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Abstract

The simplicity and cost-effectiveness of direct compression makes it a preferred method of
commercial tablet manufacturing. Excipients play a central role in determining the success of
direct compression. Currently available directly compressible excipients are typically effective
at relatively high proportion of >50% (w/w). For high-dose APIs, incorporation of such high
excipient load is inappropriate, as this may necessitate the formation of large tablets, which
may be difficult to ingest. Thus, high-dose APIs (especially for poorly flowable and difficult

to compact) are often considered unsuitable for tablet manufacturing by direct compression.

In interactive mixtures, small guest particles (typically <10 pum) adhere to larger host
particles. We hypothesized that small binder particles could express a binder action as well as
a flow additive action, if they could form a suitable interactive mixture with large APIs.
However, many such small particles are highly cohesive, which limits their de-agglomeration,
dispersion and consequently the ability to form a homogeneous interactive mixture. Thus, the
aim of this thesis was to understand the impact of the cohesion of small binder particles on
their interactive mixing behaviour and consequently extension of their potential excipient

performance i.e., binder and flow additive actions.

A model pharmaceutical binder, polyvinylpyrrolidone (PVP) was co-sprayed with L-
leucine to engineer small low-cohesion binder particles. In these composite particles, L-leucine
enriched at the surfaces and manipulated the surface physico-chemical properties (such as
morphology, surface energy and its crystalline character), which allowed control over

cohesion.

Low cohesion small binder particles de-agglomerated efficiently and formed a more
homogeneous interactive mixture with paracetamol (active pharmaceutical ingredient, API)

compared with high cohesion binder particles. The homogeneous interactive mixing allowed
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small binder particles to express enhanced binder and flow additive actions. The flow additive
action improved while inherent binder activity reduced with reducing cohesion. This decline
in binder activity was attributed to the reduction in the compactability (or bonding ability) of
binder particles. However, manipulation of mechanical properties (increasing plastic
deformability) allowed improvement of the binder activity of such low cohesion binder

particles.

High performance excipients are necessary to facilitate direct compression of high-
dose APIs. Our study showed that binder and flow additive action are mutually exclusive
excipient properties and the knowledge of interactive mixing allowed creation of composite
excipients with elements of both flow additive and binder action. Manipulation of the surface
physico-chemical and mechanical properties via smart particle engineering enabled small
binder particles to express an optimum flow additive and binder performances. Thus, this
knowledge could enable rational engineering and development of high-performance direct
compression excipients, which would enable direct compression of poorly compactable and

poorly flowable high-dose APIs.
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1 Introduction

Tablets are the most commonly used means of administering active pharmaceutical ingredients
(APIs) to humans [1]. The cost-effectiveness, long shelf life (compared to liquid formulations),
good compliance and ease of administration, storage and transportation, are some of the prime

reasons for their consistent popularity [1].

In general, tablets are expected to be sufficiently strong (to withstand stresses), carry
a constant API dose and exhibit a predictable and reproducible dissolution behaviour [2].
Typically, excipients such as diluents, binders, glidants, disintegrants and lubricants allow

creation of tablets with these necessary properties [3].

Tablet manufacturing involves three key steps filling of powder into the die,
compaction and ejection. Powder filling (into the die) determines the weight variation and
uniformity of API dose [4, 5], while compaction determines the robustness and mechanical

integrity of tablets [6, 7].

Powder properties such as flow and compactability determines its ability to fill into
the die and to create mechanically stable tablets, respectively [5, 6]. Thus, characterization and

optimization of powder flow and compactability are an integral part of tablet manufacturing.

1.1 Powder flow and compactability

In general, powder flow can be defined as the relative movement of particles against adjacent
particles and/or surfaces [8]. Larger particles experience stronger gravitation forces relative to
inter-particle forces, hence they tend to move freely and exhibit excellent flow behaviour [9].
In contrast, small particles (<10 pm) experience stronger inter-particle forces relative to

gravitational forces and hence tend to agglomerate and exhibit poor flow [10, 11]. Particle
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properties such as size, morphology and surface energy determine the magnitude of inter-

particle forces and hence powder flow [12-20].

Compactibility is defined as the ability of powders to compact into the tablets of
specific tensile strength [21]. Tensile strength represents the force required to fracture a tablet
across its diameter and is believed to represent the robustness and mechanical integrity of
tablets [22]. The fracture of tablets involves the separation of particles. Thus, the force required
to facture a tablet depends on the number and strength of inter-particle bonds established
between particles during compaction. The combined strength of these bonds also depends on
particle properties such as size, morphology, surface energy, deformability, mechanism of

deformation and surface energy [23-31].

1.2 Impact of excipients

In general, APIs lack the flow and/or compactability required for tablet manufacturing [2, 32-
38]. Therefore, excipients are incorporated to correct these deficiencies. Processing via wet and
dry granulation (agglomeration of individual particles into granules) transforms a powder blend
(of APIs and excipients) into a relatively non-segregating, high compactability and readily
flowable formulation [39, 40]. In granules, particles of APl and excipients exist as
agglomerates, thus granulation can largely mask the undesirable properties of individual
components. Therefore, such formulations are relatively insensitive/independent of excipient
performance (binder also referred as filler-binders) and often result in robust tablet

formulations [40-42].

The drive of pharmaceutical companies to improve output and reduce costs has
motivated the use of direct compression as a preferred way of tablet manufacturing [43]. Direct
compression involves compaction of powder straight into tablets without a preceding resource-

intensive granulation step. In such powder formulations, particle structure remains unaltered

3
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and hence properties of individual components (both API and excipients) strongly affect the
flow, compactability, and content uniformity. In such cases, the flow and compactability of

poorly compactable and poorly flowable APIs can only be optimized by excipients [44-46].

1.3 Improving flow

As discussed earlier, poor flow is typically a result of strong inter-particle interactions [12].
Thus, improving flow requires decreasing these inter-particle forces. Increasing surface
roughness by coating with nanoparticles such as silicon dioxide [13, 15, 47, 48] and increasing
particle hydrophobicity by coating with lubricants such as magnesium stearate [49-51] are two
of the commonly used and most effective strategies to improve the flow of cohesive powders.
The excipients used for improving flow are typically referred to as “flow additives” and

“glidants”.

In general, flow additives are small particles that improve flow by adhering to larger
cohesive particles [52-54]. These small particles act as spacer between larger particles (Figure
1.1), and thus increase inter-particle separation leading to improved flow [13]. Powder mixtures
in which small particles (guest particles) (< 10 um) adhere to relatively large particles (host
particles) are referred as interactive mixture [55-57]. Thus, the flow additives predominantly

work on the principle of interactive mixing [15].
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Figure 1.1 — Flow improvement mechanisms proposed for silicon dioxide

For efficient interactive mixing, the adhesion force between the small and large
particles (work of adhesion, Waq) must be stronger than the cohesion forces between the small
particles (work of cohesion, Wco) (Figure 1.2) [58, 59]. Studies have suggested that the
cohesive nature of small silicon dioxide and magnesium stearate limits their ability to disperse
over large particles under low to medium shear mixing, which compromises their flow additive
action to a considerable extent flow [9, 15, 47, 54]. Thus, low-cohesion small particles are

desirable to achieve efficient interactive mixing and consequently efficient flow additive action.
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Figure 1.2 — The effect of the relative magnitude of cohesion and adhesion on the interactive

mixing behaviour of small particles

Since, surface properties have a strong effect on the magnitude of inter-particle forces
[60], engineering surface properties has evolved as one of the main techniques to control the
cohesion of small particles. This includes, for example, dry coating and spray drying with
excipients, such as magnesium stearate, phospholipids and L-leucine [14, 19, 61-63]. These
techniques have been effectively explored in the area of dry powder inhalers, where particles
of 1-5 um aerodynamic diameter, with low cohesion and good dispersibility are desirable for
their efficient delivery to lung [64, 65]. The surface engineering using these methods have been
proposed to reduce cohesion by reducing surface energy as well as area of contact or inter-
particle interactions [14, 16, 61]. For instance, co-spraying with L-leucine has been
demonstrate to lead to formation of wrinkled and corrugated particles [16, 66, 67]. It was
proposed that the interfacially active L-leucine alters the surface physico-chemical properties,
which eventually determine the resultant bulk performance of spray-dried formulations.

However, systematic studies investigating such relationships are lacking.
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1.4 Improving compactability

Materials with poor compactability form mechanically weak tablets due to weak inter-particle
bonding, which tend to laminate or break during production or handling [6, 7]. Thus, particle-
particle net bonding strength must be increased to improve the compactability of such
materials. Commonly, binders such as polyvinylpyrrolidone, microcrystalline cellulose and
starch are used to improve material compactability [68-70]. The importance of binders is well
recognised and hence there has been many efforts to improve their performance. Improved
direct compression filler-binders were mainly created by physical manipulation and

combination of existing excipients [1, 32, 71-74].

1.5 High-dose APIs

One of the common limitations of currently available direct compression excipients (filler-
binders) is that they are typically required in a large proportion to achieve desirable formulation
properties i.e., compactability and flow [37, 71, 75-77]. However, this may necessitate creating
large tablets for formulating high-dose APIs as tablets. Recent research suggests that roughly
one-third of the population find tablet swallowing difficult [78], thus swallowing large tablets
may be particularly challenging which may reduce patient compliance and adherence.
Furthermore, high excipient proportions may also raise concerns about content uniformity and
high sensitivity of formulations to excipient related variations [37, 79-84]. Therefore, direct
compression is considered unsuitable for high-dose APIs despite the simplicity and cost-

effectiveness of this method compared with wet and dry granulation processes [77, 85].

1.6 Innovations in direct compression of high-dose APIs

Many attempts have been made to facilitate the direct compression of high-dose APIs. For

example, coating with magnesium stearate at very low proportions was shown to improve the
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flow of these APIs but it compromises compactability [86]. Similarly, coating of APIs with
small cohesive particles at low proportions was shown to improve the compactability but
compromise flow [87]. Wet coating of poorly compactable materials with highly bonding
materials was also shown to improve compactability at very low excipient proportions, but the

effect of such coating on powder flow was not investigated [75, 80].

Small binders are more effective at improving compactability than their larger
counterparts at low proportion [68, 69, 88-90]. However, such small binders exhibit poor flow
(as evident by their low bulk density, tapped density and angle of repose (Table 1.1)), which
may be detrimental to direct compression. In addition, the differences between the size of APIs
and excipient may cause segregation and thus variations in content uniformity, (unless specific

physical interactions hold particles together for example in interactive mixtures [91] ).

Table 1.1 — Particle size and flow specifications of common commercially available fine-

grade excipients.

Excipient Grade Particle Size Flow description Ref.
D10=16.6 £5.1 um
BD = 0.3 g/cm?,
) ) Dsp =98.8 £1.3 um
Fine grind TD = 0.4 g/cm?, [92]
Dgp =341.8 +31.7
Cl=19.9
Hydroxypropyl pHm
Cellulose Fine grind <149.0 um (>80 %) NA [93]
) D1o=8.0 um AOR =50°,
Super fine
Dso = 20.0 um BD = 0.24 g/cm?, [93]
powder (SPF)
Dgo = 50.0 um TD =0.41 g/cm?®
Dso=50.0 um AOR =49°,
Low-substituted LH-11 >150.0 um (NMT 2 BD = 0.3 g/cm?, [94]
Hydroxypropyl %) TD = 0.6 g/cm?®
cellulose AOR =45,
LH-21 Dso=40.0 um [94]
BD = 0.4 g/cm?,
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>75.0 um (NMT 10 TD =0.6 g/cm?
%)
Dso=25.0 pm AOR =49,
LH-31 >40.0 pm (NMT 50  BD = 0.3 g/cm?, [94]
%) TD =0.6 g/cm?3
D10 =235.2 0.4 um
AOR = 36°,
. . Dso =109.2 £0.8
Microcrystalline ) BD = 0.3 g/cm?,
Avicel PH 102 pm [92]
cellulose TD = 0.4 g/cm?,
Dgo = 195.5 +1.1
Cl=20.0
pm
] Mean = 7.0-12.0
7 FP (fine
) pm; NA [93]
particles)
Max = 100.0 pm
10 FP (fine Mean = 3.0-8.0 um;
Ethyl cellulose ) NA [93]
particles) Max = 140 um
) Mean = 30.0-60.0
100 FP (fine
] pm; NA [93]
particles)
Max = 150.0 pum
) Kolidone VA-
Copovidone 64 <50.0 um (>90%)  BD =0.1-0.2 g/cm3
ine

BD = Bulk density,

TD = Tapped density
Cl = Carr’s Index

AOR = Angle of repose
Max. = Maximum
NMT = Not more than

1.7 Challenges in direct compression of high-dose APIs

As described earlier, improving flow requires minimizing inter-particle bonding, while
improving compactability requires the opposite i.e., maximizing inter-particle bonding. Thus,

flow and compactability might be seen as two fundamentally competing properties [95].
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Attempts to facilitate direct compression of high-dose APIs have mainly focussed on
improving one formulation attribute (i.e., compactability or flow), while its effect on the other
formulation attribute was either ignored or was shown to be negatively affected. Therefore,
further efforts are required to investigate approaches that can be effectively employed to

optimize the flow as well as compactability of difficult APlIs.

1.8 Hypotheses

We proposed that if binder particles are small enough (<10 pum) so as to form a suitable
interactive mixture, it may not only express a binder (due to its higher effective surface area
and better coverage [68, 70, 89]) but also a flow additive action (by acting as spacers and
effectively increasing separation between large cohesive particles [15, 96]). However, cohesive
nature of such small particles [10, 11] could impede their de-agglomeration and dispersion
resulting in inhomogeneous interactive mixing [97]. Such inhomogeneous mixing was
proposed to compromise their excipient performance i.e., flow additive and binder actions.
Thus, it was considered important to control the cohesion of small binder particles for achieving

optimum excipient performance.

Consequently, the following hypotheses were established:

. A low cohesion small (<10 um) binder particles can form a relatively homogeneous
interactive mixture with API compared with high cohesion small binder particles.

. At low proportions, these low cohesion binder particles will act as binders resulting
in high tablet tensile strength.

. At low proportions, these low cohesion binder particles will also act as flow additives

resulting in good blend flow.

10
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1.9 Objectives

The specific objectives of this body of work are as follows;

1. To understand the effect of cohesion of small binder particles on their interactive
mixing behaviour, binder and flow additive actions.

2. To investigate the relationship between the extent of surface manipulation via L-
leucine and the change in surface physico-chemical properties and cohesion of small
binder particles.

3. To investigate the relationship between interactive mixing behaviour with binder and
flow additive action of small binder particles.

4. To investigate the relationship between the cohesion and flow additive action of small
binder particles.

5. To investigate the effect of mechanical properties of low cohesion small particles on

their binder activity.

These specific objectives 1 to 5 are addressed in chapter 3 to 7, respectively. As a thesis by
publication, chapters 3-7 are presented in their original forms as published or submitted for

publication.
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2.1 Abstract

Tablets represent the preferred and most commonly dispensed pharmaceutical dosage form
for administering active pharmaceutical ingredients (APIs). Minimizing the cost and
improving manufacturing output efficiency has motivated companies to use direct
compression as a preferred method of tablet manufacturing. Excipients dictate the success of
direct compression, notably by optimizing powder flow and compactability, thus there has
been a surge in creating excipients specifically designed to meet these. Greater understanding
of the tablet manufacturing process and particle engineering has allowed development of
improved direct compression excipients. Despite this, significant practical disadvantages of
direct compression remain relative to granulation, and this is partly due to the limitations of
direct compression excipients. For instance, in formulating high-dose APIs, a high level of
excipients is required and so tablets are likely to be much bigger. Creating improved
excipients to enable direct compression of high-dose APIs requires knowledge of the
relationship between fundamental material properties and excipient functionalities. In this
chapter, we review the current understanding of the relationship between fundamental

material properties and excipient functionalities for direct compression.

Keywords: Tableting, Excipients, Inter-particle interaction, Flow, Compactability, Direct

compression
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2.2 Tablets

Tablet manufacturing involves two main steps viz., filling of powder into the die followed by
compression. Appropriate powder flow is necessary to achieve rapid and reproducible die
filling, poor flow can potentially obstruct this process leading to unacceptably large dose
variations [1]. The second important step in tablet manufacturing is compression of powders
into the tablets of an optimum tensile strength [2]. The tensile strength relates to the mechanical
integrity of the tablets [3], which determines their ability to withstand post compression
operations such as coating, packaging, storage, transport and patient handling etc. Optimal
tensile strength must also allow tablets to exhibit desirable API dissolution/release behaviour

[4-6].

The majority of APIs, for example paracetamol, metformin, ibuprofen and ascorbic
acid, lack the flow and/or compactability suitable for direct compression tablet manufacturing
[7-14]. Thus, excipients are incorporated to improve compactability and flow [15-17]. The
excipients used to improve flow and compactability are generally described as glidants (or flow
additives) and binders (or filler-binders), respectively [15-17]. Tablet formulations may also
contain other excipients such as lubricants to prevent material sticking to the die thus

facilitating ejection [18] and disintegrants to enhance tablet disintegration [19].

The uniform mixing of excipient(s) with the API(s) is necessary to ensure optimum
excipient performance as well as content uniformity. Therefore, the APIl/excipients blend
should also achieve excellent content uniformity in addition to adequate flow and

compactability [20, 21].
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2.3 Tablet manufacturing methods

Wet granulation, dry granulation and direct compression are the most commonly used methods
of tablet manufacturing. In both wet and dry granulation methods, API and excipient powders
are agglomerated into larger secondary aggregates referred to as granules. Granulation should
significantly improve both the flow and compactability of the formulation [22-25]. In addition,
API and excipients are physically bound together in granules, so segregation tendency is

negligible which ensures content homogeneity [22-25].

In the wet method, granulation is promoted by the addition of a liquid (with and
without binder) followed by heat drying (see Figure 2.1); while in dry granulation, the
APl/excipient blend is compressed in a roller compacter into ribbon-like structures, which are
then milled into granules (see Figure 2.1) [26]. In both processes, the granules are compacted
into tablets. Dry granulation is preferred over wet granulation for heat and water/moisture
sensitive APIs as neither additional heat nor water is needed [27, 28]. However, both wet and
dry granulation methods require a number of unit prior to tablet manufacturing, which may

significantly add to the cost, time and complexity of tablet manufacturing.

Direct compression involves blending of API and excipients followed by compression
without any prior granulation (see Figure 2.1). The number of unit operations involved in direct
compression is less than granulation-based methods. Therefore, direct compression is a
relatively simple and cost-effective method, and is thus preferred [29]. In addition, direct
compression does not utilise heat and moisture and thus is considered suitable for heat and

water labile APIs [2].
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Figure 2.1 — The typical steps involved in wet granulation, dry granulation and direct

compression tablet manufacturing [2]. Adapted and modified from Armstrong, 2005
2.4 The role of excipients

In wet and dry granulations, the properties of the APIl/excipient blends are partly altered by
granulation. So, not only the excipients but also the blend processing (to form granules)
significantly contribute towards achieving optimum formulation performance [23-25].
Conversely, the properties of the starting materials are unaltered in direct compression and thus
have a profound impact on the behaviour (i.e., flow and compactability) of the resultant
formulation. Additionally, the API and excipient particles are not bound together (as in
granules) in direct compression blends, thus there is greater risk of segregation during handling
and tableting [2, 30, 31]. Therefore, the properties of the starting materials (both APIs and
excipients) greatly affect the content uniformity, flow and compactability of direct compression
formulations [32, 33]. For poorly flowable and difficult to compact APIs, formulation
performance i.e., flow and compactability mainly depends on excipients. Therefore, the

excipients used in direct compression should enhance formulation performance to ensure
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efficient tablet manufacturing [15, 34-37]. This has motivated scientists to create/engineer

improved excipients for direct compression.

2.5 Excipients for direct compression

The common objective of excipient engineering is to achieve improved flow, compactability
(flow and compactability are discussed in section 2.7) and dilution potential to make them
suitable for direct compression [15, 32]. Dilution potential relates to the amount of excipient
required to achieve optimum compactability [38-40]. Two models have been put forward to
understand the relationship between the amount of excipient (typically a binder or a filler-
binder) incorporated and the corresponding increase in tensile strength (see Figure 2.2) [41].
The first model suggests that the excipients are required to fill inter-particle voids in the tablets
to give optimum tensile strength [41]. However, it is very difficult to form tablets without voids
except in the case of very plastic materials [42]. Additionally, there is no guarantee that the
excipient particles would specifically fill the voids in the tablets of API [41]. The second model
suggests that there needs to be a monolayer of excipient particles around each API particle to
give optimum tensile strength. However, this hypothesis assumes that the excipient added to a
mixture will coat the API particles, while the excipient particles are actually randomly
distributed in the mixtures unless specific inter-particle interactions facilitates adhesion of
excipient to the API particles. Thus, both models have limitations and neither have been shown
to accurately predict the amount of excipient needed for achieving maximum tensile strength
[41, 43]. Therefore, the dilution potential of excipients is determined more traditionally by
experimentally determining the improvement in compactability of poorly compactible APIs

(e.g. paracetamol or ascorbic acid) achieved as a function of excipient proportions [38-40].
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Figure 2.2 — Representation of models of the relationship between the amount of excipient and

the corresponding increase in tensile strength

2.6 Engineering improved excipients

Improved excipients can be created either by synthesizing new excipients or by improving
existing excipients [44]. The development of new chemical excipients requires extensive
toxicology tests [45-47]. This is a costly preposition and so, in the last three decades, only a
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few such new chemical excipients have been introduced in the market [48]. However, the
excipients created by physical manipulation of existing generally regarded as safe (GRAS)
excipients are also considered safe provided such physical manipulation does not give rise to
any chemical change [49]. Thus, such physically modified excipients do not require expensive

and lengthy safety and toxicity studies [45-47].

Physical manipulation involves the modification of existing excipients at particle and
sub-particle levels (see Figure 2.3). Modification of particle properties such as shape, size and
size distribution, morphology and porosity is considered as particle-level manipulation [50].
The physical combination of two or more excipients via co-processing is considered as sub-
particle level manipulation. Such manipulations are considered to affect excipient
functionalities such as flowability, compactability and dilution potential [51, 52]. A number of
excellent reviews have compiled the ways of creating directly compressible excipients and the
improvement in performance achieved [7, 17, 50, 53-55]. However, the motive of this chapter
is to review studies investigating how fundamental material properties contribute to excipient
functionalities such as flow and compactability and the limitations of directly compressible
excipients in high-dose APIs. In addition, we have also reviewed research efforts improve the

tabletability of high-dose APIs.

Excipient Engineering

Particle Level Sub-particle Level
B 1 1 1 1 - o -
y m,a”,')gft!"c",g;‘igepa”'c'e DR By combining plastic and
+ Surface energy brittle excipients at fixed
* Morphology .
+ Porosity proportions
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Figure 2.3 — Particle and sub-particle level pathways of excipient engineering

2.7 Fundamental material properties, compactability and flow

The term compactability describes the ability of a powder to form tablets i.e., the ability of a
powder to compress into tablets of specified tensile strength [56, 57]. Powder compactability
has been proposed to depend on the magnitude of inter-particle forces which hold the particles
together in tablets [57, 58]. Other commonly used terminologies to describe the ability of a
powder to form tablets are compressibility, and tabletability. Compressibility is the effect of
compaction pressure on tablet porosity, and tabletability is the relationship between

compaction pressure and tensile strength [56, 57].

In general, powder flow can be defined as the movement of particles relative to
adjacent particles and/or surfaces [59]. For larger particles, gravity is generally greater than the
inter-particle forces, hence they normally flow easily [60-62]. However, many smaller particles
experience stronger inter-particle forces compared to gravity, thus such particles are cohesive
and exhibit poor flow [62-64]. Therefore, like compactability, powder flow also depends on

the magnitude of inter-particle forces [65, 66].

The magnitude of inter-particle forces is a result of the type of inter-particle bonds and

the contact area over which these bonds are active (see

Figure 2.4). Thus, both flow and compactability also depend on the type and the area
of inter-particle interactions [57, 66-68]. Fundamental material properties such as physico-
chemical and mechanical properties such as particle size, morphology and surface energy have

been proposed to affect the type and area of inter-particle forces [69].
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Figure 2.4 — Strength and area of inter-particle interactions

2.8 Types of inter-particle interactions

The most common types of forces that exist at particle-particle interfaces include solid
bridging, capillary forces, mechanical interlocking (hooking and twisting of particles) and/or
inter-molecular forces [58, 70, 71]. Additionally, surface energy has also been proposed to

affect inter-particle bond strength [72, 73], which is also discussed here.

2.8.1 Solid bridging

Solid bridging represents the fusion of particles leading to the formation of a continuous solid
bridge between particles [67]. It may be a result of partial melting, self-diffusion of atoms
and/or recrystallization of solid material at particle-particle contact points [74-77]. Solid
bridges are the strongest inter-particle bonds [67]. Thus, tablets in which particles bond via
solid bridging also exhibit an retarded disintegration time [78]. Solid bridging is more
important in the context of compactability than flow [74, 79]. Laboratory studies have shown
that sodium chloride tends to form solid bridges at compression pressures of 100, 200 and 250
MPa [80]. It has also been proposed that plastic but not brittle materials tend to bond via solid
bridging because brittle materials tend to fragment under compression which does not allow

large stresses at inter-particulate contact points to be created [80]. Additionally, amorphous
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materials are more likely to bond via solid bridges and the presence of moisture in a tablet
increases the likelihood of solid bridges developing [78, 81]. Solid bridging typically increases

with increasing particle size and compaction pressure [80].

2.8.2 Capillary forces

At higher relative humidities, water vapour in inter-particle spaces can condense on particle
interfaces leading to the formation of liquid bridges. Such bridges affect inter-particle
interactions and are referred to as capillary forces. They are also very strong attractive inter-
particles forces [82, 83]. Capillary forces can affect both the flow as well as compactability to
a considerable extent [84-87]. In general, an increase in capillary forces improves material
compactability but deteriorates flow [83]. However, capillary forces mainly affect inter-particle

interactions at environmental humidity exceeding 65% RH [88, 89].

2.8.3 Mechanical interlocking

Particles with extremely rough surfaces may also interact mechanically via interlocking due to
hooking and/or twisting of particles together. This can increase inter-particle attraction forces
[78]. The materials which bond predominantly by this mechanism can have low compact
strength and lengthy disintegration times [78]. Furthermore, mechanical interlocking may also

compromise powder flow, if surfaces are extremely rough [90].

2.8.4 Long-range forces

Forces such as electrostatic forces, van der Waals forces and hydrogen bonds are examples of
long-range forces. These forces are active when the distance between the particles is between

1-10 nm [80, 91].
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2.8.4.1 Electrostatic forces

Particles may build charge at their surfaces, when rubbed against surfaces [92]. When two
charged particles approach one another, they either attract or repel each other depending on
their charge. These forces are referred to as electrostatic forces. Electrostatic forces are
relatively weak (compared to van der Walls forces [83]) and are believed to contribute
insignificantly to the tensile strength of tablets [67, 93], as surface charge can neutralize/diffuse

relatively quickly over time and with exposure to normal humidity [94].

2.8.4.2 Van der Walls forces

Van der Waals forces arise due to electrical dipoles in atoms thus represent ubiquitous inter-
particle forces. These forces are considered as the principle forces governing particle-particle
interactions [83, 95]. Therefore, emphasis is place on understanding the role of these forces on
material flow and compactability [65, 91, 96] [97, 98]. It is generally agreed that strong van
der Waals force are associated with improved compactability but poor flow and vice-versa [67,
97-99]. Numerous theoretical models have been developed to quantify the strength of van der

Waals forces [58, 72, 73, 93, 100].

2.8.4.3 Hydrogen bonding

Some pharmaceutical materials such as microcrystalline cellulose and sucrose bond via
hydrogen bonding under compression. Hydrogen bonds are also considered as relatively strong
inter-particle bonds [34, 67]. However, the effect of these bonding forces on flow behaviour is

not understood.
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2.8.5 Surface energy

Inter-particulate forces are also a function of the surface energy of particles [72, 73]. Surface
energy depends on a number of factors such as chemical nature, crystal polymorph etc. [97,
101-103]. Pharmaceutical powders exhibit surface energy heterogeneity i.e., there is a
distribution of surface energies depending upon sample variability [101, 104, 105].
Pharmaceutical crystals consist of organic molecules and generally each face, edge and defect
of a crystal has different proportions of chemical functional groups that are present at the
surfaces of a single particle, which may give rise to surface energy heterogeneity [105, 106].
The surface energy ultimately affects inter-particle interactions, which affects material

properties such as compactability [67] and powder flow [103].

