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Abstract

The understanding and optimisation of particle properties connected to their structure and mor-
phology is a common objective for particle engineering applications either to improve material-
handling in the manufacturing process or to influence Critical Quality Attributes (CQAs) linked
to product performance. This work aims to demonstrate experimental means to support a ra-
tional development approach for pharmaceutical particulate systems with a specific focus on
droplet drying platforms such as spray drying.

Micro-X-ray tomography (micro-XRT) is widely applied in areas such as geo- and biomedical
sciences to enable a three dimensional investigation of the specimens. Chapter 4 elaborates
on practical aspects of micro-XRT for a quantitative analysis of pharmaceutical solid products
with an emphasis on implemented image processing and analysis methodologies. Potential
applications of micro-XRT in the pharmaceutical manufacturing process can range from the
characterisation of single crystals to fully formulated oral dosage forms. Extracted quantitative
information can be utilised to directly inform product design and production for process devel-
opment or optimisation. The non-destructive nature of the micro-XRT analysis can be further
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employed to investigate structure-performance relationships which might provide valuable in-
sights for modelling approaches.
Chapter 5 further demonstrates the applicability of micro-XRT for the analysis of ibuprofen cap-
sules as a multi-particulate system each with a population of approximately 300 pellets. The
in-depth analysis of collected micro-XRT image data allowed the extraction of more than 200
features quantifying aspects of the pellets’ size, shape, porosity, surface and orientation. Em-
ployed feature selection and machine learning methods enabled the detection of broken pellets
within a classification model. The classification model has an accuracy of more than 99.55%
and a minimum precision of 86.20% validated with a test dataset of 886 pellets from three cap-
sules.
The combination of single droplet drying (SDD) experiments with a subsequent micro-XRT
analysis was used for a quantitative investigation of the particle design space and is described
in Chapter 6. The implemented platform was applied to investigate the solidification of formu-
lated metformin hydrochloride particles using D-mannitol and hydroxypropyl methylcellulose
within a selected, pragmatic particle design space. The results indicate a significant impact of
hydroxypropyl methylcellulose reducing liquid evaporation rates and particle drying kinetics.
The morphology and internal structure of the formulated particles after drying are dominated
by a crystalline core of D-mannitol partially suppressed with increasing hydroxypropyl methyl-
cellulose additions. The characterisation of formulated metformin hydrochloride particles with
increasing polymer content demonstrated the importance of an early-stage quantitative assess-
ment of formulation-related particle properties.
A reliable and rational spray drying development approach needs to assess parameters of the
compound system as well as of the process itself in order to define a well-controlled and robust
operational design space. Chapter 7 presents strategies for process implementation to produce
peptide-based formulations via spray drying demonstrated using s-glucagon as a model peptide.
The process implementation was supported by an initial characterisation of the lab-scale spray
dryer assessing a range of relevant independent process variables including drying temperature
and feed rate. The platform response was captured with available and in-house developed Pro-
cess Analytical Technology. A B-290 Mini-Spray Dryer was used to verify the development
approach and to implement the pre-designed spray drying process. Information on the particle
formationmechanism observed in SDD experiments were utilised to interpret the characteristics
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of the spray dried material.
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1 Introduction - Pharmaceutical Multi-Particle Systems

Pharmaceutical multi-particle systems consist of a population of individual discrete particles
which in combination affect on the overall drug product performance. (Micro-) particles are
used within pharmaceutical products designed for oral administration (e.g. powders, granules,
pellets and mini-tablets), as aerosols for inhalation into the lung, to be delivered to the nose or
even to be injected transdermally through the skin. The drug product design and aspects of the
manufacturing process largely depend on the physical properties of the active pharmaceutical
ingredient (API) and other pharmaceutical additives (excipients) which define the overall
drug composition i.e. its formulation. Approaches to optimise the particle performance
focus on a targeted manipulation of specific particle properties to improve manufacturability
and to ensure desirable therapeutic objectives whilst minimising any potential side effects.
Physical properties (e.g. size, shape, internal structure) are commonly part of these particle
quality attributes defining the final product performance and are linked to pharmaceutical
specifications such as purity, uniformity, dissolution, stability, appearance, and mechanical
durability. Complex therapeutic requirements of modern pharmaceutical products led to
advanced particle forms designed e.g. to ensure product stability during re-distribution and
storage or to meet specific requirements for the drug bioavailability after administration to the
patient. Often, many process variables and factors related to the chemical composition are
involved to successfully optimise (micro-) particles with complex structures, which therefore
requires a deeper understanding of the particle formation process [1].

This chapter aims to give an introduction to relevant aspects around the investigation and pro-
duction of pharmaceutical multi-particle systems with a specific focus on droplet drying plat-
forms such as spray drying and on micro-X-ray Tomography (micro-XRT) as an advanced par-
ticle characterisation technique. Section 1.1 serves as a basis covering the current theory used
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to describe the particle formation during droplet drying and its impact on the properties of
the final particles. The evaporation process is governed by heat- and mass-transfer phenom-
ena described in Section 1.1.2. Mechanisms of solid phase formation including amorphous
solidification and crystallisation are introduced in Section 1.1.3. The particles can be distin-
guished by their size, shape, porosity and solid state attributes (Section 1.1.2). Single droplet
drying (SDD) experiments performed within an acoustic levitation system can be employed to
investigate particle formation processes and Section 1.2 highlights areas where this research
has previously been applied effectively to inform and / or improve manufacturing processes.
Section 1.3 gives an overview of spray drying as a platform for the production of particulate
solids. The use of micro-XRT as described in Section 1.4 enables a further characterisation of
structural properties for (multi-) particulate systems and a wider range of other solid pharma-
ceutical (intermediate) products. Image processing and analysis strategies enable the extraction
of quantitative information.

1.1 Liquid Evaporation and Particle Formation during Drying

Drying is an essential step in the manufacturing of pharmaceuticals, which provides a unique
route for particle and formulation engineering applications [2]. Drying is the process of liquid
removal from an object through evaporation or freezing and sublimation to recover a dry solid
product. The driving force for the mass-transfer during the drying process is the difference
in the vapour pressure between moisture in the object and in the surrounding gas phase. In
case of hygroscopic materials, liquids can be present as bound and unbound moisture [3]. An
example for a moisture sorption isotherm of a hygroscopic material is visualised in Fig. 1.1.
Bound moisture is liquid in a solid with a vapour pressure that is less than that of pure liquid
at the same temperature. Bound moisture includes water taken up by capillary forces or ad-
sorbed on the solid surface due to chemical attraction forces on a molecular level. In contrast,
non-hygroscopic materials contain only unbound moisture. Unbound moisture exerts the equi-
librium vapour pressure equal to that of pure liquid at a given temperature. As shown in Fig.
1.1, free moisture is defined in respect to the surrounding air humidity and refers to all moisture
that can be evaporated within that environment.
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Figure 1.1: Equilibrium moisture curve indicating bound and unbound moisture at increasing
moisture content of the solids (adpated from Masters [3])

1.1.1 Droplet Drying Stages

Droplets of a solution or a suspension dispersed in a drying gas experience different stages with
changes in local temperature and mass. Developing a mechanistic understanding of the droplet
drying process requires an accurate description of mechanisms dominating droplet evaporation
and solidification. Droplet drying processes operating below the liquid boiling point can be
sub-divided in four main characteristic stages which are shown in Fig. 1.2.

Stage A Droplets which are exposed to the drying gas are heated and liquid evaporation initiates.
The droplet temperature converges close to the so-called wet bulb temperature of the sol-
vent. The wet bulb temperature is characterised through effects of evaporative cooling and
therefore is equal (saturated air) or lower (undersaturated air) than the temperature of the
drying gas. The wet bulb temperature is a function of the drying gas temperature and the
amount of water/solvent vapours in the gas phase.

Stage B In the second stage, the droplet reaches the constant rate period where evaporation is at
a quasi-equilibrium. Unbound moisture is readily available at the droplet surface. The
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Figure 1.2: Drying stages for droplet evaporation below the liquid boiling temperature: A) Equi-
libration of heat- and mass-transfer, B) constant rate period, C) skin formation and
reduced evaporation and D) reaching a dried particle state (figure adapted from
Handscomb et al. [4]).

kinetics of liquid evaporation during this stage are limited by the heat-transfer to the droplet
surface. The droplet temperature remains close to the wet bulb temperature. The solute
concentration constantly increases with decreasing liquid volume, which itself can lead to
a reduced liquid evaporation rate [5, 6, 7].

Stage C The droplet evaporation kinetics drastically change upon the formation of a solid phase
crust on the droplet surface. This point is referred to as the lock point (LP) and often
marks the begin of the falling rate period, however, various exceptions have been reported
where changes in the drying rate do not directly correlate with a solid phase crust formation
[8, 9, 10]. From solution, the precipitation of a solid phase can be observed after reaching
a saturated state. Once a solid skin is formed, liquid evaporation is significantly reduced,
which leads to an increase in the droplet/particle temperature. In this stage the system
switches from a heat-transfer to a mass-transfer limited regime indicating that further dry-
ing is pre-dominantly influenced by the mass-transfer kinetics of residual free moisture
through the solid crust.
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Stage D The evaporation of liquidmoisture is further reduced and the particle reaches a temperature
equivalent to the ambient dry bulb temperature. The generated solid reaches its equilib-
riummoisture content or the evaporation of remaining liquid is hindered due to limitations
of the mass-transfer through the solid phase crust.

The kinetics of these droplet drying stages are subject to selected process conditions and can
deviate significantly. Additional stages can be introduced to describe drying of multi-solvent
mixtures [11] or where the drying temperature exceeds the boiling point of the solvent [6, 4].
After solid phase formation at LP, the particle morphology and local solid micro-structure can
have an impact on drying during stages C and D.

1.1.2 Mass- and Heat-transfer during Liquid Evaporation

The evaporation process within droplet drying platforms can be described by mechanisms of
mass- and heat-transfer, which are introduced in Section 1.1.2.1 and Section 1.1.2.2, respec-
tively. Mass-transfer can occur as diffusive and/or convective mass-transfer. Heat is transported
via conduction, convection or radiation. Often multiple mechanisms of heat- and mass-transfer
are involved during droplet evaporation [12]. This may require the deconvolution of observed
heat- and mass-transfer kinetics to accurately describe the full complexity of the droplet evap-
oration process.

1.1.2.1 Mass-transfer

Changes of the droplet mass undergoing liquid evaporation are directly linked to changes in its
volume (Vd) assuming constant liquid density (�l). The evaporative mass-transfer (ṁvap) from
the droplet surface to the gaseous bulk phase is defined as its time-derivative (Equation 1.1).
For spherical droplets, the mass-transfer kinetics during the droplet drying process can be more
specifically expressed through the time-derivative of the droplet radius (drs

dt
) receding during

liquid evaporation.

− ṁvap =
d
dt
�lVd = 4� ⋅ r2s ⋅ �l ⋅

drs
dt

(1.1)

For ideal systems, drs
dt

can be calculated using information of the mass transfer coefficient (km),
liquid molar mass (Ml), ideal gas constant (R), �l and the arithmetic mean temperature (Tav) as
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shown in Equation 1.2 [12]. The driver of the liquid evaporation is the difference in the liquid’s
partial vapour pressure between the surface (pv,s) and the bulk of the gas phase (pv,∞).

drs
dt

= −km
Ml

R�lTav
(pv,s − pv,∞) (1.2)

The liquid evaporation at the wet-bulb temperature is controlled by the energy flux in the form
of heat required for liquid vaporization at the gas interface. In cases where the evaporation
kinetics reach the constant rate period (Fig. 1.2, Stage B) and convection can be excluded, the
volume changes of a spherical droplet evaporating over time (t) in an infinite, uniform, stagnant
gas can be described using the d2-law in Equation 1.3, a mechanistic one-dimensional approach
derived from Fick’s second law of diffusion, to determine the time dependent droplet diameter
(ds(t)) from its initial diameter (ds,0) and at a constant rate of evaporation (�) [13].

d2(t) = d20 − �t (1.3)

With � containing all of the system specific parameters:

� = 8Dv
�g
�l
(Ys(T ) − Y∞) (1.4)

Dv = diffusion coefficient of solvent in gas phase
Y∞ = solvent concentration in gas phase
Ys(T ) = temperature dependent solvent concentration on the droplet surface
�g = density of gas phase

Mass transfer kinetics of the solvent from the droplet surface can significantly increase under
convection. Convective mass transfer describes the transport of matter between a boundary
surface and a moving fluid or between two immiscible moving fluids. Convective mass transfer
can be divided in natural convection, i.e. caused by local changes in density within the fluid
due to a temperature or concentration gradient, and forced convection, under the influence of
an external force. The impact and extent of convective mass transfer has to be addressed to
accurately describe the evaporation of droplets. The Sherwood number (Sℎ) is the ratio between
convective and diffusive mass-transfer as shown in Equation 1.5. Sℎ is commonly employed

6



1 Introduction

to express the extent of forced convection during droplet evaporation. For spherical droplets
the characteristic length (L) corresponds to the droplet diameter (2rs). For spherical droplets
evaporating in stagnant air without convective mass transfer Sℎ yields a value of 2.

