After compression, the tablet needs to be ejected from the die. The
corresponding ejection force is indicative of the friction between the tablet and the die
wall. Excessive friction not only generates heat, but might also impede tablet quality
and promote wear of the instruments [2, 8-10]. Moreover, powder particles might
progressively accumulate on tooling, which is defined as punch sticking [8]. These
effects might be prevented by lubrication [8-11]. If the optimum amount of lubricant for
a specific formulation is exceeded, however, this might result in negative effects on
mechanical strength, disintegration and dissolution [12]. The mechanical strength is
determined by cohesive forces, which enable the formation of an integer compact.
During production, the investigation of mechanical strength is a crucial parameter in
the assessment of tablet quality. Sufficient mechanical strength enables packaging and
transport as well as handling by patients. It might also have an impact on disintegration

and dissolution [13].



Most excipients and APIs lack at least one of the above-mentioned properties.
Therefore, formulation development puts a focus on the identification of suitable

formulations and the production steps involved.

The complexity of the process is enhanced by the physical, chemical and mechanical
properties of the used components (Fig. 1). The latter is essential for a material’s
deformation under stress during processing. The physical properties of a material
include the particle size or particle size distribution (PSD), their shape and density. The
investigation of chemical structures involves all aspects of a material’s crystallinity
and/or amorphousness, which is also related to its hygroscopicity [14]. The interaction
of all properties has an impact on the processing conditions and vice versa [15]. It is
therefore desirable to explore the behavior of different powders with varying process
conditions to identify critical criteria during tableting, which define the final performance

as a drug delivery system.

[Excipient / API ]

|

Properties

* Physical

* Chemical

* Mechanical

|

[Processing conditions]

|

[ Performance as drug delivery system ]

Figure 1. Excipient and API properties influencing drug delivery system performance.
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1.1.2 Compression stages

The tableting process involves several compression stages. Initially, the powder
particles are loosely packed in the die after filling. When the distance between the
punches decreases, the particles are first rearranged without a notable pressure
increase. As smaller particles fill the voids between larger particles, the initial bulk
density of the material is replaced by the deaeration density. As the pressure continues
to increase, interparticulate friction eventually prohibits a further approach [16]. The
density subsequently increases by elastic deformation, which is energy stored
reversibly. When the elastic limit of the particles is exceeded, they deform permanently,
whereby plastic flow and fragmentation occur [14, 17, 18]. This leads to an enhanced
contact area between the particles, which reaches its maximum at the end of the
compression phase [19]. During and after decompression, the stored elastic energy is
released [14]. Apart from the material properties, the processing conditions can
strongly influence deformation characteristics [1, 2, 20]. This often enables an

estimation of a powder’s tableting behavior.

Depending on the response of a material, the deformation behavior can be classified
as elastic, viscoelastic, plastic or brittle [21]. Although these characteristics are never
isolated in pharmaceutical materials, one is usually prevailing for a substance [14, 15,
22].

Elastic deformation is energy stored reversibly, which can be quantified by the Young’s
modulus, Poisson’s ratio or the elastic recovery (ER) [4, 23, 24]. It is detectable as
tablet expansion when the stored elastic energy is released during and after
decompression. It contains the fast in-die ER and the slow out-of-die ER, both of which
are influenced by the time-dependent viscoelastic recovery [25, 26]. Their extent is
dependent on the compression and decompression speed [27]. The in-die ER can
directly be retrieved from the compression data even if the tableting properties of a
material are poor, which is time and material saving. It is limited by the fact that no data
is generated after the upper punch detaches from the tablet surface. Out-of-die
analyses include the recovery after ejection, but require additional measuring
equipment [25]. The ER can be calculated using Equation 1:



r Vm

ER =
Vin

* 100 %

Equation 1

where Vi, is the minimal volume retrieved from the minimum distance between both
punches during tableting and V; is the recovery volume (in-die or out-of-die). A high
ER eliminates established bonds, which favors a higher porosity of a compact and

might trigger capping and lamination [13, 18].

In contrast to elastic deformation, plastic flow is irreversible. It is a prerequisite for the
establishment of a large bonding surface area. A sufficient amount of plastic
deformation allows the release of stored elastic energy without bond breakage during
decompression [28]. The interplay between the formed bonding area (BA) and the
bonding strength (BS) determines the mechanical strength of a tablet [16, 29, 30]. The
BS results from the work of adhesion [31]. Predominantly brittle materials irreversibly
consolidate by fragmentation [2, 14, 32]. This increases the number of contact points
available for bonding. After the formation of smaller discrete particles, elastic and
plastic deformation might still occur [16, 17].

Irreversible deformation takes place when no more elastic energy can be stored during
compression. This threshold is referred to as the yield pressure (Py) of a material [14].
For ductile materials, the cold flow above Py is time-dependent [33]. For this reason,
they are especially responsive to process variations such as the compression speed
[20, 34, 35]. At higher machine speeds, the dwell time available for the material to yield
is decreased. The effect of compression speed on the fragmentation of brittle materials
is only limited [35].

Both the fracture stress and the stress necessary for plastic flow are also influenced
by the particle size of a material. When the particle size decreases, the fracture stress
of a material increases. Plastic flow, on the other hand, is independent of particle size
[36]. If a material exhibits both brittle and ductile characteristics, the fracture stress
initially increases with decreasing particle size. When the fracture stress exceeds the
yield stress, plastic flow will occur independent of particle size. This phenomenon might
change the dominant compaction mechanism of the system and is referred to as the
brittle-ductile transition [36-38].



