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1. Introduction

1.1 General

Particle engineering in the pharmaceutical context is the process of modifying the morphology,
i.e. the shape, surface structures, size etc. and thereby the micromeritic properties of an active
pharmaceutical ingredient (API) or excipient without changing its chemical, pharmacological
or crystalline properties. Advantages of such techniques are that the flowability [1-3],
tabletability [4-6] and dissolution profile [7] of a substance can be improved while maintaining
its pharmaceutical activity. Hollow, spherical particles offer several advantages, as they often
have good flowability, tabletability and a large specific surface area. These free-flowing
powders can then be directly compressed into tablets without the need for intermediary

production steps, such as granulation or spray drying.

Reducing the amount of intermediary production steps is of great economic advantage as
fewer production machines are required and therefore a smaller manufacturing footprint can
be realized. Furthermore, the overall energy consumption of the process can be reduced as,
e.g. the drying of granules or pellets is energy intensive. A reduction in the production time is

feasible so that changes in market demand can be responded to more quickly.

Producing spherical particles of a material is often achieved by confining the space in which it
can solidify/crystallize, such as in droplets during spray drying [8] or emulsion evaporation [9,
10]. Another possibility is the use of spherical crystallization techniques where material is
crystallized and/or agglomerated within transient emulsions. An advantage of using spherical
crystallization techniques as a platform for particle engineering is that a crystallization is
already often part of the final purification step during an API or excipient synthesis, so that no
additional equipment or production steps are required to produce a product with improved

micromeritic properties.



1.2 Crystallization

1.2.1 General

A crystallization is often part of the final production step of an API or excipient. It can be used
as a purification step as solutes are selectively crystallized from a mother liquor. The solids
are removed from the slurry and washed using a variety of solid-liquid separation systems,
such as filtration or centrifugation. Every substance has a defined solubility in a specific solvent
at a specific temperature and pressure, at which point no further material can dissolve under
equilibrium conditions. The driving force behind nucleation and subsequent crystal growth is
the achievement of supersaturation within the crystallization system. When crystallizing from
a solution, supersaturation can be achieved by, e.g. reducing the temperature of a solution,
removing solvent through evaporation or the addition of antisolvent. Choosing a suitable
crystallization technique depends, e.g. on the slope of the solubility curve (Fig. 1, curve B) and
the tendency of the material to form different polymorphs/solvates. If the solubility curve of an
APl is shallow for example, an antisolvent crystallization may be preferential compared to a

cooling one as higher yields may be achieved [11].
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Figure 1. Ostwald-Miers diagram showing the metastable zone which is defined as the area

between the curve of supersaturation (A) and the solubility curve (B).



The Ostwald-Miers diagram (Fig. 1) can be used to explain the phenomena which occur during
crystallization. The solubility curve (Fig. 1, curve B) divides the area into the stable,
undersaturated solution and the unstable, metastable and supersaturated areas. While the
solute remains in solutions as long as the metastable region is not yet reached, crossing the
solubility curve (1) can lead to crystal growth if seed particles are present in the slurry. Further
increasing the degree of supersaturation of a solution into the supersaturated zone will lead to
spontaneous nucleation (3) and subsequent crystal growth. The supersaturation will be
reduced in both cases (2 and 4) and subsequent crystal growth under equilibrium conditions

will occur along the solubility curve.

1.2.2 Crystal morphology

The three dimensional shape of a crystal is often referred to as its habit and influences the
flowability and further characteristics of a product. The habit depends on the chemical structure
of the material and on the relative growth rates of the different crystal faces during
crystallization. These may depend on the presence of impurities, the type of solvent used, the
mixing conditions and the rate of cooling during the crystallization [12]. Common crystal habits
of APls include needles (e.g. salicylic acid [13]), plates (e.g. etodolac [14]), orthorhombic (e.g.
paracetamol [15]) and cuboid (e.g. L-alanine [16]). While needles and plates often exhibit poor
flowability and poor performance during filtration and washing, cuboid crystals show an

improved performance [17].



1.2.3 Polymorphs and solvates

Polymorphism describes the fact that a single chemical compound can form different crystal
structures which can differ in their physical and crystalline properties. As different polymorphs
of a chemical compound may differ in their thermodynamic stability, the transition from one
polymorph to a more stable one is possible under storage conditions through, e.g. changes in
temperature, humidity and the presence of impurities [18]. Therefore, the stability of the desired
polymorph of an API has to be guaranteed over the shelf-life of the drug. Knowing which
polymorphs of an API exist and their stability is of great importance, especially as their
solubilities can differ and therefore affect the dissolution rate and finally the bioavailability of
an API. Polymorphs may also show differences in their mechanical properties which can, e.g.
affect the strength of tablets [19]. Differentiation of different polymorphs can be determined
using powder X-ray diffraction and differential scanning calorimetry. Selective crystallization of
the desired polymorph can be achieved by seeding the supersaturated solution with finely

ground particles of the desired polymorph [20].