Sℎ =
km ⋅ L
Dv

=
km ⋅ 2rs
Dv

(1.5)

1.1.2.2 Heat-transfer

The process of liquid evaporation during droplet drying consumes heat for solvent vaporization
(ṁvapLvap with Lvap = latent heat of evaporation) and creates a local heat sink with a tempera-
ture gradient between the droplet surface and the surrounding gas phase. The total heat flux (Q̇g)
from the gas phase to the droplet is described by Equation 1.6 and corresponds to the heat for sol-
vent vaporization and potential heat entering the droplet (Q̇l). Q̇l can be determined from Equa-
tion 1.7 and depends on the droplet volume (43�r3s), �l, the specific heat capacity of the liquid
phase (Cp,l) and the temperature change of the liquid droplet ( dTddt ). Heat transfer mechanisms
between the droplet surface and its environment can be divided in substance-bound transfer
mechanisms via conduction and/or convection and the substance-unbound transfer mechanism
of thermal radiation.

Q̇g = Q̇l + ṁvapLvap (1.6)

Q̇l =
4
3
�r3s�lCp,l

dTd
dt

(1.7)

Conductive heat transfer occurs on a molecular level where internal energy is transferred from
more energetic to less energetic molecules along the local temperature gradient. The energy
transfer in form of heat drives towards a thermal equilibrium between all bodies. The rate of
conductive heat transfer is substance dependent and can consist of vibrations and collisions of
molecules or free electrons diffusion. Fourier’s law is shown in Equation 1.8 and describes the
conductive heat flux density (q̇cond) between two regions as a function of the local tempera-
ture gradient (∇T ) and the material’s thermal conductivity (kℎ). Integrated over the total heat
exchange area (A), q̇ yields the absolute conductive heat flux (Q̇cond).
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q̇cond = −kℎ∇T =
dQ̇cond

dA
(1.8)

Convective heat transfer is promoted by fluid motion, which transports thermal energy of a
liquid or gas. Convective heat transfer between the droplet surface and the moving gas phase
involves a combination of diffusion and bulk motion of molecules. The fluid velocity is low in
direct proximity of the droplet surface and diffusion dominates. Convective heat transfer can
occur naturally, due to differences in the density within the liquid related to local temperature
gradients, or under forced conditions induced by an external force such as a mechanical device
like a pump or an agitator with no dependency of fluid motion to density gradients. Newton’s
law of cooling shown in Equation 1.9 is a re-statement of Fourier’s law (Equation 1.8) and
describes convective heat transfer employing the heat transfer coefficient (ℎ) to determine the
convective heat flux (q̇cov) between two regions with a temperature gradient (ΔT ) over a film
thickness (�) where heat diffusion is dominant.

q̇cov = −ℎ(ΔT ) = −kℎ
ΔT
�

(1.9)

Radiative heat is transferred in the form of electromagnetic waves which are emitted by
molecules as a result of thermal agitation and can pass through vacuum (substance-unbound)
and regions of low temperature. Where the electromagnetic waves interact with matter, they
are transmitted, reflected or absorbed. Absorbed electromagnetic radiation is transformed to
internal energy including thermal energy. The electromagnetic waves can cover a wide band of
wavelengths. Heat flow by radiation is most significant for wavelengths between 0.1 and 100
µm. The infrared (IR) spectrum is included in this range and covers wavelengths from 780 nm
up to 1 mm. For thermal imaging with IR cameras, wavelengths from 0.8 - 20 µm are commonly
analysed for a non-contact measurement of surface temperatures. The emissivity (") of objects
depends on its material and describes its ability to emit thermal radiation in comparison to an
ideal black body (" = 1). The emissivity is used in IR imaging to correct the measured surface
temperature values of real bodies. The radiative heat flux (q̇rad) from a ideal black body with
the surface temperature TBB can be calculated using the Stefan-Boltzmann law for radiant heat
transfer in Equation 1.10 with the Stefan-Boltzmann constant �S = 5.67 ⋅ 10−8W ⋅ m−2 ⋅ K−4

and " to correct for the material’s emissivity (grey bodies).
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q̇rad = �S ⋅ T 4BB = �S ⋅ " ⋅ T
4 (1.10)

Heat transfer is commonly described based on conductive and potential convective heat trans-
fer. Here, the Nusselt number (Nu) can be used to express the ratio between both as shown in
Equation 1.11. For spherical droplets the characteristic length (L) corresponds to the droplet di-
ameter (2rs). For spherical droplets evaporating in stagnant air without convective heat transfer
Nu yields a value of 2.

Nu = ℎ ⋅ L
kℎ

=
ℎ ⋅ 2rs
kℎ

(1.11)

As it is the case for mass-transfer (Section 1.1.2.1), forced convection can significantly increase
the overall heat transfer to droplets. Information on the potential impact of forced convection
on the heat-transfer kinetics need to be assessed to accurately describe droplet evaporation ex-
periments [12].

1.1.3 Solid Phase Formation

The process of solid phase formation occurs during the transformation of a solution droplet
into a dried particle. The emerging solid phase can consist of amorphous matter and/or struc-
tured crystal nuclei. Crystallisation is a fundamentally different process of particle formation
connected to an emerging structured solid phase. Often both mechanisms of solid phase forma-
tion can be observed during the solidification process, especially for complex multi-component
formulations.

1.1.3.1 Amorphous solid skin formation

The amorphous state lacks the long-range order that characterises crystalline matter, but has
short-range order at the atomic length scale. The glass transition of an amorphous solid at the
glass transition temperature (Tg) is characterised by the system’s high level of entropy and free
energy. Elevated temperatures above the glass transition temperature cause an increase in free
volume and molecular mobility significantly lowering the material viscosity and increasing its
heat capacity [14]. Below the glass transition temperature, the solid is (kinetically) stabilized
in its glassy state as molecular mobility is dramatically reduced, although remaining molecular
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mobility can not be fully neglected. Enthalpic relaxation effects of amorphous solids have been
observed up to 50K below the glass transition temperature [15, 16]. Amorphous formulations in
the pharmaceutical industry have shown distinct performance characteristics and are a popular
formulation approach for poorly water-soluble drug candidates (BCSII) [17, 18].
Solid skin formation at LP is often reported in the context of solidification of droplets from so-
lution during evaporation. Amorphous skin formation occurs on the liquid-gas interface when
the local concentration exceeds a critical concentration level. Theoretical explanation to de-
scribe the formation of a solid skin are often based on Péclet number considerations [1]. The
dimensionless Péclet number (Pe) presented in Equation 1.12 describes the relation between the
diffusion of the solute (Ds) and the receding droplet surface related to the liquid evaporation
rate (�).

Pe = �
8 ⋅ Ds

(1.12)

Pe is linked to the radial solute concentration profile in evaporating droplets and can be used
as an indicator for the extent of surface enrichment of the solute (E). Equation 1.13 allows an
estimation ofE under steady-state evaporation in accordancewith the d2-law (Equation 1.3) and
for Pe values below 20 [19, 20] and corresponds to the ratio of the solute surface concentration
(cs) and its mean concentration (cm) in the droplet.

E =
cs
cm
= 1 + Pe

5
+ Pe2

100
+ Pe3

4000
(1.13)

Slow solvent evaporation rates and a fast solute diffusion in the droplet gives a Pe < 1, which
corresponds to a flat radial solute concentration profile (cs ≃ cm). In contrast, fast solvent
evaporation rates and slow solute diffusion gives high Pe numbers (Pe ≫ 1) resulting in an
enrichment of the solute towards the droplet surface (cs ≫ cm). High concentrations towards
the droplet surface can lead to shell formation and result in large hollow particles.

1.1.3.2 Crystallisation and precipitation of crystalline matter

Crystallisation is the process describing the formation of an ordered solid phase from a vapour,
solution or melt [21, 22]. The first-order phase transition of the crystalline matter at the melting
point (Tm) is a discontinuous, highly endothermic event. Energy at the melting point is con-
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sumed to reach the entropy level of the liquid state. Crystallisation from solution involves the
formation of crystalline solids after exceeding the solute’s thermodynamically defined solubil-
ity limit at a given temperature and pressure above which nucleation and growth can occur. The
extent of the supersaturation (S) provides the driving force for crystallisation corresponding to a
non-equilibrium thermodynamic state. Therefore, the driving force of the system (Δ�c) can be
expressed as the difference between the chemical potential (Δ�c) in its current, non-equilibrium
state (�c) and the equilibrium state (�c,eq).

lnS =
Δ�c
RT

= ln

(

a
ac,eq

)

= ln

(

c
c,eqcc,eq

)

(1.14)

with

Δ�c = �c − �c,eq (1.15)

where c is the solute concentration, a is the activity,  is the activity coefficient, and c,eq marks
the property at saturation [23]. For practical applications and assuming an ideal solution with
an activity coefficient of 1, levels of supersaturation are expressed as the ratio of the solute
concentration to its saturation concentration at the equilibrium state (solubility line, ceq):

S = c
ceq

(1.16)

Evaporative crystallisation is the isothermal process of reaching a supersaturated concentration
through solvent removal as indicated in Fig. 1.3. Nucleation is expected to occur after crossing
the metastable zone width (MSZW). The extent of the MSZW depends a wide range of system
parameters including supersaturation kinetics, solvent choice and hydrodynamics [24, 25]. Im-
portant for small evaporating droplets, the MSZW has to be considered as a volume-dependent
stochastic property rather than a volume-independent deterministic one [26]. In general, the
chances of crystal nucleation tend to increase for droplets with high initial solute concentra-
tions and fast crystallisation kinetics [20].
Primary nucleation is the formation of crystalline nuclei which emerge and grow from a clear
solution. Primary nucleation can be further sub-categorised as homogeneous and heterogeneous
nucleation. Homogeneous nucleation is defined as crystal formation excluding the impact of
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Figure 1.3: Solubility Phase Diagram: (P0) solution in under-saturated, stable state. Solvent
evaporation and/or cooling can lead to levels of supersaturation where primary nu-
cleation can occur at conditions indicated by P1 and P2, respectively.

foreign materials (heteronuclei) on the nucleation i.e. through the presence of dust particles or
walls of the crystallising environment. The presence of heteronuclei in a supersaturated solution
reduces the energy barrier and therefore, theMSZWof heterogeneous nucleation is smaller than
that for homogeneous nucleation as indicated in Fig. 1.3.
Secondary nucleation relates to the formation of nuclei in the presence of crystals from the
same material. Secondary nucleation can be induced deliberately through the use of supersatu-
rated seed-solutions, but are often linked to local hydrodynamics (e.g. fluid shear) and particle
collisions leading to attrition. Secondary nucleation is commonly a dominating nucleation phe-
nomenon in industrial crystallisations processes using stirred tank reactors [27], but is usually
neglected in describing crystal formation in droplet drying platforms such as spray drying [28].
Polymorphs are different crystalline structures of the same chemical compound [29]. The poly-
morphic forms can potentially be found in any crystalline material and can exhibit significant
differences in the crystal properties related to differences in packing and lattice energy. This
can lead to distinct characteristics related to solid state stability [30], melting point [31], hygro-
scopicity [32, 30], compressibility [33, 34] and solubility [35, 30, 36].
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1.1.4 Particle Properties

The droplet evaporation process yields particulates with distinct properties impacted by both,
formulation and process parameters. Charlesworth and Marshall [37] reported changing parti-
cle morphologies observed during SDD experiments of aqueous solutions with varying initial
solute concentrations and drying temperatures, demonstrating the value of droplet drying ex-
periments to investigate the correlation between the droplet drying process and the final particle
morphology. The structural properties of the final particle and its local solid phase composition
are further directly linked to performance attributes including mechanical strength, flowability
or dissolution rate. Potential pathways for the particle formation process from droplet drying
platforms such as spray drying, leading to distinct final particle morphologies, are visualised in
Fig. 1.4.

Figure 1.4: Particle morphologies obtained from evaporating droplets are influenced by formu-
lation and process parameter. The final particles can exhibit differences in size,
shape and internal micro-structure (from Handscomb [38]).