1.1.3 Temperature evolution

During the tableting process, mechanical work is put into the system [39]. Physically,
work (W) is defined as the multiplication of force (F) and distance (x) according to the

following equation [40]:
W = dex

Equation 2

The work performed determines the total energy input during compression, which is
comprised of elastic and plastic deformation, fragmentation and friction. Friction occurs
between neighboring powder particles, powder particles and the die-wall and between
the machine components. The compression energy input contributes to the energy of
adhesion between particles [41, 42]. It can be retrieved from the area under the force-
displacement curve (AUC) [40]. The named processes trigger the generation of heat,
when mechanical energy is transformed into thermal energy [43, 44]. Its transfer is
directed from the powder to the tableting instruments and vice versa [45]. The first law
of thermodynamics dictates that the heat added to or released by the system (Q)
combined with the work done on the system (W) is the counterpart to the change in
internal energy (AU) [39, 40, 44]:

AU = dQ +dw
Equation 3

It is therefore desirable to assess the generated heat to fully grasp the tableting
procedure and associated changes in material behavior. During tableting, the
measured temperatures might exceed 50 °C [46]. Localized temperatures of > 100 °C
have been postulated [47]. To determine the generated heat is challenging for several
reasons. Firstly, the heat is promptly dispersed to its environment after compression.
Secondly, the compact is not physically accessible before ejection, which prevents
measurements at the assumed temperature maximum. Thirdly, the high pressures
during compaction would destroy most possible measuring devices brought into the
powder mixture [43]. Only one publication describes the complicated set-up of placing
a thermocouple within the powder bed [48]. The complexity is enhanced when not

single tableting cycles, but prolonged processes are investigated, which increases the
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overall heat content. Back when the instrumentation of tablet presses and technical
equipment lacked profound development, studies focused on the assessment of
temperature changes by measuring the area beneath force-displacement curves with
a planimeter [40] or by applying thermochromic methods [43]. The progressive
development of modern instrumentation provided the opportunity to make use of more
advanced techniques and a higher accuracy during measurement and evaluation. First
attempts of modern instrumentation go back to the 1950’s [49]. It requires for the
applied force to be transferred to an electric voltage signal [18]. This is accomplished
by strain gauges or piezoelectric transducers. The accurate transformation of data to
a computer system is in need of sufficient resolution, accuracy, precision and sensitivity
[50]. Nowadays, compression data can be displayed automatically. Compaction
simulators combine the required data acquisition tools with the possibility to mimic
specific processes on a small scale. This can be useful during research, development
and production [51, 52].

The accurate application of compression parameters has been combined with
temperature analyses such as infrared measurements [46, 53, 54], calorimetry [45, 55-
57] and finite element analysis (FEM) [44, 58]. These methods require additional
equipment or complex mathematical calculations and often lack the opportunity to still
be used efficiently during scale-up. It therefore appears meaningful to directly link in-
die compression data to material changes occurring from temperature rise. This has
only been subject to few studies [54, 59, 60]. Besides the compression parameters and
mechanical behavior, the physicochemical structure of a material needs to be known

in order to interpret the generated data correctly.

For the above-mentioned reasons, the imitation of elevated temperatures on a small-
scale has gained increasing interest. This often includes the modification of tablet
presses for heated compression [47, 59, 60]. Recently, an additional tool for the
modification of the STYL'One Evo tablet press (Medelpharm, France) has been
developed. With this set-up, it is possible to mimic the temperature increase occurring
on an industrial scale by thermally controlling the die. The details are depicted in Fig. 2.
The die is surrounded by a heating element, which is connected to oil-containing pipes.
The direct connection to a thermoelectric bath provides the opportunity to set the
desired temperature for the tableting experiments. The maximum possible die

temperature is 70 °C. Compression data can be recorded with a maximum acquisition
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frequency of 10 kHz, whereby the accuracy of the punch displacement measurement

is 1 um.

1

5 5
6

3

4 7

e

W

Figure 2. Set-up of the modified tablet press (STYL'One Evo, Medelpharm):

(1) upper punch, (2) lower punch tip, (3) heating ring, (4) thermocouple, (5) die, (6)

die holder, (7) pipes containing heating oil.

1.2 Structure of polymers

Polymers can be defined as long-chained molecules with a high molecular weight. At
sufficiently low temperatures, all polymers are rigid solids. When the temperature rises,
the additional thermal energy eventually allows for the material to transform to a liquid
state [61]. The type of transformation depends on the polymer structure, which can be

classified as either crystalline, semi-crystalline or amorphous (Fig. 3) [62, 63].

Crystalline substances exhibit an ordered structure. When the material is heated, the

specific volume gradually expands until the melting temperature (Tm) is reached

(Fig. 3a) [63]. Tm represents the temperature above which crystallinity completely

disappears and the melt becomes amorphous [62-64]. Besides the volume, the energy,
8



enthalpy and entropy of the system increase [65, 66]. Tm is well-defined. Until Tm, the

rigidity of a molecule is preserved [66].

The structure of amorphous polymers is different. The chains are arranged randomly,
which prevents a long range molecular order. Short range orders are possible [61, 67].
Completely amorphous polymers are obtained if a cooled melt is prevented from crystal
nucleation, which would subsequently lead to crystal growth [67]. Upon low
temperatures, the polymer is in a glassy state [61]. Its rigidity hinders extensive bond
vibration [68]. When the temperature is raised, the larger chain motion triggers the
transformation to a plastified state close to and beyond its glass transition temperature
(Tg) [63]. However, the thermodynamic properties do not change abruptly. The polymer
gradually softens, as coordinated chain motions occur [62, 66]. This increases the
specific volume (Fig. 3b). The change to a rubbery state or a viscous liquid induces an

alteration of physicochemical properties [69, 70].

If both crystalline and amorphous areas are present, a polymer is classified as semi-
crystalline. Generally, the combination of a long chain length and subsequently arising
entanglements prohibits complete crystallinity of a molecule [62, 71]. Regions
containing defects within the crystalline structure lead to areas of higher disorder. The
crystals are arranged as lamellae, which are separated by amorphous areas [72, 73].
As a result, amorphous parts are interdispersed between crystalline parts [74]. Semi-
crystalline polymers exhibit characteristics of both amorphous and crystalline
polymers. The cool state of a semi-crystalline polymer is also rigid. When the polymer
is heated, it first transforms to the plastified state when the Tg is transgressed (Fig. 3c).
When the Tm of the crystalline areas is reached, the polymer converts to the liquid

state. The Tm is always beyond the Tg [62].

The identification of the Tg or the Tm can be conducted via thermal analyses. The most

popular technique is differential scanning calorimetry (DSC) [75, 76].