1.2.4 Crystallizers

1.2.4.1 General

Different crystallizers are commercially available depending on the type of crystallization
process required for a certain material and desired throughput. Their dimensions and
geometries depend on the desired batch size as well as, e.g. the required mixing conditions
and rate of heat transfer. Lab-scale crystallizers for batch and continuous production are
readily available and can be modified to meet the specific requirements of the process. The
advantages of batch crystallizers are that the processes are well known and described in
literature and that the experimental setups are often quite simple and cheap. Disadvantages
include the limitation in batch size due to the limited dimensions of the crystallizers themselves.
Furthermore, the process conditions can change within a single run as, e.g. the solvent fraction
of the mother liquor can increase during an antisolvent crystallization. Therefore, transferring
a conventional batch crystallization into a continuously operated one can yield several benefits
as batch size is often only limited by run time and constant operating conditions at steady-state
can be achieved. This transfer process can however be challenging as the mixing quality and
operating conditions during slurry transfer have to be maintained [21]. Furthermore, continuous
crystallizers such as oscillatory flow baffled crystallizers are more expensive than conventional

round-bottom crystallizers.



1.2.4.2 Lab-scale batch crystallizers

Typical lab-scale batch crystallizers (Fig. 2) are made of a jacketed crystallizer used to control
the temperature of the mother liquor. The addition of API solution or antisolvent can be done
either onto the surface or directly into the slurry. Probes, such as Pt-100 for temperature
monitoring or other process analytical tools (PAT) such as focused beam reflectance
measurements (FBRM) for the in-line measurement of particle size distribution (PSD) can be
implemented. The crystallizers are typically equipped with an overhead stirrer to ensure

homogeneous mixing of the suspension.

=]

a. Jacketed syringe pump
b. Feed API-solution

c. Temperature probe

d. Antisolvent feed e.
e. Jacketed glass crystallizer
f. Stirrer

h. Mother liquor outlet

Figure 2. Setup of a lab-scale batch crystallizer equipped with a syringe pump for the transfer

of a solution or solvent.



The type of stirrer used (pitch-blade impeller, anchor stirrer, Rushton turbine...) and its
dimension relative to the crystallizer depends on the desired primary flow pattern (axial and/or
radial stirring) and required dispersion forces in the system [22, 23]. The axial flow produced
by propeller mixers (Fig. 3B) is suited for dissolution processes and liquid-liquid blending.
Pitched-blade stirrers (Fig. 3A) provide both axial and radial flow which results in higher shear
forces and more turbulence within the system. This can be useful for the mixing of emulsions.
Paddle stirrers (Fig. 3C) produce tangential flow which is often required for the mixing of highly

viscous fluids and suspensions with a high solid fraction.

Figure 3A. 45° pitch-blade stirrer, B. propeller stirrer and C. paddle stirrer

Depending on the type of crystallization (antisolvent, cooling, evaporation...) different auxiliary
components can be connected to the crystallizer such as pumps for antisolvent, vacuum
pumps or distillation bridges. At the end of a crystallization run, the suspension is removed
from the crystallizer and a solid-liquid separation is performed using, e.qg. filtration, followed by
a washing step and subsequent drying of the material. Insufficient washing can lead to the
presence of impurities or agglomeration, as material dissolved in the mother liquor can

crystallize during drying which leads to the formation of solid bridges between single crystals.



1.2.3.3 Mixed-suspension mixed-product removal (MSMPR) crystallizers

Continuous manufacturing (CM) offers several advantages compared to the traditional batch
production of pharmaceuticals. For one, CM allows for a reduction in production time as
intermediates no longer need to be stored and the batch can be released in real time. Validated
in-line or on-line measurements, such as Raman spectroscopy [24] or dynamic image analysis
[25], can be used to monitor and control the system to ensure uniformity of the material and
increased yield [26]. Furthermore, batch size is no longer limited by the equipment dimensions,
as the production capacity is only limited by the run time of the machine. This also allows for
a reduction in the footprint of the manufacturing line. Transferring a batch process into a
continuous one can however be difficult as new equipment types, PATs and

qualification/validation processes have to be designed and understood.

MSMPR crystallizers are simple continuous crystallizers which can be built using existing batch
crystallizers. Steady-state operation is achieved by continuously adding antisolvent and
product solution to the crystallizer while simultaneously removing product at the outlet (Fig. 4).
Just as in batch mode, process conditions can be adjusted by, e.g. the stirring speed or jacket
temperature. However, additional parameters such as the mean residence time or solvent
fraction of the mother liquor can be adjusted by changing the initial fill-level or pump rates of
the respective liquids [27]. Several MSMPR crystallizers can also be linked together in series,
so that certain operations, such as the initial crystallization and subsequent agglomeration,
can be decoupled and occur in separate crystallizers. Thereby a higher degree of control can
be achieved at each stage which allows for, e.g. a narrower PSD of the crystals and
subsequent better processing in further downstream operations [28]. Recycling the mother
liquor can reduce the amount of solvents required and increase production yield [29]. The
batch size is no longer limited by the volume of the crystallizer and the solid fraction of the
slurry but only by its runtime. Issues with long run times however include the encrustation of

the walls and stirrer of the crystallizer, blockage of transfer pumps/lines and fouling of PAT



probes. Furthermore, the implementation of an impinging jet might be required to ensure ideal

mixing conditions during anti-solvent or reaction crystallizations [30].

VAPI Vantisolvent

G

Vout

Figure 4. Schematic representation of a MSMPR crystallizer used for an antisolvent

crystallization.