The final particle morphology is influenced by mechanisms of crystal and/or amorphous solid

13



1 Introduction

phase formation as described in Section 1.1.3. Once an initial solid crust forms at LP, the drying
kinetics change and further solid phase growth or nucleation occur in parallel to the drying pro-
cess, with remaining moisture diffusing to the particle surface. Drying mechanisms and kinetics
then strongly depend on the droplet/particle microstructure. Walton and Mumford [39] defined
three distinct types of dried particle morphologies: skin forming, crystalline and agglomerate.
Particles of each category exhibit characteristic drying behaviours. Low drying gas tempera-
tures below the moisture boiling point often generate solid, dense, dried particles [40]. Aerated
feeds might lead to the nucleation of internal bubbles or voids and yield an uninflated, hol-
low shell morphology [40]. Amorphous skin forming materials include large macro-molecules
[41, 42]. After crust formation, these polymeric surface layers might permit further solvent
diffusion and collapse over the further course of the evaporation. Sub-microcrystalline skins,
which commonly comprise of crystals significantly smaller than the corresponding overall skin
thickness and exhibit a dominant skin-forming behaviour, tend to be more rigid and often form
cracks on the particle surface, which then enable further drying. Drying at elevated temperatures
above the solvent boiling point tends to cause inflated, blistered or broken/shattered particles
due to large internal solvent vapour pressures [43].

1.1.4.1 Particle Size

The size or size distribution (PSD) is a central property in the characterisation of individual
particles or powders. The size is an important quality attribute since it can have an impact on
the manufacturability as well as the performance of the solids within the production process or
during their final application [44, 45, 46]. For pharmaceutical applications, control of the PSD
is important during downstream processing e.g. filtration [47] or tablet compression [48, 46],
but also due to its direct impact on the dissolution kinetics [49]. In general, smaller particles
are preferred for fast dissolution profiles maximising the surface-to-volume ratio whilst larger
particles are preferred during manufacturing and product handling. In spray dried powders de-
signed for pulmonary drug delivery, particle sizes below 5 �m are targeted to reach the lungs
airways for maximum therapeutic effectiveness. Commonly, the aerodynamic particle diame-
ter (da) is optimised to improve the particle performance more accurately [50]. da is defined
according to the particle’s settling velocity and, therefore, it also takes into account effects of
particle porosity and shape properties. Often, particle sizes are reported as a measure of width
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(sieving), chord length (FBRM) or equivalent sphere diameter (laser diffraction), but may be
expressed in alternative ways depending on the method employed for the measurement. Imag-
ing techniques combined with image analysis drastically increase the possibilities of expressing
and quantifying particle sizes [51, 52].

1.1.4.2 Particle Shape

The particle shape is another important quality attribute of (multi-)particulate systems linked
to their manufacturability and performance. Optimising particle shapes can improve powder
handling / flowability [53, 45], filtration [54, 55] and compaction [48]. Modifications of the
particle shape for spray dried material have been further studied extensively for inhalation prod-
ucts. Here, the small particle sizes lead to dominant effects of Van-der-Waal forces, which can
be reduced producing shrinkled particles with strong surface buckling for improved dispersibil-
ity of the powder [56, 57]. Particle morphologies are often investigated qualitatively employing
imaging techniques e.g SEM or optical microscopy. However, the particle morphology can also
be assessed (semi-)quantitatively using shape descriptors, for instance through aspect ratios,
sphericity, or surface buckling [51, 58, 52, 7]. The particle morphology is a complex function
of process conditions and formulation parameters. Particles from droplet drying experiments
can further consist of multiple sub-particles of crystalline solids with specific shape properties
defining the overall morphology of the aggregate. The crystal habit of these primary crystalline
solids depends on the molecular packing in the crystal lattice and the growth kinetics of indi-
vidual crystal faces during crystallisation.

1.1.4.3 Particle Porosity

Porosity is the ratio of the total pore volume within the apparent volume of individual particles.
Pore volumes can be sub-categorized in open and closed porosities, which refers to the distinc-
tion between void space accessible from the particle surface and enclosed/encapsulated pores,
respectively. Open and closed porosity can both have a significant effect on key particle perfor-
mance attributes such as mechanical stability [59], compressibility [60], aerodynamic proper-
ties [61] and/or disintegration/dissolution profiles [62]. Spray dried particles with a solid foam
structure are deliberately produced to achieve high levels of particle porosity [20]. A prominent
example are PulmoSpheresTM designed for pulmonary drug delivery and are utilised as carrier
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or composite particles [63, 64]. The particle porosity is often measured as part of the bulk
density of a powder, which captures internal particle porosity volumes and intra-particle void
space [65]. Information on the bulk density are particularly important to link volume fill and
weight fill methods during manufacturing. Particle porosity can be quantified using a broad
range of characterisation techniques including helium pycnometry, mercury porosimetry and
micro-XRT. Some of these techniques are size sensitive, are limited to bulk information and/or
are complementary to each-other. A detailed comparison of techniques used to characterise
pore structures of pharmaceutical products and their limitations is given by Markl et al. [66].

1.1.4.4 Particle Solid State

The solid state describes the molecular packing of the particle’s solid phase, which can be cate-
gorized in crystalline (high/long range order) or amorphous (low/short-range order) domains as
introduced in more detail in Section 1.1.3. Understanding the accessible solid state landscape
can help to design drug products with tailored performance characteristics. Often, the thermo-
dynamically most stable crystal form is chosen for production to avoid uncontrolled transforma-
tions to alternative crystal structures [21]. However, polymorphic forms might provide unique
advantages in their performance as elaborated in Section 1.1.3.2. In this case, spray drying
was able to provide a reliable route for the production of meta-stable polymorphic forms which
were difficult to isolate on other unit operations [67]. The amorphous solid state form is ther-
modynamically less stable than its crystalline counterpart. Despite the resulting stability risks
potentially leading to re-crystallisation events, the amorphous solid state has been targeted to
achieve fast dissolution rates and high concentrations, especially as a formulation approach for
drug candidates with low water-solubility (BSCII). Due to its rapid drying and solidification,
spray drying is a popular route for the production of amorphous material [17, 18]. The solid
state attributes of particles and multi-particle powders are routinely analysed to meet product
specifications of solid state uniformity and stability. Unforeseen changes in the solid state can
have severe implications in product efficacy and patient safety. The polymorphism of ritonavir
is a prominent example to highlight the importance of solid state stability. In this case, a lower
energy, more stable polymorph (form II) with reduced solubility appeared during the produc-
tion compromising drug bioavailability, which led to a retraction of the oral capsule formulation
from the market [68].
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1.2 Single Droplet Drying Experiments using Acoustic Levitation

1.2.1 Single Droplet Drying Experiments - Introduction

Ranz andMarshall were the first to investigate droplet drying from solution and primary particle
suspensions to gain information on heat- and mass-transfer kinetics [5]. Since then, droplet
drying experiments have been used as a valuable method to obtain information about shrinkage
behaviour [69], skin formation [70] and the buckling phenomena [71] of evaporating droplet
systems undergoing drying. Fig. 1.5 shows four techniques which are commonly utilised to
study the evaporation and particle formation process of droplets under controlled conditions:
mono-disperse droplet drying towers [72, 73, 74, 75], sessile droplets [76, 77, 41, 78], filament
method [5, 40, 79, 80, 81, 82, 83] and acoustic levitation [84, 85, 86, 87, 88, 7, 89]. Compared to
the mono-disperse droplet drying tower, all other techniques are used for single droplet drying
(SDD) experiments focused on the monitoring and the characterisation of individual droplets.

Figure 1.5: Droplet drying systems often used for characterising evaporation and particle for-
mation: (a) mono-disperse droplet drying towers (b) sessile droplets, (c) filament
method and (d) acoustic levitation.

Mono-disperse droplet drying towers (Fig. 1.5 a) are a spray drying characterisation platform
in which a well-defined, mono-disperse droplet chain is dried after being dispersed in a drying
gas within a drying column. The maximum droplet sizes are often limited to achieve full drying
within the column during free-fall. Mono-disperse droplet drying towers allow fast solidifica-
tion and represent well the drying conditions in a spray dryer. However, instead of monitoring
individual, single droplets, the camera is moved along the drying column to monitor the drying
state at defined distances from the dispenser.
Sessile droplets (Fig. 1.5 b) is a SDD technique, where individual droplets are monitored while
undergoing drying, after being dispensed on a hydrophobic (heated) surface. Heated surfaces
with temperatures significantly above the liquid’s boiling point induce the Leidenfrost effect
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producing a vapour layer between the droplet and the surface. Despite its utility to enable SDD
experiments, this technique is criticised due to its differences in the flow and temperature field
compared to droplets drying in a spray dryer.
The glass filament method (Fig. 1.5 c) is among the most used platforms to perform SDD
experiments. Individual droplets are suspended from filaments in a controlled environment.
Droplet drying and solidification can be observed with imaging techniques, but the droplet
weight can also be monitored connecting the filament to a micro-balance [81]. Others have
replaced the glass filament with a thermocouple to acquire local temperature information of
the droplet [40]. Limitations of this technique are the heat conduction between the droplet and
the filament as well as potential risks related to heterogeneous crystal nucleation elaborated in
Section 1.1.3.2.
Compared to the other platforms, acoustic levitation (Fig. 1.5 d) enables contact-less SDD
experiments within a controlled drying environment. A detailed description of this technique
and its previous application for spray drying process development are provided in the following
sections.

1.2.2 Single Droplet Drying Experiments - Acoustic Levitation

Compared with other levitation techniques (magnetic levitation and electrostatic levitation),
acoustic levitation has no specific restrictions on the levitated particles, such as their electric
or magnetic properties. Therefore, acoustic levitation can be used to levitate a broad range of
aqueous and organic solutions. The technique of levitating spheres in a standing acoustic wave
was first described as early as 1934 [90]. Acoustic levitation uses ultrasound to create a pressure
field typically between two transducers or a single transducer and a reflector that can be utilised
to levitate small liquid droplets or particles. Pressure nodes within the standing acoustic wave
hold the levitated object in place. A schematic of an acoustic levitator is shown in Fig. 1.6a.
The distance between the two transducers has to be an integral multiple of the half wavelength
of the ultrasonic wave (�) to create a standing acoustic wave. The pressure nodes and anti-nodes
are separated by a half a wavelength (�∕2). Levitated samples are positioned slightly below the
pressure node due to gravity and the vertical displacement is proportional to the sample size and
density [91]. Thus, the droplet/particle will rise within the acoustic field over the course of a
SDD experiment. Acoustic levitation was successfully utilised to levitate metals with densities
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of up to 22.6 g⋅cm−3 such as iridium and liquid mercury [92]. For liquids, the force field leads
to a deformation of the droplets to an oblate spheroid, which is related to differences between
radial (Fig. 1.6a, Fr) and axial forces (Fig. 1.6a, Fz). The extent of the droplet deformation is
related to the applied sound pressure and excessive acoustic pressure levels can even result in a
rupturing of the droplets. The force field of radial and axial forces prevents the levitated sample
from leaving the local pressure node and ensures stable positioning [93].

Figure 1.6: (a) Single-axis acoustic levitation in a two-transducer system with a standing acous-
tic wave for single droplet drying experiments. Differences between radial (Fr) andaxial forces (Fz) lead to a deformation of the droplet into an oblate spheroid. (b)
Forced convection on the droplet surface due to acoustic streaming (adapted from
Tuckermann et al. [94] and Yarin et al. [95])

The absorption of high amplitude acoustic oscillations induces a movement of the gas phase
around the levitated sample commonly referred to as acoustic streaming. Inner acoustic stream-
ing is found at the surface of a droplet (near-boundary streaming [96]) creating an acoustic
boundary layer, whilst the outer acoustic streaming describes larger toroidal vortices induced
through the inner acoustic streaming. The effect of acoustic streaming is shown schematically
in Fig. 1.6b. Acoustic streaming causes forced convection at the droplet surface, which can
become the primary driving force for evaporation and, therefore, the drying process can signifi-
cantly differ from purely diffusion-based evaporation in stagnant air as described by the d2-law
(Section 1.1.2.1) [95, 97].
Image analysis methods are often used to monitor and record the droplet evaporation process in
acoustic levitation experiments. Imaging techniques have been utilised previously by various
groups to extract relevant information from the droplet including size and shape descriptors and
detect the formation of emerging solids [95, 93, 98, 99]. Furthermore, infra-red thermography

19



1 Introduction

can be used to measure the droplet surface temperature [99, 93]. This gives additional insights
into the conditions during heat- and mass-transfer at the droplet/particle surface.