Crystalline polymer

a) V/cmigt | Solid state Liquid state

T, T/°C

Amorphous polymer

b) V/cmig! 1 Glassy state | Rubbery state

o

T/°C

Semi-crystalline polymer

¢) V/cmig' | Bothsolid |Bothsolid | Liquid state
and glassy | and rubbery i
state state !
1

»

T T/°C

e e e

Figure 3. Specific volumes of polymers as a function of temperature (modified
after [63]): (a) Crystalline (b) Amorphous (c) Semi-crystalline.
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The degree of crystallinity can influence the deformation behavior of a material [77].
The number of imperfections within the crystal lattice might have a positive impact on
the ease of fracture and deformation [78]. Amorphous and partially crystalline materials
usually exhibit a high degree of plasticity. Within the pharmaceutical industry, a large
number of materials are amorphous to varying degrees [79, 80]. Therefore, the Tg can
serve as a critical parameter in several processes such as powder compression [80,
81], hot melt extrusion [82, 83], flm coating [68, 84-86] and dissolution [69, 87]. If all
process parameters can be controlled carefully, knowing the Tg of a material can be
used as an advantage. For example, coating processes involve a curing step, during
which the coated dosage form is subjected to elevated temperatures to aid the
complete coalescence of the polymer particles. The coalescence is dependent on the

Tg of the coating polymer [88, 89].

In compression processes, the Tg has been associated with alterations of tableting
behavior [90]. The decreased rigidity of polymers results in a less pronounced
resistance against deformation, which is also reflected in lower elastic moduli. The
materials develop higher strain under the same pressure [80, 91]. The resulting tablets
often obtain a lower porosity and therefore higher mechanical strength [47, 92].
However, problems during processing arise if the interdependence of temperature, the
process and/or materials is not sufficiently understood. This includes the adherence of
material onto the punch surface, which is referred to as sticking. Sticking phenomena
might ultimately lead to defective tablets (e.g. lamination, capping), which
compromises product quality [93-95]. Besides macroscopically visible defects of the
compact, the alteration of material properties might influence other critical tablet
attributes during development and production [47].

Several studies have examined the influence of temperature on process and tablet
characteristics [47, 60, 80, 90, 92, 96, 97]. Some findings have been linked to the
closeness of the compression temperature (T¢) to the Tq [47, 97].

11



1.3 Compression analyses

1.3.1 Introduction

Pharmaceutical development and production aims at the manufacturing of a drug
delivery system with a desired therapeutic performance. This requires a fundamental
understanding of the interplay between process parameters and material
characteristics. Trial-and-error approaches can be time- and resource-consuming and
often lack adequate comparability to other processes and/or materials [98]. During the
last years, systematic approaches have been put more into focus in course of the
Quality by Design (QbD) recommendations by the Food and Drug Administration
(FDA). The QbD approach aims at product- and process understanding and process
control to ensure product quality [99].

Compression analyses focus on the behavior of materials under pressure. It is
commonly acknowledged that the compression process is divided into different stages
that tend to overlap. This has led to the development of rather complex mathematical
models. It is therefore common practice not to examine all stages of compression
simultaneously [100, 101]. The goal is to derive equations capable of adequately
describing the obtained data. Predicting quality attributes of a compact after the
assessment of density-pressure relationships and therefrom derived parameters is

desirable.

The relation between the relative density and the applied pressure is material-
dependent. Analyses include in-die (“at-pressure”) and out-of-die (“zero-pressure”)
methods [91, 102, 103]. In-die methods evaluate the measured force-displacement
data during compression. Consequently, they allow a non-destructive characterization
with only little amount of material. As all the required information is retrieved directly
from the compression data, the integration of these techniques into manufacturing lines
is facilitated [104]. If no intact tablet is formed, the analysis of material behavior is still
possible during early-stage development. Criticism of the in-die method arises from the
fact that the relationship between porosity and pressure can be distorted by the elastic
deformation of a sample under stress [105].

Out-of-die analyses require the collection of data after tablet ejection. The time-

dependent relaxation of tablets can lead to deviations from in-die data [91]. They also

12



require additional equipment and generate higher costs when the use of destructive

tests generates product loss.

The obtained compression parameters can be linked to key attributes of the resulting
tablets. In that respect, the tensile strength (TS) and the solid fraction (SF) of a compact
are of special interest. Disintegration and dissolution processes require for a solvent to
penetrate into the tablet [106, 107]. If the TS and the SF are too high, the slower solvent
ingress might decelerate disintegration and API release. The relationship between
compression parameters and tablet quality attributes is depicted in Fig. 4.
Compression pressure, solid fraction and tensile strength are interdependent. Their
correlation can be investigated by three frequently used parameters: compressibility,

tabletability and compactibility.

Solid
fraction

Bonding ,._____ o/  \N% _____ , Bonding

area strength
Compression Tensile
pressure strength

Tabletability

Figure 4. Relationship between compression parameters and tablet quality attributes
(modified after [98, 108]).
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1.3.2 Compressibility

1.3.2.1 General

Compressibility describes the dependance of solid fraction on the applied compression
pressure. It refers to the ability of a powder to reduce its volume under stress [108].
The compressibility can be linked to a material’s tableting performance. Numerous
mathematical models for the density-pressure relationship have been established [109,
110].

1.3.2.2 Energy analysis

The conversion of mechanical to thermal energy during tableting contributes to
elevated temperatures. Force-displacement profiles can be used to calculate the
mechanical energy input [111-114]. Their shape is reliant on the tableting equipment,
the applied settings and the material properties. It is therefore of great importance to
keep the used equipment and parameters constant when comparing materials [115].
Force-displacement profiles have been the basis for the prediction of plastic flow,
elastic recovery and brittle fragmentation by different methods [111]. These also
include Heckel analysis, which is the most popular technique to describe powder
compaction data within the pharmaceutical area [101, 116].

A typical force-displacement curve is depicted in Fig. 5 (solid line). The gross energy
input is the AUC of the triangle between A, B and C (AUCasc). Initially, the distance
between punches is large. As they approach each other, particle slippage and
rearrangement during consolidation only lead to a minor force increase. As the
distance between punches further decreases, the force rises significantly from
deformation and fragmentation processes. The available energy for deformation is
reduced by the dissipated energy E1from die-wall friction and particle interactions [43].
The remaining energy is referred to as the compressive work (Ecw). Ecw is composed
of E2 (AUCabp) and E3 (AUCbgsc). E3 corresponds to the release of stored elastic energy
during decompression, which compromises the established bonding area [1]. It is
termed the elastic work. E2 contains the residual stored elastic and the plastic energy.
It is referred to as the net work of compaction and is used for the plastic deformation
of particles. Ez is of special interest during the analysis of force-displacement data, as

it corresponds to the stored energy of the compact. It has been stated that the amount
14



of stored energy is associated with a large BA and might be used as a surrogate for

the mechanical strength of tablets [117].