1.3 Spherical crystallization

1.3.1 General

Spherical crystallizations can be divided into quasi-emulsion solvent-diffusion (QESD)
crystallizations, spherical agglomerate (SA) and the ammonia-diffusion method [31]. All of the
methods have in common that they are based on antisolvent crystallizations, where
crystallization and agglomeration occur in a single production step with the help of transient
emulsions. Both QESD [32] and SA [33] were first described by Kawashima et al. in the 80’s.
The type of crystallization method used depends on properties of the API or excipient, such as

solubility in water and on the desired morphology / attributes of the obtained patrticles.

1.3.2 Quasi-emulsion solvent-diffusion method

QESD crystallizations can be used to generate spherical, hollow particles of an API or excipient
which can have improved flowability and tabletability compared to the unprocessed raw
material [6, 32, 34]. Crystallization and agglomeration occurs within transient emulsion droplets
which limit the space in which the agglomerates can be formed and grow (Fig. 5). A solution
of an API or excipient is dispersed in a suitable, miscible antisolvent. Choosing the correct
solvent and antisolvent can be difficult, as the choice of the solvents is often very limited due
to the required solubilities of the API in the solvent and antisolvent and their miscibility [35].
Furthermore, the batch size can be limited if the solvents are only partially miscible as free
solvent leads to the formation of a paste-like consistency of the agglomerates. A typical

example for this is the use of water/ethyl acetate [35-38] as solvent and antisolvent.
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Figure 5. Schematic representation of agglomerate formation during QESD crystallization.

The counter diffusion of solvent and antisolvent from the emulsion droplets will lead to the
formation of a supersaturated API solution within the emulsion droplets (Fig. 5, 1.). Hereby,
the local supersaturation will be highest at the interface due to the proximity to the outer
antisolvent phase [39]. Furthermore, heat transfer from the emulsion droplet, if a heated API
solution is used, can further increase the supersaturated state within the droplets. The
supersaturation of the droplet solution will lead to nucleation and crystal growth of the API once
the curve of supersaturation (Fig. 1, B) is crossed. In a well stabilized QESD system, nucleation
and crystal growth will begin initially at the interface of the droplets, as the local concentration
of solute will be highest here as the diffusion of solvent from the center of the droplet cannot
fully compensate for the intrusion of antisolvent [39]. Therefore, a crust at the interface is
formed to which further dissolved API from the droplet can crystallize (Fig. 5, 2.). This leads to

the formation of spherical, hollow agglomerates (Fig. 6).
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Figure 6. SEM image of an API particle produced via QESD crystallization.

Antisolvent crystallizations usually do not yield spherical particles as the counter diffusion of
the solvents is too fast for the formation of emulsion droplets. The addition of stabilizers may
be required to increase the stability of the transient emulsion and reduce the rate of solvent
diffusion [40-42]. The use of both non-ionic surfactants [35, 37, 38, 43] and polymeric
stabilizers [1, 34, 42, 44] have been described for QESD crystallizations. The stabilizer is most
commonly added to the aqueous phase as it is often not soluble in the organic one. This is one
of the reasons why many QESD crystallization formulations can be found for poorly water
soluble APIs [1, 37, 42, 44] while only a few exist for APIs with a high solubility in water [5, 35,
43]. The addition of the stabilizer to the aqueous API solution can be problematic as its cloud

point may be exceeded when heating the solution to ensure complete drug dissolution.

It is important to note that typical polymeric stabilizers for QESD crystallizations, such as
hypromellose and polyvinylpyrrolidone, not only increase the viscosity of an aqueous solution
but also lower its surface tension. Choosing a suitable stabilizer for the transient emulsion can
be challenging as both the strength of specific interactions between the APl and polymeric

stabilizer [34], the viscosity of the solutions [42] and the solubility in the respective solvents

12



can influence the agglomerate properties. Residual amounts of the stabilizer adsorbed to the
QESD particles can influence the agglomerate properties, as reduced punch sticking during

tableting [34] and improved dissolution rates [45] have been reported.

The agglomeration of crystals from a suspension can however also pose certain issues. For
one, mother liquor can be trapped within voids between the primary particles which can
increase the residual solvent level and lead to the presence of impurities in the final product
[46]. Furthermore, hollow, spherical agglomerates can have an increased porosity and
therefore reduced bulk density compared to the raw material which can lead to issues during
direct compression. These include tablet capping due to insufficient deaeration [47] and

reduced flow rate and subsequent slow die filling during tableting [48].

The PSD of QESD agglomerates can be modified by changing system parameters of the
crystallizer. For one, the particle size of QESD agglomerates depends on the droplet size of
the transient emulsion [39]. It can be reduced by increasing the rotational speed of the stirrer
and therefore increasing the input of mechanical energy into the system. If the rotational speed
of the stirrer is set too low, a sedimentation of the particles occurs while an increased amount
of fines can be produced if the speed is set too high [39]. The optimal stirrer speed has to be
evaluated separately for each system as it depends on the stirrer type and size, dimensions of
the crystallizers and the viscosity of the suspension. The fill volume of the crystallizer can also
have an influence on the droplet size at a constant stirrer speed, as the mechanical energy

input into the system per unit volume of antisolvent increases with decreasing fill level [38].