1.2.3 Single Droplet Drying Experiments - Spray Drying Process Development

In a spray dryer, individual droplets are generated during liquid atomization from a continuous
liquid feed. These droplets represent small micro-systems undergoing liquid evaporation, solid-
ification and drying as part of a population of droplets dispersed into the drying gas. SDD exper-
iments can be used to gain a better understanding of the solidification process during droplet dry-
ing whilst minimising material and time consumption [12, 100, 101, 102, 103, 104]. Informa-
tion from SDD experiments have further potential to inform spray drying models used for pro-
cess development and have been used to systematically investigate the drying of carbohydrate-
rich formulations linking drying behaviour to inactivation kinetics of enzymes and probiotics
in spray drying processes [105]. DRYNETICSTM is a proprietary method offered as a service
by GEA Process Engineering (Soeborg, Denmark) exploiting SDD experiments in an acoustic
levitator to inform spray drying applications [106, 107, 108]. Spray drying process models cre-
ate the link between SDD experiments and process implementation/scale-up. However, there
is an ongoing need to develop a better understanding of the droplet drying process to be able
to effectively translate experimental results from the SDD experiments to spray drying appli-
cations. Current research employing SDD experiments in an acoustic levitator focuses on the
understanding of particle morphology development [87, 88, 7], local chemical composition and
phase segregation[109, 87], peptide aggregation and inactivation during drying [104] or drying
kinetics of particle suspensions [102, 103].

1.3 Spray Drying

Spray drying is a classical unit operation in the pharmaceutical, food and chemical industry to
transform a solution or suspension into a dry powder of solid particulates [3]. Spray drying
is an inherently continuous process and has been employed for the production of a wide range
of (bio-) materials as a rapid isolation and drying process. In the pharmaceutical industry, it
gained particular interest in the 1990s for the production of inhalable powders acting as a carrier
platform for biomolecules, most notably recombinant human insulin [110].
Fig. 1.7 shows a simplified process flow diagram of a laboratory scale co-current spray dryer.
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Figure 1.7: (a) Basic co-current spray dryer design: (1) liquid feed, (2) feed atomisation into
droplets, (3) droplet drying and solidification and (4) solid-gas separation. (b) Fun-
damental steps during spray drying.

A liquid feed (1) is continuously pumped into the process. The spraying nozzle (2) atomises
the liquid into a population of fine droplets dispersed within the hot drying gas. The particle
formation process inside the drying chamber (3) is complex and involves simultaneous transfer
of heat, mass and momentum between the droplet population and a partially turbulent drying
gas. For solutions, the droplet drying stages can be categorized in phases of pure liquid evapo-
ration and droplet solidification after crust formation as previously discussed in Section 1.1.4.
The particles are then transported with the gaseous stream to a solid-gas separation unit (4),
commonly in the form of a cyclone, where the product is discharged or collected. For parti-
cle engineering applications, spray drying offers opportunities to generate (formulated) particle
systems with unique performance attributes e.g. regarding aerodynamic properties for inhala-
tion [111, 112], stability [113], compaction/tabletability [114], flowability [42] or dissolution
[20, 115, 116].

1.3.1 Process Model

Process models aim to enable an interpretation and prediction of process and product proper-
ties to guide and inform process design aspects [117]. Models have been developed to describe
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droplet drying at all levels, from the microscopic scale employing molecular dynamics sim-
ulations of single droplets [118, 119] to large, macroscopic models capturing the full spray
drying system [120, 121, 122]. Models aiming to describe the full spray dryer can be further
distinguished stretching from approaches utilising simple concepts of mass- and heat-balance
to extensive simulations of complex three-dimensional flow patterns. The latter one involves
the use of computational fluid dynamics (CFD) for the prediction of local droplet drying ki-
netics [117]. The integration of a droplet drying model is needed wherever a local prediction
of droplet drying is desired to distinguish between droplet drying stages with distinct drying
kinetics (see Section 1.1.4). Coupled with CFD, these droplet drying models allow a spatially
resolved description of the (polydisperse) droplet population along the simulated particle tra-
jectories. These models are computationally expensive and require extensive information on
material properties as well as precise experimental data for parameter estimation and model
validation. The selection of the appropriate spray drying model is linked directly to the desired
merits of the modelling approach itself e.g. to interpret and guide experimental process opti-
misation with a global mass- and heat-balance [123, 124], to predict particle size distributions
and residual moisture levels in spray dried powders using a (semi-) empirical mathematical
description of the spray dryer with an integrated droplet drying model [122], or working with
droplet dying models linked to CFD simulations to enable a full optimisation of the spray dryer
working towards improvements related to equipment engineering or a translation and scale-up
between platforms [120, 121].
A typical lab-scale spray dryer used for pharmaceutical research and small-scale production is
the B-290 Mini-Spray Dryer (Büchi Labortechnik AG, Switzerland, Fig. 1.8). A mass balance
(Equation 1.17) needs to take into account the drying gas (ṁg,in), the spray gas (ṁa,in) and liquid
feed (ṁl,in) going into the system as well as mass flows leaving the systems, e.g. produced
solid mass flow (ṁs) and exhaust air mass flow (ṁg,out). ṁg,out consists of ṁg,in, ṁa,in and the
evaporated liquid during drying (ṁvap). Wall depositions (ṁloss) are a common problem in spray
drying [125, 126] and have to be included in the overall mass balance reducing the solid mass
flow discharged by the cyclone (ṁs,out).

ṁl,in + ṁa,in + ṁg,in = ṁs + ṁg,out = ṁs,out + ṁloss + ṁa,in + ṁg,in + ṁvap (1.17)
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Figure 1.8: Lab-scale spray dryer (Type: B290, Büchi Labortechnik) in open loop configura-
tion. Process parameters which can be directly selected are marked in green and
consist of the drying temperature (Tin), the aspirator rate controlling the drying gasmass flow (ṁg,in), the feed rate (ṁl,in) and the spraying gas influencing droplet atom-
isation (ṁa,in). Dependent process variables (marked in red) are the solid mass flow
discharged by the cyclone (ṁs,out), the exhaust gas mass flow (ṁg,out), potential walldepositions (ṁloss) and those related to the overall heat balance of the system e.g.
evaporative heat consumption (Q̇vap), heat loss over the equipment walls (Q̇loss) or
exhausted heat (Q̇g,out). Figure adapted from Operation Manual - Mini Spray Dryer
B-290 [127].

A simplified heat balance for the spray dryer is presented in Equation 1.18. The heat of the
drying gas (Q̇g,in) provides energy for liquid evaporation (Q̇vap), however, heat also leaves the
system with the exhaust gas (Q̇g,out). For a more detailed heat-balance, one also has to take into
account additional areas of energy consumption such as heating of ṁl,in, ṁs,out and ṁa,in. For
the B-290 Mini-Spray Dryer, the heat loss over the equipment’s glass walls (Q̇loss) is significant
whilst drying at temperatures above the local environment. A detailed characterisation of the
B-290 Mini-Spray Dryer is described in Chapter 7.

Q̇g,in = Q̇g,out + Q̇vap + Q̇loss (1.18)

The heat balance can be re-written using the specific enthalpy (ℎ) and latent heat of liquid
vaporisation (Δℎvap).

ṁg,in ⋅ ℎg,in = (ṁa,in + ṁg,in) ⋅ ℎg,out + ṁvap ⋅ Δℎvap + Q̇loss (1.19)
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1.3.2 Process Parameters

The following sections introduce additional aspects of spray drying operation on a lab-scale
platform, specifically elaborating on process parameters of the B-290 Mini-Spray Dryer and
their effect on the final product properties. Their optimisation often involves a tedious experi-
mental assessment, ideally within a structured Design-of-Experiments (DoE) approach. A firm
understanding on the potential impact of individual process parameters helps to reduce experi-
mental efforts. Moreover, Section 1.3.3 reviews the use of process analytical technology (PAT)
in spray drying processes and Section 1.3.4 focuses on relevant offline product characterisation
methods.

1.3.2.1 Aspirator Rate

The aspirator rate is a measure controlling volume flow of the drying gas (ṁg,in) through the
spray drying system. Increasing the volume flow of the drying gas intensifies the enthalpy
throughput of the spray dryer and reduces drying gas moisture loading (relative humidity),
however, also decreases the mean residence time in the system, which shortens the available
drying time for droplets/particles suspended in the drying gas. Changes in the relative humidity
levels due to a reduction of the aspirator rate can influence the moisture content of the particle
products [126].

1.3.2.2 Drying Temperature

The drying temperature (Tin) is one of the central parameters describing the drying process and
directly influences the droplet drying kinetics. Changes in the drying temperature can impact
particle size, shape and porosity attributes, especially when operating above the liquids boiling
point [39]. The use of high drying temperatures can damage heat-sensitive materials causing
denaturation or decomposition, however, the evaporative cooling effect protects these materials
under rapid drying conditions and solids are expected to experience temperatures close to the
exhaust gas temperature [3]. The exhaust gas temperature is impacted by the selected drying
temperature and can therefore be optimised to design the spray drying process using consider-
ations of the product’s Tg and the material’s thermal stability.

24



1 Introduction

1.3.2.3 Feed Rate

The feed rate defines the mass flow of the liquid feed (ṁl,in) transported to the spray dryer for
drying. On lab scale, solutions or suspensions are often fed into the process using a peristaltic
pump. The feed rate has to be evaluated as part of a mass- and energy-balance to make suc-
cessful drying feasible. Higher feed rates cause a raising heat consumption required for liquid
vaporization, leading to decreased exhaust gas temperatures, higher relative humidity levels and
potentially higher levels of residual moisture. Therefore, the feed rate has a direct effect on the
drying efficiency.

1.3.2.4 Atomization

During atomization, the liquid feed is dispersed into a spray of fine droplets. The population
of droplets drastically increases the surface area of the liquid feed entering the drying cham-
ber accelerating heat- and mass-transfer kinetics. The atomization step is important for the
final product properties and the overall process economy. A narrow droplet size distribution is
beneficial to produce powders with homogeneous drying history.
On lab-scale, the drying of large droplets is often not achievable due to the short residence times
of the droplets, which are assumed to be less than one second (i.e. estimated average 0.2 - 0.3 s
[120]). In this case atomizationmust be balanced between restrictions for droplet drying kinetics
and the desired particle properties. Most commonly, atomization on lab-scale is performed
using a two-fluid nozzle, which is based on the dispersive force of a high velocity gas brought
into contact with the liquid feed (ṁl,in) at the nozzle tip. Increased spray gas volume flows
(V̇a,in ∝ ṁa,in) with accelerated terminal velocities lead to smaller droplet size distributions.
The generated droplet size distribution has an impact on the final particle size and the kinetics
of the drying process. Typical droplet sizes of the B-290 Mini-Spray Dryer are between 2 and
50 �m [128].

1.3.3 Process Analytical Technology

Process analytical technology (PAT) has been defined by the United States Food and Drug
Administration (FDA) and is referred to as technical measures to design, analyse, and control
pharmaceutical manufacturing processes through the monitoring of Critical Process Parameters

25



1 Introduction

(CPPs) with an impact on Critical Quality Attributes (CQAs) [129]. In the context of spray dry-
ing, CCPs are often linked to those CQAs affected by the temperature history of the product and
to those CQAs directly influencing particle properties described in Section 1.1.4. PAT is regu-
larly employed for pilot- or production-scale spray drying processes, but often disregarded for
lab-scale. The use of PAT capabilities on lab-scale has the potential to reduce the time required
for process development, implementation and optimisation. Linked to a model-predictive con-
trol approach, information from PAT can assure more reliable process operation by measuring
and addressing potential system variability, for instance in the ambient air humidity [130]. The
recorded process data can further be used to validate mechanistic or inform data-driven mod-
elling approaches e.g. for up-scaling.
On lab-scale spray driers, temperature information is regularly recorded to optimise the spray
drying process to minimise risks of thermal damage to the product [131], to reduce residual
moisture levels [131, 126, 132] or to improve overall process yields and product manufac-
turability [131, 126, 132]. Process yields might be drastically reduced operating above the
material’s glass transition temperature [125]. The relative humidity of the drying gas can be
measured to gain a better understanding of its capability for additional moisture uptake to in-
crease throughput or improve process economics by maximising the humidity in the exhaust gas
[123]. Recently, Raman spectroscopy was used as PAT to monitor the production of a meta-
stable polymorph via spray drying on lab-scale [67]. An overview of potential PAT applications
is provided in Table 1.1.

1.3.4 Product Characterisation

Beside the employment of PAT within the process, the control of CQAs can also be achieved
using additional offline characterisation techniques. A wide range of offline characterisation
techniques can be employed to develop, optimise and control products from lab-scale spray
drying experiments. Individual techniques are selected according to the overall research objec-
tive and probe different product properties. A selection of commonly utilised characterisation
techniques for the offline analysis of spray dried powders is provided in Table 1.2. Often mul-
tiple techniques are required to collect conclusive information from the powder samples.
Offline characterisation techniques play a vital role during process and product development.
They aim to selectively deliver information on potential quality attributes which cannot be mon-
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Table 1.1: Potential applications of PAT in spray drying to directly monitor product CQAs
and/or independent process parameters.

Technique Description
Process viscometer Analysis to measure feed viscosity with a direct impact on droplet

atomization [133, 134]. The fluid viscosity is commonly deter-
mined due to the shear stress imposed on the fluid by a moving
part of the instrument.