Force / kN

Distance between Punches / mm

Figure 5. Example of a typical force-displacement curve.

For the area Ez, the following relationship can be established:
E; = AUCqpc — AUCppe

E;, =Eq, — E;5

Equation 4

For its calculation, the trapezoidal rule is applicable [112, 118]:

E, = f;n:‘;: F(x) *dx — f};’zi” F(x) * dx

Equation 5
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Xmax represents the distance between punches at which the force F exceeds 0 as a
function of F(x), xmin is the minimum distance between punches and xoq is the punch

separation when the force drops to 0 during decompression.

The association of E2 with the plasticity of a material has led to the development of a
plasticity factor (PF) [119]:

PF * 100 %

— 2
E, + E;
Equation 6

Although the analysis of force-displacement profiles would offer a valuable tool to
directly detect alterations of the tableting process, the influence of generated heat on
the calculated energy values has rarely been studied. The PF, controversially
described as the amount of plastic flow [115, 120, 121] or the necessary energy input
during compression [122], has never been critically evaluated for temperature
variations. This is probably rooted in the fact that corresponding assessments are
rather challenging. To mimic the temperature evolution on an industrial scale either
requires for the powder to be heated before compression or for the process to be run
over a prolonged time period. For both scenarios, existing studies are scarce.
Ketolainen et al. [54] made the effort to run a tableting process for up to 65 min on a
small production scale. The compressed powder was composed of microcrystalline
cellulose and dicalcium phosphate dihydrate either with or without lubrication. They
stated that the energy parameters remained unchanged after an initial stabilization
period despite a notable temperature increase. However, both materials do not show
any thermal transitions < 100 °C, which were not reached during processing [123, 124].
In a study by Partheniadis et al. [97], unprocessed and hot-melt extruded polymers
with Tg values up to 80 °C were compressed at 20 and 40 °C to improve their
compaction performance. E2 decreased for a polymer with a Tq4 close to the elevated
tableting temperature. Hence, it is reasonable to link the investigation of energy
parameters to the thermal sensitivity of polymers to examine the applicability of energy

parameters as a tool for altered material properties upon temperature rise.
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1.3.2.3 Heckel analysis

Within the pharmaceutical area, Heckel analysis has been the most frequently used
technique to describe powder compression data [101, 116]. Reasons include the
simplicity and speed of data collection using a small amount of material [91, 105]. For
its application, it is assumed that the volume reduction of a powder bed under pressure
follows first-order kinetics [125, 126]. Plotting the negative natural logarithm of the
porosity (-In(¢)) versus the applied compression pressure yields a characteristic
compression curve (Fig. 6). It usually contains a linear region, which is enclosed by
two curved sections in the low- and high-pressure regions. The first curvature can
mainly be attributed to particle rearrangement and elastic deformation and is not
considered in the analysis. Afterwards, irreversible deformation takes place, which can
be either plastic or brittle. The respective curve section is linear. As the compression
pressure further increases, the space for plastic flow diminishes. Eventually, the
particles deform elastically when the porosity approaches extremely small values.
Porosity values < 0.05 result in a steep increase of the corresponding -In(¢). The

interpretation of the second curvature is therefore impeded [91, 116].
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Figure 6. Example of a typical in-die Heckel plot.
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The yield pressure Py is referred to as a material’s resistance against irreversible
deformation. It can be derived from the reciprocal slope of the linear region after the

following equation:

1
—In(e) = EP + A

Equation 7

where P is the applied pressure and A is the y-axis intercept of the extrapolated linear
section. The plasticity of predominantly ductile materials is reflected in low Py values.

Besides the chemical characteristics, the particle size of materials also contributes to
their deformation behavior [38]. Current literature on the effect of particle size on Py is
inhomogeneous. Most authors have found increasing Py values with decreasing
particle size [127-131], whereby it has also been stated that Py increases with
increasing particle size [132]. The effect of temperature on grades with varying particle
sizes has not been subject to any studies. Smaller particles might exhibit a higher
sensitivity to elevated temperatures due to a larger specific surface area [133].

Although frequently used, Heckel analysis has been criticized by several authors [101,
102]. One of the mentioned points refers to the susceptibility to errors during the
measurement of particle density, which influences the calculated porosity. Systematic
errors of its determination show substantial influence on the calculated Py values [101].
Criticism has also arisen due to a lack of reproducibility and repeatability, which
complicates the comparability of different materials. This can also be traced back to
varying experimental conditions [20, 134, 135]. However, it has also been stated that
Heckel analysis is practicable if the processing conditions are accurately controlled
and deformation mechanisms of the materials are known [102]. Hence, the use of
Heckel analysis is feasible, if modern equipment is used with commonly used
excipients or APlIs.

For a variation of tableting temperature, Heckel analysis has been proven to be
sufficiently sensitive to analyze material behavior [59, 60]. For this it has to be kept in
mind, that the particle density is assumed to be constant for the analysis of the same
material. In that respect, errors in its determination would show no effect on the
calculation of Py for a given material for different temperatures. Moreover, the
processing conditions do not necessarily vary during analysis. The temperature

18



change serves as the variable. Those limitations therefore account for the comparison
between materials, but not for the comparison of different tableting temperatures for

the same material.

It has frequently been stated that elevated temperatures lead to a decrease in Py and
therefore decreasing resistance against deformation. The extent is influenced by the
Tg of a material [59, 60, 80, 81, 97]. However, a thorough investigation of Heckel
analysis and its transfer to critical tablet characteristics under elevated temperatures
is still missing. Often only few tablet characteristics were considered in isolation.
Accordingly, comparisons between Heckel analysis and the assessment of energy
parameters, which can directly be retrieved from the compression data without further
calculations, are scarce. In the only existing studies, where the energy analysis was
classified as being less sensitive, the thermal transitions of the investigated materials
were rather high, so that the visible effects were of limited value. Only few materials
were compared [59, 60]. In order to gain deeper insights, studies should aim at
including several polymers with closely allied thermal transitions within a practicable
temperature range. This would ensure a sufficient thermal sensitivity and open up the
possibility of directly correlating the results to Heckel and energy parameters and to

evaluate their respective applicability in the prediction of altered tablet characteristics.