A reduction in the temperature of the antisolvent leads to the formation of smaller agglomerates
as the rate of counter diffusion decreases at lower temperatures. This reduces the gradient of
supersaturation within the transient emulsion droplets so that the crust formation is delayed to
a smaller droplet size [37, 39]. Increasing the solvent fraction of the mother liquor has a similar
effect on the particle size, as diffusion rates decrease with an increased solvent fraction of the
outer phase of the emulsion [39]. Therefore, during batch operation, the agglomerate size will

decrease with increasing amount of API solution fed to the crystallizer.

13



1.3.3 Spherical agglomeration

During SA an API or excipient is first crystallized, often using an antisolvent crystallization [4,
14, 33], and the obtained particles are agglomerated in suspension using a so called “bridging
liquid” (BL). The BL has to be poorly miscible in the mother liquor so that emulsion droplets
are formed. The primary particles of the suspension are wetted by the BL and consequently
agglomerated through the negative capillary pressure and interfacial tension present in the
system [31]. Collisions of the particles with the wall, stirrer and other particles cause a
densification of the particles and therefore liberation of the bridging liquid to the surface of the
particles. There it can bind further particles from the suspension [49]. A certain solubility of the
material in the bridging liquid is required so that material bridges between single particles can
be formed during crystallization and drying. Using too little bridging liquid leads to insufficient
agglomeration whereas an excess results in soft and pasty agglomerates [49, 50]. Typical
bridging liquids used for poorly water soluble drugs include toluene [51, 52], dichloromethane
[4] and chloroform [53]. An issue when working with these BLs is that low residuals solvent
levels have to be guaranteed due to their toxicity. In contrast to the particles obtained via QESD
crystallizations, those produced through the SA method are most commonly solid [37] but show

similar advantages regarding their flowability, dissolution and tableting performance.

1.3.4 Ammonia-diffusion method

The ammonia-diffusion method can be used to spherically crystallize substances which show
a pH-dependent solubility [31]. The API is dissolved in an aqueous ammonia solution where
ammonia also acts as the BL. The solution is dispersed in a mixture of an antisolvent, which
has to be miscible with water and ammonia, and a water-immiscible solvent, such as a
hydrocarbon [31]. Crystallization occurs as the water-miscible antisolvent diffuses into the
solution droplets and causes precipitation of the drug. The water immiscible solvent is
responsible for the liberation of ammonia from the solvent droplets, thereby limiting its function

as a BL. Agglomerate size can be controlled by the amount of ammonia available as a BL [54].
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1.4 Tableting and direct compression

Even though tablets are one of the oldest manufactured pharmaceutical dosage forms, they
are still of great relevance due to their low production cost and high throughput capacity
compared to other dosage forms. Currently, oral drug formulations have a market share of
about 90 % [55]. Tableting is the act of compressing powder or granule blends in a die using
punches of various size and shape. Different tablet presses are available on the market,
ranging from simple, small hydraulic presses used for academic studies or the production of
small batches for clinical studies to large rotary presses which can produce > 1,000,000 tablets

per hour.

The strength of a tablet results from the sum of the cohesive and adhesive forces present
within the tablet. During compression bonds between single particles can be formed through
their plastic deformation and breakage which can lead to inter-locking of the particles and an
increase in the intermolecular forces, e.g., Van der Waals forces, between them. Furthermore,
sintered and solid-state bridges can be formed which can further increase tablet strength [56].
Hollow agglomerates, like those produced through spray agglomeration or QESD
crystallization, offer the advantage that they consist of small primary particles with a high
specific surface area. The agglomerates break during compression which leads to the
formation of new bonding surfaces to increase tablet strength [6]. Regulatory agencies do not
explicitly specify a threshold for the required strength of tablets, however a tensile strength of
> 2 MPa is seen as adequate in literature [57]. If tablets are too weak, they may disintegrate

during down-stream processes such as coating, packaging and transport.

Typical powder blends for tableting contain the API along with solid binders (e.g., hyprolose
and microcrystalline cellulose), fillers (e.g., lactose and mannitol), disintegrants (e.g.,
crospovidone), lubricants (e.g., magnesium stearate and sodium stearyl fumarate) and glidants
(e.g., fumed silica). To ensure a good uniformity of the powder blend, different mixers can be

used to incorporate the various ingredients. Choosing a suitable mixer type depends on the

15



flow characteristics of the powder, the batch size, operational mode (batch or continuous) and

drug load.

The simplest form of tableting is the direct compression of a powder blend into tablets. This
however cannot always be realized if the blend shows poor flowability which leads to an
inhomogeneous filling of the die during tableting. The addition of further excipients [56] or an
intermediary wet or dry granulation step may be required [58]. Direct compression can reduce
the production time and energy consumption of the manufacturing process. It can also be
favorable for small batch sizes, as product is lost during the startup and shutdown of an
intermediary production step such as twin-screw granulation. Furthermore, direct compression
can also be of advantage when handling highly potent APIs, as a reduction in the number of

processing steps can reduce the risk of contamination.