Previous studies have investigated the relationship between compactability and
surface free energy [97, 98, 107]. A linear relationship was found between surface free energy
(literature values) and the tensile strength of pharmaceutical materials such as aspirin,
griseofulvin, indomethacin, magnesium stearate, potassium chloride, sodium chloride and
phenacetin [107]. A reduction in surface energy of lactose via surface coating with polysorbate
80 has also been shown to result in a reduction in compactability. However, at higher
compaction forces, the effect of surface energy on compactability decreased [97]. This was
attributed to the formation of solid bridges as the strength of these bridges is independent of

surface energy [97].

The flow improvement achieved by surface coating with glidant particles has been
shown to be associated with reduced surface energy [68]. This was attributed to the preferential
adhesion of small particles to high-energy sites on cohesive particles reducing the net surface

free energy [108-111]. Micronization has been reported to increase the surface energy of
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particles, which was proposed to have detrimental effect on their flow [103]. However, there

is little published direct evidence of a relationship between surface energy and powder flow.

2.9 Inter-particle bonding area

Inter-particle bonding area is the effective surface area over which the inter-particle forces act
[67]. Particles can deform under the influence of inter-particle as well as external forces, thus
the true area of inter-particles contact is difficult to accurately estimate [112]. The effect of
contact area on compactability and flow is traditionally assessed by investigating particle
properties such as physico-mechanical behaviour (elastic/plastic and brittle deformation), size

and surface morphology [67].

2.9.1 Physico-mechanical behaviour

Particles tend to compress via either plastic/elastic deformation or brittle fracture (see Figure
2.5) or by a combination of these mechanisms [36]. Table 2.1 lists some pharmaceutical
materials with characteristic brittle or plastic compression behaviours. Compression of brittle
materials results in a substantial reduction in particle size due to particle fracture. This creates
greater area for inter-particle bonding. Elastic materials tend to undergo reversible deformation,

while plastic materials deform permanently with the creation of larger areas for inter-particle
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bonding [67]. Therefore, materials with greater plasticity offer larger areas for inter-particle

bonding and hence exhibit higher compactability compared to more elastic materials [113].
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Figure 2.5 — Compression behaviour of plastic, elastic and brittle materials

Plastic materials are also generally believed to exhibit better compactability than
brittle materials [15, 32, 38, 39, 57]. For example, plastic microcrystalline cellulose (MCC)
exhibits higher compactability than brittle dicalcium phosphate (DCP) [38]. During
compaction, brittle particles fracture to cause an increased total surface area available for
bonding. However, if the fragments do not deform plastically after fracture (i.e., they only
deform elastically), a strong tablet may not be formed. Thus, plastic deformation is considered

vital to achieve optimal tensile strength [57].

Table 2.1 — Physico-mechanical behaviour of some pharmaceutical materials

Physico-mechanical Name of excipients

behaviour
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Polyvinylpyrrolidone (PVP) [114], Polyethylene glycol (PEG)
[114], Sodium bicarbonate [43], Sodium chloride [115],
Plastic Vinylpyrrolidone-vinyl acetate copolymers (Kollidon VA 64) [116],
MCC [42], Inulin [117, 118], Isomalt [119, 120], Sorbitol [121],

Chitin [121]

DCP [122, 123], Xylitol [124], Fumed colloidal silicon dioxide
Brittle [125], Sucrose [126], Mannitol [127], a-lactose monohydrate [121,

128]

The compactability of plastic materials reduces substantially due to surface lubrication
with materials such as magnesium stearate [129-133]. It was proposed that the lubricants are
low bonding materials and form a film around the materials which interferes with the inter-
particle bonding of such materials and hence compromises their compactability [102, 129, 132].
This phenomenon is termed as “lubricant sensitivity”. In contrast, brittle excipients exhibit
limited sensitivity to surface lubrication as they fragment and therefore create new lubricant-
free surfaces which can participate in inter-particle bonding [50, 130]. In fact, lubricated
powders may surprisingly exhibit higher compactability due to lubricant related efficient

packing behaviour of powders during compaction [134].

In addition, plastic materials deform in a time dependent manner and are typically
referred to as viscous or viscoelastic material [135]. A change in the compression speed
significantly affects the deformation of such materials [136, 137]. At higher compression
speeds, the time available for plastic materials to deform is shorter [136-138]. This leads to
higher elastic recovery which reduces the area of inter-particle bonding and consequently the

compactability [136-138]. For example, the pressure at which MCC deforms plastically
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increases with the speed of compression because of a reduction in the amount of plastic
deformation caused by the time-dependent nature of plastic flow [136]. This is termed “strain-
rate sensitivity”. This can be determined by measuring the relative difference between yield
pressure values at a high and low compression speed [136]. Unlike plastic materials,

fragmenting material are less sensitive to the variations in compression speed [136-138].

For materials to deform plastically, it is important that the applied pressure exceeds
their yield pressure (the pressure above which plastic materials tend to deform plastically and
below which they are predominantly elastic) [136-138]. For crystals, these mechanical
properties are determined by their structures. Dislocation and the presence of multiple slip
planes, especially those involving flat slip planes, determine how easily a crystal undergoes
plastic deformation [57, 139]. However, for amorphous materials, the difference between their
glass transition temperature (Tg), and the experimental temperature determines their
mechanical behaviour [140]. When their Tg is above the experimental temperature, amorphous
materials are in the glassy state and exhibit greater resistance to deformation. However,
materials change from a glassy to a more plastic structure and the resistance against
deformation decreases dramatically when the Tg is close to the experimental temperature [141].
In consequence, the deformability and hence the compactability of such plastic materials

strongly depend on their Tg [140].

Physico-mechanical properties such as particle deformation (plastic/elastic) may also
influence flow. It has been proposed that the particles can also deform plastically at particle-
particle contact points under the influence of inter-particle forces [112]. This can increase the
area of inter-particle contacts and consequently affect flow. The magnitude of deformation at

the contact point depends on the particle size, as smaller particles exhibit greater resistance to
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deformation compared to larger particles [65, 142]. Thus, both consolidation force and inter-

particle forces can significantly influence flow.

2.9.2 Particle size

A number of studies have investigated the relationship between particle size and compactability.
The compactability of plastic materials increases as particle size is reduced [115, 143-145].
This was attributed to the larger surface area of smaller particles, which offer larger areas for
inter-particle interaction compared with larger particles. Conversely, the compactability of
brittle materials is typically independent of their particle size. This was attributed to the
tendency of these materials to fracture during compaction, which negates the influence of such
differences in initial particle size [143, 146]. As discussed earlier, every material exhibits a
characteristic mechanical behaviour, however, changes in particle size may also lead to
changes in mechanical behaviour of materials, for example, from plastic to rigid or brittle to
plastic [123, 147-149]. Particle size also affects the flow and smaller particles typically exhibit
poor flow [62-64].

The binder efficiency of plastically deformable materials improves with a reduced
particle size, indicating a relationship between surface area and binder activity [43, 114, 150].
Hence, attempts have been made to improve binder activity of excipients by reducing their
particle size. This has resulted in the production of several excipients in fine and extra-fine
grades. Such excipients are indeed shown to exhibit improved binder activity compared to their
larger counterparts [150, 151]. However, the reduction in particle size also decreases the flow
[152-154]. This is especially important in direct compression, where excipients critically affect
the flow performance of the formulations. In addition, blending large API and smaller
excipients may potentially result in segregation during operations (unless true interactive

blending is achieved) [32].
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2.9.3  Surface morphology

Particle shape and surface roughness have also been argued to affect compactability. Particles
with irregular shape and higher surface roughness are proposed to favour plastic deformation
because of the higher degree of surface asperities and crystal defects, and thus exhibit greater
compactability [145, 155, 156]. In contrast, the compactability of brittle materials is less
affected by particle shape and surface texture [143, 155, 156]. For example, plastically
deforming materials such as microcrystalline cellulose and sodium chloride experienced
reduced bonding strengths as their surface roughness decreased. However, the bonding
strengths of brittle materials such as lactose and calcium phosphate were insensitive to particle

roughness since the area of contact was maximized after fracture [155].

The surface morphology of particles can also affect flow by affecting the area with
which particles are in contact with each other. Rough particles have reduced surface area
available for inter-particle interactions compared to smooth particles, thus they can exhibit
lower cohesion and better flow [65]. Except for the case of excessively rough surfaces which
may inhibit flow due to mechanical interlocking of particle [90]. It has been proposed that a
glidant (silicon dioxide) may improve the flow of cohesive particles by adhering to them and
reducing the contact area [66]. The contact area in such blends is also shown to be proportional
to the diameter of glidant particles, where smaller glidants were shown to exhibit better flow
improvements [63, 66]. In this context, when the surface coverage is very low the flow
improvements are negligible [63]. However, as the surface coverage is increased, substantial
flow improvement can be achieved [63, 64, 68, 157-160]. A minimum surface coverage of 40 %
has been proposed for efficient flow improvement [161]. Some studies have suggested that
inter-particle forces may be minimized by altering the surface morphology and creating

rough/corrugated particles [104, 162-164].
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2.10 Relationship between compactability and flow

Clearly, both contact area and strength of inter-particle interactions are critical factors affecting
compactability and flow. Reducing the contact area and strength of inter-particle interactions
improves flow but compromises compactability. In contrast, increasing the contact area and
strength of inter-particle interactions improves compactability but compromises flow. For
example, compactability may be increased by reducing particle size or by reducing the

elasticity, while improving flowability requires the opposite changes.

Flow and compactability can therefore be seen as two competing objectives (see
Figure 2.6). Thus, there appears to be a fundamental contradiction in creating direct
compression excipients with improved flow and compactability. Therefore, functionality can
only be improved to a certain extent via particle-level manipulation of existing excipients [53].
For example, the flow of Avicel® PH-200 is improved by increasing particle size but its

compactability is lower compared to Avicel® PH-101 [165].
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Figure 2.6 — Relationship between flow and compactability

2.11 Co-processed excipients

As discussed earlier, improved excipients can also be created by co-processing two or more
excipients at sub-particle level to synergistically combine their functionalities and mask the
undesirable properties of individual excipients [44]. These co-processed excipients were
created with the aim to address this contradiction and achieve a balance of both good flow and
compactability [50, 53, 166, 167]. In such excipients, plastic materials are incorporated to
impart excellent binder activity, while brittle materials are incorporated to allow fracture of
excipient particles under compression to create larger contact area for inter-particle interaction.
This allows the initial particle size to be kept large to assist flow without affecting the area
available for binding action under compression [50, 168]. In addition, plastic materials could
impart excellent binder activity, while brittle materials could minimize the sensitivity of
excipient to speed of compression and surface lubrication [32, 169-172]. Thus, the combination
of plastic and brittle materials could maximize compactability and flow whilst minimizing the

effect of lubrication and compression speed on intrinsic excipient compactability [20, 32].

These co-processed excipients are generally found to be superior to the physical
mixture of their constituting excipients in the same proportions [124, 173-181]. In theory, a
balance of brittle and plastic properties should be complementary but in practice the inferior
bonding of the brittle materials (which are generally incorporated in larger proportions to
plastic materials (see Table 2.2)) reduces the binder efficiency [15]. For instance, cellactose
could not produce tablets of minimum acceptable tensile strength (1.7 MPa [6]) with as low as
37.5 % wiw of paracetamol [178]. Ludipress exhibit lower dilution potential than Avicel PH®

101 [174].
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To overcome the poor binding caused by relative high proportions of brittle materials,
an excipient with high proportions of plastic material (MCC- 98 %) and low proportions of
brittle material (colloidal silicon dioxide- 2 %) has also been tested in direct compression [33,
125, 182]. This excipient (SMCC) demonstrated lower sensitivity to lubricant and speed of
compression but caused no change in tensile strength compared to physical mixtures of MCC
and colloidal silicon dioxide [171]. In addition, the tensile strength of tablets consisting of
SMCC (Prosolv®) and ascorbic acid dropped below 1.7 MPa with 50 % w/w ascorbic acid
[125]. It has been argued that MCC is currently the optimum binder [15, 32, 39, 183, 184], and
this is attributed to its ability to deform plastically and to bond via hydrogen bonds [185, 186].
However, SMCC has also been argued to exhibit superior binder properties compared to MCC
for some APIs and nutritional products. Others have reported Kollidon® VA 64 as the most

effective binder due to its low Tg, which results in high plasticity [116].

Table 2.2 — Compositions of some commercial directly compressible co-processed excipients

Composition
Excipient References
Brittle Material Plastic Material
93% a-lactose 3.5% PVP + 3.5 % Cross-linked
Ludipress [169, 174]
monohydrate PVP
75 % o-lactose
Cellactose 25 % Cellulose powder [168, 187]
monohydrate
75 % o-lactose
MicocelLac 25 % MCC [168, 177]
monohydrate
85 % a-lactose
Starlac 15 % Maize starch [50, 188]

monohydrate
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2.12 High-dose APIs

Current directly compressible excipients generally exhibit relatively low binder
efficiency/dilution potential. Thus, they are ineffective at improving the compactability of APIs
at high APl proportions [189-192]. These excipients are only effective at improving
compactability when incorporated in large proportions (usually > 40%) [189-192]. The use of
excipients in such large proportions may lead to limitations, such as unacceptably large tablets,
content uniformity issues and a greater risk of excipient related quality variations [12, 48, 193-
197]. For example, MCC, despite its excellent binder action, could not be effectively used for
creation of acceptable tablets containing paracetamol by direct compression [198]. At low
proportions, the tablets were fragile and prone to capping tablets. Coherent tablets were only
achieved at higher proportions of MCC making the size of tablets impractically large [198].
Thus, the direct compression process almost invariably applies to formulations containing
potent/low to medium dose APIs [2, 17]. However, high-dose APIs with inherently poor
compactability, for example paracetamol, metformin, ascorbic acid and aspirin, are difficult to
be directly compressed into intact tablets with sufficient tensile strength [8, 9, 12, 107, 198].
Consequently, formulation scientists are often forced to struggle with challenges created by
poor APl mechanical properties, a leading cause of delay in development and manufacturing

of tablet products [199].

Attempts have been made to modify API properties to improve their suitability for
tablet manufacturing, for example, via crystal engineering to enhance their compaction
properties [10, 139, 200-203]. However, engineering crystal API properties is considered less
practical industrially as the new crystal form needs safety/toxicity assessment for regulatory
approval which may significantly delay commercialization [193]. In addition, each API has a

limited number of crystal forms which may or may not have satisfactory compactability [204].
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Recently, the surface coating of poorly compactible materials with highly bonding
polymers such as hydroxypropyl cellulose and PVP was shown to profoundly improve
compactability. It was proposed that the surface coating allows replacement of weak inter-
particle bonds between poorly compressible materials with stronger polymer-polymer
interactions [189, 193]. However, the effect of such a coating on flow performance was not
evaluated. Dry coating the surface of ibuprofen with silicon dioxide has also been shown to not
only improve flow but also compactability. It was shown that the blends containing as much
as 70 % API resulted in satisfactorily tablets [205]. However, colloidal silica is not a good
tableting lubricant. Dry coating ibuprofen with magnesium stearate has also been shown to
improve flow but reduce compactability. However, this strategy showed that blends containing
up to 80 % API could be successfully tableted [206]. It was also shown that the interactive
mixing of ultrafine ibuprofen particles improved the compactability of large ibuprofen particles,
however, the flow performance deteriorated [207]. The interactive mixing of low cohesion,
small excipient particles (< 5 um) has been shown to improve the flow and compactability of
a surface lubricated (magnesium stearate coated) pharmaceutical excipient at as low as 10 %
w/w [208]. It was also proposed that co-spraying an excipient with L-leucine achieved both
flow and compactability benefits [208]. These recent innovations may in time and with further
research, understanding and optimisation, provide new opportunities to create new and

improved strategies for direct compression.

2.13 Conclusion

Flow and compactability are two essential formulation attributes for efficient tablet
manufacturing. Consequently, the excipients for direct compression are engineered to impart
better flow and compactability. The magnitude of inter-particle interactions forces

determines the flow and compactability. These forces need to be minimized for improved
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flow performance; however, materials with low inter-particle interaction may exhibit poor
compactability. Thus, the inter-particle forces should be optimally balanced to satisfy the

need of particulate flow and compactability.

The success of direct compression tablet manufacturing lies in understanding the
limitations of APIs and effectively overcoming these limitations by combination with
suitable optimized excipients. Understanding the relationships between fundamental material
properties and inter-particle interactions has resulted in the development of a number of
improved excipients for direct compression. These efforts mainly involved physical
manipulation of existing excipients. Typically, these excipients exhibit superior flow and
compactability and are thus more suitable for direct compression. However, the majority of
existing directly compressible excipients exhibit low dilution potential, which significantly
limits their application especially in the case of poorly compactible and poorly flowable high-
dose APIs. Thus, more efforts are required to create excipients suited to serve the needs of
such APIs. In addition, it is equally important to achieve an optimum balance between
functional improvement and cost. Continued successful development, optimisation and
implementation of efficient excipients for high-dose API may significantly reduce the

associated cost, time and complexity of tablet manufacturing.
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3.1 Commentary

This work was carried out as initial proof of concept to investigate if small binder particles can
express a binder as well as a flow additive actions by forming interactive mixture. We
hypothesized that small binder particles with low cohesion, de-agglomerate efficiently and so
form a homogeneous interactive mixture, thus express an enhanced binder and flow additive
actions. In this study, low cohesion binder particles were created by co-spraying a model
pharmaceutical binder (PVP) with L-leucine, while PVP spray-dried without L-leucine was
used as control high cohesion particles. To test our hypothesis, we investigated the effect of
cohesion of small binder particles on their interactive mixing behaviour and the resultant binder

and flow additive actions.
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3.2 Abstract

In this study, polyvinylpyrrolidone (PVP) was spray-dried with L-leucine (PVVP-Leu) to create

a prototype multifunctional interactive excipient.

The physico-chemical and bulk properties such as particle size, surface composition, surface
energy and bulk cohesion of PVP-Leu was measured and compared against pure spray-dried
PVP (PVP-SD). The mixing behaviour of these excipients and their effect on flow and binding

activity of paracetamol was assessed.

The mean particle sizes of PVP-Leu PVP-SD and PVP were 2.5, 2.1 and 21.9 um, respectively.
Surface composition characterization indicated that L-leucine achieved higher concentration
on the surface compared to the bulk of the PVVP-Leu particles. The surface energy of PVP-Leu
was significantly lower compared to PVP-SD. In addition, PVVP-Leu exhibited a significantly
lower bulk cohesion compared with PVP-SD. The excipients were blended with paracetamol
and qualitative characterization indicated that P\VVP-Leu blended more homogeneously with
paracetamol compared to PVP-SD. Both PVP-Leu and PVP-SD then exhibited a significantly
improved binder activity compared to PVP (commercial unmodified PVP). The flow of the
paracetamol was markedly improved with PVP-Leu while PVP-SD and PVP had negligible

effect on its flow.

This study reveals how physico-chemical and bulk properties of such prototype interactive

excipients can play a key role in determining multi-factorial excipient performance.

Keywords: Polyvinylpyrrolidone, Lubricant, Interactive excipient, Co-processed excipients
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3.3 Graphical Abstract
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34 Introduction

Tablets are the most commonly used pharmaceutical preparation, despite the availability of
many advanced pharmaceutical formulations [1]. For any active pharmaceutical ingredient
(API) to be transformed into the tablets of satisfactory quality, the formulation must exhibit

three essential attributes i.e., good flow, high compactability and excellent content uniformity

[2]:

e good flow is necessary for the rapid and reproducible filling of powder into the die to
minimize weight variation,

e high compactability is required to ensure that the tablets are sufficiently strong to
withstand handling during manufacturing and transportation,

e excellent content uniformity is necessary for a consistent APl dose.

The majority of APIs lack the requisite flow and compactability for tablet
manufacturing [3]. Therefore, the flow and compactability of such APIs is typically improved
by a granulation step (either wet or dry), which involves agglomeration of APl and excipients
into larger particulate structures i.e., granules. In such structures, the physico-mechanical
inadequacies of both APIs and excipients are masked to an extent, facilitating efficient tablet
manufacturing. In contrast, direct compression involves the mixing of API(s) with excipient(s)
without a preliminary granulation, therefore the physico-mechanical properties of the
individual components i.e., API(s) and excipient(s) have greater impact on the powder blend
performance i.e., flow and compactability. Hence, the role of excipients is critical to ensure
formation of robust tablets in direct compression [2, 4]. Therefore, there is a ubiquitous need
for optimisation of excipients in the drive for more efficient tablet manufacturing using direct

compression.
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Improved and optimised excipients have mainly been generated via physical
manipulation of existing excipient materials [5-8]. The main objective of excipient engineering
is to improve both flow and compactability of the excipients. Particle size manipulation is one
of the most commonly used approaches to optimize the flow and compactability of the
excipients. However, typically flow and compactability are inherently competing
characteristics, which makes it challenging to achieve an optimum balance of excipient flow
and compactability at a given particle size [9]. Large particle size is usually associated with
improved flow. However, a smaller particle size is associated with improved compactability
due to an increase in the surface area [10-12]. Additionally, there is also the requirement to
match particle size of the excipients and API to achieve good content uniformity, which
typically requires particle size of APIs and excipients to be in the same order (except for
ordered/interactive powder mixtures). The obligation to satisfy such competing objectives has
made excipient design for direct compression a challenging task, and efforts to improve

excipient functionality have resulted in a qualified success so far [13].

The concept of interactive mixing involves the adhesion of smaller particles to
relatively larger particles facilitating their homogeneous distribution [14-18]. As particles
become smaller, their interactive ability increases and particles below 10 um are considered to
be highly interactive in nature [19]. We propose that an excipient with the ability to form
interactive mixture with the API(s) may exert an efficient binder action due to its higher
effective surface area and better coverage [10-12]. Additionally, adhesion of an appropriate
form of smaller particles to larger cohesive API could also reduce inter-particle cohesion
between API particles therefore exerting a flow additive action, as typically observed with flow
aids such as silica [20, 21]. So, in principle we propose that such an interactive excipient might

not only improve binder action and facilitate flow but could also give robust content uniformity.
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For interactive mixing to occur, the cohesion forces acting between the individual
components, especially the smaller component must be overcome via energy applied through
mixing. Small particles (<10 um) are considered to be highly cohesive in nature as the inter-
particle forces (cohesive forces arising from electrostatic, capillary or van der Waals
interactions) significantly exceed external forces such as gravity resulting in agglomeration
[22]. The ability of the mixing process to split agglomerates into individual particles decreases
with increasing inter-particle cohesion forces, which makes de-agglomeration difficult [23].
This may compromise the ability of smaller excipient particles to form interactive mixtures
with larger API particles, compromising their functional performance. Therefore, controlling

inter-particle cohesion is considered to be a key aspect of creating such interactive excipients.

L-leucine has been reported to act as a lubricant in tablet formulation [24, 25]. In
addition, it has also been previously employed to reduce cohesion and improve the
dispersibility of spray-dried fine particles in dry powder inhaler research [26-28]. In this study,
polyvinylpyrrolidone (PVVP) was chosen as a polymeric binder and L-leucine was chosen as a
lubricant to control inter-particle cohesion. PVP was spray-dried with L-leucine to generate
micron-sized interactive excipient. The effect of L-leucine on the surface composition, surface
energy and bulk cohesion was assessed. Paracetamol was selected as model poorly flowable
and poorly compressible API [29, 30] to investigate the mixing behaviour of excipients and

their impact on flow and tabletability.

35 Materials and methods

Paracetamol of analytical grade was procured from Sigma—Aldrich (St. Louis, MO, USA).
PVP K-10 (average molecular weight ~ 10,000 Da), was purchased from Sigma—Aldrich (St.
Louis, MO, USA). L-leucine was purchased from Ajinomoto Co. Inc. (Tokyo, Japan). The

water used in the formulations was of Milli-Q grade (Millipore Corporation, MA, USA).
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Magnesium stearate was procured from Mallinckrodt Pharmaceuticals (Mallinckrodt
Pharmaceuticals, St. Louis, MO, USA). Hydrophobic fumed silica (Aerosil® R 972) was
procured from Evonik Industries (Essen, Germany). Copolyvidone (Kollidone® VA 64) and
Ludipress® LCE were kindly donated by BASF (Ludwigshafen, Germany). Silicified
microcrystalline cellulose (Prosolv®, SMCC) was kindly donated by JRS Pharma (Rosenberg,
Germany). Microcrystalline cellulose (Avicel®, PH-105) was kindly donated by FMC
biopolymer (Philadelphia, PA, USA), Lactose monohydrate (Tablettose®70) was kindly
donated by Meggle (Wasserburg, Germany) and hydroxypropylcellulose (HPC-SSL-SFP®)
was received as kind donation from Nisso (New York, NY, USA). Presilanized glass columns
and silanized glass wool for the measurement of surface energies were purchased from Surface
Measurement Systems Ltd. (London, UK). Pre-silanized glass beads were purchased from

Sigma-Aldrich GmBH (Steinheim, Germany).

3.5.1 Method of preparation

Briefly, PVP (K-10) and L-leucine were weighed accurately and dissolved in Milli-Q water
with the aid of stirring. The resultant solution was spray-dried with a Buchi-190 Mini spray-
dryer (Buchi Laboratory Equipment, Flawil, Switzerland). The operating conditions employed
were: inlet temperature, 125 °C; spray flow rate, 800 L/h and pump setting, 10 mL/min. These
conditions resulted in an outlet temperature of approximately 70 °C. The spray-dried particles
were collected and stored in heat sealed aluminium bags for further evaluation and use. PVP
alone spray-dried under similar conditions (PVP-SD) and PVP as received from the supplier

(PVP) were used as comparators.

3.5.2  Particle size and size distribution

Particle size measurements were performed using a Malvern Mastersizer 2000 (Malvern
Instruments Ltd., Malvern, UK) dry cell. An air pressure of 2.0 bar was used to disperse. The
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feed rate was varied between 20 — 60% according to the ability of the powder to de-
agglomerate. Measurements for each formulation were performed in triplicate. The in-built
software provided values of Dso (volume median diameter), Dio (10% volume below this
diameter) and Dgo (90% volume below this diameter). An obscuration factor of 2 — 5 was
targeted and the results were considered valid if the obscuration in this range was attained

during the measurement.

3.5.3  Scanning electron microscopy (SEM): surface morphology

The shape and surface morphology of the excipients were visualised by SEM (Phenom™, FEI
Company, Hillsboro, OR, USA). Double-sided adhesive carbon tape was placed on an
aluminium stub and, after stripping off the upper side of the adhesive, a small amount of sample
was scattered on the stub and dispersed by tapping lightly on the edge of the stub. The stubs
were then coated with a fine gold film at an electrical potential of 2.0 kV at 25 mA for 3 min
with a sputter coater (EMITECH K550X, Quorum Technologies, London, UK). The coated
stubs were then loaded onto the SEM docking bay and images were captured at various

magnifications.

3.5.4  Surface composition characterization

X-ray photoelectron spectroscopy (XPS) analysis was performed using an AXIS Ultra DLD
spectrometer (Kratos Analytical Inc., Manchester, UK) with a mono-chromated Al K, source
at a power of 180 W (15kV x 12mA), a hemispherical analyser operating in the fixed analyser
transmission mode and the standard aperture (analysis area: 0.3 mm x 0.7 mm). The total
pressure in the main vacuum chamber during analysis was typically 10 mbar. Survey spectra
were acquired at a pass energy of 160 eV. To obtain more detailed information about chemical
structure, oxidation states etc., high resolution spectra were recorded from individual peaks at
20 eV pass energy (yielding a typical peak width for polymers of 1.0 eV). Samples were filled
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into shallow wells of custom-built sample holders. One lot of each sample was prepared and 2
different locations were analysed on each sample at a nominal photoelectron emission angle of
0° with respect to the surface normal. Since the actual emission angle is ill-defined in the case
of such micro-particles (ranging from 0° to 90°) the sampling depth may range from 0 nm to
approximately 5 — 10 nm. Binding energies were referenced to the aliphatic hydrocarbon peak
at 285.0 eV. Reference spectra of the pure PVP and L-leucine were recorded, normalised, and
then used as model components to calculate curvefits for the spectra of the spray-dried
formulations. The relative peak area of PVP and L-leucine for the co-sprayed PVP-Leu
formulation, therefore directly represents relative surface atomic fractions (or mass fraction

given the number of carbon (C) and nitrogen (N) atoms are same) of L-leucine and PVP.

3.5.,5 Inverse gas chromatography (IGC)

Surface energies were determined with an inverse gas chromatography (iGC 2000, Surface
Measurement Systems Ltd., London, UK) at infinite dilution. Due to the small particle size of
the spray-dried powders, columns packed with spray-dried formulations exerted low porosities
and over pressured. In order to alleviate over pressuring, formulations were blended with 80%
(w/w) of 250 um acid washed pre-silanized glass beads. Blends were packed into pre-silanized
glass columns (300 mm x 3 mm internal diameter) by gentle tapping, until no cracks, hollows,
or channels were visible in the powder bed. The columns were loosely stoppered with silanized
glass wool at both ends to prevent sample movement. Packing of samples was performed in a

relative humidity (RH) controlled environment with humidity <20% RH.