1.3.3 Tablet quality attributes

1.3.3.1 Tabletability

Tabletability describes the dependence of tensile strength on the compression
pressure [108]. In contrast to the measured breaking force during testing, the
calculation of TS accounts for the geometry of the tablet [136]. Adequate TS is a crucial
quality attribute, as it not only ensures tablet integrity during coating-processes,
packaging and transport, but might also influence disintegration and drug release [13,
137]. The usual expectation is that higher compression pressures generate tablets with
higher mechanical strength due to the creation of a larger BA [16]. However, the
increase in TS is not infinite. It reaches a plateau. For some materials, the TS might
even decrease with increasing pressure, which is referred to as overcompression [108,

138]. In course of the decreasing porosity at higher pressures, most voids are
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eventually eliminated. The formation of a larger BA is therefore limited. For a given
material, the BS is not affected by compression pressure [139]. If the available space
for plastic deformation is exhausted, the stored elastic energy increases.
Overcompression occurs when the resulting elastic recovery eliminates established
bonds to a degree that the TS decreases despite higher pressures [140].

Conclusions about the tableting performance can be drawn from the necessary
pressure to form a compact with specified strength or from a linear regression of
appropriate data points to compare the slopes of different materials [108, 141]. Plastic
materials exhibit less resistance against deformation than brittle materials, which
favors the formation of a large BA. The established BA also varies with particle size
and shape [13]. Smaller particles benefit from a large specific surface area available
for bonding [133]. A large BA favors a high TS of the compact. For materials with a low
Tg, the BA can be altered upon the application of higher temperatures [139]. When the
temperature is raised, the decrease of Py results in its transgression at an earlier stage.
The prolonged dwell time above Py yields a larger extent of plastic deformation and
therefore a larger BA. The effect might be pronounced if the tableted particles are
small. The larger specific surface area could promote a higher sensitivity for

temperature variations.

The positive effect of temperature on the TS has been proven in several studies [47,
53, 90, 92, 142]. However, often pure materials or formulations with a high polymer
content (= 50 %) were analyzed. Realistic polymer contents for the use as binding
agents (~ 10 %) have rarely been investigated. A direct correlation to the Tq of materials
was either missing or often only single tableting cycles were investigated. This neglects
a possible temperature increase of the equipment during manufacturing. Moreover, the
critical influence of particle size was not considered, although often several grades of

a material are commercially available.

1.3.3.2 Compactibility

Compactibility profiles relate the TS to the SF or porosity [108]. They serve the
assessment of BS. The plots usually yield an exponential relationship between TS and
SF. A low SF corresponds to a lower mechanical strength of a compact [13, 143]. In

contrast to tabletability profiles, compactibility profiles are not speed-dependent, which
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could justify their preferred applicability during formulation development and scale-up.

The SF might serve as a predictor of TS for a given material [35].

The SF also plays a crucial role for the disintegration and dissolution behavior. The
disintegration process requires for the solvent to be absorbed by the tablet. Its
components are hydrated and might start swelling or dissolving, depending on the
formulation and its characteristics [107, 144, 145]. A fast disintegration ensures a rapid
drug release [146-148]. Ideally, a reasonable compact porosity is combined with
sufficient mechanical strength.

Ductile materials often yield tablets with a low porosity due to their high degree of
plastic deformation. If the applied stress exceeds a material’s capacity for plastic flow,
however, the excess energy is stored reversibly. It is released during and after
decompression. This relaxation favors a higher compact porosity. For thermally
affected polymers, the stress relaxation propensity can be altered upon temperature
rise. Initially, when the tableting temperature is far below the Tg, the amount of stored
energy is comparably large. This changes as the Tg is approached. As Py decreases,
the enhanced plastic flow favors a lower porosity and therefore higher mechanical
strength of the compact. This might also affect disintegration and drug release, which
has not yet been explored in respect to temperature variations. When the Tg is
exceeded, the elastic modulus of a polymer decreases drastically [80, 81]. At the same
compressive stress, the strain is enhanced [91]. This can yield porous tablets after
polymer relaxation. Established bonds might be broken, which compromises the
compact strength. It has therefore been concluded by some authors, that the optimum
tableting temperature is about 20 K below the Tg to attain minimum porosity and
maximum strength [80, 81]. Although porosity changes under elevated temperatures
have being investigated before, no comparison of compactibility profiles has been
carried out. This provides the opportunity to display the interdependence of TS and SF
as two parameters with significant impact on tablet attributes.

1.3.3.3 Disintegration

Disintegration of a tablet can be described as the state in which any remaining part,
except insoluble fragments, is a soft mass without a firm core [149]. As mentioned

above, a rapid disintegration is usually the prerequisite for a fast dissolution of the API
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[146-148]. This is especially critical for immediate-release tablets, which are required
to release the APl within a short period of time. If the disintegration process is

compromised, this might delay the release.

The solvent ingress is the first step during the disintegration process. The absorption
of the medium by the compact leads to the breakage of interparticulate bonds.
Mechanistically, capillary bridges built by the penetrating solvent create an attraction
between neighboring particles. If the attractive forces exceed the interparticulate
forces, the bonds are disrupted. The tablet disintegrates. If the porosity of a compact
is critically low, the penetration of the solvent might be impeded [147, 150]. This

decelerates the liberation of the API.

The effect of temperature on disintegration time (DT) has rarely been examined [151].
If produced tablets are intended for immediate-release, studies on the effect of

elevated temperatures should also include disintegration.

1.3.34 Dissolution

Dissolution studies have been recognized as an essential aspect during
pharmaceutical development. The dissolution of a drug is the prerequisite for its
bioavailability [98]. Therefore, the development aims at the adjustment of the
dissolution performance to a desired therapeutic effect. Generally, immediate-release
dosage forms can be distinguished from modified release dosage forms. If a rapid drug
release is required, the formulation components of a tablet need to ensure the APl is
released quickly upon contact with the dissolution medium. The formulation
components therefore have a critical influence on API release [152, 153].