After compression, tablets can be further processed using a coater to modify the dissolution
behavior, protect the API from humidity, change the tablets cosmetically or protect from a bitter
taste [59]. Finally, tablets are filled into suitable primary packages to protect them from

environmental influences, mechanical stress and to avoid unwanted contact with the API.
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1.5 Prerequisites for direct compression

1.5.1 General

Several quality attributes of a powder blend have to be met to ensure that tablets produced via
direct compression fulfill the specifications set by the pharmacopoeia. For one, good flowability
is essential, as without it, inhomogeneous filling of the die and precompaction in the hopper
can occur. Furthermore, the powder blend has to show adequate tabletability without the need
for a wet granulation step to improve the deformation behavior of the material [60]. Directly
compressing low-dose tablets can also be challenging as blend uniformity cannot always be
guaranteed. An intermediary granulation step can be used to improve the distribution of an API

in a powder blend and reduce the segregation tendency [61].

1.5.2 Flowability

Good flowability of a powder is a requirement for many process steps during pharmaceutical
manufacturing such as blending, powder feeding, capsule filling and tableting. Poor flowability
can result in inhomogeneous powder blends after mixing, blockage of transfer lines and mass
and content variations of the final dosage forms. High forces of adhesion to the walls of a
container and cohesive forces through high moisture levels can lead to poor flowability as
gliding planes cannot be established easily [62]. Particle morphology can also have a strong
impact on the flowability of substances. While needle-shaped particles, e.g. salicylic acid [13],
often show very poor flowability due to the interlocking of particles, spherical particles with a
smooth surface, like those produced through, e.g. spray drying or fluid-bed granulation, show
an improved flowability [63]. Furthermore, increased residual moisture content which can result
from incomplete drying or through the hygroscopic character of a product can lead to higher
adhesive and cohesive forces which reduce flowability [64]. On the other hand, very low
moisture levels can lead to increased electrostatic charges which can cause adhesion to

manufacturing equipment and storage containers [65].
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The flow characteristics of a powder can be differentiated into free-flowing and cohesive. There
are different standardized methods available to classify the flowability of powders and
granules, however they can differ in their suitability to discriminate between different mixtures
[66]. The European Pharmacopoeia (Ph. Eur.) describes the use of the Hausner ratio (2.9.34.
[67]), angle of repose, flow through an orifice and shear cell methods (2.9.36. [68]) to
characterize powder flowability. These methods can differ in their suitability for certain powder
types, as shear cell measurements can be unsuitable for free-flowing materials [69]. The test
methods also simulate different operations. The measurement of the angle of repose and flow
through an orifice can simulate the powder flow from a container into a hopper while the

Hausner ratio can be used to estimate the compaction of powder in a hopper caused by gravity.

If a powder has poor flowability, direct compression into tablets might not be possible, as a
homogeneous blend and even filling of the die during tableting cannot be ensured. Glidants,
such as fumed silica [62], can be added to reduce the cohesive forces of the particles.
Alternatively, an intermediary processing step, such as granulation, can be performed to
increase the particle size, reduce the number of interparticular contact points and thereby

increase flowability.

1.5.3 Storage agglomeration

The agglomeration of bulk powders during storage can be a major issue during the production
lifecycle of a pharmaceutical dosage form. Bulk powders have to be stored between single
production steps and if the powder tends to agglomerate, poor flowability, inhomogeneous
content uniformity and an inability to perform subsequent manufacturing steps may be the
consequence. Tendencies towards storage agglomeration can depend on the solid-state of a
product, its hygroscopicity [70], particle size and morphology [71], electrostatic attraction [72]
and plastic deformation at low pressures [73]. Some APIs, such as metformin hydrochloride,
have such a high tendency towards storage agglomeration that the bulk API has to be freshly
milled and processed further within 24 h [74].
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1.6 Problematic APIs for direct compression

1.6.1 General

Certain physical properties of an APl can make it unsuitable to perform direct compression.
For one, poor flowability and low bulk density can lead to inhomogeneous die filling and
segregation during tableting. Furthermore, when APIs with poor tabletability are incorporated
into highly drug loaded powder blends, poor tablet strength can result after compression.
Therefore, changing the morphology and micromeritic properties of an API through particle

engineering can allow for an improved performance during tableting.

1.6.2 Metformin hydrochloride

Metformin hydrochloride (1,1-dimethylbiguanidine hydrochloride, Fig. 7) is a drug used in the
treatment of non-insulin-dependent diabetes mellitus (NIDDM, type 2 diabetes). According to
the World Health Organization (WHO), approximately 400 million people suffered from this
disease in 2014 [75]. MF was first synthesized by Werner and Bell [76] in 1922 and its ability
to lower blood sugar was first reported by Hesse et al. in 1929 [77]. Nowadays, it is a first-line
pharmacological choice in the treatment of type 2 diabetes and was added to the WHO'’s list
of essential medicines in 2011 [78]. The global market value of MF was estimated to be $248

million in 2019 [79].

MF increases the bodies insulin sensitivity by decreasing the hepatic glucose output and
enhancing the peripheral glucose uptake. Furthermore, an increased intestinal usage of
glucose and a decreased fatty-acid oxidation have been reported [80]. A further advantage of
MF is that it does not promote weight gain unlike sulfonylureas, as it reduces hyperglycemia

without insulin stimulation [81]. The recommended daily maximum dose is 2550 mg [80].