Before measurement, packed columns were pre-conditioned with a helium stream at
10 standard cubic centimetre per minute (sccm) for 2 h at 303 K and 0% RH. Dispersive (non-
polar) energy measurements were achieved with the use of a series of n-alkanes

(chromatography grade decane, nonane, octane, heptane and hexane), while the polar surface
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energy measurements were achieved with the use of acidic and basic probes —chromatography
grade chloroform and ethyl acetate, respectively. For all probes, a concentration of 0.03 p/p0
(where p is the partial pressure and pO0 is the saturation vapour pressure) was used. Helium at a
flow rate of 10 sccm was used to carry the probes through the stationary phase and the system
was kept at 303 K at 0% RH. Dead volumes were based on the retention volume of methane
gas at 0.03 p/p0, detection of probes was achieved with a flame ionization detector. Replicates
of three were conducted for all samples. The values of acidic (y*) and basic (y~) and the
molecular cross sectional area of the specific probes are presented in Table 3.1. Results were

analysed with SMS-iGC analysis software v1.3.

Table 3.1 — Values of acidic and basic and the molecular cross sectional area of chloroform

and ethyl acetate

Probe yt (mJ/m?) y~ (mJ/m?) Molecular cross sectional area (m?)
Chloroform 3.38 0 4.40 x 10°°
Ethyl acetate 0 19.2 3.30 x 10°1°

The dispersive surface energy was calculated according to the theory described by
Schultz [31] while the polar energy was calculated based on the theory proposed by Good-van
Oss-Chaudhury [32] where the polar energy can be split into two components - an acidic
component, y*, and a basic component, y~. The polar surface energy can be calculated by

following equation [32, 33]:

Ys =/Y$Ys Eq. (1.1)
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The total surface energy of the material is the additive effect of both the dispersive
(yP) and polar (y") components [34]. Upon determination of the dispersive and polar surface
energies, the work of cohesion (w,,) for interactions was calculated using the following

equation [35, 36]:

Weo = 2/V2.Y2 + 2458 Eq. (1.2)

where, Y2 and y¥ represent the dispersive and polar energies acting between particles of solid

1.
3.5.6  Bulk cohesion

Bulk cohesion of spray-dried excipients (PVP-Leu and PVP-SD) was measured with a FT4
shear cell (Freeman Technology Ltd., Worcestershire, UK). For the shear tests, the powders
were loaded into a 1 mL shear cell module and conditioned. Then, the powder bed was pre-
consolidated at a normal stress of 9 kPa using a vented piston. Shear tests were carried out at
normal stresses of 3, 4, 5, 6 and 7 kPa. The shear stress at each normal stress was recorded and
yield loci were derived as curves to represent the maximum shear stress the sample can support
under a certain normal stress. The cohesion of each sample was calculated by extrapolating the

yield loci to zero normal stress as given by following equation [19]:
t=C+ otann Eg. (1.3)

where, 1 is the shear stress, ¢ is the normal stress, 11 is the angle of friction, and C is the cohesion

force.
3.5.7 Blending

A 50 g blend was prepared by mixing paracetamol with predetermined quantities of each
excipient in a 250 ml glass jar using a Turbula mixer T2F (Willy A. Bachofen, Muttenz,
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Switzerland) at 72 rpm for 5 min. The blends of paracetamol with PVP, PVP-SD and PVP-Leu

were denoted as PVP/Para, PVP-SD/Para and PVP-Leu/Para, respectively.

3.5.8  Assessment of blending behaviour

The blending behaviour of excipients and paracetamol was qualitatively assessed by SEM
(Phenom™, FEI Company, Hillsboro, OR, USA). In addition, the content of paracetamol was
also quantified using assay method (USP29-NF24) to ensure that the blending of small
(excipient) and large (paracetamol) powder components resulted in homogenous powder
mixtures. Briefly, 120 mg of blend was dissolved in 10 mL of methanol and diluted with water
to 500 mL. Five millilitre of this solution was diluted to 100 mL and the absorbance of this
solution was recorded using UV spectrophotometry (UV-1800, Shimadzu Corporation, Kyoto,
Japan) at 240 nm. The absorption spectrum of PVVP-Leu and PVP was scanned in the range 190
—400 nm to ensure that PVP and PVVP-Leu did not interfere with the absorbance of paracetamol.
The results suggested that the wavelength of PVP and PVP-Leu was sufficiently low to not
affect the assay results (Appendix 3.1). The concentration of paracetamol in the solution was
determined using a standard curve (R?=0.9997, Appendix 3.2). Ten samples were measured to
assess the quantity of paracetamol in each blend. The paracetamol content and the variability

was expressed as mean and standard deviation.

3.5.9 Blend flow characterization

The effect of various excipients on flow of paracetamol was evaluated using: (i) conditioned
bulk density (CBD), (ii) aeration and (iii) compressibility programs of the FT4 powder

rheometer system (Freeman Technology Ltd., Worcestershire, UK).
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3.5.9.1 Conditioned bulk density (CBD)

Powders with good flowability pack efficiently leading to a relatively high bulk density [37,
38]. The conditioned bulk density, CBD, was used to determine the powder flowability and
packing. Since this test involves a conditioning cycle before each measurement, it was
considered to be more reproducible and relatively reliable in comparison to traditional tests
[19, 39]. The CBD of different blends was assessed using the method as described elsewhere
[40]. Approximately 12 g powder samples (in case of Silica/Para blends approximately 15 g
blends given its greater bulk density) were gently filled into a 25 cm? cylindrical vessel fitted
with a 10 cm?® extension vessel on top of it via a split assembly. The samples were conditioned
using a conditioning blade (helix angle of —5 degrees, 23.5 mm in diameter and tip speed 100
mm/s) which created a uniform powder bed in a low stress packing state. The cylindrical vessel
was then split with the help of splitting assembly, which allowed the excess powder to be
removed leaving only the powder in 25 cm? cylindrical vessel. The weight of the powder was
than recorded automatically and the conditioned bulk density was calculated by dividing the

weight of the powder by the volume of the vessel.

3.5.9.2 Aeration

The aeration test is intended to measure the change in the flow properties of the powder under
the influence of an air stream. The aeration test was performed in a 35 cm? cylindrical vessel
mounted on a perforated base that acted as an air inlet port [41]. These tests were carried out
at air flow rates of 0, 2.0, 4.0, 6.0, 8.0 and 10.0 mm/s. At each flow rate the energy required to
move the rotating blade from the top of the vessel to bottom was calculated. The energy
required to move the blade through the powder bed at maximum air flow rate i.e. 10 mm/s, was
used to compare the effect of selected excipients on the flow behaviour of paracetamol blends.

In all the test cycles, the tip speed of the conditioning blade was 100 mm/s.
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3.5.9.3 Compressibility

The compressibility is another indicator of whether a powder is cohesive or free flowing [42].
The test shows the ability of a powder to be compressed (decrease the volume) under the
influence of an increasing normal stress [43]. Compressibility gives an indication of the
packing efficiency of the powders, and is considered to have bearing on the powder flow [19].
High compressibility is often associated with high cohesivity of the powders, in addition to
other factors such as bulk density and packing structure [42]. The compressibility test is a
measurement of changes in volume of a powder as a function of applied stress (range from 1
to 15 kPa) [40]. The change in volume i.e. the compressibility of different blends at 15 kPa,
was used for comparison. For each test, all powder samples were tested in triplicate and average

values were reported.

3.5.10 Tensile strength of tablets

Tablet strength relates to the ability of the tablets to withstand damage due to mechanical
handling and transport (USP29-NF24). To minimize effect of humidity related variations on
the tensile strength, all the blends were stored in controlled humidity (42.9% RH) environment
until the constant weight was achieved. Blends were directly filled into the die by manually
weighing 105 £5 mg and the tablets were manufactured using a computer-controlled tablet
press (Gamlen Tableting Ltd., Nottingham, UK). The tablets were compressed at 80, 120 and
154 MPa compression pressures using a flat punch and die 6 mm in diameter. The die and
punch were lubricated with magnesium stearate prior to each compression to reduce the friction
between die wall and tablet edges [44, 45]. The punch speed was 1 mm/s. The dimensions
(diameter and thickness) of each tablet were measured. The breaking force of the tablets was
measured using an Erweka hardness tester (TBH-30, Erweka, Heusenstamm, Germany). The

tensile strength of the tablets was calculated using the following equation [46];
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0= Eq. (1.4)

mtDH

where, o is tensile strength, F is the breaking force, D is the tablet diameter, and H is the tablet

thickness.

3.5.11 Statistical analysis

Results are expressed as Mean zstandard deviation (SD) and the statistical analysis was
performed on tensile strength and surface energy data via one-way analysis of variance
(ANOVA) with Tukey—Kramer multiple comparison post-hoc tests using SPSS™ software
(SPSS Inc., IBM Corporation, New York, NY, USA). The asterisks over graphs denote the
statistical differences of groups compared to PVP-Leu where *p < 0.05, **p < 0.01 and ***p

< 0.001, respectively and ns denotes not significant (p > 0.05).
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3.6 Results

3.6.1 Particle size and size distribution

The particle size and size distribution (span) of PVP, PVP-SD, PVP-Leu and paracetamol are
represented in Table 3.2. The particle size analysis indicated that PVP exhibited a particle size
Dgo of 56 pum, whereas the spray-dried interactive excipients i.e., PVP-SD and PVP-Leu
exhibited particle sizes Dgo 0f 4.2 and 5.5 pm, respectively. It was also noted that the particle
size of PVP-SD and PVP-Leu was approximately the same suggesting that addition of L-
leucine does not substantially change the particle size. The particle size distribution plots of
each of PVP, PVP-SD and PVP-Leu are represented in Figure 3.1. It was noted that the size
distribution of PVP-Leu, PVP-SD and PVP was mono-modal in each case. The interquartile
coefficient of skewness (IQCS) and span data reported that the particle size distribution of PVP,
PVP-SD and PVP-Leu was narrow (Table 3.2). However, the particle size distribution of

paracetamol was bimodal with greater IQCS and span values.

Table 3.2 — Particle size of PVP, PVP-SD, PVP-Leu and paracetamol. Data presented as

Mean +SD (n = 3).

Particle size (um)

Formulations Span IQCS
D1o Dso Dgo
PVP 8.2+0.1 26.6 +0.2 56.7 0.6 1.8+0.0 0.2+0.0
PVP-SD 1.1+0.1 21+0.1 43+0.1 1501 0.2%0.0
PVP-Leu 1.4+0.1 2.8 +0.0 55+0.1 15+01 0.1+0.0
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Paracetamol 3.7+0.1 21.4+0.3 151.5 5.0 6.8+0.1 0.5x0.0
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Figure 3.1 — Particle size distribution graphs of PVP, PVP-SD, PVP-Leu and paracetamol.

Data presented as Mean £SD (n = 3).

3.6.2  Scanning electron microscopy (SEM): Surface morphology

From SEM images, the PVP and PVP-SD particles were observed to be relatively smooth. In
contrast, PVP-Leu particles were more corrugated (Figure 3.2). This morphological change in
PVP-Leu particles may be attributed to the interfacial activity of L-leucine. It was proposed
that co-spraying with L-leucine results in its enrichment at the droplet surface early in the
drying phase and as the drying progresses L-leucine concentration reaches super-saturation and
then crystallizes leading to the formation of shell [47]. This L-leucine enriched shell interferes

with the evaporation of water vapour on further drying resulting in pressure build up followed
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by eventual escape of water vapour affecting shell integrity and morphology [47]. In addition,
PVP-SD appeared to be highly agglomerated, whereas, PVP-Leu appeared as more discrete
individual particles suggesting that L-leucine could reduce the cohesive forces between fine

PVP particles.

Figure 3.2 — Representative SEM images of PVP (A), PVP-SD (B) and PVP-Leu (C).

3.6.3  Surface composition characterization: XPS

The surface fractions PVP and L-leucine in spray-dried formulations were estimated based on
the C 1s and N 1s high resolution spectra. L-leucine formed a significant proportion of surface
of PVP-Leu formulation. On a (w/w) basis, L-leucine was approximately 81.7% of the surface
material of PVVP-Leu particles (Table 3.3) implying on the basis of their bulk composition, the
formation of core-shell particulate structures. This suggests that L-leucine enriched the surface
of the spray-dried formulations. The results presented here are consistent with the previous
findings [48]. Both interfacial activity and low water solubility of L-leucine were considered
to be the factors explaining the ability of L-leucine to enrich the surface of the spray-dried

formulations [27, 49].

Table 3.3 — Surface PVP and L-leucine composition (% w/w) of spray-dried formulations.
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% (w/w) PVP and L-leucine surface concentrations

Formulations

PVP (C 1s) L-leucine (C 1s) PVP (N 1s) L-leucine (N 1s)

PVP-SD 100.0 +0.0 0.0 +0.0 100.0 +0.0 0.0 +0.0

PVP-Leu 18.3 +1.8 81.7 1.8 19.7 +1.9 80.3+1.9

Where 1s refers to the electron orbital

3.6.4 Inverse gas chromatography (IGC)

The surface energy (polar, dispersive and total) data of PVP-SD and PVVP-Leu are presented in
Figure 3.3. The addition of L-leucine resulted in a significant reduction in the polar surface
energy, whereas it resulted in no change in the dispersive surface energy of the spray-dried
formulations. The work of cohesion of PVP-SD (280.7 +21.5 mJ/m?) was significantly higher
than that of PVP-Leu (116.9 5.5 mJ/m?) indicating that L-leucine contributes to the energy of
cohesive interaction. The SEM images also show a lower degree of agglomeration of the PVVP-
Leu particles compared to the PVP-SD particles indicating a reduction in cohesion upon co-

spraying with L-leucine.
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Figure 3.3 — Surface energy data of PVP-Leu and PVP-SD. Data presented as Mean +SD (n

= 3).

3.6.5 Bulk cohesion

The FT4 shear cell test was used to determine the cohesion and flow function co-efficient (ffc)
of PVP-SD and PVP-Leu. The shear cell data indicated that PVP-SD demonstrated a relatively
high cohesion and low ffc (Table 3.4). As per ffc classification, PVP-SD can be referred to as
‘very cohesive’ [19]. Co-spraying with L-leucine resulted in a marked reduction in cohesion
and a significant increase in ffc. The results showed that L-leucine resulted in a marked
reduction in surface energy and a substantial change in the surface morphology of the spray-
dried particles from smooth to corrugated. Both of these factors are considered to be effective
in controlling inter-particle cohesion [50-52]. However, it is not clear from such earlier works,
by which mechanism L-leucine predominantly controls the bulk cohesion, and this requires

further investigation.
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Table 3.4 Shear cell data i.e. cohesion and flow function coefficient (ffc) of PVP-SD and

PVP-Leu. Data presented as Mean +SD (n = 3).

Formulations Cohesion (kPa) Flow function coefficient (ffc)
PVP-SD 3.8+0.4 1.3+0.1
PVP-Leu 0.7 £0.0 5.8+0.1

3.6.6 Blending behaviour

The SEM images showed that PVP-Leu and PVP-SD appear as adhered in structured mixtures
to the surface of paracetamol (Figure 3.4). This is consistent with their micron-scale particle
size and likely to be driven mainly by van der Waals forces [17]. Furthermore, PVP-Leu
appears as forming a more uniform mono-layer, whereas PVP-SD appears as more irregular
clumps or agglomerates over the surface of API particles. This can be attributed to the higher
inter-particle cohesion of PVP-SD relative to PVP-Leu, which would de-agglomerate less

efficiently resulting in less homogeneous distribution over API particles.

kg

Figure 3.4 — Representative SEM images of PVP/Para (A), PVP-SD/Para (B) and PVP-

Leu/Para (C).
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The content of paracetamol was also quantitative assessed and results are presented in
Table 3.5. The results showed that the paracetamol content in both PVP-SD and PVP-Leu
blends was > 95% (Table 3.5). This indicated that interactive mixing is an efficient approach

to achieving uniform mixing (if not homogeneous distribution).

Table 3.5 — Assay content of paracetamol in various APl/excipient blends. Data presented as

Mean £SD (n = 10).

%o Paracetamol detected
Excipient/API ratio

PVP/Para PVP-SD/Para PVP-Leu/Para
05/95 97.4 1.7 99.4 +2.2 97.7+1.2
10/90 96.9 2.7 96.0 £2.3 96.4+1.1
15/85 97.3+0.9 95.1+3.8 98.2 +0.9
20/80 97.5%1.2 96.5 4.5 98.5+1.7

3.6.7 Blend Flow Characterization

3.6.7.1 Conditioned Bulk Density (CBD)

The CBD values of the powder blends are shown in Figure 3.5A. The CBD of paracetamol was
low and incorporation of PVP-Leu led to the marked increase in the CBD of paracetamol,
which might be due to improved flow of the PVVP-Leu/Para blends [53-55]. This improved flow
can be attributed to the ability of PVP-Leu to reduce the cohesion of paracetamol particles.

Surprisingly, despite the ability of PVP-SD to adhere to paracetamol particles, little change in
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bulk density of the blend was recorded for these blends. The conditioned bulk density data
indicated that PVP-Leu/Para blends pack better than PVP-SD/Para, PVP/Para and
PVP+Leu/Para (PVP+Leu/Para indicates the blend consisting of physical mix of PVP (13.5%

(w/w)), L-leucine (1.5% (w/w)) and Paracetamol (85% (w/w))) blends.

The flow additive ability of PVP-Leu was also compared to the flow additive silica.
The results indicated that silica (at as low as 0.0625% (w/w)) led to a much higher increase in
CBD compared to PVP-Leu. As the silica/Para blend with 0.0625% silica had the highest CBD,

this blend was used to grade the flow additive functionality of PVVP-Leu in further testing.

3.6.7.2 Aeration

The aeration test was also used to characterize powder blend flow. The powder fluidization
behaviour data are shown in Figure 3.5B. The results indicated that the energy required to rotate
the blade was highest with paracetamol, and that the addition of PVP-Leu, PVP-SD and PVP
resulted in a drop in the energy requirement. It was noted that paracetamol, PVP-SD/Para,
PVP/Para and PVP+Leu/Para resulted in observed plug formation during the tests. At higher
air velocities, lifting of the powder plug was observed consistent with the cohesive nature of
these blends. No such plug formation was observed with PVVP-Leu or silica blends and air flow
through the powder bed resulted in good fluidization behaviour consistent with reduced

cohesion.

Consequently, paracetamol, PVP/Para, PVP-SD/Para and PVP+Leu/Para blends were
less sensitive to the fluidising air (more detailed data is provided in Appendix 3.3) due to the
stronger inter-particle forces which compromised fluidization and dispersion of the powder

[56].
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3.6.7.3 Compressibility

The compressibility of paracetamol and different blends is shown in Figure 3.5C. Paracetamol
showed the highest compressibility and incorporation of excipients caused a decrease in
compressibility. However, the reduction in compressibility was greatest with the addition of
PVP-Leu and silica suggesting better packing and thereby improved flow. This change in
compressibility was found to be concentration dependent, where a drop in compressibility was
noted up to 10% (w/w) PVP-Leu concentration after which no decrease in the compressibility
was noted (more detailed data is provided in Appendix 3.4). It was also noted that blends
containing silica had a higher compressibility than blends containing PVP-Leu suggesting that

the flow improvement achieved using silica was greater compared to PVP-Leu.

It should be noted that the level of applied stress used in this test was much lower than
that is typically used for determining compressibility in a tableting context, and thus is not
representative of tableting behaviour. In powders with poor flowability, relatively large voids
are formed due to the high inter-particle interaction forces, whereas free-flowing powders
exhibit low inter-particle cohesion and therefore pack well. Thus, it would be expected that

poorly flowing bulk solids be more compressible [19, 42, 43, 57].
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Figure 3.5 — The Conditioned Bulk Density (A), Aeration Energy (B) and Compressibility (C)
data of PVP/Para, PVP-SD/Para and PVP-Leu/Para, PVP+Leu/Para and Silica/Para blends.
Data presented as Mean £SD (n = 3). Where, PVP+Leu/Para indicates the blend consisting of

physical mix of PVP (13.5% (w/w)), L-leucine (1.5 % (w/w)) and paracetamol (85% (w/w)).

3.6.8 Tensile strength of tablets

Compression of pure paracetamol resulted in fragile and capped tablets indicating its physico-
mechanical inability to form coherent tablets. Incorporation of PVP-Leu facilitated formation
of coherent tablets with no capping or lamination. At lower amounts (5 and 10% (w/w)), PVP
blends resulted in weak tablets as evident by frequent lamination of the tablets (Figure 3.6 A
and B). However, PVP-Leu blends resulted in the formation of substantially stronger and more
coherent tablets at as low as 5% (w/w) with tensile strength approaching >1.7 MPa, which is
considered as reasonable for large scale manufacturing [58]. With higher PVP-Leu
concentrations an increase in the tablet tensile strength was recorded which appeared to achieve

a maximum at about 15% (w/w), and no further increase in tensile strength was recorded with
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higher excipient concentrations. It was noted that PVP-Leu achieved higher tensile strength
compared to PVP-SD at lower proportion (5%), consistent with the importance of the
homogeneous dispersion of the interactive excipient on tablet performance. However, PVP-SD
containing tablets achieved similar and then higher tensile strengths compared to PVP-Leu at
higher proportions (Figure 3.6C and D) where the surface distribution was negated by quantity

of additive.

Commercially available directly compressible binders were also used to compare the
binder performance of PVP-Leu and PVP-SD at 15% (w/w) because at this proportion both
PVP-Leu and PVP-SD appeared to result in optimum tensile strength. It was noted that majority
of directly compressible excipients including silicified microcrystalline cellulose (SMCC,
Prosolv®), lactose monohydrate (Tablettose-70®), Ludipress-LCE® and copolyvidone

(Kollidone VA-64®) failed to create coherent tablets and, hence, do not appear in Figure 3.6C.

Only Hydroxypropyl cellulose (HPC-SSL-SFP®) and microcrystalline cellulose
(Avicel PH-105®) blends could produce coherent tablets; however the tensile strength was

significantly lower than blends containing PVP-Leu (Figure 3.6C).
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Figure 3.6 —Tensile strength of tablets prepared from different excipients. Data presented as
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the bar did not appear in graph A.
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The lubricant activity of PVP-Leu was investigated by measuring the tablet ejection

force. It was found that PVVP-Leu does not facilitate ejection (data not shown).

3.7 Discussion

Although tableting is one of the most common processes in pharmaceutical manufacturing, we
argue that a true fundamental and mechanistic understanding of tablet formation process is
relatively limited. With US Food and Drug Administration's (US-FDA) Quality in the 21st
century initiative, which includes the quality by design (QbD) and process analytical
technologies (PAT), it is becoming increasingly important to understand the impact of
formulation process as well as material variability on the performance and manufacturability
of new drug products [59]. A number of drug product recalls identified excipient variability as
a contributor to failure of the drug product [60] indicating a potential weakness in the full
understanding and control over excipient manufacturing and functionality. Creating improved
excipients is considered to be a key for minimizing the impact of excipient related product
malfunction. Furthermore, excipients with multiple functionalities could reduce the number of
excipients in the formulations, and with fewer and lesser excipients whose roles and
functionalities are better understood, the variability to influence process and product

consistency in product manufacturing should be reduced.

In this study, binding activity was chosen as the key excipient functionality to be
improved because of the fact that a binder (typically referred to as a ‘filler-binder’) forms the
largest proportion of a typical direct compression formulation and therefore is a major source
of variability in directly compressible tablet formulations. It was reported that binders with
smaller particle size exhibit better binder efficiency due to an increase in the surface area
available for inter-particulate bonding, as the particles become smaller [10-12]. In our study,

this size-binder efficiency relationship together with knowledge and understanding of
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interactive mixing has been used to create an alternative strategy for improving tableting
excipients. Surface manipulation via co-spraying is demonstrated as a potential new approach
to overcome cohesion traditionally associated with reduced particle size and an effective
strategy at controlling inter-particle excipient cohesion. However, the effect of such
manipulation (surface and bulk properties) on interactive mixing, flow additive action and
binder activity is not known. Therefore, we aimed at investigating the impact of L-leucine on
the physico-chemical and bulk properties of the spray-dried interactive excipient and also to

understand the effect of underlying changes on performance of such excipients.

It was noted that PVP-SD was extremely cohesive and did not appear to de-
agglomerate and disperse homogeneously over drug particles upon mixing. Incorporation of
L-leucine in the spray feed helped reducing cohesion. Reducing cohesion facilitated more
homogeneous dispersion of interactive excipient particles over API particles. The XPS data
indicated that L-leucine achieved higher surface concentrations as compared to the bulk of
PVP-Leu particles. L-leucine also resulted in a marked reduction in surface energy and bulk

cohesion.

The impact of interactive excipients on the flow of API blends was assessed and PVP-
Leu resulted in a marked improvement. This is attributed to the ability of PVP-Leu particles to
act as “spacers” between coarse particles effectively increasing contact separation distance and,
therefore, decreasing van der Waals attractions between paracetamol particles reducing
cohesion and improving flow [20, 21]. The observation that PVP-SD had no effect on the flow
performance of the formulation confirmed that controlling surface properties and cohesion was

a key to achieving such functionality.

The glidant performance of PVP-Leu was compared against the benchmark glidant

silica and silica was found to exert a better glidant performance. This is likely due to the much
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smaller particle size of silica compared to PVP-Leu as the contact area of interacting particle
surfaces decreased with decreasing particle size [20, 61, 62]. We proposed that by manipulating
the size and surface characteristics further, such as hydrophobicity and surface energy, glidant
performance of such interactive excipients can be further optimized. Studies investigating the
relationship between particle size, surface hydrophobicity, surface energy and excipient
functionalities such as interactive mixing ability, glidant action and binder properties are
underway. Additionally, the effect of API properties such as particle size, compression
mechanism and surface energy on the performance of interactive excipients is also being

investigated.

Both PVP-SD and PVP-Leu demonstrated an improved binder performance compared
to PVP and other directly compressible excipients. This showed that interactive mixing is a
highly promising alternative approach for enhanced functional performance of the excipients.
While the binder performance of PVP-Leu was better at lower excipient proportions, PVP-SD
resulted in stronger tablets compared to PVVP-Leu at higher proportions. We propose that this
might be due to the reduced surface energy noted in case of PVP-Leu as compared to PVP-SD
[63]. However, further studies are required to understand the relationship between surface

energy and binder activity of such interactive excipients.

The results presented here show that both physico-chemical and mechanical properties
affect the functional performance of the interactive excipients. The surface modification using
L-leucine allowed controlling bulk cohesion via its effect of surface energy and/or surface
morphology. Reducing cohesion improved the mixing efficiency and flow additive ability of
the interactive excipient. Although, the binder activity of the PVP-Leu was excellent compared
to other existing binders but L-leucine also appeared to compromise the binder activity of PVP-

Leu as compared to PVP-SD, which might be due to a reduced surface energy observed with
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PVP-Leu. In theory, the change in surface energy may affect both the flow additive action and
binder activity by affecting the van der Waals forces of interactions, where a reduction in
surface energy could result in better flow additive action and reduce binder activity and vice
versa [37, 64]. Studies investigating the relationship between surface concentration of L-
leucine and surface energy as well as the relationship between surface energy and binder
activity of the interactive excipients are underway. This could help understanding the key
particle properties that controls excipient performance and would facilitate achieving optimum
particle design for improved performance. In addition, investigating detailed tableting
properties of such interactive excipient might give further insight into its comprehensive

applications of such excipients in the creation of robust and innovative tablet formulations.

3.8 Conclusion

This paper presents the first demonstration of a multicomponent interactive binder-glidant
excipient, coupled with detailed physico-chemical characterisation of these materials to
illustrate the fundamental mechanisms behind its design and functionality. The paper provides
an understanding of how we may design interactive excipients with controlled particle size,
core and surface properties to allow all the basic requirements of a formulation: i.e. good flow,
high compactability and excellent uniformity. In summary, the paper outlines the application
of an interdisciplinary approach of interactive mixing to create multi-functional excipients for

enhanced tablet formulations.
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Appendix 3.1 — UV Absorbance vs wavelength plots of stock solution used for the

creating paracetamol standard curve and PVP-Leu solutions of differing

concentrations.
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3.11.2 Appendix 3.2 — Standard curve of paracetamol. Absorbance as a function of

concertation pg/mL.
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3.11.3 Appendix 3.3 — Aeration energy profiles of studies powder formulations as a function

of air velocity. Data presented as Mean £SD (n = 3).
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3.11.4 Appendix 3.4 — Compressibility (%) profiles of studied powder formulations as a

function of applied normal stress. Data presented as Mean +SD (n = 3).
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4.1 Commentary

In the previous chapter, L-leucine was shown to reduce the surface energy, increase surface
asperity and reduce the cohesion of small particles. These observations were speculated to be
a result of saturation of L-leucine at the drying surface of the particles as they form. In this
chapter, we address objective 2 “to investigate the relationship between the extent of surface
manipulation via L-leucine and the change in surface physico-chemical properties and cohesion
of small binder particles”. We hypothesized that surface L-leucine concentration controls the
powder physico-chemical properties, which dictates the magnitude of inter-particle interaction

and hence the bulk performance i.e., cohesion of small particles.