Numerous mathematical models have dealt with the prediction of dissolution behavior
[154, 155]. The overall drug release from a dosage form can be described by kinetic
models, whereby the dissolved amount of drug is related to the test time [153].

Most immediate-release dosage forms are designed to release an APl immediately
after oral administration and therefore follow first-order kinetics. Mathematically, first-

order models can be described by the following equation [156]:

In(cp —c¢;) = —k =t

Equation 8
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where c¢p is the concentration of drug after complete release, c: is the cumulative
concentration at the time t and k is the first-order rate constant. To test its applicability
has also been called the sigma-minus method [157]. The ICH Q6A specifications state
that at least 80 % of drug need to be released within 15 min at pH 1.2, 4.0 and 6.8 for
a rapidly dissolving product [158].

If tablet characteristics are altered upon temperature rise, the dissolution behavior of a

dosage form might change.

If the fitting of the release curve fails to display a linear relationship, the release kinetics
were altered. Provided that the drug release profile of a dosage form differs from that
of a conventional one, the release is modified. Although modified release serves as a
method to control drug release, the effect is unacceptable if the alteration arises from
temperature variations. One of the first models developed to describe the drug release
from a matrix system was the Higuchi model [156]. For the Higuchi model, the
cumulative drug release is related to the square root of time after the following equation
[159]:

1
Ctzk*tz

Equation 9

where c; represents the cumulative concentration at the time t and k is the Higuchi
dissolution constant. The correlation of the data points with the square root of time
yields a linear relationship. In most cases, the equation is only applied for data points
up to 60 % of the release curve.

Similar to the Higuchi model, the data can be described by the Korsmeyer-Peppas
model. In contrast to the Higuchi model, it is able to display different release exponents.
The relationship is described by the following equation [160, 161]:

c =k=*th

Equation 10

with ¢t as the cumulative concentration at the time ¢, k as the release rate constant and

the exponent n as the release exponent. The data is linearized by logarithmization of
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both axes. Data points below 10 and above 60 % of the release curve are usually
excluded from the investigation.

As not all kinetic models are applicable to all release curves, the mean dissolution time
(MDT) as a model-independent method is useful to compare release curves with
different kinetics. It can be calculated according to the following equation [153, 162]:

b t; +t;
ABC B Yivo|(Cip1 — i) * (lTHl)

c

MDT =

p Cp

Equation 11

The area between curves (ABC) can be calculated with the trapezoidal equation. The
concentration c is the API released over the time t. ¢, represents the initial drug load.
Only few publications concerning alterations of release curves upon temperature rise
during tableting exist. Casettari et al. [60] investigated the effect of elevated
temperatures on the modified release of matrix tablets, but found no significant effect
of temperature. However, the lowest Tm of the investigated materials was beyond the

maximum tableting temperature. More thorough investigations are still pending.

1.4 Excipient selection

1.4.1 Introduction

As described above, the material properties have a substantial influence on the
resulting tablet characteristics. The Ty of the investigated materials was of critical
essence in this work. Therefore, the selection of polymers was based on their
amorphous or semi-crystalline character and moderate Tg. As a maximum tableting
temperature of 70 °C could be set for the tablet press, only polymers with T4 values
below 100 °C were included in most studies. The Tg values were determined via DSC.
To account for the effect of particle size and morphology besides the processing
conditions, different grades of the materials were used. Besides the pure polymers, the
investigations included complete formulations to account for realistic binder contents

during manufacturing. All used materials are introduced briefly.
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1.4.2 Polymers with moderate T4

1.4.21 Polymethacrylates

The functionality of polymethacrylates within the pharmaceutical area can be
categorized as film-forming agents, tablet binders or tablet diluents for oral solid
dosage forms. The most common is the use as film-coating agents [163]. They are
marketed e.g. under the name Eudragit® (Evonik, Germany). All Eudragit® types are
synthesized by polymerization of acrylic acid and methacrylic acids or their esters
[164]. They exhibit an amorphous character, which suggests a high plasticity and
justifies their use as binders [164]. In this work, three Eudragit® types with a moderate
Ty were chosen for the investigation. Eudragit® E is a terpolymer composed of N,N-
dimethylaminoethyl methacrylate with methylacrylate and butyl methacrylate [165]. It
is soluble in gastric fluid (pH < 5). The Tg is ~ 49 °C. Eudragit®* RS and RL are
copolymers of ethyl acrylate, methyl methacrylate and methacrylic acid ester. The
introduction of quaternary ammonium groups modifies the permeability [164, 166].
Eudragit® RL films have a higher permeability than Eudragit® RS films. As both
polymers are not water-soluble, they are often used for sustained-release products.
They have found applications in DC as matrix formers [167-171]. Their T4 values are
58 °C (Eudragit® RS) and 70 °C (Eudragit® RL), respectively. Experiments on thermal
treatment of matrices after compression have been described [168, 169]. The
investigated materials are commercially available as powders (Eudragit® E PO,
Eudragit® RS PO, Eudragit® RL PO) or granules (Eudragit® E 100, Eudragit® RS 100,
Eudragit® RL 100) [172]. The powder is obtained from milling the granules, which
explains the irregular shape of its particles (Fig. 7a-c). Due to the broad range of

products, the Eudragit grades played a key role in all studies.
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Figure 7. SEM images of a) Eudragit® E PO, (b) Eudragit® RS PO and (c) Eudragit®
RL PO.

1.4.2.2 Hydroxypropyl cellulose

Hydroxypropyl cellulose (HPC) is derived from cellulose by partially substituting
hydroxy groups by hydroxypropyl moieties. Cellulose consists of —(1-4)-linked D-
glucose units. Its treatment with sodium hydroxide produces a more reactive type of
cellulose, which is subsequently reacted with propylene oxide at elevated pressure and
temperature [163, 173]. In contrast to the other polymers in this study, HPC is semi-
crystalline. Its particles are of fibrous nature (Fig. 8a,b). Typical uses in solid oral
dosage forms include tablet binding, film-coating and extended-release matrix
systems. Commercially available grades differ in their particle size, degree of
polymerization, degree of substitution and moles of substitution (MS). Its solubility in
water is determined by its MS [163]. HPC grades of lower molecular weight have a
lower Tg. In this work, HPC SSL SFP and HPC SSL (Nippon Soda, Japan) were
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selected. They differ in their particle size, whereby HPC SSL SFP has finer particles
than HPC SSL. The Tg value is ~ 82 °C [174].