19



NH NH,*

A A

NH
o

Figure 7. Chemical structure of metformin hydrochloride.

MF is administered orally in the form of highly drug loaded tablets with doses of 500, 850 and
1000 mg available on the German market [82]. It belongs to the group of biopharmaceutical
classification system (BCS) class 3 drugs, as it has a high solubility and low permeability [83].
The bulk powder has very poor flowability as it crystallizes in the shape of needles [84].
Furthermore, it tends to agglomerate under storage as plastic deformation can already be
observed at very low compaction pressures which can lead to the interlinking of the powder
particles [74]. Therefore, the material always has to be freshly milled and a direct compression
of highly drug loaded tablets could not yet be realized. Intermediary production steps, such as
dry granulation [74], are required to improve the flowability of the material and therefore enable

its tableting.

1.6.3 Celecoxib

Celecoxib (CEL, 4-[5-(4-methylphenyl)-3-(trifluoromethyl)- 1H-pyrazol-1-yllbenzene-sulfon-
amide, Fig. 8) is a poorly water soluble API which acts as a cyclooxygenase (COX) inhibitor.
It shows a selectivity towards COX-2 compared to COX-1 which reduces the risk of peptic
ulceration. It is used as a nonsteroidal anti-inflammatory drug in the treatment of pain and

inflammatory diseases such as osteoarthritis, menstrual pain and rheumatoid arthritis [85].
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Figure 8. Chemical structure of celecoxib.

Celecoxib has a poor solubility in water and belongs to the BCS class Il drugs [86]. Due to the
poor tableting behavior of celecoxib (Form lll), i.e. poor flowability, low bulk density and
tendency for tablet lamination, only capsules are available on the market [87]. Capsule filling
is however more expensive and slower compared to tableting [88]. Another key issue of the
APl is the tendency for punch-sticking during tableting which can lead to encrusted punches
[89]. Chen et al. [34] demonstrated that a QESD crystallization can be used to create spherical,
free flowing CEL powder with reduced punch-sticking properties due to the presence of a
protective hypromellose film on the API crystals. The crystallization formulation consists of a

solution of CEL in ethyl acetate which was crystallized in an aqueous hypromellose solution.
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2. Aim of the thesis

The aim of this work is to use a simple particle engineering platform to improve the flowability
and micromeritic properties of an API or excipient for which a direct compression into tablets

with sufficient strength and uniformity has not yet been described in literature.

Metformin hydrochloride was identified as a suitable candidate as it is an API with poor
flowability and a strong tendency towards storage agglomeration. Its direct compression has
not been realized in literature. In a recent dissertation from the institute (Arndt, 2018), a dry
granulation method for metformin hydrochloride was developed as a more cost-effective
alternative to the commonly used wet granulation. The aim of this work is to remove the need
for an intermediary granulation step in the tableting process by enabling the direct compression

of metformin hydrochloride, thereby reducing production time and costs.

A suitable particle engineering platform first needs to be identified for the highly water-soluble
metformin hydrochloride to produce particles with a high drug load and improved flowability

and micromeritic properties while reducing the storage agglomeration tendencies.

Since no simple spherical crystallization technique has been described in literature for
metformin hydrochloride, an apparatus needed to be designed and built which can be used for
different spherical crystallization techniques. A spherical crystallization technique should then
be developed for metformin hydrochloride and the effect of different formulation compositions
and operating conditions of the crystallizer studied. The data should also provide further
insights into the mechanism of QESD crystallizations. The suitability of the produced powder

for direct compression at industrial tableting speed should then be evaluated.

The final objective is to transfer the established batch crystallization method into a continuous
one and thereby demonstrate that continuous manufacturing is advantageous as an increase
batch size and a better control of the system parameters can be achieved. For this, the initially
developed batch crystallizer should be modified to allow for the continuous spherical

crystallization of metformin hydrochloride without a loss in product quality.
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3. Results and Discussion

3.1 Improving flowability and reducing storage agglomeration of metformin

hydrochloride through QESD crystallization

This publication describes the initial development of the QESD crystallization platform and the
crystallization formulation for metformin hydrochloride. At first, the effect of different QESD
stabilizers and the concentration of the API solution on the agglomerate properties, such as
particle size distribution and flowability, was analyzed. It was further evaluated if the novel
crystallization technique for this APl changed its crystallinity and whether the agglomeration
tendency of the newly created MF containing powder was lower compared to the unprocessed
raw material. Then, the reproducibility of batch production was determined to allow for a better
study of the influence of certain process parameters of the crystallizer, such as stirring speed,
temperature and volume of API solution added to the crystallizer, on critical agglomerate

attributes.
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3.2 Enabling the direct compression of metformin hydrochloride through QESD

crystallization

This publication was a continuation of the work describes in the previous one. The aim was to
see whether the newly created metformin hydrochloride containing powder not only had
adequate flowability properties for direct compression but if tablets with a high drug load and
sufficient strength could actually be produced. The mass uniformity and disintegration time of
these tablets were evaluated according to the European Pharmacopeia. The work further
analyzed the influence of punch speed and the use of pre-compression to increase the strength
of tablets pressed from porous material to overcome deaeration issues. Finally, stabilizers
used in literature for different QESD crystallizations were critically evaluated regarding their