This understanding was considered important for further optimisation and to gain a
deeper insight into the effect of cohesion of small binder particles on their interactive mixing
behaviour. This may also help rationalize the resultant changes in excipient’s functional
performance i.e., flow additive and binder actions as a function of the cohesion of small binder

particles in later studies.
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4.2 Abstract

The amino acid L-leucine has been demonstrated to act as a lubricant and improve the
dispersibility of otherwise cohesive fine particles. It was hypothesized that optimum surface L-

leucine concentration is necessary to achieve optimal surface and bulk powder properties.

Polyvinylpyrrolidone was spray-dried with different concentration of L-leucine and the change
in surface composition of the formulations was determined using x-ray photoelectron
spectroscopy (XPS) and time of flight- secondary ion mass spectrometry (ToF-SIMS). The
formulations were also subjected to powder X-ray diffraction analysis in order to understand
the relationship between surface concentration and solid-state properties of L-leucine. In
addition, the morphology, surface energy and bulk cohesion of spray-dried formulations were
assessed to understand the relation between surface L-leucine concentration and surface and

bulk properties.

The surface concentration of L-leucine increased with higher feed concentrations and plateaued
at about 10% L-leucine. Higher surface L-leucine concentration also resulted in the formation
of larger L-leucine crystals and not much change in crystal size was noted above 10% L-
leucine. A change in surface morphology from spherical to increasingly corrugated was also
recorded. Specific collapsed/folded over particles were only seen in formulations with 10% or
higher L-leucine feed concentration suggesting a change in particle surface formation process.

In addition, bulk cohesion also reduced to a stable value with 10% L-leucine concentration.

Thus, the surface concentration of L-leucine governs particle formation and optimum surface

L-leucine concentration results in optimum surface and bulk powder properties.

Keywords: L-leucine, Polyvinylpyrrolidone, Surface mapping, Inter-particle cohesion, Spray-

drying
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4.3 Graphical abstract
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4.4 Introduction

Fine particles (typically <10 um) are routinely found in a range of dry powder pharmaceutical
operations and continue to attract significant research interest [1, 2]. Such fine powders have
been explored in tablet formulations for their enhanced dissolution and tendency to form
interactive mixtures particularly in the context of low-dose formulations to achieve content
uniformity [2, 3]. However, the major challenge with the use of such fine particles is their
highly cohesive nature and a tendency to agglomerate which can limit their extent of use and
effectiveness in dry powder applications [4, 5]. In practice, particle cohesion needs to be

controlled to limit agglomeration and also facilitate de-agglomeration.

Co-spraying materials with L-leucine has been shown to limit agglomeration and
improve dispersion of fine particles mainly in the context of inhaled drug delivery [6, 7]. It has
been proposed that the use of L-leucine will reduce cohesion and improve dispersibility by
controlling the surface texture of spray-dried particles [8, 9]. L-leucine is believed to migrate
to the surface of the droplets followed by formation of a shell early in the drying phase [10].
This L-leucine rich shell interferes with the diffusion of water vapour leading to formation of
corrugated particles [11]. Corrugated particles experience significantly reduced contact area

and consequently lower inter-particle cohesion [12, 13].

A recent study proposed that rather than surface corrugation, the solid-state properties
of L-leucine play a leading role in determining its effectiveness in controlling cohesion [14]. It
was proposed that L-leucine crystallizes early in the spray-drying owing to its low water
solubility [11]. Crystals of L-leucine exhibit lower mobility in the receding/drying droplet and
result in formation of an L-leucine enriched shell. It was also reported that the effectiveness of
L-leucine increases as its crystallinity increases and the optimum effectiveness is typically

achieved in the formulations with fully crystalline L-leucine [14]. However, L-leucine was
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recently also argued to exist as a partially ordered molecular structure, which was proposed to

be result of its lamellar self-assembly on the surface of the spray-dried particles [15].

Recently, our group illustrated that the enhanced powder properties achieved by co-
spraying cohesive materials with L-leucine could be used to create a multi-functional
interactive excipient for tablet formulations [16]. It was demonstrated that L-leucine achieves
substantially higher concentrations on the surface than the bulk and results in significant
reduction in surface energy of spray-dried formulations [16]. However, it is unknown how L-
leucine affects the surface energy and particle formation of the spray-dried formulations. The
influence of surface structure and concentration of L-leucine on physico-chemical and bulk
powder properties is also relatively unexplored. In this study, we hypothesized that the surface
concentration L-leucine dictates surface physico-chemical properties, which in turn determines
the bulk properties. In addition, optimum surface physico-chemical and bulk powder properties
are achieved at optimum surface L-leucine concentration. This insight could help

understanding supporting a “quality by design” approach to optimize formulation performance.

For this study, polyvinylpyrrolidone (PVP) was spray-dried with different
concentrations of L-leucine. The surface composition of spray-dried formulations was
examined using state-of—the-art techniques: X-ray photoelectron spectroscopy (XPS) and time
of flight- secondary ion mass spectrometry (ToF-SIMS). The solid-state property of L-leucine
was determined using powder-X-ray diffraction (P-XRD), while the surface physico-chemical
properties such as surface energy and morphology were determined using inverse gas
chromatography (IGC) and scanning electron microscopy (SEM) respectively. Finally, the

intrinsic bulk cohesion of the powders was determined using powder shear testing.
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45 Materials and methods

PVP (average molecular weight ~ 10,000 Da), was purchased from Sigma—Aldrich (St. Louis,
Missouri, USA). L-leucine was purchased from Ajinomoto Co. Inc. (Tokyo, Japan). Acid
washed silanized glass beads (250 um) were obtained from Sigma (Sigma—Aldrich, Steinheim,

Germany).

45.1 Method of preparation

Agueous solutions of PVP in combination with various proportions of L-leucine (as shown in
Table 4.1) were spray-dried using the method as described previously [17]. Briefly, PVP and
L-leucine were weighed accurately and dissolved in water with the aid of magnetic stirring.
The resultant solutions were spray-dried using a Buchi-190 mini spray-dryer (Buchi Laboratory
Equipment, Flawil, Switzerland) with a 0.5 mm two-fluid nozzle. The standard operating
conditions employed during spray-drying were: inlet temperature, 125 £5 °C; spray air flow
rate, 800 L/h and liquid solution feed rate, 10 mL/min. These conditions resulted in an outlet
temperature of 70 £2 °C. The powders then obtained were collected immediately and stored in

a sealed aluminium bag to prevent exposure to humidity.

Table 4.1 — Compositions of various spray-dried formulations

Formulation Codes PVP (% w/v) L-leucine (% (w/w) of PVP)
PVP-Leu (0%) 6 0
PVP-Leu (2.5%) 6 2.5
PVP-Leu (5%) 6 5
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PV/P-Leu (7.5%) 6 75
PVP-Leu (10%) 6 10
PVP-Leu (12.5%) 6 12,5
PVP-Leu (15%) 6 15

45.2  Particle size and size distribution

The particle size and size distribution of the spray-dried formulations were determined by laser-
light scattering method using the Malvern Mastersizer 2000 (Malvern Instruments Ltd,
Malvern, UK) equipped with a Sirocco cell dry powder dispersion unit. A shear pressure of 2.0
bar was used to disperse the powders in air to achieve efficient de-agglomeration. Obscuration
was in the range of 2 — 5. The particle size values Dso (50% volume median diameter), D1o
(10% volume below this diameter) and Dgo (90% volume below this diameter), span and
particle size distribution plots were collected and the average values of three measurements

reported.

45.3  Scanning electron microscopy (SEM)

The surface morphology of the various formulations were imaged by scanning electron
microscopy (Phenom™, FEI Company, Hillsboro, Oregon, USA). A small amount of powder
sample was scattered on the aluminium stub mounted with carbon tape and excess powder was
removed using air gun. The stubs were then coated with a thin gold film using a sputter coater
(Emitech K550X, Quorum Technologies, Kent, UK). The gold coated stubs were then loaded

in the instrument and images were captured.
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45.4  X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) analysis was performed using an AXIS Ultra DLD
spectrometer (Kratos Analytical Inc., Manchester, UK) with a mono-chromated Al Ka source
at a power of 180 W (15 kV x 12 mA), a hemispherical analyser operating in the fixed analyser
transmission mode and the standard aperture (analysis area: 0.3 mm x 0.7 mm). The total
pressure in the main vacuum chamber during analysis was typically 108 mbar. Survey spectra
were acquired at a pass energy of 160 eV. To obtain more detailed information about chemical
structure, oxidation states etc., high resolution spectra were recorded from individual peaks at
20 eV pass energy (yielding a typical peak width for polymers of 1.0 eV). Samples were filled
into shallow wells of custom-built sample holders. One lot of each sample was prepared and 2
different locations were analysed on each sample at a nominal photoelectron emission angle of
0° with respect to the surface normal. Since, the actual emission angle is ill-defined in the case
of such fine particles (ranging from 0° to 90°) the sampling depth may range from 0 nm to
approximately 5 — 10 nm. The atomic concentrations of the detected elements were calculated
using integral peak intensities and the sensitivity factors supplied by the manufacturer. Binding

energies were referenced to the aliphatic hydrocarbon peak at 285.0 eV.

455  Time-of-flight secondary ion mass spectrometry (TOF-SIMS)

ToF-SIMS experiments were performed using a PHI TRIFT V nanoTOF instrument (Physical
Electronics Inc., Chanhassen, MN, USA) equipped with a pulsed liquid metal "®*Au primary
ion gun (LMIG), operating at 30 kV energy. Dual charge neutralisation was provided by an
electron flood gun and 10 eV Ar* ions. Experiments were performed under a vacuum of 5 x
106 Pa or better. “Bunched” Aul instrumental settings were used to optimise mass resolution
for spectra, while “unbunched” Aul instrumental settings were used to optimise spatial

resolution for the collection of images. ToF-SIMS data were collected from 4 areas per sample,
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using a raster of 50 x 50 micron and acquisition time of 4 minutes. Sample spectra and images
were processed and integrated using WincadenceN software (Physical Electronics Inc.,
Chanhassen, MN, USA). Integrated peak values of the selected ions were normalized to the
total secondary ion intensities. The resulting data were then compared qualitatively by
preparing plots of average normalized counts (with 95% confidence intervals) for each species
of interest. The percentage normalized counts do not give a measure of absolute coverage,
because the specific signals identified were percentages over the total ion signals of all species,

but was considered useful for examination of relative changes.

456  Powder X ray diffraction (P-XRD)

Sample powders were sprinkled onto a quartz sample plate smeared with a thin layer of
Vaseline at room temperature. The samples were then analysed by the X-ray diffractometer
(Philips 1140 vertical diffractometer, Philips, Holland) for scanning from 2 ° to 60 ° at 26, with
an angular increment of 2 °/min. The crystalline status of the powders was assessed by
examination of the resulting diffraction patterns. The diffraction data was modelled using the
rietveld method [18], as implemented in TOPAS (Bruker 2008, Diffracplus TOPAS, Bruker
AXS, Karlsruhe, Germany). A previously determined L-leucine structure was used (COD +
IUCR) [19]. A model for PVP was determined empirically by fitting two pseudo-voigt peaks
to the data, constrained with a single scale factor. The average diffracting domain size was
determined by the integral-breadth method [20]. The absolute values of the domain size are not
accurate representations of the physical sizes, however the relative changes in the size is of

significance, and is indicative of trends in the different formulations.

45.7  Shear cell

A Freeman FT4 powder rheometer system (Freeman Technology, Worcestershire, UK) with
shear test module was used to characterize bulk cohesion. Briefly, the instrument measures the
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powder shear stress at a given consolidating normal stress. For the shear test, the powders
(approximately 1 g) were loaded into a 1 mL shear cell module and conditioned. Then, the
powder bed was pre-consolidated at a normal stress of 9 kPa using a vented piston, which was
then replaced by a shear head. Shear tests were carried out at normal stresses of 3, 4, 5, 6 and
7 kPa. The shear stress at each normal stress was recorded and yield loci were derived as curves
to represent the maximum shear stress the sample can support under a certain normal stress.
The bulk cohesion forces of each sample were calculated by extrapolating the yield loci to zero

normal stress (Eq. 2.1).

T=C+ otann (Eq. 2.1)

Where, 7 is the shear stress, ¢ is the normal stress, 1 is the angle of friction, and C is
the cohesion force. The parameter “cohesion” was calculated by extrapolating the yield loci to
a zero normal stress at the intercept. In general, higher bulk cohesion values are considered to

correspond to higher cohesive inter-particle forces.

45.8 Inverse gas chromatography (IGC)

Surface energies were determined with the use of an inverse gas chromatography (iGC 2000,
Surface Measurement Systems Ltd., London, UK) at infinite dilution. All presilanized glass
columns and silanized glass wool were purchased from Surface Measurement Systems Ltd.,

London, UK.

The columns packed with spray-dried formulations exhibited low porosities
obstructing the flow of gas through the column. Consequently, column over pressuring was
observed. In order to alleviate this, formulations were blended with 80% (w/w) of
commercially available 250 um acid washed pre-silanized glass beads using a smooth mortar

and pestle for 5 minutes. Blends were then stored in a humidity controlled environment where
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the relative humidity (RH) was less than 20% until column packing. The blends were then
packed into pre-silanized glass columns (300 mm x 3 mm) by gentle tapping, until no cracks,
hollows, or channels were visible in the powder bed. The columns were loosely stoppered with
silanized glass wool at both ends to prevent sample movement. Column packing was performed

in a controlled environment with humidity <20% RH.

Before surface energy measurements, packed columns were pre-conditioned with a
helium stream at 10 sccm (standard cubic centimetre per minute) for 2 h at 303 K and 0% RH.
Dispersive energy measurements were achieved with the use of a series of n-alkanes
(chromatography grade decane, nonane, octane, heptane and hexane); while the specific
surface energy measurements were achieved with the use of acidic and basic probes —
chromatography grade chloroform and ethyl acetate, respectively. For all probes, a
concentration of 0.03 p/p0 (where p is the partial pressure and pO is the saturation vapour
pressure) was used. Helium at a flow rate of 10 sccm was used to carry the probes through the
stationary phase and the system was kept at 303 K at 0% RH. Dead volumes were based on the
retention volume of methane gas at 0.03 p/p0, detection of probes was achieved with a flame
ionization detector. Results were analysed with SMS-iGC analysis software v1.3 (Surface
Measurement Systems Ltd., London, UK). The values of acidic component (y*) and basic
component (y~) and the molecular cross sectional area of the specific probes are presented in
Table 4.2. Three replicated of each sample were measured for all samples and mean values

were reported.

Table 4.2 Values of acidic and basic and the molecular cross sectional area of chloroform

and ethyl acetate

Probe Yt (mJ/m?)  y~ (mJI/m?) Molecular cross sectional area (m?)
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Chloroform 3.38 0 4.40 x 101

Ethyl acetate 0 19.2 3.30x 101°

The dispersive surface energy was calculated according to the theory described by
Schultz, 1987 [21] while the polar energy was calculated based on the theory proposed by
Good-van Oss-Chaudhury, 1987 [22] where the polar energy can be split into two components
- an acidic component, y*, and a basic component, y~. The calculation of the specific energy

can be given by equation 2.2 [22, 23].

v =rdvs (Eg. 2.2)

The total surface energy of the material is the sum of the dispersive (yD) and polar
(YP) components [24]. Upon determination of the dispersive and polar surface energies, the
work of cohesion (w,) for interactions between similar particles can be calculated using the

following equation [25, 26]

Weo = 2v2.v2 + 25 Y) (Eq.2.3)
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4.6 Results

4.6.1 Particle size and size distribution

The particle size of formulations spray-dried with different concentrations of L-leucine is
presented in Table 4.3. The particle size of the spray-dried formulations increased slightly with
higher L-leucine feed concentration and the change in particle size amongst various
formulations was such that particles remain substantially in the 2 to 3 um median range with
similar spread of distribution. Therefore, it was considered unlikely that the particle size would
strongly alter particle-particle interaction forces. It was also noted that the spray-dried

formulations demonstrated a mono-modal particle size distribution (Figure 4.1).

Table 4.3 — Particle size of spray-dried formulations. Data presented as Mean £SD (n = 3)

Particle Size (um)

Formulations Span
D1o Dso Dgo

PVP-Leu (0%) 1.1+0.1 21+0.1 4.3+0.1 1.5+0.1
PVP-Leu (2.5%) 1.2 +0.0 24+0.0 4.8 +0.1 1.5+0.1
PVP-Leu (5%) 1.2 +0.0 24+0.0 4.8 +0.1 1.5+0.1
PVP-Leu (7.5%) 1.3+0.0 2.6 +0.1 5.0+0.2 1.5+0.1
PVP-Leu (10%) 14+0.1 2.8+0.0 55+0.1 1.5+0.1
PVP-Leu (12.5%) 1.3+0.0 2.8 0.0 55+0.1 1.5+0.1
PVP-Leu (15%) 1.5+0.1 3.00 0.0 5.6 +0.1 1.4+0.1
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Figure 4.1 — Particle size distribution plots of spray-dried formulations. Data presented as

Mean £SD (n = 3).

4.6.2  Scanning electron microscopy (SEM)

Representative scanning electronic micrographs of the studied formulations are shown in
Figure 4.2. Spray-dried PVP (PVP-Leu (0%)) formed small spherical, dimpled and heavily
agglomerated particles. The morphology of the spray-dried particles changed with higher L-
leucine mass fractions, from smooth-dimpled spheres to increasingly corrugated structures to
highly collapsed-sphere particle structures that have folded over into themselves (Figure 4.2).
This was consistent with previous observations on the prominent role of L-leucine in
determining particle morphology [15]. It was apparent that the highly collapsed particles (as
indicated by red arrows in Figure 4.2) were only apparent in formulations with 10% and higher

L-leucine feed concentrations.
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Figure 4.2 — Representative SEM images of various spray-dried formulations; (A) PVP-Leu
(0%); (B) PVP-Leu (2.5%); (C) PVP-Leu (5%); (D) PVP-Leu (7.5%); (E) PVP-Leu (10%) (F)

PVP-Leu (12.5%) (G) PVP-Leu (15%). Red arrows pointing towards collapsed particles.

4.6.3  X-ray photoelectron spectroscopy (XPS)

Table 4.4 showed the atomic surface composition of various spray-dried formulations as

measured by XPS. While the concentration of nitrogen (N) was the same for both compounds
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(PVP and L-Leucine) and thus did not vary throughout the series, the concentrations of carbon
(C) and oxygen (O) vary systematically between the values for the pure compounds. It was
possible to estimate surface fractions of PVP and L-leucine in the formulations based on
elemental compositions. However, this was considered unreliable as the compositions were
quite similar and there was no element unique to one of the two compounds. Therefore, surface
fractions of the two compounds were estimated based on the C 1s and N 1s high resolution
spectra (where 1s is the electron orbital). The C 1s and N 1s spectra were distinctly different
for PVP and L-leucine because of their different chemical functionality (Appendix 4.1).
Reference spectra of the pure compounds were recorded, normalised, and then used as model
components to calculate curvefits for the spectra of the spray-dried formulations (Appendix
4.1). The relative peak area of PVP and L-leucine for the co-sprayed formulations therefore
represents the relative surface fractions of PVP and L-leucine. The relative surface fractions of
PVP and L-leucine were also representative of surface composition as the number of carbon
and nitrogen atoms are the same in the case of PVP and L-leucine. The surface compositions
were compared against the L-leucine feed concentration in Figure 4.3. There was good

agreement between the results obtained using C 1s data and those based on N 1s data.

Table 4.4 — Elemental compositions calculated as relative atomic ratio to carbon for spray-

dried formulations as measured by XPS.

S. No. Formulations C N O
1 PVP-Leu (0%) 76.2 +0.0 11.7 0.0 11.82 +0.0
2 PVP-Leu (2.5%) 74.6 £0.0 11.4 +0.0 13.82 +0.0
3 PVP-Leu (5%) 73.3%0.0 11.4+0.1 15.20 +0.1
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4 PVP-Leu (7.5%)
5 PVP-Leu (10%)

6 PVP-Leu (12.5%)
7 PVP-Leu (15%)

8 L-leucine

72.0+0.1

71.1+0.1

71.1+0.1

70.8 £0.1

69.5 +0.3

11.6 +0.1

11.3+0.1

11.3+0.1

11.2+0.1

114 +0.1

16.60 +0.0

17.58 +0.1

17.58 +0.0

17.94 +0.1

19.12 +0.3

The data suggested that L-leucine achieve substantially higher surface concentration

relative to PVP in all co-spray-dried formulations (Figure 4.3). With 2.5%, L-leucine achieved

surface fraction in excess of 33% (w/w), which increased further with higher L-leucine

concentration from 2.5% to 10%. This was consistent with previous findings [27]. The surface

fraction of PVP similarly diminished with increasing surface L-leucine fraction consistent with

the replacement of PVP from the surface of the particles. Further increases in the surface L-

leucine concentrations were smaller with further higher feed concentrations (>10%) of L-

leucine.
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Figure 4.3 — % w/w surface concentrations of L-leucine in spray-dried formulations as
calculated by C 1s and N 1s curve-fitting plots using pure components as reference spectra to

fit components of spray-dried formulation measured by XPS.
4.6.4  Time-of-flight secondary ion mass spectrometry (ToF-SIMS)

The spray-dried formulations were also subjected to ToF-SIMS analysis in order to further
reveal the surface enrichment of L-leucine. The ToF-SIMS spectra of raw PVP and L-leucine
are shown in Appendix 4.2. For the pure PVP sample, the fragment CgH12NO (m/z 138) was
used as the distinguishing signal, while the fragment CsH14NO> (m/z 132) was used as the
distinguishing signal for L-leucine (Appendix 4.2). The normalized counts detected for the L-
leucine and PVP signals for the spray-dried formulations are given in Figure 4.4 and Figure

4.5).

In PVP-Leu (2.5%), both the PVP and L-leucine signals could be clearly observed
indicating the presence of both PVVP and L-leucine on the surface of the particles. With higher

L-leucine feed concentrations the surface signal of L-leucine increased, while the PVP signal
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diminished (Figure 4.4 and Figure 4.5) indicating replacement of PVP by L-leucine from the
surface of the particles. The ToF-SIMS data was in general agreement with the XPS data, where
an increase in surface L-leucine concentration and a decrease in surface PVP concentration

were evident with higher L-leucine feed concentrations.

It is noteworthy that with 5% and higher mass fractions; the L-leucine signal reached
a maximum in the ToF-SIMS data, whereas for XPS data the surface L-leucine concentration
appeared to maximise with 10% feed concentration. These observed differences in the XPS
and ToF-SIMS results may be due to the differences in the depth of detection and surface
sensitivity between the two techniques. As a general guide, ToF-SIMS provides chemical
information from the top 1 — 2 nm region, whereas XPS provides chemical information from

about the top 5 — 10 nm region of the particles.
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Figure 4.4 — Normalized counts of PVP (CgH12NO; m/z 138) signals and L-leucine (CeH1sNOz;
m/z 132) signal over the total spectral peak of spray-dried formulations measured using ToF-

SIMS at scan area of 50 um x 50 um. For PVP, the normalization was carried out for three

120



Chapter 4

N*O containing peaks (CsH1oNO, m/z 112), (CeH10NO, m/z 124), and (CsH12NO, m/z 138).
Above figure only presents the normalized signal intensity for (CeH12NO; m/z 138) signal, and

thus represent only a fraction of total normalized PVP signals i.e., 1.

*PVP-Leu (0%) sample was very sticky to load on sample pans, and very difficult to find
suitable areas of dispersed particles for analysis, which resulted in poor imaging. Therefore,

untreated PVP was considered as control in this study.
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Figure 4.5 — ToF-SIMS micrographs for L-leucine (red) and PVP (black) of samples (a)
untreated PVP; (b) PVP-Leu (2.5%); (c) PVP-Leu (5%); (d) PVP-Leu (7.5%); (e) PVP-Leu

(10%) (f) PVP-Leu (12.5%) (g) PVP-Leu (15%).

4.6.5 Powder-X ray diffraction (P-XRD)

P-XRD diffractograms of various formulations were collected to study the solid-state
characteristics of L-leucine in selected spray-dried formulations. Figure 4.6 provides the
combined diffractograms of the spray-dried formulations. The change in solid-state properties
of L-leucine in various formulations was investigated by determining its crystallite domain size

(Figure 4.6).

The diffraction profiles showed that PVVP-Leu (0%) had no clear diffraction peaks and
was indicated to be in an amorphous form, while raw L-leucine was crystalline (Appendix 4.3).
The combination of low concentration and small domain size rendered the low values of L-
leucine, e.g. 2.5% and 5%, difficult to visualise in these spectra. However, it became clear from
7.5% L-leucine that higher order peaks are observed showing that there was three-dimensional
L-leucine ordering. The P-XRD pattern observed in L-leucine co-sprayed samples was
consistent with literature [15]. The appearance of individual reflections showed a step change
in the appearance of the diffraction patterns. For example, the peak at approximately 32.5 °20
shows a marked increase in intensity in the 7.5% L-leucine sample compared to the 5% L-
leucine sample, suggesting that longer range order was becoming more apparent in these

samples (Figure 4.6).

Closer inspection of the data revealed that as the intensity of the L-leucine peaks
increases, they also appear to sharpen indicating an increase in the average diffracting domain
size. Figure 4.6 (as indicated by numbers on the graph) shows the calculated domain size of L-
leucine of the various formulations. However, the magnitude of increase in domain size
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reduced with 10% or higher L-leucine concentration and so suggests that the rate of growth in
domain size was reduced at these concentrations. The peak analysis indicated that L-leucine
forms a defined and consistent crystal structure at concentrations as low as 2.5% and

subsequently evolves with increasing L-leucine into a nano-crystalline structured layer.

7000 - ——PVP-Leu (0%) ——PVP-Leu (2.5%)
——PVP-Leu (5%) —PVP-Leu (7.5%)
<6000 - ——PVP-Leu (10%) ——PVP-Leu (12.5%)
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Figure 4.6 —X-ray diffractogram of various spray-dried formulations. Domain size is the
average diffracting domain length and the domain size of L-leucine is presented as number

over the diffractoram of individual formulation.

4.6.6  Shear cell

The bulk cohesion (Figure 4.7) of the selected formulations was determined using the FT4
rheometer shear cell module. This demonstrated a relationship between surface influence of L-
leucine at increasing concentrations and the bulk cohesion properties of the powder. PVP-Leu
(0%) showed high cohesion (3.8 kPa). This is consistent with its apparent agglomeration state
as noted in the SEM images. No significant reduction in cohesion was seen with 2.5% L-

leucine, but with higher L-leucine concentrations, a decline in cohesion was observed. The
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cohesion appeared to achieve a stable value at around 10% L-leucine and higher L-leucine
concentrations (12.5% and 15%) did not appear to further affect cohesion. Therefore, L-leucine
resulted in a reduction in the measured bulk inter-particle cohesion in concentration dependent

manner.
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Figure 4.7 — Cohesion of the spray-dried formulations. Data presented as Mean £SD (n = 3).
4.6.7  Inverse gas chromatography (IGC)

The formulations were analysed using inverse gas chromatography to determine the effect of
L-leucine feed concentration on the polar (both acidic and basic components), non-polar and

total surface energies (Figure 4.8 and Table 4.5).

The polar surface energy of PVP-Leu (0%) was 96.06 +£8.17 mJ/m?. At the lowest
concentration of L-leucine — the surface of PVP-Leu (2.5%) showed a marked reduction in the
polar surface energy and further increase in L-leucine concentration resulted in further
reduction in the polar surface energy. The polar surface energy appeared to reduce to 17.43

+1.15 mJ/m? with L-leucine concentration of 7.5%. It appeared that the surface of spray-dried
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PVP was more basic than acidic in nature due to a larger y5 (61.5 £11.01 mJ/m?) than yJ (38.0
+5.98 mJ/m?) value (Table 4.5). However, when co-spray-dried with L-leucine, the surface of
the formulations was more acidic than basic. The basic component of surface energy decreased
reaching a value of 4.3 £0.35 mJ/m2 at 7.5% feed concentration; while the acidic component
of surface energy decreased, at a relatively lower rate reaching a value of 17.5 £0.91 mJ/m2 at
7.5% feed concentration. The higher basicity of PVP may be related to the heterocyclic
nitrogen in its structure, whereas higher acidity of PVP-Leu formulations may be attributed to

the presence of L-leucine on the surface which exhibits a prominent acidic character [10].