Figure 8. SEM images of (a) HPC SSL SFP and (b) HPC SSL

1.4.2.3 Polyvinylpyrrolidone (Povidone)

Polyvinylpyrrolidone consist of 1-vinyl-2-pyrrolidinone groups. The respective
polymers are commercially available with varying molecular weights. They are typically
characterized by their K-value, which represents their viscosity in aqueous solution
relative to that of water [163]. Povidones with a K-value below 30 are manufactured by
spray-drying and their particles are therefore of spherical shape (Fig. 9). The shape of
povidone particles with K-values above 30 is different, as they are manufactured by
drum-drying [163]. In solid dosage forms, povidones are often used as binders in wet-
granulation processes [175]. Their use in DC is challenging, as they suffer from a
pronounced hygroscopicity [176]. The Tg of the amorphous polymer varies with
molecular weight. Kollidon® 12 PF (BASF, Germany) has the lowest Tq out of the
commercially available products (~ 102 °C). It was only used in the first study of this
work. The plasticizing effect of water on the hygroscopic powder impeded the
reproducibility of experiments and promoted stickiness of the material. The polymer

was subsequently excluded from further studies.
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Figure 9. SEM image of Kollidon® 12 PF.

1.4.2.4 Mixture of polyvinylacetate and polyvinylpyrrolidone

The demand of excipients with improved compression properties has led to the
development of coprocessed excipients. The coprocession includes two or more
established excipients to obtain superior properties over the physical mixture [177].
The spray-dried mixture of 80 % polyvinylacetate and 19 % polyvinylpyrrolidone is
traded as Kollidon® SR (BASF, Germany). Small amounts of sodium lauryl sulfate
(0.8 %) and colloidal silica (0.2 %) are added for stabilization and flowability
improvement. Spray-drying yields hollow particles with a spherical shape (Fig. 10). The
excipient is mainly used as a filler, matrix former or as a film-coating agent. Although
the povidone part is soluble in water, the insoluble polyvinylacetate part determines
the overall solubility [172, 178]. KSR has frequently been used in DC [179-181]. The

Tg of the amorphous polymer is ~ 42 °C, which was the lowest in this work.

28



Figure 10. SEM image of Kollidon® SR.

1.4.3 Other excipients

1.4.3.1 a-Lactose monohydrate

Lactose is a disaccharide obtained from milk in which D-galactose is 3—(1-4)-linked to
D-glucose. It is one of the most frequently used fillers in DC [182-184]. The most
commonly used form for oral solid dosage forms is a-lactose monohydrate [185].
Crystallization can also yield an anhydrous form, whereby the ratio of a- and B-lactose
is determined by the temperature of crystallization [163]. A variety of products is
available, which might vary in particle size, flow and compaction properties. The Tm of

crystalline lactose is 216 °C.

Commercial products include milled, spray-agglomerated or spray-dried grades [186].
The milled products are usually used in wet- and dry granulation processes due to their
small, sharp-edged particles, which trigger cohesiveness. However, the flowability for
DC is insufficient. Spray-agglomerated products benefit from a better flowability of the
crystalline particles. This makes them suitable for DC [187]. The spray-drying process
introduces amorphous parts into the product, which are able to flow plastically and
improve compaction performance. However, the amorphous content of marketed
products is only between 10 - 15 %, so that the deformation behavior can still be
classified as predominantly brittle [183, 188]. As the particles obtain a spherical shape
after spray-drying (Fig. 11), the powder possesses sufficient flowability for DC.
Depending on the storage conditions, the Tg of the amorphous content has been
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reported to vary between 41.5 and 104 °C [189]. In this work, spray-dried lactose

(FlowLac® 100, Meggle, Germany) was selected as a filler for all tableting experiments.

Figure 11. SEM image of FlowLac® 100.

1.4.3.2 Microcrystalline cellulose

Microcrystalline cellulose (MCC) is one of the most frequently used excipients for tablet
formulations due to its excellent tableting properties [190, 191]. It consists of B—(1-4)-
linked D-glucose units [173]. For its manufacturing, a-cellulose from fibrous plant
materials is hydrolyzed in acidic environment, whereby amorphous regions are
preferentially removed. While the crystallinity index increases, the average degree of
polymerization decreases. The packed structure is broken up by shearing of a water
slurry before the material is spray-dried. A fibrous structure is obtained (Fig. 12).
Different commercially available grades arise from variations of hydrolytic, shearing
and drying conditions [163, 191]. Despite its highly crystalline structure, MCC is
characterized by a large amount of plastic flow [192, 193]. For oral solid dosage forms,
it is mainly used as a capsule and tablet diluent, whereby it also exhibits disintegrant
properties [163]. Although it is insoluble in water, the substance is hydrophilic. The
tableting performance is dependent on the moisture content [173, 194]. MCC chars at
260 — 270 °C [163]. In this work, Vivapur® 102 (JRS Pharma, Germany) was used as

a filler-binder during the investigation studies of complete formulations.
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Figure 12. SEM image of Vivapur® 102.

1.4.3.3 Polyvinylpyrrolidone-vinyl acetate copolymer (Copovidone)

Copovidone is a synthetic copolymer of polyvinylpyrrolidone and ethenyl acetate at a
ratio of 3:2. It is produced by free-radical polymerization. Spray-drying of the product
yields an amorphous powder with spherical particles (Fig. 13a,b). Within
pharmaceutical applications, it is mostly used as a tablet binder, coating agent or matrix
former. Copovidone is suitable for wet-granulation and DC [163, 195]. Compared to
povidone, it has a higher plasticity, which facilitates its deformation during tableting.
Moreover, it is less hygroscopic [163]. The T4 is ~ 108 °C. Different grades are
commercially available. In this work, Kollidon® VA 64 Fine and Kollidon® VA 64 (BASF,

Germany) were of interest due to their varying particle size.