Focused beam reflectance measurement Analysis to detect potential agglomeration indicating problems
related to feed (suspension) stability. Consists of a focused, ro-
tating laser beam and measures chord length distributions from
backscattered laser light of particles passing through the scanning
zone [135, 136].

Process laser diffraction Analysis of real-time particle size distribution after drying prior
to solid-gas separation [137]. Analysis of the diffraction patterns
of a laser beam passing through a sample.

Thermocouples / resistance thermometers Measuring drying and exhaust temperature in the process. The
temperature profile throughout the process gives important infor-
mation about heat input, drying capacity, heat loss (heat dissipa-
tion via walls/exhaust) and thermal risks for the product. Enables
process control for optimised drying conditions below Tg .

Pressure sensors Typically measuring local differential/absolute/gauge pressure
levels. It can indicate blockage in the process e.g. cross-filter
resistance of the fine particle filter. There is a wide range of ana-
logue and digital pressure sensors available.

Gas flow meters Measuring gas flow of the spraying gas and/or drying gas. It al-
lows amore reliable control of droplet atomisation and evaluation
of the heat capacity of the drying gas. There is a wide range of
analogue and digital gas flow meters available.

Process near infrared spectroscopy (P-NIR) P-NIR is used for exhaust gas analysis to monitor solvent con-
centration/composition in the gas phase. Requires a concentra-
tion calibration for reliable quantification. Is based on a spectro-
scopic analysis of overtones and combinations of bond vibrations
in molecules.

Process mass spectroscopy (P-MS) P-MS is used for exhaust gas analysis to evaluate its molecular
composition. High sensitivity for the detection of compounds
with low concentrations. Chemical entities are ionised and sep-
arated according to their mass-charge ratio prior to detection.
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Table 1.2: Overview of selected offline characterisation techniques for spray dried products aim-
ing to investigate particle size and shape properties as well as solid state structure and
residual moisture content.

Technique Description
Particle size and shape
Light-microscopy Uses visible light and lenses to magnify and visualise small objects

(size range: �m to cm). Optical imaging for a qualitative investi-
gation of particle properties related to size, shape and morphology
[43]. Image analysis capabilities allow the extraction of quantitative
information.

Scanning electron microscopy (SEM) Scans the surface of objects with a focused beam of electrons (size
range: nm to mm). The sample topography (and composition) can
be resolved e.g. through the detection of secondary electrons, re-
flected or back-scattered electrons, characteristic X-rays or transmit-
ted electrons. SEM is an imaging technique for a qualitative inves-
tigation of particle properties related to size, shape and morphology
[138, 139, 140].

Laser diffraction (LD) Analysis of the diffraction patterns of a laser beam passing through
a sample (size range: ∼ 0.2 µm to 3500 µm). Uses Fraunhofer or
Mie theory to relate diffraction pattern to particle size information
assuming spherical particles [56].

Particle Solid State
Differential scanning calorimetry (DSC) Thermoanalytical technique comparing the heat flux required to in-

crease the temperature of a sample and a reference as a function of
temperature. DSC can be used to detect (and quantify) phase transi-
tions related to melting/crystallisation temperatures, glass transition
temperatures or evaporation/condensation [141, 142].

X-ray powder diffraction (XRPD) Uses X-rays for the characterization of the long-range solid-state
structure in materials [143, 144, 67]. Patterns of scattered X-rays
are commonly presented in a diffractogram and peaks can be re-
lated to unit cell parameters of crystalline materials in accordance
with Bragg’s law. Pair Distribution Function (PDF) analysis of high
quality XRPDdata can be used to extract information on local, short-
range order, which is of particular interest for amorphous systems.

Residual Moisture
Thermogravimetric analysis (TGA) Thermal analysis method quantifying changes in sample mass as a

function of time and temperature. Information allow the detection
and quantification of bound and unbound/free moisture [112, 145].
TGA can be coupled with mass spectrometry (TG-MS) to analyse
the exhaust gas and relate changes in sample weight to the evapo-
ration and/or decomposition of chemicals with distinct TG-MS pat-
tern.

Karl-Fischer Titration (KF) Titration method to quantify trace amounts of water in samples. KF
relies on a reaction which consumes water. KF offers high accuracy
and precision, but is selective for water only [146, 147].

Gravimetric Analysis Simple quantitative analysis based on mass changes after storing the
sample in a humidity- and temperature-controlled environment (loss
on drying (LOD) method) [147]. Commonly samples are stored
under (partial) vacuum conditions for extended time periods (> 24
hours). The sample mass is monitored until a stable end-weight is
reached. This technique requires larger quantities of material (> 30-
50 mg) to reduce the impact of weighing errors. A moisture balance
is designed to quantify residual moisture using the LODmethod un-
der accelerated conditions for selected drying profiles.
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itored online, but are critical to ensure the quality of the product. Spectroscopic methods such
as Fourier transformation infra-red spectroscopy (FT-IR) spectroscopy or Raman spectroscopy
are selectively employed for specific compound systems to gain additional information on so-
lute aggregation and secondary structure [148], local phase separation [149] or solid state form
[140]. Physical properties such as size and shape are some of the most commonly assessed
quality attributes to characterise multi-particle systems such as spray dried powders. In this
regard, recent developments of image based techniques enabled applications for quantitative
particle size and shape analysis overcoming limitations of laser diffraction for non-spherical
shapes. An additional offline characterisation technique that finds increased applicability for
pharmaceutical (particulate) solid products is micro-X-ray tomography (micro-XRT). Micro-
XRT allow a full 3D characterisation of the particle structure and potential changes in the solid
phase composition introduced in more details in Section 1.4.

1.4 X-ray Tomography

Micro-X-ray tomography (micro-XRT) is a popular non-destructive 3D imaging technique to
visualise and investigate the internal structure of a wide range of samples, especially used for
bio-medial imaging [150, 151] or applications in geoscience [152, 153, 154, 155]. For pharma-
ceutical solid products, micro-XRT has been successfully used to characterise various (interme-
diate) products including particles [156, 7], coated pellets [157, 158], spray dried powders [159]
and tablets [160, 161]. Coupled with effective means of quantification through image process-
ing and analysis strategies, micro-XRT has great potential to become a standard technique for
the characterisation of pharmaceutical solid products covering the manufacturing process from
single particles to fully formulated, final products. This section introduces basic principles of
micro-XRT sample characterisation related to raw data acquisition (Fig. 1.9 a, Section 1.4.1)
and reconstruction (Fig. 1.9 b, Section 1.4.2). Additionally, Section 1.4.4 reviews advances
towards a quantitative analysis of the reconstructed micro-XRT image data to extract desired
sample information of local phase composition and/or structure (Fig. 1.9 c).

1.4.1 XRT - image acquisition (scanning)

Transmission micro-XRT is a powerful technique to investigate the morphology and internal
micro-structure of a wide variety of solid samples. Micro-XRT is based on differences in the X-
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Figure 1.9: Generic steps during a micro-XRT characterisation: (a) raw data acquisition dur-
ing scanning, (b) image reconstruction and (c) 3D sample visualisation/quantitative
analysis.

ray attenuation (�) of an electromagnetic wave traversing through the sample solid phase. For
pure monochromatic beams, the X-ray attenuation follows the Lambert-Beer’s law shown in
Equation 1.20. The intensity (I) is attenuated in comparison to the incident radiation intensity
(I0) along the beam path between source and detector(x).

I = I0 ⋅ exp(−�x) (1.20)

In case of lab-based micro-XRT systems, the emitted beam is typically composed of a target-
specific, polychromatic X-ray spectra. For such polychromatic beams, the attenuation coef-
ficient varies as a function of each specific energy level, which has to be considered during
reconstruction to compensate for beam hardening artefacts (see Section 1.4.3). The effective
X-ray attenuation can be influenced by absorption, scattering (elastic or inelastic), diffraction or
refraction of photons from the beam. The attenuation depends on the individual atomic electron
density of the interacting components and the overall bulk density of the sample region. For
low-energetic X-rays (50–100 keV, Fig. 1.10 a), effects of photoelectric absorption dominate
over scattering andX-ray attenuation strongly correlates with the atomic number of the elements
[162, 153]. Therefore, micro-XRT can be used to investigate local solid phase composition for
compounds carrying distinct elements or changing local bulk density, which can be resolved in
the two-dimensional projections related to intensity differences of the attenuated beam [153].
Micro-XRT contrast media containing elements with excellent K-edge characteristics are ca-
pable of significantly increasing the effective attenuation coefficient due to the photoelectric
absorption of X-rays. Micro-XRT contrast media have been applied in various studies for bio-
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Figure 1.10: Visualisation of X-ray attenuation through (a) photoelectric effect (photoelectric
absorption) dominant at low X-ray energies and (b) scattering of high-energy X-
rays.

medical research to selectively enhance the phase contrast [163, 164, 165, 166, 167]. A com-
mon staining agents for biological micro-XRT samples are iodine-based solutions e.g. Lugol’s
solution [163].
Time-resolved (4D) micro-XRT applications aim to monitor structural changes over time e.g.
during particle dissolution, which can give unique insights into system disintegration [168]. A
time-resolved micro-XRT characterisation needs to balance image acquisition times and micro-
XRT image data quality within the assessed imaging time-scales. Often the data-acquisition is
performed on synchrotron beamlines, which can significantly reduce scanning times [169].
In lab-based micro-XRT systems, the sample object is typically mounted on a rotation stage
between the X-ray source and a detector. In cone-beam X-ray tomography systems with ge-
ometric magnification (illustrated in Fig. 4.1b), the position of this rotation stage defines the
resolution of the collected attenuated X-ray image data, which are projected onto the detector.
An additional important development for cone-beam X-ray tomography systems with capabil-
ities to analyse micro-structures at high resolution is the employment of micro-/nano-focused
X-ray sources [170]. High resolution micro-XRT is now available in commercial, lab-based
X-ray tomography systems [171, 152].

1.4.2 XRT - image reconstruction

The concept of computed axial tomography (CAT or CT) technique was introduced to determine
a spatial distribution of attenuation valueswithin a sample frommultiple 2DX-ray images [172].
This required the development of reconstruction software allowing the deconvolution of local
attenuation values along the X-ray path. The collected, finite number of 2D X-ray projection
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images of a scanned object recorded during micro-XRT acquisition can be used to reconstruct
cross section images of the sample. Iterative reconstruction can be applied, which involves
solving a linear system of equations from the Radon transform. This is computationally expen-
sive and time consuming. For micro-XRT systems with cone beam arrangements, filtered back
projection (FBP) reconstruction algorithms are more practical, which was first demonstrated
by Feldkamp et al. [173] and are used routinely to generate reconstructed cross-section images
utilising parallel computing capabilities of computers and graphics processing units [153].

1.4.3 XRT - image artefacts

The micro-XRT data acquisition or reconstruction algorithm can create image artefacts present
in the reconstructed micro-XRT cross-section image data. Strong artefacts can severely alter
the micro-XRT cross-section image data and, therefore, may have a significant impact on the
quantification of structural descriptors employing image analysis algorithms. Depending on
the nature of the artefacts, an optimisation of the acquisition parameters or the employment of
image correction algorithms can be used to address image artefacts and reduce their impact on
the micro-XRT cross-section image data.

1.4.3.1 Beam hardening

The beam of lab-based micro-XRT systems is typically composed of a target-specific, polychro-
matic X-ray spectrum. Important for polychromatic beams, the effective attenuation coefficient
(�⋅) of a givenmaterial varies as a function of each specific energy level. In general, �⋅ decreases
for materials with increasing photon energy and ’harder’, higher energetic X-rays penetrate ma-
terials more. This leads to changes in the polychromatic spectrum as a function of travel dis-
tance through the sample relatively depleted in lower energies. Therefore, a tomographic image
reconstruction based on the Lambert-Beer’s law leads to beam hardening artefacts for polychro-
matic X-rays. Beam hardening correction approaches such as a energy-based beam hardening
model can be used to improve reconstructed micro-XRT image quality and, hence, downstream
image processing and analysis [174].
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1.4.3.2 Random Noise

For image acquisition, micro-XRT systems either contain a pixelated, direct flat panel detector
or a visible light detector with scintillator. In both systems, the measured image intensity in
each pixel is related to the number of photons impacting the pixel over a defined exposure
time. Patterns of attenuated X-rays will always be affected by a degree of random variation
due to fluctuations inherent in the detection of a finite number of X-ray quanta [175]. These
fluctuations in pixel intensity are referred to as random statistical noise. The extent of this type
of noise can be addressed duringmicro-XRT image acquisition by increasing the total number of
collected X-ray photons, e.g. using frame averaging to increase the signal-to-noise ratio (SNR).
Collected images can further be processed to reduce random noise applying image filters or
applying pixel binning during an initial image processing step.