It was proposed that co-spraying a material such as the polymeric PVP with L-leucine
leads to rapid mass transport of L-leucine to the air—water interface of a droplet, organizing
itself in such a way that its hydrophobic tail (tert—butyl) faces towards the air phase thereby
increasing the surface hydrophobicity of the particles, which was recordable in the form of an
altered non-polar surface energy [10]. This mass transport appears to be facile, despite the
viscosity-modifying character typically associated with PVP. The incorporation of L-leucine
resulted in a reduction in both the acidic and basic components of the surface energy, and
suggests replacement of polar surface groups of PVP with non-polar chains of L-leucine.
However, it was noted that no significant change was observed for the non-polar surface energy
of PVP and PVVP-Leu. This may be attributed to the limitation of IGC at infinite dilution where
only the highest surface energy sites are probed. Consequently, this would suggest that the
highest non-polar surface energy of both the hydrophobic portion of PVVP and the hydrophobic
portion of L-leucine were similar, thus IGC at infinite dilution was unable to reveal any
differences in the non-polar surface energy. To overcome this, future work may consider IGC
at finite concentration, which allows the determination of a distribution of surface energies
across a larger heterogeneous area. Alternatively, the co-spray drying of L-leucine with

different materials having varied hydrophobic character may help with the understanding of

125



Chapter 4

the relative changes to the non-polar surface energy that may occur with co-spray drying with

L-leucine.

The total surface energy of various spray-dried formulation was shown in Table 4.5.
The results indicate that the total surface energy of PVP was relatively high at approximately
140 mJ/m? and with 2.5% L-leucine resulted in a reduction in the total surface energy to 85
mJ/m?. The total surface energy of the formulation dropped with higher L-leucine
concentration up to 5%, after which no significant changes were observed. Similarly, the work
of cohesion as calculated from the surface energy, suggest that no change in cohesion was
observed with 5% L-leucine concentration or higher. This differs slightly to the cohesion values
as determined by shear cell method, which indicated a stable cohesion around 10%. Surface
energy of solids is not uniformly distributed evenly over the entire surface and IGC at infinite
dilution only measures the highest surface energy, which is estimated to be <0.1% of the total
surface area available [28]. Therefore, the correlation of surface energy from infinite dilution
IGC with other bulk powder properties such as cohesion is likely to have such inconsistencies.
Additionally, it may be expected that bulk cohesion is the measure of inter-particle cohesion at
normal applied stress and at applied stress; powders may experience other inter-particle forces

causing the observed variation to occur.

Table 4.5 — Acidic and basic surface energies and work of cohesion. Data presented as Mean

+SD (n = 3).
Formulations Y5 (MJI/m?) Y*s (MJ/m?) Weco
PVP-Leu (0%) 61.5+11.0 38.0 +6.0 280.7 £21.5
PVP-Leu (2.5%) 20.1+7.1 26.6 £2.0 173.0 £6.7
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PVP-Leu (5%) 6.5+1.7 22.4+3.8 120.4 +21.9
PVP-Leu (7.5%) 4.3+0.4 17.5+0.9 118.9 +6.3
PVP-Leu (10%) 4.7 +0.9 17.8 0.4 116.9 +5.5

PVP-Leu (12.5%) 3.6 +0.3 17.9+1.5 1152 +2.1
PVP-Leu (15%) 4.3+0.9 17.1 0.4 109.7 +3.1
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Figure 4.8 — Surface energy (polar, non-polar/dispersive and total) profiles of spray-dried

formulations. Data presented as Mean +SD (n = 3)

4.7 Discussion

Small particle behaviors (<10 pum) are subject to ongoing substantial research and development

interest in pharmaceutical formulations given their presence across a range of medicines. Their

high cohesion and a tendency to agglomerate limit their functional performance to a
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considerable extent [29-31]. Surface modification is considered an effective approach to
minimize cohesive forces between such small particles. Co-spraying with L-leucine has been
demonstrated to be an effective surface modification strategy to address such inter-particle
cohesion and aid optimization of formulation performance particularly in the area of dry
powders for inhalation [32]. In this study, we investigated more specifically the effect of
surface concentration of L-leucine on the resulting surface morphology, solid-state character
of the L-leucine, and provided the examination of both surface energies and the bulk powder
cohesion properties. Our aim was to gain further insight into the role of L-leucine on particle
formation as well as support a quality-by-design basis of achieving optimum formulation

performances.

The modification of particle morphology in response to higher concentrations of L-
leucine has been previously reported [8, 33, 34]. We also found the similar trend of increasing
surface asperities with higher L-leucine mass fraction. However, it was noted that shrivelled
particles and occasionally thin walled and collapsed particles were seen only above a specific
L-leucine mass fraction (10% or higher) which was proposed to be a consequence of formation
processes specific to PVP used. It was proposed that the combined effect of L-leucine surface
enrichment, evaporation and relatively low L-leucine water solubility creates an environment
for crystallization and the formation of L-leucine-rich shell early in the drying phase. At and
above a specific concentration, L-leucine forms a coherent shell that offers a strong mechanical
resistance restricting the escape of water vapour trapped in the core. This results in a plastic
expansion of the coherent film as the vapour pressure increases. Ultimately leading to the
formation of collapsed thin-walled particles as the vapour pressure is exhausted as illustrated
in Figure 4.9. Below this level of L-leucine, an incoherent and semi-permeable L-leucine shell
was formed which allows escape of water vapour without leading to the formation of particles

with such morphological features.
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Figure 4.9 — Illustration of sequential events and mass transport of L-leucine in the spray-

drying process as proposed in this study.

Investigations of morphological changes and higher L-leucine mass fraction and with
solid-state character have previously indicated that the formation of collapsed, thin shell
particles may be associated with L-leucine achieving a fully crystalline character which was
only achieved >25% L-leucine mass fraction [14]. Alternatively, the formation of a coherent
partially ordered L-leucine crust residing on the surface of the particles was also suggested as
possible mechanism to explain formation of such particles [15]. It should be noted that the
previous work was based on different core materials. However, our study provides evidence
that a nano-crystaline L-leucine structure forms on the drying particle surface, even at low
concentrations such as 2.5%. The crystallite domain size increased with higher concentration
of L-leucine but remained in the order of 5 to 15 nm. This observation of a nano-crystaline
structure may help further explain the apparent plasticity of the L-leucine rich shell, which
despite its crystallinity, is able to stretch due to the internal vapour pressure. Further work could
assess the effect on domain size for different spray-drying conditions with such an approach.
This may reveal further information to support understanding of the formation mechanisms.
The combination of SEM, XPS, ToF-SIMS and P-XRD revealed new insights into the surface

composition, shape and solid-state structure of these composite spray-dried particles.
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Another aspect of this work was to better understand the surface energetics and their
contribution to the bulk cohesive properties of the resulting powder. The shear test cohesion
values provide clear evidence that the bulk cohesion was substantially reduced with higher
surface L-leucine concentration and reduce to a relatively stable value at around 10%. This
observation indicates that surface concentration also controls the bulk properties of the powder
and that a coherent L-leucine surface coverage was effective in minimizing bulk cohesion. The
ability of L-leucine to reduce inter-particle cohesion has previously been attributed to its ability
to produce corrugated particles [12, 35]. However, the effect of L-leucine on the surface energy
of the spray-dried formulation was relatively unexplored. This was mainly due to past efforts
to investigate the effect of L-leucine on surface energy of spray-dried formulations that did not
result in a meaningful outcome [36]. This was considered to be associated with the difficulty
in packing the fine powders in the column in reproducible manner and controlling the factors
affecting surface energy such as humidity, which can potentially affect the reproducibility and

reliability of the obtained data.

In this study, we were able to overcome such difficulties and achieve more reliable
and reproducible results by mixing the spray-dried powder with inert glass beads (to achieve
efficient column packing) as well as by storing and packing the powder in a controlled humidity
environment. Surface energy data indicated that a consistent drop in the polar surface energy
of the formulation was noted with higher surface L-leucine concentration. This observation
supports the conclusion that non-polar groups are dominant at the surface. Therefore, we
propose that the orientation of the L-leucine likely appears to be with the hydrophobic,
hydrocarbon chains oriented to the surface, rather than the polar amine and acid groups, and
assembled in an ordered crystalline array. This study therefore provides the first direct support
for such molecular concentration, crystalline structure and molecular orientation specific to the

surface of such spray-dried particles.
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Thus, a combination of both surface saturation and a defined solid-state character was
collectively needed to achieve effective L-leucine functionality. Thus, the surface
concentration of L-leucine dictates surface properties, which consequently controls bulk

performance of the spray-dried formulations.

These findings can be used as a guide to optimize particle design for achieving a
desired formulation performance of the bulk powder. In the context of their application, we can
better understand for example, the minimum L-leucine level required to give an effective
surface property, representing a coherent, crystalline, suitably oriented molecular structure.
This can then be employed to optimise the powder for formation of interactive and other
structured mixtures, fluidisation and aerosolisation. It may also aid in optimisation of
dissolution or moisture protection of the powder as a result of a hydrophobic L-leucine coating,
or minimise the need for excess L-leucine that may compromise physical behaviour of the
particle core in process such as compaction in multifunctional excipients application for tablet

formulations [16].

4.8 Conclusion

L-leucine has been shown to have an important role in both current and potential future
pharmaceutical formulations. The present work investigated the effect of surface L-leucine
concentration on particle morphology, crystallinity, surface energy and bulk powder cohesion
to understand the relationship between surface L-leucine concentration, resultant surface
physico-chemical properties and bulk powder properties. This study has substantially clarified
our understanding of the role of L-leucine in particle formation, indicating that the L-leucine
enriches the surface of the droplets early in the drying phase, which is followed by its
crystallization into nano-sized domains on the surface. This affects the subsequent drying and

plastic behaviour of the surface composition and controls powder surface properties such as
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morphology and surface energy, which consequently dictates the bulk behaviour of the spray-
dried formulations. Thus, optimum surface L-leucine concentration is required to achieve
optimum surface as well as bulk properties of the spray-dried formulations and this
understanding may be employed for future formulation studies to optimize performance of a

range of spray-dried formulations.
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411  Appendix

4.11.1 Appendix 4.1 — Example of a C 1s fitted using reference spectra of PVP and Leu.
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4.11.2 Appendix 4.2 — ToF-SIMS spectra of A-PVP and B-L-leucine. Arrows showing

diagnostic peaks used in this study.
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4.11.3 Appendix 4.3 — X-ray diffractogram of L-leucine.
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4.11.4 Appendix 4.4 — Shear cell data of spray dried formulations demonstrating shear stress

as a function of applied normal stress.
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5.1 Commentary

In the chapter 1, we selected two small particle formulations (a low cohesion and a high
cohesion small particle formulation) and investigated the effect of relative cohesion on their
interactive mixing behaviour as well as binder and flow additive actions. In this study, we
address objective 3 “ to investigate the relationship between interactive mixing behaviour with
binder and flow additive action of small binder particles’ For this study, five small particle
binder formulations with varying cohesions (as shown in chapter 2), were selected. The
interactive mixing behaviour was predicted using a cohesion-adhesion balance approach and
compared with observed interactive mixing behaviour. Moreover, the relationship between the
interactive mixing behaviour and functional performance i.e., binder and flow additive action

was investigated.
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5.2 Abstract

Obijective

In this study, we investigated the applicability of cohesive-adhesive balance (CAB) model to
predict the interactive mixing behaviour of small excipient particles. Further, we also
investigated the application of this CAB model to predict the flow and compactability of
resultant blends.

Methods

Excipients created by co-spraying polyvinylpyrrolidone (PVP, a model pharmaceutical binder)
with various L-leucine concentrations were used for this study. Paracetamol was used as model
active pharmaceutical ingredient (API). The surface energy was used to derive the work of
cohesion (w,,) and work of adhesion (w,,) to predict the interactive mixing behaviour of the
excipients with paracetamol. The blends were visualized under a scanning electron microscopy
microscope to assess the interactive mixing behaviour. In addition, the flow performance and
tabletting behaviour of various blends were characterized.

Results

The surface-energy derived work of adhesion (w,4) between excipient and paracetamol
particles increased, while the corresponding work of cohesion (w,,) between excipient
particles decreased, with increasing L-leucine concentrations. In blends for which the work of
cohesion was higher than the work of adhesion (w.,> w,4), sSmall excipient particles were
apparent as agglomerates. For excipients with 5% and higher L-leucine concentrations, the
work of adhesion between excipient and paracetamol particles was higher than or equivalent
to the work of cohesion between excipient particles (w,; = w,,) and agglomerates were less
apparent. This is an indicator of formation of homogeneous interactive mixtures. At 5% (w/w)

excipient proportions, blends for which w,; > w,, demonstrated higher compactability than
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other blends. Furthermore, at 10% (w/w) and higher excipient proportions, these blends also
demonstrated better flow performance than other blends.

Conclusion

In conclusion, this is the first reported study to demonstrate that surface-energy derived CAB
data effectively predicted the interactive mixing behaviour of small excipient particles.
Furthermore, at certain proportions of small excipient particles this CAB balance also predicted

the flow and compaction behaviour of the APIl/excipient blends.

Keywords: Polyvinylpyrrolidone; L-leucine; cohesion-adhesion balance, paracetamol, surface
energy, work of cohesion, work of adhesion, high-dose API, direct compression, flow,
compactability
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5.3 Graphical abstract

f . Work of cohesion = Work of adhesion \
(W™ W) . .

° . . Poor binder action and
. . flow additive action
& y
( o Work of cohesion < Work of adhesion \

[ -
°® ..... (W, =Wyy) :
o z '™ Efficient binder action
° : : and flow additive action
\ Y,

144



Chapter 5

5.4 Excipients for Powder Flow or for Powder Compaction

Flowability and compactibility are essential material attributes for efficient tablet
manufacturing [1-4]. However, the majority of APIs lack the flow and/or compactability
needed for direct tablet manufacturing [5]. Excipients (binders and flow additives) are
incorporated to improve the compactibility and flow. Therefore, the success of tablet
formulation critically depends on these excipients [6, 7].

Both flowability and compactibility depend on inter-particle forces [8]. In practice,
flow additives improve flow by reducing inter-particle forces [9], while binders improve
compactability by increasing inter-particle forces [10]. Thus, from a fundamental perspective,
flow additives and binders have opposite impacts on powder blends and would be expected to
conflict with each other’s performance.

5.5 Interactive Mixing and Control of Cohesion

The concept of interactive mixing involves the adhesion of small particles (typically <10 pum)
to larger particles resulting in formation of a homogeneous and segregation resistant powder
mix [11]. The formation of interactive mixture depends on the magnitude of forces acting
between the small and large particles. Efficient de-agglomeration and preferential adhesion of
small particles to large particles is energetically favoured when the forces of adhesion acting
between small and large particles are stronger than the forces of cohesion acting between the
small particles [12, 13]. This concept is known as the cohesive-adhesive balance (CAB) [12,
13].

Glidants/flow additives are nanometric in size and improve the flow of cohesive
particles by adhering to them consequently forming interactive mixtures [14-16]. However,
due to their small size, most flow additives are highly cohesive in nature. Low shear mixing is

unable to efficiently de-agglomerate these cohesive structures resulting in non-homogeneous
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mixtures and consequently poor flow [10, 17-19]. High shear mixing facilitates de-
agglomeration and the formation of a more homogeneous interactive mixture, and
consequently optimum flow improvement [15, 20, 21]. This suggests that the interactive
mixing behaviour of small excipient particles affect the flow performance of the resulting
interactive mixtures.

Theoretically, a monolayer of binder particles facilitates optimum gain in tensile
strength [22, 23]. This can be explained by percolation theory, which predicts that a three-
dimensional continuous bonding network of the excipient must be present in order for the tablet
to achieve optimal tensile strength [24, 25]. It has been demonstrated that small binder particles
with the ability to form efficient interactive mixtures also express an efficient binder action
[26]. This suggests that cohesive adhesive balance of small excipient particles also affects the
compaction behavior of the resulting interactive mixtures.

Clearly, both flow and compaction behavior of blends depend on the dispersibility of
small excipient particles, In this study, we used the cohesive-adhesive balance (CAB) model
with surface energy-derived cohesion and adhesion data to predict the dispersibility and
therefore the interactive mixing behaviour of small excipient particles with paracetamol. In
addition, the applicability of CAB to predict the flow and compaction behaviour of the resultant
blends was investigated. Small, micron-sized excipients (PVP spray-dried with L-leucine) were
compacted into tablets and their tensile strength determined. Paracetamol was selected as a
poorly compressible cohesive APl model [27]. The surface energies of spray-dried excipients
and paracetamol were determined using an inverse gas chromatography, and the cohesion-
adhesion balance was derived from these surface energy data [28, 29]. The applicability of the
CAB model to predict the dispersibility and therefore the interactive mixing behaviour of small

excipient particle was then qualified by inspection of the API/excipient blends under a scanning
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electron microscope. Powder blends were then characterized for their tableting behaviour and

flow performance.

5.6 Materials and Methods

In this study, we used previously prepared PVP (molecular weight ~10 kDa, as per supplier’s
specifications) and L-leucine spray-dried formulations [30]. The mean particle diameter (Dso)
of various spray-dried formulations was in the range of 2-3 pum with narrow particle size
distributions. Paracetamol of analytical grade was procured from Sigma-Aldrich (St. Louis,
MO, USA). The particle diameters of paracetamol were Dig— 3.7 £0.1 pm, Dso—21.4 £0.3 pm,

and Dgo— 151.5 5.0 pm.

5.6.1 Inverse gas chromatography

The surface energy of paracetamol was determined with an inverse gas chromatography (iGC
2000, Surface Measurement Systems Ltd., London, UK) at infinite dilution. Briefly,
paracetamol powder was packed into pre-silanized glass columns (300 mm x 3 mm internal
diameter) by gentle tapping, until no cracks, hollows, or channels were visible in the powder
bed. The columns were loosely stoppered with silanized glass wool at both ends to prevent
sample movement.

Before measurement, the packed columns were pre-conditioned with a helium stream
at 10 standard cubic centimetre per minute (sccm) for 2 h at 303 K and 0% RH. Dispersive
energy measurements were achieved with the use of a series of n-alkanes (chromatography
grade decane, nonane, octane, heptane and hexane (Sigma-Aldrich, St. Louis, MO, USA)),
while the specific surface energy measurements were achieved with the use of acidic
(chromatography grade chloroform (Sigma-Aldrich, St. Louis, MO, USA)) and basic probes
(chromatography grade ethyl acetate (Sigma-Aldrich, St. Louis, MO, USA)), respectively. For
all probes, a concentration of 0.03 p/p0 (where p is the partial pressure and p0 is the saturation
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vapour pressure) was used. Helium at a flow rate of 10 sccm was used to carry the probes
through the stationary phase and the system was maintained at 303 K at 0% RH. Dead volumes
were based on the retention volume of methane gas at 0.03 p/p0, detection of probes was
achieved with a flame ionization detector. Replicates of 3 were conducted for all samples.
The dispersive surface energy was calculated according to the theory described by
Schultz [31] while the specific energy was calculated based on the theory proposed by Good-
van Oss-Chaudhury [32] where the specific energy can be split into two components - an acidic
component, y*, and a basic component, y~. The calculation of the specific energy is given by

the following equation [32, 33]:
YE = vévs Eq. (3.1)

The total surface energy of the material is the additive effect of both the dispersive
(y®) and polar (y*) components [34]. Upon determination of the dispersive and polar surface
energies, the work of adhesion (w,,;) for interactions between dissimilar particles and the work
of cohesion (w,,) for interactions between similar particles can be calculated using the

following equations [28, 29]:

Weo = 2VE¥P + 24V v Eq. (3.2)

Waa = 2Y2.v2 + 2JvF v Eq. (3.3)

Where, ¥y and y? represent the dispersive and polar energies of particles of solid 1, and y2and

¥} represent the dispersive and polar energies of particles of solid 2.
5.6.2 Blending

To minimize the effect of humidity related variations, all the excipients were stored in a
controlled humidity (42 £ 2 % RH) environment until equilibration. When the gain in mass

was <10 mg (per ~50 g excipient batch) on three consecutive measurements (with 24 hours
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between each measurement), the mass was considered to have attained equilibrium. A total of
50 g blend was prepared by mixing paracetamol with predetermined ratios (5, 10, 15 and 20%
(w/w)) of spray-dried excipients in a 250 mL glass jar using a Turbula mixer (Willy A.

Bachofen, Muttenz, Switzerland) at 72 rpm for 5 min.

5.6.3  Scanning electron microscopy (SEM)

The interactive mixing behaviour of the spray-dried excipients with paracetamol was visualised
by SEM (Phenom, FEI Company, Hillsboro, OR, USA). Double-sided adhesive tape was
placed on an aluminium stub and after stripping off the upper side of the adhesive, a small
amount of sample was scattered on the stub and dispersed by tapping lightly on the edge of the
stub. The stubs were then coated with a fine gold film using a sputter coater (Emitech K550X,
Quorum Technologies, Kent, UK) using an electrical potential of 2.0 kV at 25 mA for 3 min.
The coated stubs were then loaded into the SEM docking bay and images were captured at
various magnifications.

5.1.1 Tensile strength

Powder formulations, 105 + 5 mg, were manually filled in the tablet die; the tablets were
produced in a computer-controlled tablet press (Gamlen Tableting Ltd., Nottingham, UK). The
powder formulations were compressed at 80, 120 and 154 MPa with a punch speed of 1 mm/s
using a flat punch and die measuring 6 mm in diameter. The die and punch were lubricated
with a trace dusting of magnesium stearate prior to each compression [35, 36]. The dimensions
(diameter and thickness) of each tablet were measured. The breaking force of the tablets was
measured using an Erweka hardness tester (TBH-30, Erweka, Heusenstamm, Germany). The

tensile strength of the tablets was calculated according to the following equation [37];

6 o=— Eq. (3.4)
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where o is tensile strength, F is the breaking force, D is the tablet diameter, and H is the tablet
thickness.

5.6.4  Evaluation of flow

Bulk and tapped density were determined to assess the effect of various added spray-dried
excipients on the flow of paracetamol. A 10 mL glass measuring cylinder was placed onto a
calibrated balance (B1-205, Sartorius AG, Goettingen, Germany) and tared. Powder was then
gently transferred into the measuring cylinder by allowing the powder to fall from a fixed
height of 10 cm into the cylinder without any agitation. Each sample was tested in triplicate
and the bulk density was calculated from the ratio of mass and volume. The tapped density

(peap) Was determined by mechanically tapping a graduated cylinder containing the powder for

1250 taps using a tapped density analyser (Autotap™, Quantachrome Instruments, Boynton
Beach, FL, USA). The powder volume was noted after tapping and the tapped density was
calculated as mass divided by the tapped volume of the powders. The bulk and tapped densities
were used to calculate the Carr’s index and Hausner’s ratio calculated according to the

following equations [38, 39]:

Carr's Index = M x 100 Eq. (3.5)
tap
Hausner's Ratio = ;Oti x 100 Eq. (3.6)
bulk

5.6.5  Statistical analysis

The results were expressed as Mean £SD (standard deviation) and the statistical analysis was
preformed via one-way analysis of variance (ANOVA) with Tukey—Kramer multiple
comparison post-hoc tests using SPSS™ software (SPSS Inc., IBM Corporation, New York,

USA).
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5.7 Results

5.7.1  Tensile strength-Binders

The compactability of the spray-dried excipients was determined by compacting them alone
and testing the tensile strength of the resulting tablets. PVP spray-dried with no L-leucine
showed the highest tensile strength (Figure 5.1). Incorporation of L-leucine reduced the tablet
tensile strength indicating that L-leucine compromised the compactability of the PVP. This
may be attributed to the coating of PVP with L-leucine. L-leucine is known as a low-bonding
lubricant material [40]. The detrimental effect of lubricant on material compactability is well-
known. It was proposed that lubricant reduces inter-particle bonding and allows greater tablet
relaxation, and consequently reduces compactability [41-44]. It is interesting that despite a
change in surface coverage a change in compactability was not observed between PVP spray
dried with different L-leucine concentrations. We propose that with as low as 2.5% feed L-
leucine concentration, majority of PVP surfaces were covered by L-leucine, thus further
increase in surface L-leucine concentration (with increasing L-leucine feed concentration) was
an indication of deposition of L-leucine in deeper surface, which did not further reduce PVP

bonding.
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Figure 5.1 — Tensile strength of tablets prepared from different spray-dried formulations. Data

presented as Mean £SD (n = 5).
5.7.2  Cohesion-adhesion balance

The surface energy data were used to calculate the work of cohesion (w.,) and work of
adhesion (w,q) (Table 5.1). The results indicated that the work of cohesion of PVVP-Leu (0%)
and PVP-Leu (2.5%) was higher than the corresponding work of adhesion to paracetamol.
Therefore, the self-agglomeration of the small spray-dried particles was more energetically
favoured than their adhesion to paracetamol. The work of cohesion reduced with higher feed
L-leucine concentrations, such that for PVP-Leu (5%), PVP-Leu (10%) and PVP-Leu (15%),
the work of cohesion was approximately equivalent to the work of adhesion to paracetamol.
Thus, the adhesion of the small particles to the paracetamol particles was anticipated to be more

energetically favoured than the respective cohesion (agglomeration) of small excipient

particles.
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Table 5.1 — Cohesive-adhesive balance (CAB) data for APIl/excipient interactive mixtures.

Data presented as Mean £SD (n = 3).

Formulations W, (MI/m?)* Wqq (MI/M?) Weo VS Wy
PVP-Leu (0 %) 280.7 +21.5 165.8 +8.1 Wep > Wag
PVP-Leu (2.5%) 173.0 6.7 139.5 +3.5 Weo > Wag
PVP-Leu (5%) 120.4 +21.9 120.1 +12.6 Wag & Weo
PVP-Leu (10%) 116.9 +5.5 120.3 +3.3 Wad = Weo
PVP-Leu (15%) 109.7 +3.1 116.6 +1.5 Waa = Weo
*from [30].

5.7.3  Scanning electron microscopy (SEM): Blends

The interactive mixing behaviour of the spray-dried powders with paracetamol was
qualitatively assessed by visual inspection of SEM images of these blends (Figure 5.2). It was
observed that the PVP-Leu (0%) particles were agglomerated and poorly dispersed over the
surface of paracetamol (as indicated by the arrows in Figure 5.2 (A)). SEM images of the PVVP-
Leu (2.5%)/Paracetamol blends showed some agglomerates on the surface of the paracetamol
particles (as indicated by arrows in Figure 5.2 (B)). With 5% and higher L-leucine feed
concentrations, little sign of these agglomerates was evident on the surfaces of the paracetamol
particles, indicating de-agglomeration and distribution of the excipient particles across the
surface of the paracetamol particles. This observed interactive mixing behaviour of excipient
particles with paracetamol was consistent with the above CAB predictions based on the work

of adhesion and the work of cohesion.
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Figure 5.2 — Representative SEM images of API/excipient (85% (w/w) /15% (w/w)) blends: (A)
PVP-Leu (0%)/Para, (B) PVP-Leu (2.5%)/Para, (C) PVP-Leu (5%)/Para, (D) PVP-Leu

(10%)/Para and (E) PVP-Leu (15%)/Para.

5.74  Compactability

APIl/excipient blends were compacted into tablets and tensile strength was determined. This
data was used as a measure of the binder activity of the spray-dried powder formulations
(Figure 5.3). At the lowest excipient level of 5% (w/w) spray-dried powders added to
paracetamol, both blends of APl with PVP-Leu (0%) and PVP-Leu (2.5%) resulted in the
formation of substantially weaker tablets compared to the APl blended with spray-dried
powders of 5% L-Leucine and above. These powder blends are indicated by arrows. These
results show that with the low level of excipient (5% (w/w)), it was possible to make tablets
with tensile strength of > 1.7 MPa, which is considered to be a strength acceptable for large

scale pharmaceutical manufacturing [45]. In contrast, at higher spray-dried powder levels with
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API, the PVP-Leu (0%) blend resulted in substantially higher tensile strength compared to the

blends of API with PVP of all L-leucine contents.

5 - OPVP-Leu (0%) <& PVP-Leu (2.5%) APVP-Leu (5%)
X PVP-Leu (10%) OPVP-Leu (15%)
- 4 9 # [%
=
=
=3 &
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© 2 —>i
E Weo = Waq @
=1 —_—
0 L T L T 1
0 5 10 15 20 25

Excipient Proportions (% w/w)

Figure 5.3 — Tensile strength of tablets produced from various API/excipient blends compacted

at 154 MPa. Data presented as Mean +SD (n = 5).