Figure 13. SEM images of (a) Kollidon® VA 64 Fine and (b) Kollidon® VA 64.
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1.4.3.4 Polyvinylpolypyrrolidone (Crospovidone)

Crospovidone is a crosslinked polymer of N-vinyl-2-pyrrolidinone. It is prepared by a
‘popcorn polymerization” process. Crospovidone is frequently used as a tablet
disintegrant [196, 197]. The rapid hydration of the polymer promotes its capillary
activity. The disintegration capacity is influenced by the particle size. Crospovidone is
practically insoluble in water [163]. The Tg is ~ 184 °C. Grades of different particle size
are commercially available. Their shape is irregular, whereby the particles tend to
agglomerate (Fig. 14a,b). Kollidon® CL-M and Kollidon® CL-F were used for the
comparison of different material grades in one study. Later, Kollidon CL-F was used

as a disintegrant in the dissolution studies.

Figure 14. SEM images of (a) Kollidon® CL-M and (b) Kollidon® CL-F.

1.5 API selection

An active pharmaceutical ingredient is the component of a drug designed to develop a
pharmacological activity. In this work, paracetamol (acetaminophen) was used as a
model API (Atabay, Turkey). It is commonly used for the analgesic and antipyretic
treatment of patients. Paracetamol crystallizes in three polymorphic forms with different
crystal habits, whereby only form | and Il are stable. The commonly marketed form | is
known for its poor compression properties with only little plastic deformation [198-201].
Its particle shape is irregular (Fig. 15). The melting point is ~ 170 °C and it is soluble
in water [202].
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3.1. Influence of temperature on the compression behavior of

pharmaceutical excipients

Pretext

This publication describes the initial investigations to correlate alterations in tableting
behavior of polymers to their Tq. In this study, four different tableting temperatures
ranging from 22-70 °C were investigated. To study the material behavior when the
applied heat is homogenously distributed, the powder was equilibrated for 3 minutes
per tablet after die filling. The highest Tg was 102 °C. At first, pure polymers were
characterized for their temperature-dependent compressibility using Heckel-analysis.
Afterwards, tableting was performed from binary blends composed of lactose and the
respective polymers (ratio 9:1). The tableting behavior was evaluated in terms of
tabletability and compactibility. Finally, recommendations were made which types of
polymers could be useful when trying to avoid alterations of tablet properties or which

could be of advantage if a change of material characteristics is desired.

The following paper has been published by the International Journal of Pharmaceutics
in Volume 628 (2022): https://doi.org/10.1016/j.ijpharm.2022.122305

Weighting of the authorship / %:

Author Idea Study Design Experimental Evaluation Manuscript

Hanna Dorothea

60 60 100 65 75
Grumann
Stefan Klinken 0 0 0 20 5
Peter
Kleinebudde 40 40 0 10 20

HDG provided contribution to the conception of the work, especially the selection of
polymers and the specific temperatures studied. Furthermore, HDG acquired the data,
while its analysis and interpretation was done together with SK and PK. HDG drafted
the manuscript and changed the sections corrected by SK and PK. Some sections

were changed by PK.
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3.2. Evaluation of in-die compression data for a deeper
understanding of altered excipient properties upon

temperature rise

Pretext

In this work, the applicability of energy analysis as an indicator for altered excipient
properties upon temperature rise was evaluated. This study only included the
investigation of pure polymers with T4 values < 100 °C, whereby pure lactose served
as a brittle reference material. The polymers were tableted at four different
temperatures (22-70 °C). To mimic realistic conditions applicable to a full-production
scale, the equilibration time was kept short. Alterations of net- and elastic recovery
work during compaction were evaluated. A relationship between the change in
energies and the Tyq was established. The results from the energy analysis were
compared to the results obtained from Heckel analysis. Lastly, the plasticity factor and
its applicability for heated tableting was critically investigated. Recommendations were

made which analyses should be preferred over others.

The following paper has been published by the AAPS PharmSciTech in Volume 24
(2023): https://doi.org/10.1208/s12249-023-02554-3

Weighting of the authorship / %:

Author Idea Study Design Experimental Evaluation Manuscript
Hanna Dorothea 70 80 100 60 70
Grumann

Stefan Klinken 10 0 0 35 10
Peter

Kleinebudde 20 20 ° ° 2

HDG provided contribution to the conception of the work, especially the correlation
between energy analyses and temperature and the applicability of the plasticity factor.
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3.3. Investigating the heat sensitivity of frequently used excipients

with varying particle sizes

Pretext

In this publication the influence of the particle size on the tableting characteristics of
polymers upon temperature rise was investigated. It also included polymers with higher
Tg values (> 100 °C) to increase the range of available grades. The grades were either
commercially available or produced by ball-milling. Materials were categorized as “fine”
or “coarse”. Changes in Py and energy analysis were evaluated regarding their
sensitivity to detect differences between particle sizes at standard ambient conditions
and to detect temperature-dependent changes of compression parameters.
Afterwards, binary blends containing lactose and the fine grade of a respective polymer
were compared to binary blends containing the coarse grade. The comparison

included changes in tabletability and compactibility.

The following paper has been published by the European Journal of Pharmaceutics in
Volume 192 (2023): https://doi.org/10.1016/j.ejpb.2023.09.010
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3.4. Effect of tableting temperature on tablet properties and

dissolution behavior of heat sensitive formulations

Pretext

In this publication the previously obtained knowledge was extended to complete
formulations containing the model APl Paracetamol. Six different formulations with
varying binder type and concentration were tableted at the previously described
temperatures. Besides the tabletability, the porosity, disintegration and dissolution of
all formulations were studied. Where applicable, the underlying release kinetics for
different tableting temperatures were investigated by the sigma-minus method, the
Higuchi- and the Korsmeyer-Peppas equation. The comparison of all formulations
included the calculation of the mean dissolution time. Besides the effect of binder type
and concentration, the variation of the filler-binder components was evaluated for its

significance.

The following paper has been published by the International Journal of Pharmaceutics
(2023): https://doi.org/10.1016/j.ijpharm.2023.123603

Weighting of the authorship / %:

Author Idea Study Design Experimental Evaluation Manuscript
Hanna Dorothea 70 70 100 80 80
Grumann

Peter

Kleinebudde 30 30 0 20 20

HDG provided contribution to the conception of the work, especially the selection of
formulation components and dissolution parameters. Furthermore, HDG acquired and
analyzed the data, while its interpretation was done together with PK. HDG drafted the

manuscript and changed the sections corrected by PK.
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