1.4.3.3 Ring Artefacts

Damaged or defective pixels on the detector screen will cause errors in the measured intensity
level, which are typically consistent over the scanning process. This will lead to so called "ring
artefacts" with ring-shaped lines in the reconstructed image with relatively high or low inten-
sity values. Ring artefacts form vertical lines within the sinogram images during tomographic
reconstruction and, therefore, can be identified and corrected during reconstruction [176, 177].

1.4.3.4 Phase contrast

Artefacts as a result of temporal or spatial coherence of the X-ray beam are referred to as "phase
contrast". These artefacts are caused by refraction and are observed even with sources emitting
polychromatic, incoherent beams [178]. In the micro-XRT images, the phase contrast leads to
an edge-enhancement effect, which can be favourable for a visual inspection of the sample [179],
but might cause difficulties for subsequent image analysis on grayscale. On lab-based micro-
XRT systems, this effect is most pronounced during data acquisition at very high resolution and
low sample attenuation. Edge-enhancement effects can be utilised during image processing, e.g.
to guide image segmentation, or corrected employing additional processingmethods [180, 181].
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1.4.4 XRT - Visualisation and Analysis

After reconstruction, micro-XRT image cross-sections can be inspected for a qualitative inves-
tigation of internal structure and changes in solid phase related to changing X-ray attenuation.
The reconstructed micro-XRT image data can further be utilised to build a model of the sam-
ple, which is volume- or surface-rendered for visualisation and permits the user to interactively
inspect the collected 3D image data.
Image processing strategies are often applied to micro-XRT image data to remove image noise
and artefacts. This can significantly improve sample visualisation. Regularly employed steps
during image processing involve image filters and binarisation/thresholding techniques. The
analysis of the micro-XRT image data is often achieved using algorithms developed to address
a specific research question for the investigated sample system, e.g. to extract quantitative infor-
mation related to object size [7, 156], shape/morphology [7, 156, 182, 183, 184, 185], porosity
[186, 7, 156, 139], local micro-structure [157, 158] or solid phase homogeneity [187, 188]. The
application of micro-XRT in combination with image processing and analysis enables the in-
depth characterisation of particle systems. The extracted structural descriptors have been used
for example for polymorph detection [189] based on differences in the crystal surface rough-
ness, or to gain insights into spray dried hollow particles quantifying the wall thickness and
overall porosity to understand the processability and performance characteristics of the bulk
powder material [159]. Limitations of micro-XRT are often linked to its achievable maximum
resolution with an impact on the subsequent quantification of e.g. micro-porosities, especially
for pharmaceutical systems, where there is commonly a low contrast between the organic solid
phase and its local voids [190]. The use of image processing and analysis for the evaluation of
micro-XRT image data highly benefits from recent advances in computer vision and machine
learning methodologies [189, 191, 192].
A framework used for the measurement of particle properties using micro-XRT is presented
in detail in Chapter 4. The framework aims for a flexible application of image processing and
analysis methodologies to quantify structural descriptors of the object related to its size, shape,
surface, porosity and location/orientation. Together with SDD experiments and spray drying,
this thesis outlines approaches to better understand particle formation, achieve an in-depth struc-
tural characterisation to investigate pharmaceutical particle systems and utilise this information
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to guide and control spray drying as a platform for the production of particle powders.
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2 Aims and Objective

2.1 Aims

The overall aim of this research project is centred around the practical aspects of measurement,
optimisation and control of particle properties with a specific focus on droplet drying platforms
such as spray drying. Micro-XRT has great potential as a characterisation technique for a broad
range of pharmaceutical products including particulate systems. In this context, the research fo-
cuses on developing strategies for robust image processing and analysis to further advance this
area of sample characterisation towards a more reliable quantitative characterisation of phar-
maceutical products. The investigation of complex structures within these samples can be ex-
ploited to inform manufacturing processes and make predictions on the product’s functionality
or performance downstream and/or after administration to the patient.
Small scale single droplet drying (SDD) experiments in an acoustic levitator allow the rapid
assessment of formulation parameters to optimise particle properties. Linked to micro-XRT,
SDD experiments deliver valuable information to improve the understanding of droplet drying
kinetics and particle formation which affect the final particle morphology and internal micro-
structure. The combined approach aims to further advance capabilities to describe the correla-
tion of droplet drying history and particle formation to key structural particle properties such
as porosity and surface buckling.
Information on the particle formation mechanism are the basis of a rational spray drying pro-
cess development approach, but further require a firm understanding on the relationship between
process parameters and the experienced droplet drying history. The use of process analytical
technology (PAT) during spray drying is commonly not considered for lab-scale, but has great
potential to support process implementation and inform on local drying conditions. This re-
search aims to explore opportunities to employ low-cost PAT as part of a process data integra-
tion framework. Derived (semi-) empirical process models allow a systematic optimisation of
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targeted product quality attributes.

2.2 Objectives

The following research objectives were defined to meet the aims of the research project:

Development of a micro-XRT analysis framework for the quantitative analysis of pharmaceutical

(multi-) particulate systems (Chapter 4)

A robust micro-XRT analysis framework for the quantitative characterisation of a broad range of
pharmaceutical (multi-) particulate samples is part of a flexible micro-XRT workflow covering
aspects related to micro-XRT image data acquisition, processing and analysis. This leads to the
following key objectives:

• Implement a workflow for the systemic characterisation of pharmaceutical products using
micro-XRT.

• Develop a flexible image processing and analysis framework for collected micro-XRT
image data.

• Demonstrate the flexibility of the image processing and analysis framework for the appli-
cation of changing pharmaceutical products.

• Explore means to couple micro-XRTwith complementary characterisation techniques e.g.
ToF-SIMS for chemical imaging.

Characterisation of multi-particulate capsule formulations using micro-XRT image analysis andma-

chine learning methodology (Chapter 5)

The use of micro-XRT allows a quantitative analysis of structural properties of pharmaceutical
products. The developed micro-XRT workflow (outlined in Chapter 4) is applied for the quan-
titative characterisation of multi-particulate capsule formulations further expanding the scope
of the micro-XRT characterisation towards advanced data analysis strategies. Defined key ob-
jectives to demonstrate opportunities and limitations of using micro-XRT for the analysis of
multi-particulate systems are:

• Implementation of a three-dimensional image segmentation approach for multi-particle
systems.
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• Extraction of quantitative pellet descriptors linked to size, shape, porosity, surface and
orientation.

• Build a classification model for the detection of broken pellets within the population.

Defining a combined approach using single droplet drying experiments and X-ray tomography to

investigate the particle design space of novel pharmaceutical formulations (Chapter 6)

The optimisation of particle properties requires an in-depth understanding of the particle for-
mation process and its impact on the final structure. Micro-XRT and acoustic levitation are
employed as a combined characterisation platform for the quantitative investigation of particle
formation during droplet drying. Key objectives are:

• Assess the use of acoustic levitation and X-ray tomography for particle formulation devel-
opment.

• Implementation of novel descriptors to quantify the extent of particle surface buckling.
• Investigation of the link between changes of the internal microstructure and the final par-
ticle morphology.

• Describe the link between formulation parameters and the final particle structure.

Investigate particle formation and means of process implementation for peptide isolation via spray

drying (Chapter 7)

Ultimately, the research aims to inform droplet drying processes such as spray drying. Details
of the particle formation mechanism assessed using SDD experiments aim to inform a ratio-
nal spray drying development approach. Additional process related dependencies need to be
evaluated in order to systematically optimise and control particle properties. Here, the research
aims to facilitate the implementation of an isolation process for peptides via spray drying. Key
objectives are:

• Development and implementation of Process Analytical Technology for exhaust gas anal-
ysis to enable a spray dryer characterisation and improve process control.

• Utilise process data during platform characterisation to establish a process model to iden-
tify ideal operating space.

• Use a Design-of-Experiment approach to validate the process model and optimise product
properties.
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• Define and apply offline product characterisation techniques to evaluate key powder at-
tributes related to particle size, shape, agglomeration and peptide fibrillation.
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3 Acoustic Levitation Platforms and Image Processing Methods

Single droplet drying experiments (SDD) were performed using acoustic levitation. Two sys-
temswere used: a commercial single-axis acoustic levitator (SAL,Materials Development, Inc.,
Arlington Heights, USA, Section 3.1); and a re-designed multi-emitter single-axis acoustic lev-
itator (MSAL) based on a levitator geometry published byMarzo et al. [193] (Section 3.2). The
experiments were monitored using high speed and thermal imaging (Section 3.3).

3.1 Single-Axis Acoustic Levitator (SAL)

The SAL was used to study the evaporation of droplets from aqueous and organic solvent-
based solutions. Single droplets with volumes between 0.2 and 20 �l were suspended in the
central pressure node with a syringe. A custom-build enclosure with heated walls and pre-
treated drying gas gave control over temperature (RT – 55 °C) and relative humidity levels
(< 2.5 - 45%RH). Nitrogen was used as an inert drying gas. The nitrogen was filtered and
heated externally before entering the chamber at 0.4 L/min. The enclosure contained windows
to permit the application of high speed and thermal imaging to monitor each SDD experiment.
For thermal imaging the windows were made from calcium fluoride, which is transparent in the
detected infrared (IR) frequency range.
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Figure 3.1: (a) Experimental setup of the Single-Axis Acoustic Levitator (SAL) using (a2) high
speed and (a3) thermal imaging to monitor each (a8) SDD experiment. (a4) A light
shield was employed for back-illumination. (a5 - a6) The drying gas was regulated,
heated and humidified with a system from Okalab. Information of the drying gas
were captured with (a7) a gas sensor recording local temperature, relative humidity,
volatile organic compounds and pressure. (b) The enclosure was custom-build to fit
the SAL transducers.

3.2 Multi-emitter Single-axis Acoustic Levitator (MSAL)

The multi-emitter single-axis acoustic levitator (MSAL) is a modular system, which combines
the container-less experimental platform of an acoustic levitator with a chamber for tempera-
ture/humidity control and integrated data collection capability. TheMSALwas developed based
on a levitator design fromMarzo et al. [193]. Information of the environment including temper-
ature (-40 - 85°C, accuracy ± 1°C), humidity (0 - 100%RH, accuracy ± 3%RH), concentrations
of volatile organic compounds (non-calibrated) and local pressure (300 - 1100 hPa, accuracy ±
0.6 hPa) are constantly monitored and recorded using a BME680 gas sensor (Bosch Sensortec
GmbH, Germany). The experiments are further monitored and analysed using optical imaging
in combination with image analysis software.
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Figure 3.2: Multi-emitter acoustic levitator (MSAL) setup with integrated imaging system to
monitor the experiment (a - front view, b - side, full section view). Additional in-
formation of the drying gas were captured using an environmental sensor recording
local temperature, relative humidity, volatile organic compounds and pressure.

3.3 Imaging Techniques

High speed digital and thermal imaging techniques were used to monitor the SDD experiments
in the acoustic levitation systems. Liquid evaporation and solidification were characterised in
terms of changes in droplet-volume, detection of the precipitation of solid matter and droplet
surface temperatures over the course of each experiment.

3.3.1 Digital Imaging

The Photron FastCam SA1.1 (Photron, Japan) is a high speed camera with a complementary
metal–oxide–semiconductor (CMOS) active pixel sensor capable of recording short image se-
quences with a framerate of up to 5,400 fps at a resolution of 1024 x 1024 pixel and a dynamic
range of 16 bit. SDD images had an image pixel size of 6.79 �m/px. Images were taken using
back-illumination with a high-power LED light source (Photron LED Light Kit, SAL, Fig. 3.1
a4) or an integrated light screen with low-power LED arrays (MSAL, Fig. 3.2 a right side),
respectively. Collected images were processed in MATLAB (R2016a - R2018b, Mathworks,
USA), which included noise reduction, binarization and a size analysis as shown in Fig. 3.3.
The droplets are characterised by their projected 2D absolute area as well as the major andminor
axis of a fitted ellipse.
The droplet volume (VS,O) and its surface area (AS,O) were calculated using Equation 3.1 and
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Figure 3.3: Processing of recorded droplet images during liquid evaporation: (a) collected im-
age of a large, deformed liquid droplet, (b) binarised image after noise reduction
and (c) droplet ROI with fitted ellipsoid to extracted characteristic lengths for the
calculation of droplet volume and surface.

Equation 3.2 for oblate spheroids, respectively [194]. The oblate spheroid is defined by its
major (x1) and minor axis (x2, axis of symmetry), which were quantified from the recorded 2D
images as shown in Fig. 3.3. Equation 3.2 requires information on the eccentricity (e) of the
oblate spheroids calculated using Equation 3.3.