5.75 Evaluation of flow

The bulk and tapped densities, Carr’s index and Hausner’s ratio are presented in Figure 5.4.

Powders with good flowability achieve better packing thereby they typically have
higher bulk densities than powders with poor flowability [46, 47]. Paracetamol had a low bulk
density (0.31 g/mL). Adding PVP-Leu (0%) or PVVP-Leu (2.5%), did not significantly (p>0.05)
increase its bulk density (Figure 5.4 A). However, addition of PVP-Leu (5%), PVP-Leu (10%)
and PVP-Leu (15%) resulted in a significant increase in the bulk density (p<0.05). This effect
was more evident and pronounced at higher excipient proportions. Again, as predicted by CAB
data, the work of cohesion (w.,) was higher than the work of adhesion (w,4) for PVP-Leu
(0%) and PVP-Leu (2.5%) blends. while the work of adhesion (w,4) was higher/equivalent to
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the respective work of cohesion (w,,) for other APl/excipient blends. This suggests that CAB
can also effectively predict the flow performance of interactive mixtures. This may be
attributed to the efficient coverage of host particles by more flowable guest particles reducing
direct inter-particle interactions between cohesive host particles. In essence, the surfaces of the
poorly flowing API are now covered with better flowing (less cohesive) guest particles hence
the blends have better flow. Interestingly, the interactive mixtures with CAB supporting
homogeneous interactive mixing also demonstrated varying bulk density. The bulk density of
blends of PVP-Leu (10%) and PVP-Leu (15%) was significantly higher than PVP-Leu (5%)
(p<0.05). Tapped density data was in good accordance with bulk density data indicating similar

powder flow behaviour (Figure 5.4 B).

The Carr’s Index and Hausner’s ratio API/excipient blends are presented in Figure 5.4
C and D. In general, the Carr’s index and Hausner’s ratio data were in good agreement with
bulk and tapped density data except for PVP-Leu (0%)/API blends. This deviation in Carr’s
index and Hausner ratio data may be attributed to cohesive nature of PVP-Leu (0%)/API
blends. We propose that the energy supplied by the tapping machine was insufficient to disrupt
the cohesive blend structure, which reduces the degree of powder volume reduction achieved
upon tapping. Other researchers have also reported similar observation [8, 47]. Thus, Carr’s
index and Hausner’s ratio are not universal flow indicators, and are deemed unsuitable for
highly cohesive powders.

Typically, a Carr’s index between 21-25 and Hausner’s ratio between 1.26-1.34 is
considered suitable for industrial scale tablet manufacturing [48]. Notably, none of the
API/excipient blends (for which Carr’s index and Hausner’s ratio were considered applicable)
could achieve a suitable Carr’s index or Hauner’s ratio. Therefore, these excipients are
relatively weak flow additives. The limitation of these excipients compared to silicon dioxide

has also been demonstrated and was attributed to their relatively large particle size compared

156



Chapter 5

to silicon dioxide [19, 26]. It should, however, be highlighted that the host particle size also
controls the flow additive action of small excipients [16, 19, 49]. Thus, the flow improvement
achieved using these excipients may vary depending on host particle size. However, further
studies are being conducted to specifically investigate how the flow additive action of these

excipients changes with host particle size.
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5.8 Discussion

The concept of interactive mixtures has been shown to be effective in achieving uniform mixing
of small dose APIs in powder blends where small particles adhere to the surface of large
particles [50]. In addition, the gold standard flow additive silica has been shown to improve
flow by adhering to large particles and forming interactive mixtures [10]. Thus, interactive
mixing finds significant commercial application in pharmaceutical tablet formulations. We
have shown that a small binder particle excipient exhibits binder and as well as a weak flow
additive action and forms interactive mixtures [26]. Such improvements in binder and flow
additive action were previously attributed to efficient interactive mixing behaviour of small
excipient particles [26]. This is the first study to employ surface-energy derived cohesion-
adhesion balance (CAB) data to predict the interactive mixing behaviour of small excipient
particles with a cohesive API, as well as the flow and compaction behaviours of the
APl/excipient blends.

The formation of an interactive mixture is energetically favoured if forces of adhesion
are similar or stronger than the forces of cohesion. Previous studies used a colloid probe AFM
technique to measure the relative magnitude of adhesive and cohesive interactions and
consequently predict interactive mixing behaviour [13]. To the author’s knowledge, this
present study is the first to use surface energy data from IGC measurements to enable the
characterization of the adhesive and cohesive interactions, and then predict interactive mixing
behaviour. However, further studies investigation the surface coverage achieved by small
particles and its relationship with CAB data would be required to gain an in-depth
understanding and effective implication of this predictive model.

Previous studies have investigated the interactive mixing behaviour of excipient can
affect the compactability of interactive powder mixtures [26]. At low excipient proportions,

interactive mixtures with CAB predicted homogeneous interactive mixing behaviour (i.e., with
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work of adhesion (w,,) greater than or equal to the work of cohesion (w,,)) demonstrated
better compactability than CAB predicted inhomogeneous mixtures (i.e., with work of
adhesion (w,,) less than the work of cohesion (w,,)). This indicated that the CAB model may
also be effectively employed to predict the compaction behaviour of APIl/excipient blends.
Excipients, which are effective at improving the compaction at low proportions, may find
applications in tabletting of high-dose difficult to compact APIs [3].

We also observed that the compaction behaviour of interactive mixture with high
excipient proportions deviated significantly form CAB predicted model behaviour i.e., the
interactive mixtures demonstrated a high compactability despite CAB predicted
inhomogeneous mixing of the small excipients. This may be attributed to an excess of excipient
particles in the blend, allowing them to effectively cover host particles despite poor dispersion,
thus offsetting the effect of dispersion/mixing behaviour. Thus, we proposed that there are two
important factors, which govern the compactability of interactive mixtures. At low levels of
excipient, the compactability of the blend is dependent on the interactive mixing behaviour of
the excipients where a more homogenous dispersion of the excipient over the surfaces of the
API allows it to express greater binder action. However, at higher levels of excipient, the
compactability of APIl/excipient blend is no longer governed by the dispersibility of the
excipient particles rather it is determined by their intrinsic compactability. This is perhaps
because at higher levels of excipient, there is an excess availability of the binder particle, thus
the binder particles are likely to sufficiently cover the surface of the API regardless of how
well the binder particles de-agglomerate.

Flow additives improve flow by adhering to cohesive particles and thus acting as
spacers and by reducing inter-particle forces [14, 19, 21]. This suggests that the small particles
improve flow by forming interactive mixtures. Previous studies have suggested that particles

size, surface coverage, chemical nature, as well as mixing behaviour of small excipients can
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significantly influence the flow performance of interactive mixtures [14, 16, 19, 21, 51-53]. In
this study, we investigated if the CAB model can also predict the flow performance of powder
blends. It was noted that the flow improvement was only evident in case of CAB predicted
homogeneous interactive mixing behaviour (i.e., with work of adhesion (w,,) greater than or
equal to the work of cohesion (w,,)). This improvement was more pronounced and distinct at
higher excipient proportions. This may be attributed to greater surface coverage of paracetamol
particles by small excipient particles, which significantly reduces inter-particle interactions
between paracetamol particles offering greater flow improvements, which is consistent with
earlier observations [16, 19, 21]. Notably, optimal flow additive action was observed with
excipients containing higher proportions of L-leucine indicating that not only interactive
mixing behaviour but also other particle properties of small particles may also play an
important role in determining flow of interactive mixtures. This may be attributed to the
reduction in cohesion of excipient particles with higher L-leucine concentrations, as previously
reported. Since, the small excipient particles covers the surface of host particles in interactive
mixtures, these particulate structures act as core-shell agglomerates, where inter-particle
interactions of shell (excipient particles) i.e., cohesion becomes the leading factor controlling
the flow of the core (host particles). Thus, excipients with lower cohesion allows better flow
improvements, if the effect of mixing behaviour is disregarded. Further studies are being

conducted to look into this aspect of flow improvements.

5.9 Conclusion

In conclusion, the surface energy derived cohesive-adhesive balance (CAB) model can
effectively predict the interactive mixing behaviour of small particles. This data could also
effectively predict the compactability and flow behaviour of resultant interactive mixtures at

certain excipient proportions. Overall, this knowledge may help provide significant insight into
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the mixing, flow and compaction behaviour of interactive mixture, and thus create optimum

interactive powder mixtures for tablet manufacturing.
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Chapter 6

6.1 Commentary

In the previous chapter, the flow of interactive mixtures improved with efficient interactive
mixing as well as reducing cohesion of small binder particles. In this study, we address the
specific objective 4 “to investigate the relationship between the cohesion of small particles and
the flow of interactive mixture”. In interactive mixtures, the guest particles are present at the
interfaces of the host particles. At sufficient surface coverage, the inter-particle interactions
between the guest particles are the dominant particle-particle interaction, hence the flow of
such interactive mixture would depend on inter-particle interactions between guest particles.
Thus, we hypothesized that the cohesion of guest particles governs the flow behaviour of

interactive mixtures and consequently their flow additive action.
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6.2 Abstract

In this study, we aimed to investigate the effects cohesion of small surface-engineered guest
binder particles on the flow behaviour of interactive mixtures. Polyvinylpyrrolidone (PVP) - a
model pharmaceutical binder - was spray-dried with varying L-leucine feed concentrations to
create small surface-engineered binder particles with varying cohesion. These spray-dried
formulations were characterized by their particle size distribution, morphology and cohesion.
Interactive mixtures were produced by blending these spray-dried formulations with
paracetamol. These blends were visualized under scanning electron microscope to confirm
formation of interactive mixtures. Surface coverage of paracetamol by guest particles as well
as the flow behaviour of these mixtures were examined. The flow performance of interactive
mixtures was evaluated using measurements of conditioned bulk density, basic flowability
energy, aeration energy and compressibility. With higher feed L-leucine concentrations, the
surface roughness of small binder particles increased, while their cohesion decreased. Visual
inspection of the SEM images of the blends indicated that the guest particles adhered to the
surface of paracetamol resulting in effective formation of interactive mixtures. These images
also showed that the low-cohesion guest particles were better de-agglomerated consequently
formed a more homogeneous interactive mixture with paracetamol compared with high
cohesion formulations. The flow performance of interactive mixtures changed as a function of
the cohesion of the guest particles. Interactive mixtures with low-cohesion guest binder
particles showed notably improved bulk flow performance compared to those containing high-
cohesion guest binder particles. Thus, our study suggests that the cohesion of guest particles

dictates the flow performance of interactive mixtures.

Keywords: FT4, bulk density; interactive mixture; paracetamol; polyvinylpyrrolidone; L-

leucine; particle engineering, surface coverage, X-ray photoelectron spectroscopy, shear cell
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6.3 Graphical abstract
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6.4 Introduction

In general, powder flow can be defined as the movement of particles relative to adjacent
particles and/or surfaces [1]. The manufacturing of pharmaceutical solid dosage forms involves
several processes, which are highly sensitive to powder flow [2, 3]. For example, the delivery
of a consistent dose into a tablet die during tablet manufacturing. Thus, predictable and

reproducible flow is an important powder characteristic for successful manufacturing [4, 5].

Many pharmaceutical powders exhibit poor flow and hence are inherently unsuitable
for manufacturing process. Poor flowability is a result of strong inter-particles cohesive forces
(between particles of similar chemical natures) arising mainly from van der Waals attraction.
The magnitude of these forces increase as the particle size is reduced and hence they become

the dominant factor controlling the flow of small particles.

Coating cohesive particles with small guest particles (silicon dioxide is often regarded
as a flow additive or glidant) is a commonly used method of improving flow [6-10]. These
guest particles act as nano-surface roughness on the cohesive host particles, reducing
interactions between them and improving their flow. [11]. This suggests that these flow
additives (small guest particles) mainly act by adhering to the surfaces of cohesive host

particles [6, 12].

Interactive mixing also describes the adhesion of small particles (<10 um) to relatively
large particles [13], which implies that the flow additives also work of the principle of
interactive mixing [5]. Cohesive forces (or work of cohesion, w.,) act between similar
particles, while adhesion forces (or work of adhesion, w,q4) act between dissimilar particles.
Cohesive-adhesive balance or CAB describes the relative magnitude of these different forces

[14, 15]. Previously, surface energy has been used to calculate the magnitude of forces acting
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between particles [16]. The surface energies of two interacting particles can be utilised to

calculate w,q and w, [17, 18]:

Weo = 24/YP.¥P + 24V1v7 Eq. (6.1)

Wad = 2/Y1-V5 + 24/V1- Vs Eq. (6.2)

where, y? and y} represent the dispersive and polar energies of particles of solid 1,

and yDand y% represent the dispersive and polar energies of particles of solid 2.

For interactive mixtures to form, adhesion of guest particles to host particles must be
preferred to cohesive forces, i.e. w,q > w,, [14, 15]. However, small particles (<10 pm) can
be highly cohesive [19]. These relatively strong cohesive forces inhibit de-agglomeration and
the dispersion of these small particles over host particles, which compromise their ability to

form interactive mixtures (as w,q < w, ) and consequently their flow additive ability [5, 8].

In theory, there are two main approaches to maximize the de-agglomeration and
surface coating quality of such small particles. Firstly, the deliberate de-agglomeration and
dispersion of guest particles using high shear mixing processes (dry powder coating) and
secondly, engineering particles with reduced forces of cohesion, thus making them inherently

more adhesive than cohesive.

Dry powder coating approaches have been found to enhance the de-agglomeration and
dispersion of small flow additives over host particles, thus improving their flow additive ability.
Dry coating approaches include mechanofusion [8-10], hybridizer [20], comil [21, 22], fluid
energy mills [23] and the magnetically assisted impaction coater (MAIC) [23, 24]. The

enhanced flow additive action following dry coating was attributed to greater host surface
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coverage, implying the relationship between de-agglomeration and flow additive action [12,

24].

Particle engineering utilising L-leucine is an effective strategy to control the cohesion
of small particles [25, 26]. Upon co-spraying, L-leucine enriches the surface of small particles,
increase surface corrugation [26, 27] and reduce surface energy [25] , thus reduce the cohesion
[25]. We have recently demonstrated that L-leucine surface enriched small binder particles
exhibit efficient de-agglomeration and dispersion over host particles even using low shear
mixing [19, 28]. Such improved dispersion behaviour also allowed low-cohesion guest binder

particles to express a flow additive action [19, 28].

In interactive mixtures, the guest particles are present at the interfaces of the host
particles. At surface coverages of approximately >40%, guest-guest interactions are the
dominant inter-particles interactions, while host-host interactions are negligible [29, 30]. In
such mixtures, the flow would be expected to mainly depend on the nature of guest particles.
In this context, guest particle properties i.e., size, surface coverage and chemical nature have
been shown to strongly affect the flow performance of interactive mixtures [6, 11, 12, 24, 31].
In this study, we have extended an ongoing investigation into the potential design of an
engineered small binder particles with the aim to investigate the relationship between the
cohesion of guest particles and the flow performance on interactive mixtures. We investigated
the change in surface coverage as well as the flow performance of interactive mixtures with
respect to the cohesion of guest particles. This was done to gain further insight into the effect

of nature of guest particles on their flow additive action.
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6.5 Materials and methods

Paracetamol of analytical grade and PVP (molecular weight ~ 30 kDa, as per supplier’s
specifications) were procured from Sigma—Aldrich (St. Louis, Missouri, MO, USA). L-leucine

was purchased from Ajinomoto Co. Inc. (Tokyo, Japan).

6.5.1 Method of preparation

Agueous solutions of PVP (6 % (w/v)) and predetermined proportions of L-leucine were spray-
dried using the method as described previously [16]. Briefly, PVP and L-leucine were
accurately weighed and dissolved in water with the aid of magnetic stirring. The resultant
solutions (approximately 500 mL) were spray-dried using a laboratory scale spray-dryer
(Buchi-190 mini, Buchi Laboratory Equipment, Flawil, Switzerland) with a 0.5 mm two-fluid
nozzle. The standard operating conditions employed during spray-drying were: inlet
temperature, 125 +5 °C; spray air flow rate, 800 L/h; and liquid solution feed rate, 10 mL/min.
These conditions resulted in an outlet temperature of 70 £2 °C. The powders were collected

immediately and stored in a resealable aluminium foil bag to prevent moisture uptake.

6.5.2 Particle size and size distribution

The particle size measurements were performed using a Malvern Mastersizer 2000 (Malvern
Instruments Ltd., Malvern, UK). Powder samples were spread along the sample feed tray.
Particle size measurements were performed at a shear pressure of 2.0 bar and the feeder setting

of 50%. Measurements for each formulation were performed in triplicate.

6.5.3 Scanning electron microscopy (SEM)

The morphology and blending behaviour of the spray-dried formulations were visualised by

SEM (Phenom™, FEI Company, Hillsboro, OR, USA). Double-sided adhesive tape was placed
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on an aluminium stubs and a small amount of sample was placed on the tape followed by gentle
tapping to disperse the sample evenly. The stubs were then coated with a fine gold film using
a sputter coater (Emitech K550X, Quorum Technologies, Kent, UK) at an electrical potential
of 2.0 kV at 25 mA for 3 min. The coated stubs were then loaded into the SEM and images

captured.

6.5.4 Evaluation of cohesion of binder powders

A Freeman FT4 Powder Rheometer® system (Freeman Technology, Gloucestershire, UK) with
a shear test module was used to characterize bulk cohesion. Briefly, the instrument measures
the powder shear stress at a given consolidating normal stress. For the shear test, the powders
(approximately 1 g) were loaded into a 1 mL shear cell module and conditioned. The powder
bed was pre-consolidated at a normal stress of 9 kPa using a vented piston, which was then
replaced by a shear head. Shear tests were carried out at normal stresses of 7, 6, 5, 4 and 3 kPa.
The shear stress at each normal stress was recorded and yield loci were derived as curves to
represent the maximum shear stress the sample can support under a certain normal stress
following a specific pre-consolidating stress. The bulk cohesion forces of each sample were

calculated by extrapolating the yield locus to zero normal stress (Eq. 6.3).

T=C+ otanny (Eq. 6.3)

Where, T is the shear stress, ¢ is the normal stress, 1 is the angle of internal friction, and C is
the cohesion. The cohesion was calculated by extrapolating the yield loci to a zero normal
stress at the intercept. In general, higher cohesion values are considered to correspond to higher

cohesive inter-particle forces [10, 28].
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6.5.5 Blending

A total of 50 g of blended samples were prepared by mixing paracetamol with predetermined
amounts of each spray-dried formulation in a 250 mL glass jar using a Turbula T2 mixer (Willy

A. Bachofen, Muttenz, Switzerland) at 72 rpm for 5 min.

6.5.6 Blending behaviour

X-ray photoelectron spectroscopy (XPS) analysis was performed using an AXIS Ultra DLD
Spectrometer (Kratos Analytical Ltd., Manchester, U.K.), equipped with a monochromated Al
Ka source at a power of 180 W (12 mA, 15 kV). A small quantity of each sample was filled
into the shallow wells of custom-made powder sample holders [29]. Sample charging during
irradiation was compensated for by an electron flood gun in combination with a magnetic
immersion lens. A reference binding energy of 285.0 eV for the aliphatic hydrocarbon C 1s
component was used to correct for any remaining offsets due to charge neutralisation of
specimens under irradiation [30]. The pressure in the main vacuum chamber during analysis
was typically 106 Pa. Spectra were recorded with the nominal photoelectron detection normal
to the sample surface. In the case of powders of random orientations, the microscopic emission
angle is ill-defined. Consequently, the sampling depth might vary between 0 nm and 5 - 10 nm,
depending on the kinetic energy of the measured photoelectrons. The area analysed on each
sample had approximate dimensions of 0.3 mm x 0.7 mm. The elemental composition of the
samples was obtained from survey spectra (160 eV pass energy) using integral peak intensities
and the sensitivity factors supplied by the manufacturer. High-resolution spectra of individual
peaks were recorded at 20 eV pass energy which results in a peak width (full width at half

maximum) of typically 0.9 - 1.1 eV for organic polymeric materials.

In order to determine relative fractions of PVP, L-leucine (Leu) and Paracetamol
(Para), reference data were acquired for the three pure compounds. By comparing the data
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obtained from the interactive mixtures to the reference data, one can estimate surface fractions
of the individual compounds using two methods. The first is based on observed variations in
elemental surface composition. The elemental composition (C, N, O) of the interactive
mixtures is assumed to be a linear combination of the compositions of the three pure
constituents (PVP, Leu, Para) which can be expressed as a system of three linear equations.
The resulting 3 x 3 matrix can then be solved to calculate relative fractions of the three
constituents in a particular blend [31]. The second method involves comparing high-resolution
spectra, specifically carbon (C) 1s, spectra since they are significantly different for PVP, Leu
and Para because of their different chemical structures. This allows the surface fractions of the
three compounds in the blends to be estimated using curve fitting: the reference spectra of PVP,
Leu, and Para can be used as three fit components to calculate optimised curve fits of the spectra
of the interactive mixture (Figure 6.1). This yields the relative number of C atoms which are
present as part of either PVP, Leu or Para [29]. Scaled using the respective number of C atoms
in one molecule of the pure compound, these fractions can be converted to relative molar

fractions of PVP, Leu or Para.
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Figure 6.1 — Example of a C 1s fitted using reference spectra of PVP, Leu and Para.

Molar fractions thus derived from XPS data are presented with uncertainties based simply on
two measurements per sample. The overall uncertainty in determining molar surface fractions
is a combination of instrument-related experimental uncertainty (XPS) as well as uncertainties
involved in estimating fractions using the two methods described, and is therefore difficult to
estimate. Since XPS-derived results will only be discussed in qualitative terms, a

comprehensive error analysis was deemed unnecessary.

6.5.7 Evaluation of flow performance of interactive mixtures

The effect of cohesion of guest particle on flow of interactive mixtures was evaluated using:
(i) conditioned bulk density (CBD), (ii) basic flowability energy (iii) aeration and (iv)

compressibility using the FT4 Powder Rheometer.
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6.5.7.1 Conditioned bulk density (CBD)

The CBD test involves a powder conditioning cycle to reduce the operator-induced packing
errors associated with conventional methods, hence it is considered more reproducible [32, 33].
The CBD of different blends was assessed using the method described in detail elsewhere [34].
Approximately 12 g powder samples were gently filled into a 25 cm? cylindrical vessel fitted
with a 10 cm? extension vessel with a splitting assembly. The samples were conditioned to
create a uniform powder bed in a low stress packing state. The cylindrical vessel was then split
which allowed the excess powder to be removed leaving only the powder in 25 cm? cylindrical
vessel. The weight of the powder was recorded automatically and the conditioned bulk density

was calculated by dividing the weight of the powder by the volume of the vessel.

6.5.7.2 Basic flowability energy (BFE)

Basic flow energy (BFE) is defined as the amount of energy needed to move a conditioned
powder in a defined flow pattern [34]. BFE is derived from measurements of both the axial and
rotational forces acting on the shear blade as it passes through the powder. The basic flowability
energy (BFE) was measured during downward movement of the blade at a tip speed 100 mm/s

through the powder bed.

6.5.7.3 Aeration

The aeration energy (AE) is intended to measure changes in the flow of the powder under the
influence of an air stream at a range of velocities [34]. The aeration test was performed in a 35
cm? cylindrical vessel mounted on a base comprising a perforated mesh fitted to a plenum
chamber that acted as an air inlet port [35]. These tests were carried out at air velocities of 0,
2, 4,6, 8and 10 mm/s. At each velocity, the energy required to move the rotating blade from

the top to the bottom of the vessel was determined. The energy required to move the blade
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through the powder bed at the highest air flow rate used in these tests i.e., 10 mm/s, was used
to distinguish the flow behaviour of different interactive powder blends. In all the test cycles,

the tip speed of the blade was 100 mm/s.

8.1.1.1 Compressibility

The compressibility test is a measurement of changes in volume of a powder as a function of
applied stress (range from 1 to 15 kPa) [34]. It is an indicator of packing and flow behaviour
[33, 36, 37]. Cohesive powders typically exhibit high compressibility compared to free-flowing
powders [36]. The change in volume i.e., the compressibility, of different blends at 15 kPa was
used for comparison. For each test, all powder samples were tested in triplicate and average

values were reported.
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6.6 Results

6.6.1 Particle size and size distribution

Table 6.1 presents the particle size distributions of the spray-dried guest particles. The sizes of
the various spray-dried particles were relatively similar to each other, implying that L-leucine
had a negligible impact on particle size. The spray-dried formulations also demonstrated a
mono-modal particle size distribution (Figure 6.2). This is consistent with our previous

observations [22].

Table 6.1 — Particle size of various spray-dried formulations and paracetamol. Data presented

as Mean =SD (n = 3).

Materials Particle Size (um) Span
D1o Dso Dgo
PVP-Leu (0%) 1.5+0.0 3.2+0.1 6.1 +0.11 1.5+0.01
PVP-Leu (2.5%) 1.3+0.0 2.7+0.0 5.2+0.01 1.4 +0.01
PVP-Leu (5%) 1.5+0.0 3.3+0.0 6.6 +0.06 1.5+0.01
PVP-Leu (10%) 1.4+0.1 3.0+0.0 5.9+0.12 1.5 +0.07
PVP-Leu (15%) 1.6+0.1 3.4+0.0 6.7 +0.14 1.5 +0.07
Paracetamol 3.7+0.1 21.4 +0.3 151.5+5.0 6.8 +0.1
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Figure 6.2 — Particle size distribution of various spray-dried formulations and paracetamol.

Data presented as Mean £SD (n = 3).

6.6.2 Surface morphology

Representative SEM images of the spray-dried formulations are shown in Figure 6.3. PVP
spray-dried alone (Figure 6.3 A) formed spherical, dimpled and agglomerated particles.
Incorporation of L-leucine at as low as 2.5% (w/w) resulted in reduced agglomeration (Figure
6.3 B). As the feed concentration of L-leucine was increased, the surface roughness of these
spray-dried particles increased (Figure 6.3). This is consistent with previous observations
suggesting the role of L-leucine in influencing the morphology [38]. Increasing surface
roughness in such particles is typically claimed to result in reduced inter-particle contact area

and therefore powders tend to exhibit relatively lower cohesion [12, 21, 39].

Such change in particle morphology has in several studies been proposed to be a result
of surface L-leucine enrichment during droplet drying [26, 27, 43]. It was proposed that low

water solubility of L-leucine [26, 27, 43] allows it to reach saturation early during droplet
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drying, which is followed by its precipitation first at the droplet interface. It was also speculated
that L-leucine first enriches the surface of the droplets due to its interfacial activity [44].
Crystalline character of L-leucine precipitate in spray-dried formulations has been shown from
powder diffraction [25, 42], and indicates that a degree of self-assembly occurs during the
particle formation process. Researchers have also attempted to model this mass transport
behaviour of L-leucine during droplet drying process, notably via the use of the Peclet number

[27].

It is generally agreed that as droplet drying progresses, the growing surface L-leucine
enriched shell becomes stressed by the increasing vapour pressure of evaporating water, in a
manner well documented in the spray drying industry [45]. A common result in this situation
is the “blowing” of the shell as it stretches, followed by eventual collapse or rupture of the
shell, resulting in the characteristic textured surface morphology of the resultant particles.
Thus, the morphology of particles depends on the thickness of L-leucine shell, which
determines the resistance that the shell offers to the escape of vapour. The shell thickness is
governed by its feed concentration and hence the morphology of spray-dried particles depends
on its feed concentration [25]. Morphology changes such as this are claimed to result in reduced

inter-particle contact area and therefore lower cohesion [12, 24, 46].
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Figure 6.3 — SEM images of spray-dried formulations; (A) PVP-Leu (0%); (B) PVP-Leu

(2.5%); (C) PVP-Leu (5%); (D) PVP-Leu (10%) and (E) PVP-Leu (15%).

6.6.3 3.3  Cohesion of binder powders

The cohesion of the spray-dried formulations was determined using the FT4 rheometer shear
cell module. The results indicated that the PVP spray-dried alone exhibits higher cohesion
(Figure 6.4), while co-spraying with L-leucine resulted in a significant reduction in cohesion.
Decreasing cohesion was evident with increasing L-leucine feed concentrations. The cohesion
appeared to achieve a minimum level at the 10% L-leucine level, and higher. Our previous
findings (which used PVP of a different molecular weight) indicated that the surface L-leucine
concentration controls the cohesion of small composite particles, where with approximately
10% feed L-leucine concentration, spray-dried particles are proposed to be coherently coated

with L-leucine and exhibit lowest cohesion [22].
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Figure 6.4 — Cohesion of the spray-dried formulations. Data presented as Mean +SD (n = 3).
6.6.4 Blending behaviour
6.6.4.1 SEM imaging

Representative SEM images of powder formulations are presented in Figure 6.5. PVP spray-
dried alone appeared substantially as agglomerates adhered to the surface of paracetamol
particles, indicating poor dispersion. In contrast, PVP spray-dried with L-leucine appeared
mostly as individual discrete particles (with few agglomerates) adhered to the surface of
paracetamol particles. This implies that L-leucine facilitates de-agglomeration (due to reduced

cohesion) and the dispersion of guest particles over large host particles during mixing.
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Figure 6.5 — Representative SEM images of interactive powder formulations. (A) PVP-Leu
(0%)/Para; (B) PVP-Leu/Para (2.5%); (C) PVP-Leu (5%)/Para; (D) PVP-Leu (10%)/Para

and (E) PVP-Leu (15%).