influence on the strength of tablets produced from the obtained agglomerates.
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3.3 Towards a better understanding of the role of stabilizers in QESD

crystallizations

This work focused on gaining further understanding on the mechanism of agglomerate
formation during a QESD crystallization. Furthermore, the actual role of the QESD stabilizer
should be clarified as well as the importance of a strong interaction between the APl and
stabilizer. A new viscosity-based screening techniques was developed for this publication to
minimize the effect of the different nominal viscosities of QESD stabilizers. Two APIs,
metformin hydrochloride with a high solubility in water and celecoxib with a low solubility in
water, were used as model drugs to study the effect of the polymeric stabilizer used for the
QESD crystallization. In particular, the effect of the substitution type and molecular weight of
hypromellose on the agglomerate properties was studied. Furthermore, the suitability of other
polymeric stabilizers was evaluated as well as the influence of the location of the stabilizer
(inner or outer phase of the transient emulsion). Lastly, a transfer of the originally developed
formulation using a low molecular weight hypromellose to other APIs with similar solubilities

was evaluated.
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3.4 Increasing the batch size of a QESD crystallization by using a MSMPR

crystallizer

As was shown in Section 3.1, the particle size of QESD agglomerates is affected by the solvent
fraction of the mother liquor. An increased amount of API solution added to the crystallizer
during batch production also increases the solvent fraction which leads to a reduction in the
particle size of newly created agglomerates. This is due to the reduced rate of counter-diffusion
of the solvent and antisolvent. A possibility to circumvent this issue is the use of a continuous
crystallizer, as the mother liquor can be continuously replaced by fresh antisolvent, thereby
limiting its solvent fraction. This section focused on the conversion of the previously developed
batch QESD crystallizer into a continuously operated mixed-suspension mixed-product
removal one. The aim of the work was to see whether the solvent fraction could be controlled
to maintain a constant particle size distribution during crystallization independent of the batch
size. Furthermore, simple models were to be developed to allow for the prediction of key
process parameters such as the mean residence time and solvent fraction. These were to be

verified using tracer measurements.
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4. Conclusion

Metformin hydrochloride is a highly water-soluble drug used in the treatment of non-insulin-
dependent diabetes mellitus. It is available on the market in the form of highly drug loaded
tablets with a dosage of 500-1000 mg. Due to the poor flowability and agglomeration tendency
under storage a direct compression into tablets was not yet described in literature. A wet or
dry granulation step is required to improve the flowability of the bulk material. Intermediary
production steps however lead to an increased production time, cost and energy consumption.
The aim of this work was therefore to create a simple particle engineering technique for
metformin hydrochloride to enable its direct compression into tablets with a high drug load and

adequate strength, disintegration behavior and mass uniformity at production speeds.

The QESD crystallization technique was used as a particle engineering platform for MF.
Initially, a batch crystallizer and a crystallization formulation had to be developed for the highly
water-soluble APIl. Hypromellose was identified as a suitable stabilizer for the transient
emulsion of the aqueous API solution in acetone. While a regular antisolvent crystallization of
MF in acetone yielded irregular particles with poor flowability and a tendency to agglomerate
when stored, the QESD crystallization technique could be used to create hollow, spherical
agglomerates of the API. The agglomerates had good flowability and showed a reduced
tendency towards storage agglomeration while maintaining their crystallinity. Additional non-
ionic surfactants could be added to the system to further stabilize the transient emulsion and
thereby improve agglomerate properties. However, the surfactants can have a negative impact
on the tablet strength. Changing the operating conditions confirmed data from other
publications regarding, e.g. the impact of stirring speed, crystallization temperature and solvent
fraction in the mother liquor on agglomerate properties, in particular regarding the agglomerate
size. The developed setup could be used to produce consecutive batches while maintaining
specific quality attributes. Therefore, more material could be crystallized for larger tableting or

stability studies.
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Tableting the QESD MF revealed that judging the suitability of a QESD powder for direct
compression cannot be performed by solely determining product attributes such as flowability
and particle size distribution. At first, deaeration issues were discovered due to the porous
nature of the hollow particles which led to capping during tableting. This issue could be
overcome by either reducing the punch speed during tableting or by implementing a
precompression cycle, as it is often done when using rotary tablet presses. Furthermore, it
could be shown that tablets with a drug load of > 90 % could be compressed into tablets at
simulated production speeds of up to 150,000 tablets per hour with sufficient strength and
mass uniformity. It could also be shown that non-ionic surfactants used to stabilize the transient
emulsion during crystallization can reduce the tablet strength. This is due to their lubricating
effect when absorbed to the surface of the agglomerates. Data provided by this study therefore
demonstrated that some QESD crystallization formulations described in literature might not be
suitable for a compression of the material into tablets. The effect of the emulsifiers on tablet
strength had not yet been described in literature and tableting data is often not provided by the

authors.