VS,O =
4
3
�(x1∕2)2(x2∕2) (3.1)

AS,O = 2�(x1∕2)2 + �
(x2∕2)2

e
ln
(1 + e
1 − e

)

(3.2)

e2 = 1 −
x21
x22

(3.3)

3.3.2 Infrared Thermography Imaging

The A6702sc (FLIR Systems, Inc.) thermal camera enables the user to record infra-red radia-
tion emitted by objects as a function of their surface temperature(s). The thermal information
are saved as calibrated images with an image pixel size of ∽140 �m/px. Thermal information
on the droplet surface were extracted automatically from the image data using the FLIR Atlas
SDK (FLIR Systems, USA) for MATLAB (R2016a - R2018b, Mathworks, USA). The droplet/-
particle detection process is outlined in Fig. 3.4. The droplet was identified within an image
processing workflow, which included a background subtraction (Fig. 3.4b) as well as integrated
conditionals for droplet/particle position and size to permit a robust object detection (Fig. 3.4c).
Surface temperature values were extracted from a center region (< 3x3 px ≲ 0.18 mm2) of the
detected object to calculate a local mean.
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Figure 3.4: Processing of thermal images: The droplet/particle position in (a) the collected raw
thermal images was detected after performing a (b) background subtraction. (c) The
established logic mask was used to read local temperature values corresponding to
the droplet/particle surface.
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4 XRT Characterisation of Pharmaceutical Solid Products: Image

Acquisition and Analysis Framework
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Abstract: A Micro-X-ray tomography image acquisition and analysis framework was devel-
oped for the quantitative characterisation of solid pharmaceutical products. Sample preparation
strategies and acquisition parameters were optimised for organic solid phase samples with low
X-ray attenuation. Beside sample visualisation, the use of image processing and analysis strate-
gies for the micro-XRT image data allows an in-depth quantitative sample characterisation.
Concepts of image noise reduction, binarization and segmentation are elaborated and used to
prepare the micro-XRT image data for the application of feature extraction algorithms. In total,
the here presented micro-XRT image analysis framework is capable to assess over 200 features
related to the sample size, shape, porosity, surface and location/orientation. The framework
was applied to a wide range of pharmaceutical systems from crystals, particles, powders to
fully formulated tablets and capsules. Three selected case studies, single particles, a powder
mixture and 3D-printed tablets, are used to exemplify the utility of a systematic micro-XRT
characterisation workflow in more detail. The extracted information can be used directly
to support product and process development throughout the pharmaceutical downstream
manufacturing pipeline.
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Highlights:

• Micro-XRT workflow for the quantitative characterisation of solid pharmaceutical prod-
ucts.

• Flexible micro-XRT image processing and analysis framework.
• Micro-XRT case studies: singe particles, powders,and 3D printed tablets.
• Coupling micro-XRT with complementary ToF-SIMS chemical imaging.

4.1 Introduction

X-ray tomography (XRT) is an important non-destructive 3D imaging and analysis technique for
the characterisation of a wide variety of samples and is frequently employed in areas spanning
across material science [195, 196, 197], archaeology [198], biomedical science [150, 166] or
geo-science [199, 200, 201, 155]. Beside enabling a qualitative 3D sample visualisation, XRT
image processing methodologies have been successful in further exploiting the XRT image data
to extract quantitative information of object properties. Specifically, biomedical applications of
XRT have seen great advances in areas of medical-XRT image analysis e.g. using machine
learning approaches or data fusion to enhance the interpretability of the XRT data to support
diagnosis for early detection of breast cancer [202], tuberculosis [192] or the examination of
complex bone fractures [203]. Geoscientific applications have employed micro-X-ray tomogra-
phy (micro-XRT) systems to investigate aspects of size, shape, porosity, surface and orientation
e.g. of composite materials [199, 204] or complex (multi-) particle systems [205, 206, 201].
Here, image analysis approaches are under continuous development to improve their capability
to extract quantitative structural sample information.
In the pharmaceutical sciences, micro-XRT is of increasing interest as an off-line sample char-
acterisation technique for pharmaceutical products or drug product intermediates. Micro-XRT
was used to evaluate properties of (formulated) products including particles [156, 7], coated
pellets [157, 158], spray dried powders [159] and tablets [160, 207, 161]. Micro-XRT was also
applied to evaluate individually selected product quality attributes, which can be directly re-
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lated to the manufacturing process for development and optimisation [208, 161] and to enable
a prediction of sample performance [168, 209]. The translation of image analysis strategies
from other research areas such as biomedical or geo-scientific applications have great poten-
tial to accelerate the adoption of micro-XRT for a quantitative investigation of pharmaceutical
systems.
Each micro-XRT analysis consists of a large set of two-dimensional radiographs projected onto
the detector under stepwise rotation to obtain three-dimensional information on local X-ray
attenuation related to the sample’s phase composition. The full set of radiographs is used to re-
construct the three-dimensional object inside the field of view. The reconstructed cross-sections
can be further exploited to investigate the three dimensional structure of the scanned object. A
transparent and reliable image analysis framework provides means to systemically interrogate
the collected micro-XRT image data.
This study outlines strategies for the processing and analysis of micro-XRT image data from
pharmaceutical solid samples. Implemented strategies allow the visualisation and quantifica-
tion of object structure and solid phase composition. Besides sample presentation and raw data
acquisition strategies, a central focus of this study was the development of an image analysis
framework that can be flexibly applied to collected micro-XRT image data. These methodolo-
gies are the basis for a reliable quantitative characterisation of pharmaceutical samples using
micro-XRT and are presented as part of a workflow to ease their adoption for pharmaceutical
process and product development.

4.2 Materials and Methods

A laboratory micro-XRT system, a Skyscanner 2211 X-ray tomograph (NanoCT, Bruker, Kon-
tich, Belgium, Fig. 4.1a), was used for micro-XRT data collection of the pharmaceutical prod-
ucts investigated in this study, which included single particles, powders and 3D-printed tablets.
The commercial system uses a cone-beam arrangement with geometric magnification (Fig.
4.1b). Samples were scanned with an image pixel size between 0.5 �m - 4 �m, frame aver-
aging of 1 - 8 and a rotation step size of 0.1 - 2 °. X-ray acceleration voltage was set to 40 keV.
Details of the acquisition parameters for all samples are listed in Table A1 (ESI, page A2).
The acquisition parameters were optimised for individual samples to achieve high-resolution
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micro-XRT image data whilst minimising the required total scanning times. A reference scan
was collected at the end of each run to enable post-alignment and therefore, compensate for
potential shifts during the scan.
Image reconstruction included beam hardening correction and ring artefact reduction, which
was performed with commercial software using NRecon with InstaRecon (version 1.7.1.6,
Bruker, Kontich, Belgium). Visualisation of the image stacks were generated with CTVox
(version 3.2.0, Bruker, Kontich, Belgium). The micro-XRT image processing and analysis
framework was developed in MATLAB (version 9.5, R2018b).

Figure 4.1: (a) A SkyScan 2211 with cone-beam arrangement and (b) geometric magnification
is used for micro-XRT image acquisition. The system employs a (c) X-ray source
with micro- / nano-focus capabilities. The attenuated X-ray images are projected on
(d) CCD detector for high-resolution imaging.

4.3 Results and Discussion

The micro-XRT characterisation of each sample consists of basic steps of XRT data acquisi-
tion, XRT image reconstruction and an initial optimisation of image processing parameters for
noise reduction (Fig. 4.2, Stage 1 - 4). Careful considerations around sample presentation and
an optimisation of the data acquisition parameters can significantly improve the interpretability
of the collected micro-XRT image data. Generated high quality images ease the application of
noise reduction and binarization algorithms, which are essential for a successful qualitative and

48



4 XRT Characterisation of Pharmaceutical Solid Products

quantitative analysis of the scanned specimens. The following outlines implemented strategies
for the collection and analysis of pharmaceutical solid products using a commercial micro-XRT
system. In this context, this chapter elaborates details of image processing and analysis (Fig.
4.2, Stage 5 - 6) for a quantification of structural sample properties from the micro-XRT image
data including image segmentation and feature extraction. The presented micro-XRT char-
acterisation workflow has the potential to be applied for a broad range of pharmaceutical solid
products directly informing processes along the downstreammanufacturing pipeline. Examples
demonstrating its applicability for selected case studies of single particles, a powder mixture
and 3D-printed tablets are included in Section 4.3.6.

Figure 4.2: Overview of micro-XRT data acquisition and processing workflow aiming to pro-
vide qualitative and/or quantitative information of the investigated specimen. Com-
mercial software solutions were used for scanning and data reconstruction. Image
data analysis and visualisation was accomplished with costumised solutions.

4.3.1 XRT Sample Preparation Strategies

The aim of micro-XRT sample preparation is to ensure fixation of the sample within the avail-
able Field of View (FOV). The sample position should be optimised to fit into a cylindrical
volume with minimised radius ensuring maximum geometric magnification in systems with
cone-beam arrangements (Fig. 4.1 b). The cylindrical radius typically corresponds to the min-
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Figure 4.3: Examples for sample presentation and micro-XRT image acquisition: (a, capsule
with formulated pellets) Oversized scan of the elongated samples with multiple sub-
scans to cover the full sample length, (b, tablets / c, single particles) stacked samples
with individual scans along the vertical length and (d, particle powder) section scan
of a powder filled in low X-ray attenuating plastic tip.

imum achievable distance of the sample to source and/or detector under rotation during raw
data acquisition. Micro-XRT sample holders try to minimise X-ray attenuation and therefore,
ideally should consist of "X-ray transparent" polymeric materials consisting of simple hydro-
carbon polymers (alkane-, cycloalkane-, and alkyne-based e.g. Mylar® or Kapton®). Selected
examples of mounted pharmaceutical samples within polypropylene tips are shown in Fig. 4.3
and include (a) capsules, (b) tablets, (c) single particles and (d) powders. Elongated samples
can be captured with a series of subscans (Fig. 4.3 a, subscan 1 - 7) along the rotational axis
to vertically increase the FOV at maximum resolution micro-XRT image data. The subscans
are "stitched" together to generate a continuous radiograph capturing the full sample length.
Instead of discrete subscans, a helical scan allows the continuous imaging of elongated samples
which are vertically translated through the FOV while under rotation. This has the advantage
of allowing a more homogeneous X-ray exposure of the volume with each volume element of
the sample travelling through the central imaging axis (closest source-detector distance). How-
ever, this is at the expense of requiring a dedicated reconstruction method for helical cone-beam
tomography [210].
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4.3.2 Image Acquisition and Reconstruction (Micro-XRTWorkflow Stage 1 - 3 [Fig. 4.2])

Initially, the micro-XRT image acquisition is optimised selecting values for the image exposure
time, applied accelerating voltage and emission current, which all depend on the sample and
the selected micro-XRT system arrangement (e.g. detector type, detector pixel size, use of
source/detector filters). Pharmaceutical (intermediate) products are often mixtures of low X-ray
attenuating, organic compounds. Therefore, the X-ray source accelerating voltage is commonly
selected first to maximise the phase contrast using softer, lower energetic X-ray beams (35 kV
- 60 kV). The selected X-ray source emission current is limited by the maximum power rating
of the X-ray source (here: SkyScan 2211.v1 4W and SkyScan 2211.v2 10W [211]). Finally,
the image exposure time is selected in order to avoid overexposure of images and to stay within
the linear response range of the detector of approx. 30% - 70% saturation for the CCD detector
used in this study [211].
Additionally, the micro-XRT image acquisition consists of parameters for frame averaging (FA)
and rotation step size (RS) with an equidistant angular distribution. FA is a method to gain a
better signal-to-noise ratio (SNR) in the micro-XRT images by averaging multiple images of
the same exposure. FA is of particular importance for pharmaceutical products with low X-
ray attenuating organic material. RS determines the angle selection during micro-XRT image
acquisition and has an impact on the reconstructed micro-XRT image quality. RS has to be
optimised to resolve the main sample features and therefore, the optimum angle selection is
specimen-dependent. Fig. 4.4 a shows an example for increasing FA and reduced RS yield-
ing significantly improved image data. Both, selected frame averaging and rotation step size,
contribute to the total sample acquisition time. Here, the total acquisition time increases from
00h:02min (TR3, FA 4, RS 0.2°) to 01h:19min (TR0, FA 1, RS 2°). Between TR0 to TR3, the
evaluated SNR for the images is reduced from 4.57 (foreground intensity 115.86 ± 25.35) in
TR0 to 1.52 (foreground intensity 61.09 ± 40.20) in TR3 determined within a logic mask of
TR0. Details of the acquisition parameters for TR0 - TR3 are provided in Table A1 (ESI, page
A2).
Micro-XRT data acquisition often has to be balanced and optimised between high resolution
imaging and extensive scanning times. Beside potential limitations of instrument access time,
long scanning times can potentially cause X-ray radiation damage mostly frequently observed
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Figure 4.4: Optimising image acquisition and reconstruction: (a, left to right) Changing pa-
rameters for frame averaging and rotation step size between TR0 and TR3 leads
to an increase in image noise, but allows faster scanning times. (b) Soft X-rays are
predominately attenuated and result in a non-uniform intensity distribution in the re-
constructed images (beam hardening). The beam hardening effect can be corrected
to provide images with higher intensity uniformity. (c) Ring artefact correction sig-
nificantly improves image quality.

for biological samples e.g. exposed to synchrotron radiation [212] and, furthermore, might lead
to a thermal drift of the focal spot resulting in difficulties of image post-alignment [213, 214].
A short scan with equivalent source settings and a duration of approximately one hour was
performed prior to high-resolution data acquisition scans to give an appropriate warm-up period
of the X-ray source.
During tomographic reconstruction the finite number of collected radiographs (2D X-ray pro-
jections) are used to calculate cross-sectional images of the 3-dimensional object. Filtered
backprojection (FBP) reconstruction methods are commonly used for micro-XRT systems with
cone-beam arrangements, which achieve high reconstructed image quality and fast processing
times [173, 153]. Depending on the reconstruction software, potential beam hardening artefacts
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(Fig. 4.4 b), ring artefacts (Fig. 4.4 c) and mis-alignment artefacts can be (partially) compen-
sated during reconstruction [215, 174, 177], which is crucial for a successful analysis of the
micro-XRT image data.