6.6.4.2 XPS analysis

XPS study was conducted to semi-quantitatively assess the surface fraction of exposed
paracetamol detected in blends. This data, expressed as a fraction of the total surface area, is
presented in Table 6.2. Incorporation of guest particles resulted in a reduction in the level of
paracetamol signal, indicating paracetamol particle surface being covered by guest particles.
With 10% guest particle fraction, the paracetamol signal reduced to approximately 40% of the
original un-blended level. With higher guest particle mass added to the blend (regardless of

their cohesion), the paracetamol signal reduced further indicating greater surface coverage.

However, comparison of the interactive mixtures of paracetamol with PVP spray-

dried without L-leucine showed relatively higher paracetamol signals, indicating a lower
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surface coverage by these guest particles compared with formulations spray-dried with L-
leucine. This XPS-based assessment is consistent with the SEM images described earlier,
which indicated the presence of L-leucine allowed greater dispersion of the guest particles over
paracetamol. Despite having lower cohesion, the PVP-Leu (10%) and PVP-Leu (15%)
provided lower coverage compared with PVP-Leu (5%). It is suggested if the reduction of the
forces of adhesion between guest particles and paracetamol is too great, it may allow the guest
particles to detach from the surface of the paracetamol particles reducing surface coverage. The
surface coverages calculated from the elemental compositions of the blends also showed

similar trends, supporting the robustness of these measurements (Appendix 6.1).

Table 6.2 — % surface fraction of paracetamol (based on C 1s curvefits) at corresponding guest

particle fractions. See text for details.

Surface fraction of paracetamol (as calculated by C 1s

ST curvefits) at corresponding guest particle fractions

5% 10% 15% 20%
PVP-Leu (0%) 68.3 +3.3 % 55.9+5.6 % 48.2+4.1% 43.7 4.7 %
PVP-Leu (2.5%) 65.6 +1.0 % 48.8+2.7%  48.6 +0.6 % 341+2.1%
PVP-Leu (5%) 51.5+0.5% 35.6+03% 27.5+26% 22.9+0.2%
PVP-Leu (10%) 60.3 +3.3 % 50.6 +0.1%  35.7 +0.7 % 33.1+1.6%
PVP-Leu (15%) 66.4 +0.3 % 499+22% 39.6+0.5% 28.8+0.2 %
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6.6.5 Flow performance of interactive mixtures

6.6.5.1 Conditioned bulk density (CBD)

Better flowability is typically associated with higher bulk density [33, 40-42]. The CBD values
of the powder blends as a function of cohesion and guest particle fraction are shown in Figure
6.6. The bulk density of paracetamol was lowest (0.3 £ 0.0 g/mL), while interactive mixtures
showed relatively higher bulk densities. At 5% (w/w) guest particle fraction, the cohesion of
guest particles had no observable effect on the bulk density of the interactive mixtures. At
higher guest particle fractions (10%, 15% and 20% (w/w)), an increase in bulk density was
observed, indicating the modified inter-particle interactions between guest particles was
positively affecting the flow behaviour. At guest particles fractions of 10% (w/w) and higher,

the flow behaviour of interactive mixtures improved with reducing cohesion of guest particles.
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Figure 6.6 — Conditioned bulk density (CBD) of interactive mixture as a function of cohesion
of guest particles. Four graph represent different guest to host ratio, (A) 5% (w/w) / 95% (w/w);
(B) 10% (w/w) / 90% (w/w); (C) 15% (w/w) / 85% (w/w) and (D) 20% (w/w) / 80% (w/w). Data
presented as Mean £SD (n = 3).
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6.6.5.2 Basic flowability energy (BFE)

The basic flowability energy is the energy required to establish a particular flow pattern in a
precise volume of conditioned powder. The BFE has been proposed as useful tool for
measuring the effect of flow additives on uncompressed powder’s flowability [34]. In this case,
a lower BFE should represent improved powder flow. It was observed that paracetamol
demonstrated the highest BFE (110.6 + 0.9). The BFE of interactive mixtures was substantially
lower than of the pure paracetamol. The BFE of interactive mixtures with low guest particle
fractions (5% (w/w), Figure 6.7A) did not change significantly on changing cohesion.
However, interactive mixtures with higher guest particle fractions (10% (w/w), 15% (w/w) and
20% (w/w)) showed a notable decline in the BFE indicating flow improvement as a function
of reducing guest particle cohesion. In general, the trends observed in the BFE data were in

agreement with the trends seen in the CBD data.
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Figure 6.7 — Basic flowability energy (BFE) of interactive mixture as a function of cohesion

of guest particles. Four graph represent different guest to host ratio, (A) 5% (w/w) / 95% (w/w);
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(B) 10% (w/w) / 90% (w/w); (C) 15% (w/w) / 85% (w/w) and (D) 20% (w/w) / 80% (w/w). Data

presented as Mean £SD (n = 3).

6.6.5.3 Aerated Energy (AE)

It is believed that cohesive powders exhibit lower sensitivity to fluidising air than free flowing
powders [43]. Therefore, the energy required to fluidise and convey the cohesive powders in
an air stream may be considered to be an indicator of flow of unconsolidated powders [43].
The aeration energy of pure paracetamol was high (92.9 £5.5 mJ) and was relatively insensitive
to air velocity indicating paracetamol’s cohesive nature (Appendix 6.2) [26]. The aeration
energy of the interactive mixtures was lower compared to pure paracetamol. The aeration
energy of interactive mixtures consisting of lower guest particle fraction (5% (w/w)) remained
relatively unchanged as a function of the cohesion of guest particles formulations. However, at
relatively higher guest particle fractions (10%, 15% and 20% (w/w)), a sharp decline in the

aeration energy was recorded as a function of guest particle cohesion.
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Figure 6.8 — Aeration energy (AE) of interactive mixture as a function of cohesion of guest

particles. Four graph represent different guest to host ratio, (A) 5% (w/w) / 95% (w/w); (B)
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10% (w/w) / 90% (w/w); (C) 15% (w/w) / 85% (w/w) and (D) 20% (w/w) / 80% (w/w). Data

presented as Mean £SD (n = 3).

6.6.5.4 Compressibility

A compressibility test offers a further indication of the ability of the powders to pack efficiently
[33]. In powders with poor flowability, relatively large voids are formed due to the high inter-
particle interaction forces, whereas free-flowing powders exhibit low inter-particle cohesion
and therefore pack more efficiently. Thus, it is expected that poorly flowing powders will be
more compressible than free-flowing powders [33, 36, 37, 44]. Pure paracetamol exhibited high
compressibility (48.6 £2.0 %) while interactive mixtures showed a relatively lower
compressibility (Figure 6.9). The compressibility of the interactive mixtures was similar at
lower guest particle fraction (5% (w/w)), while at higher guest particle fractions (10%, 15%
and 20% (w/w)) a sharp decline in compressibility was noted as a function of guest particle
cohesion. The correlation between compressibility and cohesion of guest particles improved
with increasing guest particle fractions up to 15% (w/w), but decreased at higher guest particle
fraction (Figure 6.9). This may be attributed to an excess of guest particles in the mixtures,
which was also evident by the higher compressibility of interactive mixture with 20% (w/w)

guest particles fraction compared with the mixtures with 15% (w/w) guest particle fraction.
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Figure 6.9 — % Compressibility of interactive mixture as a function of cohesion of guest
particles. Four graph represent different guest to host ratio, (A) 5% (w/w) / 95% (w/w); (B)
10% (w/w) / 90% (w/w); (C) 15% (w/w) / 85% (w/w) and (D) 20% (w/w) / 80% (w/w). Data

presented as Mean £SD (n = 3).

6.7 Discussion

Improving the flow of poor flowing powders is a common practice in pharmaceutical industry
[3]. The most common approach is to blend the poorly flowing powder with glidants (guest
particles) such as colloidal silicon dioxide and its derivatives [6, 52]. A number of models have
been proposed to explain how particle-particles contacts influence the magnitude of inter-
particle forces and hence powder flow [53-55]. Recently, Chen et al. proposed a multi-asperity
particle contact model accounting for the impact of guest particles on the magnitude of inter-

particle force between host particles [12].

According to this model, the magnitude of the host particle cohesion depends on the

guest particles size and their surface area coverage. It has also been shown experimentally that
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smaller guest particles and greater guest particle coverage are associated with decreasing inter-
particle forces between host particles and hence better flow improvements [12, 29, 56, 57]. In
this context, guest particle sizes of 10-20 nm and surface coverages of more than 40% were
proposed to facilitate optimal reduction in inter-particle forces and hence ensure optimal flow

improvements [12, 24, 29, 31].

Another study suggested that hydrophobic colloidal silica particles exhibit better flow
additive action than hydrophilic colloidal silica particles. This was attributed to the ability of
hydrophobic silica particles to cause greater reduction in inter-particle forces (as measured by
atomic force microscopy) between host particles [11, 24]. This suggests that the nature of guest
particles can have an effect on the flow performance interactive mixtures. Clearly surface

chemistry of guest particles is important apart from size and surface coverage.

It should be highlighted that when host particles are sufficiently coated with guest
particles, the guest-guest interactions represent the dominating particle interactions [29, 30].
Thus, it would be reasonable to assume that the inter-particle forces acting between guest
particles would also contribute significantly to the flow performance in such interactive powder
mixtures. Since, surface properties such as morphology, surface energy and chemical nature
etc. govern the magnitude of inter-particle forces [25, 33, 58], the flow performance of
interactive mixtures may change as a function of morphology, surface energy and chemical

nature of guest particles.

Cohesion is a bulk powder property, which represents the net inter-particles forces [10,
25, 33], and it would be reasonable to assume that the cohesion of guest particles would also

affect the flow performance of interactive mixtures.

The cohesion of studied spray-dried formulations was quantified using a shear cell. The
measured cohesion of the guest particles reduced with higher feed L-leucine concentration,
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consistent with previous research [25]. The most cohesive guest particles i.e., PVP-Leu (0%),
blended the least homogeneously and coherently with paracetamol particles, as visualized by
the presence of agglomerates of the small particles. This is consistent with previous studies
indicating that cohesive particles are more difficult to de-agglomerate via low shear mixing
and thus disperse less homogeneously over large particles [12, 29, 57]. In contrast, the guest
particles containing L-leucine de-agglomerated more efficiently and dispersed more
homogeneously on the surface of paracetamol particles, such that reduction in cohesion
facilitates de-agglomeration and formation of homogeneous interactive mixtures. This provides

a substantiation of more speculative observations from our previous research [28].

Our results indicate that the cohesion of guest particles had negligible impact on the
flow performance indicators of interactive mixtures at lower guest particle fraction (i.e., 5%
(w/w) to host particle fraction). This may be attributed to the lower coverage of paracetamol
particles (at such low guest particle fraction), which allowed host particle interactions to

dominate and govern the flow performance [29, 30].

At increasing guest particle fractions, the surface coverages increased (as supported
by XPS), and the flow performance of interactive mixtures improved as a function of reducing
guest particle cohesion. There was an indication that guest particles with lower cohesion
resulted in interactive mixtures with better absolute flow performance than high cohesion guest
particles. Most flow descriptors showed a significant relationship between the cohesion of
guest particles and the flow performance of interactive mixtures. At higher guest particle
fractions, and estimated surface coverages, the relationship between the cohesion of guest
particle and the flow improvement was more marked. This is consistent with previous studies
suggesting that the extent of surface coverage of host particles (by guest particles) has an

impact on the flow behaviour of interactive mixtures [29, 30].
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The mechanism of action of flow additives such as small guest particles is not yet fully
understood. However, three potential theories have been proposed to explain this. The first
theory suggests that the adhesion of guest particles to host particles allow them to roll over
each other referred to as “ball bearing action” leading to improved flow [31]. A second theory
suggests that the adhesion of small guest particles to host particles increase the inter-particle
separation (also referred to as “spacer effect”), which reduces inter-particle forces and
improves their flow [31]. A more recent theory suggests that the small guest particles acts as
“nano-surface roughness” and reduce the inter-particle forces between host particles leading to
improved flow [24, 57, 59]. This theory also suggests that the reduction in the inter-particles
force between host particles is inversely proportional to guest particle size (as described earlier)
and hence smaller guest particles are more effective at improving flow than larger guest
particles [12, 24]. It should be highlighted that silicon dioxide (a benchmark flow additive)
effectively improves the flow of host particles at low fractions (1-2% (w/w)) [12, 19, 24].
However, in our study a notable flow improvement was achieved at higher guest particle
fractions (10-20% wi/w). Thus, the lesser flow additive activity of guest particles in our study
(particularly at low guest particle fractions) may be attributed to their larger size relative to
silicon dioxide (which is typically nano-sized [31]) compared with micron-sized particles as
used in current study. Additionally, larger guest particles possess lower surface area compared
to smaller particles, thus are required in greater fractions for sufficient host surface coverage

typically required to cause a notable flow improvement [12, 24].

A previous study has shown that guest particles greater than 0.5 um exhibit negligible
effect on the flow performance of host particles [24]. However, our study suggested that much
larger guest particles (1-10 pm) that have low cohesion due to lubricated surfaces could

substantially improve the flow of host particles. Further studies are recommended to investigate
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the effect of cohesion and surface compositions of guest particles on the flow of host particles

with varying properties such as particle size, shape etc.to put further light on this relationship.

Overall, these findings support our hypothesis that the cohesion of guest particles
governs the flow performance of interactive mixtures. This indicates that the guest particles
properties that dictate their cohesion such as surface morphology and surface energy etc. can
have a marked impact on the flow performance of interactive mixtures. Since these particle
properties are difficult to control at such small particle size levels, it difficult to investigate
their impact (individually or otherwise) on the flow performance of interactive mixtures.
However, cohesion -which can be determined relatively easily- takes into account the impact
of these surface properties on net inter-particle forces. Therefore, we propose that considering
the effect of cohesion of guest particles may help us effectively estimate inter-particle forces

and thus predict the flow performance of resultant interactive mixtures.

For low dose powder formulations, small API particles (typically 1-10 um) are often
mixed with large particles to achieve homogeneous mixtures and where good content
uniformity is achieved via interactive mixing [60-63]. It has been shown that the addition of
small cohesive APIs generally decreases the flow performance of the resulting blends [64]. Our
study suggests that the flow performance of such blends/mixtures can be controlled by

understanding and optimizing the cohesion of guest particles via particle engineering.

6.8 Conclusion

In this study, we have demonstrated relationships between the cohesion of composite binder
guest particles and the flow performance of resulting interactive mixtures. We have shown that
low-cohesion guest particles can exhibit better flow additive action than high-cohesion guest
particles, and deeper understanding of this relationship may help in adopting a more informed
and targeted approach to design guest particles for producing efficient interactive mixtures.
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This knowledge is proposed to be valuable in design of industrial powder formulations, which

involve interactive mixing such as tablets and for dispersible powders in dry powder inhalers.
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6.11  Appendix

6.11.1 Appendix 6.1 — % surface fraction of paracetamol (based on elemental composition)

at corresponding guest particle fractions. See text for details.

Formulations

Surface fraction of paracetamol (as calculated by elemental

composition) at corresponding guest particle fractions

5% 10% 15% 20%
PVP-Leu (0%) 68.5 +5.0 % 55.3+23% 432+42% 35.7+x1.5%
PVP-Leu (2.5%) 48.8 6.6 % 314+3.2% 36.6 +0.4 % 22.0+1.2%
PVP-Leu (5%) 35.7£6.6 % 18.0+0.7% 17.3+6.3% 8.7+1.3%
PVP-Leu (10%) 56.7 £3.7 % 389+04% 25.0+5.0% 21.6 +4.8 %
PVP-Leu (15%) 47.9 £3.2 39.2+2.8 28.2+4.8 % 19.6 +2.1 %
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6.11.2 Appendix 6.2 — Aeration energy profiles of studied powder formulations as a function
of air velocity. Four graph represent different guest to host ratio, (A) 5% (w/w) / 95%
(wiw); (B) 10% (w/w) / 90% (w/w); (C) 15% (w/w) / 85% (w/w) and (D) 20% (w/w) /

80% (w/w). Data presented as Mean +SD (n = 3).
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6.11.3 Appendix 6.3 — Shear cell data of spray-dried formulations demonstrating shear stress

as a function of applied normal stress.
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7.1 Commentary

In chapter 1 and 3, it was demonstrated that the surface cohesion properties of small binder
particles affect their binder activity. In this study, we address specific objective 5 “to
investigate the effect of mechanical properties of low cohesion small particles on their binder
activity”. Given that mechanical properties such as plastic/elastic behaviour of binder particles
can also affect their ability to facilitate inter-particle bonding between other formulation
components, the mechanical properties of small binder particles may also affect their binder
activity. Thus, we hypothesized that the small binder particles with higher deformability will
express greater binder activity, when compared to the small binder particles with lower

deformability.

209



Chapter 7

7.2 Abstract

In this study, we investigated the influence of deformability of specifically-engineered guest
particles on the tensile strength of tablets of interactive mixtures. The binder
polyvinylpyrrolidone (PVP) of different molecular weights were spray dried with L-leucine to
create guest particle formulations. The guest particle formulations were characterized by their
particle size, surface L-leucine concentration and glass transition temperature (Tg). These
spray-dried particles were then blended with paracetamol to form interactive mixtures, which
were compacted into tablets and tablet tensile strength and elastic recovery were determined.
The guest particles had particle diameters in the range of 1 — 10 um, and surfaces that were L-
leucine enriched. The Tg of guest particle formulations increased with increasing molecular
weight of the PVP. All the guest particle formulations formed an observed homogeneous
interactive mixture with paracetamol. The tensile strength of the tablets of interactive mixtures
increased with decreasing Tg of the guest particles. In these interactive mixtures, higher tensile
strength was also associated with lower tablet elastic recovery. The elastic recovery of the
tablets showed a correlation with the elastic recovery of the tablets of guest particles. Thus, our
results indicated that the deformability of guest particles dictates the tensile strength of the

tablets of these interactive mixtures.

Keywords: Paracetamol, tabletting, binder, L-leucine, spray drying, polyvinylpyrrolidone,

elasticity, interactive mixing, host particles

7.3 Introduction

In interactive mixtures, small guest particles (typically < 10 um) adhere to the surfaces of

larger host particles [1-4]. However, strongly cohesive nature impedes the de-agglomeration
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of small particles and is thus a major impediment in the formation of homogeneous interactive
mixtures [5]. Homogeneous interactive mixtures forms, when guest particles de-agglomerates
efficiently and preferentially adheres to large particles upon mixing. It is generally accepted
that preferential adhesion of small particles to large particle occur, when the forces of adhesion
between guest particles and host particles are stronger than the forces of cohesion between

guest particles. This concept is referred to as cohesive-adhesive balance [6, 7].

Surface properties strongly influence the forces of inter-particle interaction and hence
cohesion [8, 9]. Previous studies have suggested surface manipulation by increasing surface
asperity [10-12], reducing surface energy [13, 14] and coating with nanometric sized particles
[15, 16] can efficiently reduce the cohesion of small particles. Co-spraying with L-leucine is
a promising strategy to reduce the cohesion of small particles [17-19]. The exact mechanism
by which L-leucine reduces cohesion is a subject of active debate [19-21]. However, L-leucine
is proposed to enrich into the surface of the spray-dried particles owing to its interfacial
activity [22] and low water solubility [23, 24] and form L-leucine film/shell [20, 21, 24]. The
L-leucine film/shell increases the surface asperity of the particles reducing inter-particles

forces acting between such L-leucine coated small particles [17, 19].

We demonstrated that co-spraying a model binder (PVP) with L-leucine forms L-
leucine surface enriched small particles with low bulk cohesion [25]. These L-leucine coated
small binder particles formed a homogeneous interactive mixture with a model API and
improved its flow and compactability [25]. It was proposed that this could be a potential
excipient technology platform to improve the flow and compaction behaviour of cohesive and
poorly compactable APIs. In this study, we aim to gain insight into the mechanism which

facilitates such surface engineered binder particles to express binder action.
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L-leucine is a weakly bonding material with the ability to reduce inter-particle
interactions [18, 26-28], thus it is unlikely that L-leucine would facilitate bonding between
host particles and improve the compaction behaviour of the resultant interactive mixture. We
proposed that deformability of binder at the core allows the L-leucine shell to stretch and
eventually rupture, leading to creation of PVP surfaces, which participate in inter-particle
bonding between host particles, improving the compactability of interactive mixtures. Thus,
it would be reasonable to hypothesize that the deformability of the L-leucine coated guest
particles would correlate with the compactability of interactive mixtures. In this study, we for
the first time investigate the effect of deformability of L-leucine coated guest binder particles

on the compactability of the resultant interactive mixtures.

In general, the plastic/elastic deformation that a material undergoes depends on its
resistance to the deformation such as under compression; this represents its mechanical
behaviour [29]. Materials with lower resistance, deform more creating larger areas for inter-
particle bonding, and hence form tablets with higher tensile strength [30, 31]. The glass
transition temperature (Tg) of amorphous material can determine their resistance to
deformation under compression [29-31]. When the Tg of such materials is close to
compression temperature, the resistance to deformation is relatively low, which results in
greater deformation and formation of tablets with higher tensile strength [30-32]. We
hypothesized that the Tg of the guest particles would also dictate their deformability, and

hence the tensile strength of tablets of the resultant interactive mixture (Figure 7.1).
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Interactive mixture
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Figure 7.1 — Schematic showing effect of deformation of guest particles on inter-particle

bonding between host particles and tensile strength.

In this study, PVP was selected as an amorphous material with a characteristic plastic
deformation behaviour [33]. PVP with different molecular weights were selected to create
guest particle formulations with varying Tg [34]. PVPs (of different molecular weight) were
spray-dried with L-leucine to form L-leucine coated small guest particles. The guest particle
formulations were characterised for their particle size, surface morphology, surface L-leucine
concentrations, and Tg. Interactive mixtures were created by mixing the guest particle
formulations with paracetamol, which were then compacted into the tablets. The tensile
strength and elastic recovery of tablets of pure guest particle and interactive mixtures were

determined.
7.4 Materials and methods
7.1.1 Materials

Paracetamol and polyvinylpyrrolidone (PVP) with different average molecular weight grades
(K-10, K-40 and K-90 average molecular weight ~ 10, ~ 30 and ~ 360 kDa, respectively, as
per supplier’s specifications) were procured from Sigma-Aldrich (St. Louis, MO, USA). L-
leucine was purchased from Ajinomoto Co. Inc. (Tokyo, Japan). Magnesium stearate was

procured from Mallinckrodt Pharmaceuticals (St. Louis, MO, USA).
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7.1.2  Method of preparation

Aqueous solutions of PVP and L-leucine were spray-dried using the procedure previously
described by Mangal et al. [21, 25]. Briefly, PVP (6% wi/v) and L-leucine (10% (w/w) of PVP)
were weighed accurately and dissolved in 500 mL of purified water with the aid of magnetic
stirring. The resultant solution was then spray-dried using a Buchi B-190 spray dryer (Buchi
Laboratory Equipment, Flawil, Switzerland) with a 0.5 mm two-fluid nozzle. The standard
operating conditions employed during spray drying were: inlet temperature 125 £5 °C; spray
air flow rate 800 L/h and solution pump setting 10 mL/min. These conditions resulted in an
outlet temperature of 70 +2 °C. The aqueous solution of 6% (w/v) high molecular weight P\VVP
(360 kDa) was very viscous, which resulted in fusion of particles at the spray nozzle exit.
Therefore, the PVP was reduced to 4.5% wi/v for this molecular weight, while the proportion
of L-leucine was kept at the same proportion to other formulations i.e., 10% (w/w) respective
of PVP. The PVP spray-dried formulations were denoted as PVP10-Leu, PVP40-Leu and

PVP90-Leu. The yield of spray-dried excipients was between 40-60% w/w.

All the spray-dried formulations were equilibrated in a desiccator of saturated
potassium carbonate solution (which resulted in % relative humidity of 42 £2 %RH), until a
constant mass was achieved, prior to use. This was done to ensure that the spray-dried
formulation were equilibrated to ambient humidity conditions before experiments to minimize

humidity related variations in this study.

7.1.3  Particle size and size distribution

Particle size measurements were performed using a Malvern Mastersizer 2000 (Malvern
Instruments Ltd., Malvern, UK) dry cell. An optimised shear pressure of 2.0 bar was
established and used to result in efficient dispersion of small particles during measurements at
a feeder setting of 50% [25]. The in-built software provided values of Dso (volume median
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diameter), D1o (10% volume below this diameter) and Dgo (90% volume below this diameter).
The particle size distribution was presented as span, which represents the width of the size

distribution based on the D10, Dso and Dgo quantile.

D90-D10
D50

7.1.4  Scanning electron microscopy

The morphology and blending behaviour of the spray-dried formulations were visualised by
scanning electron microscopy (SEM) (Phenom™, FEI Company, Hillsboro, OR, USA).
Double-sided adhesive tape was placed on aluminium stubs and a small amount of sample
added, followed by gentle tapping to disperse the sample evenly. The stubs were then coated
with a fine gold film using a sputter coater (Emitech K550X, Quorum Technologies, Kent, UK)
at an electrical potential of 2.0 kV at 25 mA for 3 min. The coated stubs were then loaded into

the SEM and images were captured.

7.1.5  X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) analysis was performed using an AXIS Ultra DLD
spectrometer (Kratos Analytical Inc., Manchester, UK) with a mono-chromated Al K, source
at a power of 180 W (15kV x 12mA), a hemispherical analyser operating in the fixed analyser
transmission mode and the standard aperture (analysis area: 0.3 mm x 0.7 mm). The total
pressure in the main vacuum chamber during analysis was typically 108 mbar. Survey spectra
were acquired at a pass energy of 160 eV. To obtain more detailed information about chemical
structure, high resolution spectra were recorded from individual peaks at 20 eV pass energy
(yielding a typical peak width for polymers of 1.0 eV). Samples were filled into shallow wells
of custom-built sample holders. One well of each sample was prepared and 2 different locations

were analysed on each sample at a nominal photoelectron emission angle of 0° with respect to
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the surface normal. Since the actual emission angle is ill-defined in the case of such micro-
particles (ranging from 0° to 90°) the sampling depth may range from 0 nm to approximately 5
— 10 nm. Binding energies were referenced to the aliphatic hydrocarbon peak at 285.0 eV.
Reference spectra of the pure PVP and L-leucine were recorded, normalised and then used as
model components to calculate curve-fits for the spectra of the spray-dried formulations.
Therefore the relative peak area of PVP and L-leucine for the co-sprayed PVP-Leu particles
approximates to the relative surface atomic fractions (or mass fraction given the number of

atoms are same) of L-leucine and PVP in the formulations.

7.1.6  Time-of-flight secondary ion mass spectrometry

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) experiments were performed
using a nanoToF instrument (Physical Electronics Inc., Chanhassen, MN, USA) equipped with
a pulsed liquid metal "®*Au primary ion gun (LMIG), operating at 30 kV energy. Dual charge
neutralisation was provided by an electron flood gun and 10 eV Ar+ ions. Experiments were
performed under a vacuum of 5 x 10% Pa. “Bunched” Aul instrumental settings were used to
optimise mass resolution for spectra, while “unbunched” Aul instrumental settings were used
to optimise spatial resolution for the collection of images. ToF-SIMS data were collected from
4 areas per sample, using a raster of 50 x 50 um and acquisition time of 4 min. Sample spectra
and images were processed and integrated using WincadenceN software (Physical Electronics
Inc., Chanhassen, MN, USA). Integrated peak values of the selected ions were normalized to
the total secondary ion intensities. The resulting data were then compared qualitatively by
preparing plots of average normalized counts (with 95 % confidence intervals) for each species
of interest. The percentage normalized counts do not give a measure of absolute coverage,
because the specific signals identified were percentages over the total ion signals of all species,

but are considered useful for examination of relative changes.
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7.1.7  Dynamic vapour sorption (DVS)

Moisture sorption characteristics of spray dried formulations was determined at a constant
temperature of 25 £0.1 °C using DVS Intrinsic (Surface Measurement Systems, UK). The DVS
Intrinsic measures uptake of water vapour gravimetrically with a mass resolution of £0.1 pg.
All samples were exposed to a stepwise increase in relative humidity (RH %) (0%, 30%, 40%,
50% and 60%). At each stage, the equilibrium behaviour was defined when the mass variation
versus time dm/dt was <0.005 mg/min.