To gain a better understanding for the role of the stabilizer during QESD crystallization, a novel
viscosity-based screening technique was developed. A multitude of different polymeric QESD
stabilizers can be found in literature, however their comparison to one another had usually
been done at a defined concentration. Since these polymers often differ in their nominal
viscosity, the resulting droplet size, diffusion rate, crystal growth rates, etc. would therefore
also be affected. Comparing different polymeric stabilizers at a set viscosity showed that the
location of the stabilizer, whether it is dissolved in the inner or outer phase of the emulsion,
has the largest impact on the success of a QESD crystallization. Furthermore, it could be
shown for MF that the substitution type and molecular weight of hypromellose can have a
significant impact on the agglomerate properties and whether hollow, spherical particles can
even be obtained. In contrast to previously published data concerning the suitability of

hyprolose and polyvinylpyrrolidon as QESD stabilizers, spherical agglomerates of celecoxib
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could in fact be crystallized when adjusting their concentration according to the viscosity-based

screening technique.

For the final part of this work regarding the QESD crystallization of MF the initially developed
batch crystallizer was converted into a continuously operated one, a mixed-suspension mixed-
product removal crystallizer in particular. The primary motivation behind this work was to
increase the batch size of a single run at lab scale, as it was previously limited in the batch
production by the solvent fraction of the mother liquor during crystallization. The development
of a MSMPR crystallizer for QESD crystallizations was described in detail as several
challenges, such as the slurry transfer of the fragile agglomerates and the encrustation of the
walls of the crystallizer due to the polymeric stabilizer, had not yet been described in literature.
The work showed, that the MSMPR crystallizer could be used to increase the batch size while
maintaining the particle size distribution of the agglomerates by reducing the solvent fraction
of the mother liquor. Furthermore, the influence of process parameters specific to a continuous
crystallizer such as mean residence time and average solvent fraction were analyzed. Lastly,
measurements of the mean residence time using tracer experiments revealed a first order
elimination kinetic from the crystallizer. This allowed for the correct prediction of mean
residence times and the solvent fraction throughout the crystallization process which were
verified using further tracer measurements. The MSMPR crystallizer could however not be run
in a truly continuous manner, as only a single peristaltic pump was available at the time. This
meant that the flow rate of fresh antisolvent added to the crystallizer was equal to that of the

slurry removal at the outlet (Fig. 4), which led to an increased volume over time.

Overall, the QESD crystallization technique could be used as a particle engineering approach
the produce hollow, spherical agglomerates of various APls. QESD MF in particular showed
improved flowability and micromeritic properties as well as reduce agglomeration tendencies.
The free-flowing powder could be directly compressed into highly drug loaded tablets with
sufficient strength, disintegration time and mass uniformity. The development of a novel

screening technique for QESD stabilizers allowed for the gain of further insights into the role
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of these stabilizers during crystallization. Lastly, the initially developed batch crystallizer was
successfully converted into a continuously operated mixed-suspension mixed-product removal

crystallizer to increase the batch size during lab scale production.

During the course of this work other manuscripts describing QESD crystallizations have been
published, however these are not in direct conflict with the findings presented here. A large
portion of the published manuscripts comes from the members of the working group of Prof.
Changquan Calvin Sun. Their work has also focused on the role of the interaction between the
APl and stabilizer. Furthermore, they identified other improved product properties brought on
through the QESD process [1], reasons for the improved tabletability of QESD material [2] and
the development of QESD co-crystals to improve drug dissolution [3]. Other work published
during this time has described, e.g. the use of inkjet printing nozzles to improve the control of
the transient emulsion droplet size [4] and compared product attributed when crystallizing the

same drug using different spherical crystallization techniques [5].
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5. Summary and Outlook

This work demonstrated that QESD crystallizations can be used as a platform of particle
engineering to enable the direct compression of APIs, such as MF. QESD crystallizations can
not only increase the flowability of an API or excipient but also improve other product attributes
such as tabletability and storage agglomeration. This work also deepened the published
knowledge on the mechanism of QESD crystallizations and demonstrated that continuous
crystallizers can be used at the lab scale to increase production capacity. The method is
however not without fault, as finding a suitable crystallization formulation still mainly relies on
a trial-and-error approach. Furthermore, the use of certain QESD stabilizers, specifically non-
ionic surfactants, can lead to a reduced tablet strength. The porous material obtained through

QESD crystallizations can cause deaeration issues during tableting.

One remaining issue is the low bulk density of the porous agglomerates which initially led to
deaeration issues during tableting and required a large filling volume of the die during tableting.
Some trials had been done which attempted to increase the bulk density by increasing the
concentration of the MF solution, however these failed due to the blockage of the tubing coming
from the syringe pump. Ongoing work should focus on creating an improved dosing setup,
implementing a heated tube or an automated washing cycle of the tube tip, to avoid this issue.
Furthermore, running the MSMPR crystallizer with two peristaltic pumps would allow for truly
continuous operation and simplified prediction of the mean residence time and solvent fraction
during crystallization. A further improvement would be the implementation of PAT tools to allow
for a closer monitoring of the system. An implementation of the Parsum probe was attempted,
however it failed as the flow rates in the system were too low for the loading of the sensor.
Using FBRM would allow for the continuous monitoring of agglomerate size and count within
the crystallizer. Lastly, the development of a continuous filtration and drying system would
allow for easy continuous operation and could also improve the yield, as some of the material

would agglomerate into large clumps when dried on the stainless-steal sieves without agitation.
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