7.1.8  Differential scanning calorimetry (DSC)

The Tg of spray-dried formulations was determined by thermal analysis (DSC 8500,
PerkinElmer, Waltham, MA, USA). To determine the Tg, the humidity conditioned samples
were directly weighed (5 — 10 mg) into aluminium pans. The pans were immediately crimped

hermetically. The following program was used to run the experiments:

Hold for 3 min at 30 °C,

Heat from 30 to 120 °C at a rate of 20 °C/min,

Hold for 120 °C for 5 min,

Cool from 120 °C to —40 °C at a rate of 20 °C/min,

Heat from —40 °C to 120 °C at a rate of 20 °C/min.

The Tg was detected as a change in heat capacity (Cp) of the material. A thermal event
was easily identified in step 5 and hence this step was used to calculate the Tg. The Tg was
calculated by using the midpoint based on half Cp, which was determined by drawing tangents
on the heat flow curve at temperatures above and below the Tg. All the measurements were

performed in triplicate and against a blank reference aluminium pan.
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7.1.9 Blending

Interactive mixtures were prepared by blending spray-dried guest particle formulations with
paracetamol using a Turbula mixer T2F (Willy A. Bachofen, Muttenz, Switzerland). Briefly, a
10 g blend was prepared by mixing paracetamol with varying proportions of guest particle

formulations in a 100 mL glass jar at 72 rpm for 5 min.

7.1.10 Tableting

The interactive mixtures weighing 105 £5 mg were manually filled into the die and the tablets
were manufactured using a computer-controlled tablet press (Gamlen Tableting Ltd.,
Nottingham, UK). Flat 6 mm punch was used and powders were compressed using forces of
86, 120 and 154 MPa. The die and punch were lubricated with magnesium stearate prior to
each compression to reduce the friction between the die wall and tablet edges [35, 36]. The
punch speed was 1 mm/s. The dimensions (diameter and thickness) of each tablet were

measured after compression.

7.1.11 Tensile strength

The breaking force of the tablets was measured using a hardness tester (TBH-30, Erweka,
Heusenstamm, Germany). The tensile strength of the tablets was calculated according to the

following equation [37]:

miDH

where o is tensile strength, F is the breaking force, D is the tablet diameter, and H is the tablet

thickness.
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7.1.12 Elasticity factor (%)

The extent of elastic deformation of the powders during compression can also be assessed by
measuring tablet height during and after compression [38]. Force-displacement curves were
recorded to determine the elasticity recovery of tablets. The elasticity recovery of the tablets

was calculated by using below equation [39]:

% Elasticity factor (EF) = H «100% (Eq. 7.3)

where S,,.« 1S the maximum upper punch displacement, S, is the displacement of the upper
punch when force is first registered and S,q4 is the displacement of the upper punch in the

decompression phase (Appendix 7.1).
7.1.13 Statistical analysis

The statistical analysis was performed on tensile strength of guest paarticle formulations via
by one-way analysis of variance (ANOVA) with Tukey—Kramer multiple comparison post-hoc
tests using Graphpad instat software (GraphPad Software, Inc, CA, USA). A p value of < 0.05

was considered as significant.
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75 Results

7.5.1 Particle size and size distribution

Table 7.1 shows the particle sizes of the commercial PVPs, spray-dried guest particle
formulations and paracetamol. The particles sizes of commercial PVP was very high (>10 um
as typically desirable for interactive mixing) and hence were believed not to form interactive
mixtures, as such. Aqueous solutions of PVP of different molecular weight and L-leucine were
spray dried to create small particles. The particle sizes of spray-dried particles were typically
< 10 pum, which is considered suitable for the formation of interactive mixtures. In addition,
spray dried formulations exhibited similar sizes with and a mono-modal particle size
distribution (Appendix 7.2). Paracetamol was used as the host material, and the particles size
of paracetamol was higher than the size of guest particle formulations Table 7.1. The particle

size distribution of paracetamol was broad (Appendix 7.2).

Table 7.1 — Particle size of spray-dried guest particle formulations and Paracetamol. Data

presented as Mean +SD (n = 3).

Formulations Particle Size (um) Span
D1o Dso Dgo

PVP10 8.2+0.1 26.6 0.2 56.7 0.6 1.8+0.0
PVP40 19.6 +0.1 68.6 0.6 179.6 +1.5 2.3+0.0
PVP90 133.4 +12.9 393.4 £34.3 890.7 +47.4 19+0.1
PVP10-Leu 1.4+0.0 2.8+0.0 5.5+0.1 1.5+0.1
PVP40-Leu 1.4+0.1 3.0+0.0 5.9+0.1 1.5+0.1
PVP90-Leu 1.1+0.0 2.6 +0.1 5.7+0.1 1.8+0.0
Paracetamol 3.7+0.1 21.4+0.3 151.5 5.0 6.8 0.1
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7.5.2  Surface morphology

The SEM images showed that the commercial PVP10 and PVP40 were near-spherical, whereas
PVP90 appeared as flakes (Figure 2). The spray-dried composite guest particles appeared near
spherical but rough and corrugated. This was proposed to be due to the previously reported
tendency of L-leucine to enrich and crystalize on the surface of the drying droplets leading to
formation of L-leucine enriched surface shells [20, 21, 24]. These surface shells interfered with

the evaporation rate of water vapour, and on further drying result in pressure build up affecting

shell stretching, integrity and collapse seen as particle morphology variations [24].

Figure 7.2 — Representative SEM images of A — PVP10; B — PVP40; C — PVP90; D — PVP10-

Leu; E — PVP40-Leu and F — PVP90-Leu.
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7.5.3  X-ray photoelectron spectroscopy (XPS)

Figure 3 shows the surface chemical composition of composite spray-dried guest particles from
XPS study. Notably, approximately 80% of the surface composition was found to be L-leucine
(Figure 3), indicating formation of surface L-leucine enriched particles with substantially lower

PVP levels relative to composition ratio.

100
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@ PVP40-Leu
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L-Leucine

Figure 7.3 — Surface composition (% w/w) of PVP and L-leucine in spray-dried guest particle

formulations as determined using XPS. Data presented as mean £SD (n = 3).
7.5.4  Time-of-flight secondary ion mass spectrometry (ToF-SIMS)

For PVP sample, fragments CeH1oNO (m/z 112), CeH1oNO (m/z 124), and CgH12NO (m/z 138)
were used as distinguishing signals, while the fragment CeH14NO2 (m/z 132) was used as the
distinguishing signal for L-leucine [21]. Consistent with XPS study, the ToF-SIMS data also
indicated that the surface of spray-dried guest particles was L-leucine enriched with reduced

PVP (Table 7.2). The intensity of the surface L-leucine signal was similar in all composite
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formulations indicating molecular weight did not interfere the mass transport of L-leucine on
particle formation. This further supports a nearly complete surface coverage of PVP by the L-
leucine, and indicates that the surface composition of all the guest particle formulations were
similar. The tendency of L-leucine to enrich surfaces upon co-spraying is a well-known
phenomenon. Some researchers believe that the low water solubility of L-leucine [23, 24]
allows it to reach saturation early during droplet drying, that causes precipitation at the droplet
interface [20, 24]. While others believe, that L-leucine first enriches the surface of the droplets
due to its interfacial activity [19, 21, 22] and then crystalizes due to its low water solubility
[19, 21]. However, the exact mechanism is not yet clear and debatable [19-21, 24, 40]. Detailed
discussion on the droplet drying kinetics and factors affecting solute mass transfer in drying

droplets can be found elsewhere [23, 24].

Table 7.2 — Normalized counts of PVP CeH1oNO (m/z 112), CeéH1oNO (m/z 124), and CgH12NO
(m/z 138), and L-leucine (CsH14sNO2; m/z 132) signals over the total spectral peak of samples

measured using ToF-SIMS at scan area of 50 pm x 50 pm.

Chemical Fragment PVP L-leucine

CsH10NO C7H1cNO CsH12NO CsH14NO>

PVP10 04+0.0 0.3+0.0 0.3+0.0 0.0+0.0
PVP30 0.3+0.0 0.3+0.0 04+00 0.0+0.0
PVP90 0.3+0.0 0.3+0.0 04+00 0.0+0.0
PVP10-Leu 0.0+0.0 0.0+0.0 0.0+0.0 09+0.0
PVP30-Leu 0.0+0.0 0.0+0.0 0.0 +0.0 1.0+0.0
PVP90-Leu 0.0+0.0 0.0+0.0 0.0+0.0 1.0+0.0
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7.5.5  Dynamic vapour sorption (DVS)

DVS data indicated that guest particle formulations took up substantial amount of moisture
(Figure 7.4) indicating that surface L-leucine film does not interfere with moisture transport
and hence the hygroscopicity of PVP. This may be attributed to the formation of a semi-

permeable shell on the surface of PVP, which allowed the cross-transport of moisture.
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Figure 7.4 — Moisture sorption profiles of spray-dried formulations.

7.5.6  Differential scanning calorimetry (DSC)

The Tg of spray-dried guest particles as a function of P\VP molecular weight is presented in
Figure 7.5. Results indicated that the Tg of spray-dried particles increased as a function of the
PVP molecular weight. This is consistent with previous studies suggesting that the low
molecular weight polymers exhibit a lower Tg resulting from larger proportion of chain ends

[34, 41, 42].
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Figure 7.5 — Glass transition temperature (Tg) of spray-dried guest particle formulations as a

function of log molecular weight of PVP (Log Da). Data presented as mean +SD (n = 3).

7.5.7  Interactive mixing behaviour

The mixtures of spray-dried formulations and paracetamol were imaged to visually assess the
quality of blend structure. Representative SEM images of all formulations show that the small
guest particles adhered to paracetamol particles indicating the formation of interactive mixtures

(Figure 7.6). The guest particles dispersed homogeneously over the surfaces of paracetamol

particles (with no or few agglomerates).
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Figure 7.6 — Representative SEM images of interactive mixtures. A-PVP10-Leu/Para; B-

PVP40-Leu/Para and C-PV90-Leu/Para.
7.5.8  Tensile strength
7.5.8.1 Guest particles

Guest particle formulations-only (i.e. without paracetamol) were compacted into tablets, and
these tablets were tested for tensile strength. Figure 7.7 shows the tensile strength of these guest
particle formulation tablets as a function of their Tg and indicated that the tensile strength did
not significantly change as a function of the Tg (p>0.05) except in case of PVP10-Leu and
PVP40-Leu compressed at 154 MPa (p<0.05). This implies that Tg has no influence on the
inter-particle bonding behaviour of guest particles in absence of a host. The tensile strength of
the tablet compressed at 86 MPa could not be measured due to frequent lamination of the

tablets.
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Figure 7.7 — Tensile strength of tablets of guest particle formulations only as a function of their

Tg. Data presented as Mean £SD (n = 3).

7.5.8.2 Interactive mixtures

Figure 7.8 shows the tensile strength of the tablets formed from the interactive mixtures with
paracetamol, plotted as a function of the Tg of the guest particles. With a 10% (w/w) guest
particle fraction, an increase in the Tg of guest particles showed a marginal reduction in the
tensile strength of the tablets of interactive mixtures (Figure 7.8A). This change was more
apparent with increasing guest particle fractions (Figure 7.8B and Figure 7.8C). It has been
previously proposed that a “guest particle” surface coverage should exceed a minimum
threshold to eliminate host-host contacts, and this typically occurs when the surface coverage
by guest particles exceed 40% [13, 43]. Thus, the observed enhanced impact of the Tg on the
tensile strength of interactive mixture with higher guest particle fractions may be attributed to
greater surface coverage, which allowed such guest-guest interactions to be increasingly

influential.

In contrast to guest particles alone, these results show that the Tg of guest particles
dictates the tensile strength of the tablets of the interactive mixtures. Of note, the tensile
strength of the tablets of interactive mixtures with highest deformability (PVP10-Leu, Tg ~ 28
°C), was higher than the tensile strength of corresponding guest particle only tablets above
certain guest particle fractions. This may be attributed to the formation of stronger bonds

between guest-host particles than between guest-guest and host-host particles (Appendix 7.3).
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Figure 7.8 — Tensile strength of tablets of interactive mixtures as a function of the Tg of guest
particles. A-Host to guest ratio (90% (w/w)/10% (w/w)); B -Host to guest ratio (85%
(W/w)/15% (w/w) and C-Host to guest ratio (80% (w/w)/20% (w/w)). Data presented as mean

+SD (n = 5)

7.5.9 Elasticity Factor

The degree of volume reduction that a powder undergoes during compression depends on its
mechanical properties. Generally, a plastic material undergoes greater deformation and
therefore demonstrated higher volume reduction than an elastic material [44, 45]. The degree
of volume reduction of powder during compression can be assessed by measuring tablet height
during compaction [38]. We also investigated the effect of Tg of guest particles on the elastic

recovery of their tablets as well as the tablets of interactive mixtures.

7.5.9.1 Guest particles

Figure 7.9 shows the elasticity factor of the tablets of guest particles as a function of their Tg,
and results indicated that the elasticity factor of the tablets increased with increasing Tg. In
general, an increased inter-particle bonding should counteract the elastic expansion of tablets
resulting in formation of tablets with higher tensile strength. However, our results indicated
that the tensile strength of the tablets of guest particles only did not change as a function of
their Tg, indicating no change in inter-particle bonding. Thus, a decline in elasticity factor of
the tablets of guest particle only with reducing Tg may be attributed to differences in their
mechanical properties, which was desirable for this study. To conclude, this change in
deformability had no clear effect on the tensile strength of surface lubricated guest particles

indicating a negligible change in inter-particle bonding between guest particles.
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Figure 7.9 — % Elasticity factor of tablets of guest particle formulations only as a function of

their Tg. Data presented as mean £SD (n = 5)
7.5.9.2 Interactive mixtures

We also determined the effect of Tg of guest particles on the elasticity factor of the tablets of
the interactive mixtures. A decrease in the elasticity factor of the tablets of the interactive
mixture was evident with decreasing Tg of guest particles (Figure 7.10). This suggests that the
elastic expansion of the tablets of interactive mixtures depends on the Tg of guest particles. We
also compared the elasticity factors of the tablets of the guest particle formulations only and
interactive mixtures and a linear relationship was observed (Appendix 7.4). This provides
evidence that the volume recovery of the tablets of interactive mixtures depends on the

deformability of guest particles.
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Figure 7.10 — % Elasticity factor of tablets of interactive mixtures as a function of the Tg of
guest particles. A-Host to guest ratio (90% (w/w)/10% (w/w)); B -Host to guest ratio (85%
(W/w)/15% (w/w) and C-Host to guest ratio (80% (w/w)/20% (w/w)). Data presented as mean
+SD (n =5)

We also investigated the relationship between the tensile strength and elasticity

factor of the tablets of interactive mixtures. In interactive mixtures, an increase in the
elasticity factor of the tablets was associated with a decrease in their tensile strength, unlike
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the tablets of guest particles only (
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Figure 7.11). This suggests that greater elastic expansion of guest particles resulted in
formation of weaker bonds between host particles resulting in lower tensile strength. Therefore,
our results provide evidence that the deformability of the guest particles dictates inter-particle

bonding in interactive mixtures and consequently their tablet tensile strength.
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Figure 7.11 — Tensile strength as a function of % elasticity factor of tablets of interactive
mixtures. A-Host to guest ratio (90% (w/w)/10% (w/w)); B -Host to guest ratio (85%
(W/w)/15% (w/w) and C-Host to guest ratio (80% (w/w)/20% (w/w)). Data presented as mean

+SD (n = 5)

7.6 Discussion

Typically, particles sizing <10 um tend to adhere to relatively large particles leading to
formation of interactive mixtures [1]. However, such small particles experience strong inter-
particles forces than the gravitational forces and tend to agglomerate [15, 46, 47]. Low shear
mixing process is often unable to break these particles agglomerates and blending of small
particle with large cohesive particles, results in formation of non-homogeneous interactive

mixture [13, 15, 48].

We demonstrated that small PVP particles are also extremely cohesive and does not
form homogeneous interactive mixtures upon blending with paracetamol, improves its
compactability but had no effect on its flow. Co-spraying with L-leucine efficiently reduces
the cohesion of small binder particles, thus allow them to form a homogeneous interactive
mixture with host particles. L-leucine coated small binder particles improves the compaction
as well as flow of host particles [25]. However, the mechanism through which such L-leucine
coated binder particles improves compaction of host particles is not understood. We proposed
that under compression binder at the core deforms leading to L-leucine shell ruptures and
allowing binder to expose and participate in inter-particle bonding with host particles
increasing its compactability. Thus, there is a proportional relationship between deformability
of surface L-leucine coated guest particles and compactability of resultant interactive mixture.

In this study, the effect of deformability of surface L-leucine coated guest particles on the
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compactability interactive mixtures was investigated, by employing Tg as our metric for guest

particle mechanical behaviour.

The results indicated that guest particle formulation of different molecular weight PVP
exhibited similar particle size and with narrow particle size distribution. Co-sprayed guest
particle formulations appeared as discrete particles with a degree of surface asperity. Surfaces
of guest particles formulation were L-leucine rich, with negligible PVP. Previous studies have
suggested that particle size [49, 50], surface morphology [51], and surface chemical
composition [52-54] can affect inter-particle bonding and hence compaction behaviour. Since,
these factors did not vary considerably amongst guest particle formulations, they are considered
unlikely to strongly affect inter-particle bonding behaviour of these formulations and hence
compactability of resultant interactive mixtures. Images of blends showed guest particle
formulations adhered to paracetamol particles with no apparent agglomerates of guest particles,
indicating formation of homogeneous interactive mixtures.

Our results indicated that the surface L-leucine coated guest particles with the greater
deformation showed an enhanced binder activity. This increase in tensile strength of tablets of
interactive mixtures with greater guest particle deformability would be a result of either an
increase in area and/or strength of bonding [55, 56]. Since, the surface of guest particles are L-
leucine enriched, which reduces inter-particle bonding [18, 26-28], it is unlikely that increased
availability of L-leucine surfaces (with greater guest particle deformability) will promote inter-
particle bonding between host particles. Thus, we propose that with greater guest particle
deformability, the availability of PVP surfaces increases, leading to strong inter-particle
bonding with host particles and an increase in tablet tensile strength of interactive mixtures.
The potential mechanism to explain this is a follows. When an interactive mixture is
compressed, guest particles starts to deform/distort at the interfaces of host particles. We

propose that due to the lack of deformability/stretchability, L-leucine shell ruptures under

237



Chapter 7

increasing stresses from the core of the particles. Rupturing of L-leucine shell allows L-leucine
free PVP sites to come in existence and participate in inter-particle bonding. As the inherent
deformability of the core material increases, the amount of stress that, the shell experiences
increase resulting in an increased rupturing of L-leucine shell. As the degree to which L-leucine
shell ruptures increases, the availability of L-leucine free PVP surfaces increases.
Consequently, the strength of inter-particle bonding between guest and host particles also
increases, which is evident as an increase in tensile strength of interactive mixtures with
reducing Tg of guest particles. This effect is likely enhanced given the host particles are
relatively non-plastic (brittle) and so distortion of the more plastic guest particles at the surface

of the host may yield more effective puncture of the L-leucine shell.

It was noted that the compactability of PVP/L-leucine co-sprayed formulations
remained similar despite an increase in deformability. This suggests that increasing PVP
deformasbility does not affect the inter-particle bonding strength and/or area of guest particle
formulations to an extent sufficient to cause an observable change tensile strength. This is in
sharp contrast to earlier reports indicating that a reduction in Tg of PVP improves the
compactability due to increasing deformability [57, 58]. We proposed that due to an excess of
L-leucine, the free PVP surfaces created after deformation predominantly interact with L-
leucine. Thus the increase in deformability does not show an increase in inter-particle bonding

and hence tensile strength of guest particle formulations.

It was also noted that the tensile strength of the tablets of interactive mixtures
consisting of guest particles (with least Tg of approximately ~ 28 °C) was higher than
corresponding tablets of guest particles only composition. This indicates that the net inter-

particle forces between guest-host particles were stronger than guest-guest particles. It may be

238



Chapter 7

speculated that when the pure guest particles are compacted, some L-leucine-free sites are

created, but these sites are fewer than when interactive mixtures are compacted,

We have previously shown that small binder particles with L-leucine coated surfaces
have the ability to form interactive mixtures that can improve both the flow performance and
tabletability of interactive mixtures [25]. This previous study demonstrated that the surface
lubrication of small binder particles was necessary to reduce their cohesion, which was critical
to achieve a flow additive action. However, this surface lubrication was associated with a
reduction in binder activity as well, which highlighted the challenge of creating excipients
with optimal flow additive as well as binder activity [25]. The current study, illustrates how
material deformability controls the binder activity of surface lubricated binders and it can be
manipulated to achieve an improved binder activity, and so optimise the performance of such

potential excipients.

These small prototype excipient particles may be effective for addressing problems
caused by poor tabletability of APIs and could have potential applications in creating dry
blends for tabletting of high-dose API. However, it would be equally important to achieve an
optimum balance between functional improvement and cost benefit that can be achieved for
the effective implication of such excipients in real-world tablet manufacturing, and further

investigation is required.

7.7 Conclusion

In this paper, the influence of mechanical properties of engineered small guest particles on the
tableting behaviour of interactive mixtures was investigated. Results showed that the
deformability of guest particles dictates the inter-particle bonding between host particles and

hence the tensile strength of tablets of resultant interactive mixtures. The knowledge gained
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here may be useful in creating a new concept in composite small tablet excipients with

multiple functionalities.
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7.10  Appendix

7.10.1 Appendix 7.1

Typical labelled force-distance curve. Force-distance curve of each tablet was recorded for
further analysis. In figure, a represents punch position, where when punch approaches the
powder but no force is applied, b represent punch position, where it applies maximum force on
powder or in other word maximum punch displacement in the die, ¢ represents the punch

position after decompression when punch force is zero again.

Compression Pressure (MPa)

Soa
S

max

Upper Punch Displacement (mm)
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7.10.2 Appendix 7.2
Particle size distribution plots spray dried formulations and paracetamol. Data presented as

Mean £SD (n = 3).
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7.10.3 Appendix 7.3
Tensile strength of the tablets of guest particle formulations only (PVP10-Leu, Tg ~ 28 °C)
and interactive mixture containing varying proportions of corresponding guest particle

formulation. Data presented as Mean +SD (n = 5).
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7.10.4 Appendix 7.4

% Elasticity factor of tablets of interactive mixtures as a function of the elasticity factor of the
tablets of guest particle formulations only at corresponding compression pressures of 86 MPa,
120 MPa and 154 MPa. A-host to guest ratio (90% (w/w)/10% (w/w)); B -host to guest ratio
(85% (w/w)/15% (w/w) and C-host to guest ratio (80% (w/w)/20% (w/w)). Data presented as

mean £SD (n =5)
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8 General conclusions and future directions

8.1 General conclusions

It was hypothesized that small, surface-engineered binder particles with the ability to form
interactive mixtures, could exhibit both a flow additive and binder action, which may
conventionally be considered exclusive excipient functionalities. Small particles are in general
highly cohesive and tend to agglomerate. This limits their ability to de-agglomerate and form
homogeneous interactive mixtures. We proposed that the high cohesion of small binder
particles would compromise their interactive mixing behaviour, and consequently their
functional performance. Therefore, controlling the cohesion and evaluating its effect on the
interactive mixing behaviour, and the resulting effects on binder and flow additive action of

such small binder particles was a central aspect of this research work.

In this study, a range of low-cohesion small polymer binder particles were produced
via a particle engineering approach, with L-leucine as the surface-modifying agent, and these
performance characteristics of interactive mixing behaviours, flow additive action and binder

actions were studied and compared.

We showed that PVP that was co spray-dried with L-leucine created a platform of
reduced cohesion small binder particles. The surface L-leucine concentration governed the
surface physico-chemical properties such as morphology, surface energy, solid-state nature of
L-leucine and consequently the cohesion of resulting small particles. Small particles with
surface L-leucine at saturation, were the least cohesive in nature, as determined by shear cell
tests. We proposed that this knowledge be employed to design and optimize the bulk
performance of such small particles. Our study also provided enhanced insight into how L-
leucine first enriches into a droplet’s surface and then crystallises upon spray-drying to create

core-shell particles.
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The reduced cohesion facilitated efficient dispersion and homogenous interactive
mixing. Further, surface energy measurements were used to indicate relative magnitudes of the
cohesive and adhesive nature of these small binder particles (a cohesive-adhesive balance
approach) and could be effectively employed to anticipate the interactive mixing behaviour of

the small binder particles with a larger API host particle.

A reduction in cohesion was also shown to accompany a deleterious effect on binder
activity of small binder particles. It was proposed to be a result of the competing nature of
cohesion and compactability as both depend on the inter-particle interaction between adjacent
particles and are therefore related properties. However, despite this reduction, the binder
particles did show a notable ability for binder ability. Previous studies have indicated that
surface lubrication compromises the compactability of plastic materials. It was also proposed
that compactability of such surface-lubricated materials depend on their ability to create
lubricant-free sites. We proposed that the binder activity of surface-lubricated (L-leucine
coated) small binder particles also depend on their ability to create lubricant-free bonding sites.
Thus, a surface lubricated small binder with greater deformability (and a minimum of lubricant)
was hypothesized to undergo greater deformation (under compression), create more lubricant-
free sites for bonding and express greater binder activity than compared with their lower
deformability counterparts. Our results confirmed that small surface lubricated binder particles
with greater deformability expressed greater binder activity than high deformability particles,

which supported our hypothesis.

We also investigated the effect of cohesion of small binder particles on their flow
additive action. The cohesion of small particles was shown to dictate the flow performance of

interactive mixtures. This indicated that the cohesion of small particles play determines the
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magnitude of inter-particle forces between host particles in interactive mixtures and hence the

flow performance of interactive mixtures.

In summary, this study examined the effect of fundamental material properties on the
cohesion of small structurally-engineered binder particles as well as the effect of cohesion on
the flow additive and binder properties of these particles. The flow additive action of small
binder particles was shown to mainly depend on their surface properties. However, both surface
as well as mechanical properties of small binder particles were shown to contribute
significantly to their binder activity. This suggests that via careful selection and optimisation
of surface and mechanical material properties, excipients with an optimum flow additive and
binder action can be created. Thus, the use of optimal surface-engineered small binder particles
may substantially improve the opportunities for the direct compression tablet manufacturing of
high-dose API. The findings of our work would also be generally useful for scientists working

in the areas of tablet manufacturing, powder flow and interactive mixing.
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8.2 Future directions

In this thesis, PVP was used as a model binder to investigate the excipient performance of small
binder particles. Further studies are recommended to investigate the excipient performance of
a wide range of binder materials. This may include excipients, which tend to compress mainly
by brittle fraction and/or a combination of brittle and plastic deformation. Plastic materials
exhibit greater susceptibility to lubricant mediated reductions in tensile strength compared to
brittle materials. Therefore, small binder particles consisting of brittle materials may exhibit a
more limited sensitivity to surface lubrication and hence exhibit better binder activity. However,
it should be pointed out that the extent of change in the particle size reduction may also alter
mechanical properties of starting materials. For instance, some materials appear to have a
critical particle size at which a transition from brittle to ductile behaviour occurs as the particles
become smaller.

Additionally, achieving surface L-leucine enrichment is the key to reduced cohesion
and hence to achieve homogeneous interactive mixing of the small particles with the API. Thus,
to produce low-cohesion binder particles with different materials, it would be necessary to
carefully select excipient materials, which allow the mass transport of L-leucine to the surface
of the particles during the spray-drying process. Alternatively, other excipients such as
magnesium stearate, silicon dioxide may be employed to control the cohesion of small binder
particles.

Formation of interactive mixtures depend on the nature of both the small particles and
host particles. We have demonstrated that surface engineering can effectively control the
surface properties and hence mixing behaviour of small binder particles. Further studies are
warranted to investigate the effect of host particles properties such as size, shape and surface
energy on interactive mixing behaviour and consequently the flow additive and binder action

of excipients. In addition, tablet formulations are typically multi-component systems where
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two or more excipients are used. It is would also be very important to understand, how the

performance of such excipients change in such multi-component formulation scenarios.

In this study, small excipient particles (1-10 um) were examined. Further studies are
recommended to investigate the effect of particle size of interactive excipients on their
performance. In addition, spray-drying is an effective but relatively expensive method of
particle engineering. Further studies are recommended to investigate if mechanical milling can
be used to effectively produce excipients particles in the size ranges that allows formation of

interactive mixtures.
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