4.3.3 Image Processing - 3D Volume Builder (Micro-XRT Workflow Stage 4 [Fig. 4.2])

The reconstructed micro-XRT image data can be used directly for sample visualisation or fur-
ther processed to reduce remaining image noise and to exploit the micro-XRT image data for
a quantitative characterisation. The "3D Volume Builder" (3DVB) is an in-house developed
image processing routine for initial noise reduction and binarization incorporated as part of a
larger framework for micro-XRT image data analysis designed for the quantitative characteri-
sation of pharmaceutical samples. An overview of the 3DVB routine is provided in Fig. 4.5.
3DVB is designed to create a clean binary image stack of the scanned object, which can be
used for a structural analysis or as a logic mask to define the object’s region-of-interest (ROI)
within the 3D volume. The 3DVB consists of well established methodologies utilised for accel-
erated parallel processing of individual 2D images including image filtering, binarization and
(binary) noise reduction. Additional approaches for 3D noise reduction and 3D ROI methods
are used for samples with challenging image data to avoid unwanted image information during
2D parallel-processing. The following sections give more details on each step in the 3DVB
routine.
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Figure 4.5: Implemented 3DVB image data processing routine to build 3D binary object vol-
umes. (2. - 4.) Parallel processing of 2D reconstructed cross-sections to reduce
noise and apply binarisation. (5.) The full image stack is further used for additional
3D noise reduction algorithms and (6. - 7.) to establish an object ROI.

4.3.3.1 Image filter (3DVB.2)

In image processing, filters are employed to suppress high frequencies in images for smoothing
or low frequencies for edge enhancement. The image filters typically operate on the basis of a
user-defined pixel neighborhood, which is a parameter within 3DVB to adjust the pixel region
considered for the filter operation. The neighborhood defines which pixels are included for the
local operation in respect to the kernel center. Advanced filter methods are edge-preserving,
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aiming to protect valuable image information for downstream image segmentation and feature
extraction. An overview of implemented image filtering methods in the 3DVB routine is pro-
vided in Table 4.1. The filter selection mostly depends on attributes of the micro-XRT image
data and potential requirements for image processing times. In general, edge preserving filters
are preferred minimising the risk to introduce image processing artefacts. The Gaussian blur fil-
ter can be used to simulate the effects of decreasing image quality as part of a sensitivity analysis
assessing the impact of changing micro-XRT image quality on a quantitative characterisation
(see application in Chapter 5).

Table 4.1: Overview of implemented image filter (3DVB_2) for random noise reduction on
grayscale with MATLAB function names. a CMAC, b MATLAB Image Process-
ing Toolbox, c literature/Mathworks File Exchange.

Name (Function) Description Application
Wiener filterb
(MatF: wiener2)

Adaptive noise-removal low-pass filter remov-
ing constant power additive noise. Noise de-
tected from m-by-n pixel neighborhood statis-
tics [216].

(+) effective for high-power
random noise

Gaussian blurb
(MatF: imgaussfilt)

Low-pass filter attenuating high frequency sig-
nals. Smoothing kernel with user-defined stan-
dard deviation within a m-by-n pixel neighbor-
hood.

(+) simple (-) no edge pre-
serving

Median filterb
(MatF: medfilt2)

Nonlinear smoothing filter where each pixel
takes the median value within a m-by-n pixel
neighborhood. Isolated out-of-range noise is
suppressed.

(+) effective for speckle
noise (-) only moderate edge
preserving

Kuwaharac
(MatF: kuwahara)

Non-linear smoothing filter for adaptive noise
reduction. The central pixel takes the mean
value of the sub-area that is most homogeneous
within a m-by-m pixel neighborhood [217].

(+) edge preserving (-) block
artefacts

Anisotropic diffusionc
(MatF: imdiffusefilt)

Partial differential equation (PDE)-based,
space-variant denoising filter with a threshold
function to prevent diffusion across edges (aka
Perona–Malik diffusion [218]).

(+) edge preserving (-) slow

Conditional local contrastb
(MatF: localcontrast)

Edge-aware local contrast manipulation of im-
ages for contrast enhancement or smoothing.
Edge threshold is user defined.

(+) edge preserving (-) user-
defined edge condition

DN-CNNb (MatF: denoi-
seImage, net = ’DnCNN’)

Noise reduction using a pre-trained image de-
noising convolutional neural network for Gaus-
sian noise reduction.

(+) pre-trained CNN
(DnCNN) (-) low flexi-
bility

4.3.3.2 Image binarization (3DVB.3)

Objects in the reconstructed micro-XRT image data are typically represented by lighter image
pixels surrounded by dark background pixels as defined by the image polarity. Here, the pixel
intensity corresponds to the local X-ray attenuation with higher attenuation being represented
with higher pixel intensities. Image thresholding or binarization describes the process of trans-
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forming the reconstructed micro-XRT images with a 8-/16-bit dynamic range to binary, 1-bit
ones. This can be achieved by selecting a grayscale value dividing the image histogram in
foreground and background regions. An overview of binarization methods incorporated in the
3DVB routine is provided in Table 4.2. For histogram-based global thresholding methods (e.g.
Otsu, Ridler), pixel intensity information of the full or a representative subset of the 3D image
stack are used to determine a fixed threshold value that is then applied to all images.

Table 4.2: Overview of implemented image binarization methods (3DVB_3) with MATLAB
function names. a CMAC, bMATLAB Image Processing Toolbox, c literature/Math-
works File Exchange.

Name (Function) Description Application
Otsub (MatF: imbinarize,
method = ’global’)

Histogram-based thresholding method aiming
to minimize intra-class intensity variance [219].
Can be extended to a multi-level thresholding
for image intensity discretisation. Particularly
effective for historgrams with distributions of
equal size and variance [220].

(+) automatic thresholding
(-) difficult for multi-modal
histograms, requires a repre-
sentative historgram

Ridlerc
(MatF: ridlercalvard)

Histogram-based thresholding method which
uses class weights to divide the image into fore-
ground and background [221].

(+) automatic thresholding
(-) difficult for multi-modal
histograms, requires a repre-
sentative historgram

Manuala User defined, fixed manual threshold value. (+) robust for images with
complex multi-modal GS (-)
subjective, user biased

4.3.3.3 Image noise reduction (3DVB.4 & 3DVB.5)

Beside the utilisation of image filter methods applied on 8-/16-bit grayscale images, remaining
binary image noise can be removed after binarisation. The simplest method of noise removal is
a size-dependent removal of small clusters of pixels/voxels defined as speckles. This method is
commonly refereed to as despeckling and can be called within 3DVB using a user-defined cut-
off size. 3DVB further employs closing and/or opening operations for noise reduction applied
on the binary images. Image dilation, erosion, closing, and opening are basic operations in
mathematical morphology. All operations use a user-defined structuring element for this image
transformation. The structuring element describes a basic shape (e.g. square, circle) and its
size. A closing operation consists of an dilation & erosion, which practically removes small
holes and connects objects closing small gaps between them. In contrast, the opening operation
consists of an erosion& dilation, which removes small foreground clusters and separates volume
elements with thin connections between them. An example demonstrating the impact of closing
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and opening image transformations with changing structuring element size on a 3D printed
pharmaceutical tablet is shown in Fig. 4.6. Changes in the size of the structuring element,
defining the extent of the morphological image transformation, can lead to significant changes
in the final image. For the 3D printed tablet in Fig. 4.6, an increasing size of the structuring
element (Strel) led to considerable changes of local porosities (Fig. 4.6 b) or even overall tablet
structure (Fig. 4.6 c). The parameters of these operations have to be carefully optimised to
effectively reduce binary image noise whilst avoiding structural changes to the object itself.
Morphological operations can be useful to reduce e.g. light ring artefacts or streak artefacts in
the reconstructed micro-XRT image data.

Figure 4.6: Impact of changing parameters for morphological operations on micro-XRT image
data of a 3D printed tablet sample with fine primary structures (left). (1) Closing and
(2) opening operations can be used to reduce binary image noise. Its parameters for
the structuring element (Strel) have to be carefully assessed regarding their impact
within the image analysis workflow: (b, Strel 10 px) Small sample attributes are lost
including its internal micro-structure. (c, Strel 50 px) The overall object structure
is significantly altered.

Within 3DVB, operations for image noise reduction such as despeckling for size-dependent
noise removal or morphological image processing operations (closing and/or opening) can be
applied to the full 3D image stack, which minimises risks to create single layers with discon-
tinuous foreground structure. Additionally, objects on the image border can be removed using
3DVB-Clear Border. This is helpful for separated multi-object samples automatically identify-
ing objects fully contained within the 3D image space. Another effective techniques for noise
reduction is the 3DVB-Sweep implementation, which can be used to automatically remove all
random white (foreground) noise in binary images, which is not connected to the main sample
object. The main object is here detected as the largest connected voxel cluster in the 3D image

57



4 XRT Characterisation of Pharmaceutical Solid Products

volume with a pixel/voxel connectivity of 26 i.e. a group of pixels/voxels connected with each
other through their 6 faces, 12 edges or 8 corners.
The methodology sequence for noise reduction within the 3DVB routine was designed to give
best flexibility for processing micro-XRT image data specifically working with pharmaceutical
samples. Parameter optimisation for an effective noise reduction is partially automated, but
often have to be user-defined. Therefore, parameter optimisation should be carefully assessed,
either qualitatively by expert users or ideally, using an objective assessment approach within a
quantitative sensitivity analysis.

4.3.3.4 ROI Method and ROI Operations (3DVB.6 & 3DVB.7)

After noise reduction, the cleaned binary image stack can be utilised within the 3DVB routine to
automatically re-define the object ROI. This is crucial for samples with a high extent of internal
porosities (open and/or closed) to capture not only the object solid phase, but its total 3D object
volume. A Convex-Hull can be applied on the binary 3D image stack to describe convex to-
pographies (3DVB-Convexhull3D). More advanced methods, such as the implemented 3DVB-
Skrinkwrap approach uses morphological closing operations together with a background filter
to more accurately capture irregular object topologies. 3DVB-Skrinkwrap_oP further includes
a feedback loop to distinguish open porosity from concave surface volumes with no connection
to the internal object volume, which is useful to establish accurate single particle ROIs (see
Chapter 6, [7]) or multi-particle ROIs (see Chapter 5). In contrast to the Convex-Hull method,
the 3DVB-Skrinkwrap approach requires a user-defined structuring element with a minimum
size stretching over expected surface gaps connected to internal object porosity.

4.3.4 Image Processing - Image Segmentation (Micro-XRT Workflow Stage 5 [Fig. 4.2])

Image segmentation is the process of separating images into multiple partitions (segments,
super-pixels). Previously discussed image binarisation/thresholding techniques (Section
4.3.3.2) segment an image into a foreground and a background in order to have a logic mask for
the object’s solid phase. Here, image segmentation aims to further transform the micro-XRT
image data to allow the identification and analysis of image sub-structures e.g. in multi-object
or multi-component systems. For multi-object systems, image segmentation aims to further
subdivide the image volume to define regions corresponding to each individual object. The
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detection of each object and the isolation of the image sub-volume is crucial to perform a char-
acterisation of individual objects e.g. in multi-particle systems. For multi-component systems,
image segmentation aims to define regions with differences in their X-ray attenuation related
to changes in the local solid phase composition. Explored image segmentation methods for the
micro-XRT image data of pharmaceutical products are manual PolyROI segmentation, auto-
mated structure-based segmentation algorithms (watershed) or advanced pixel-wise classifica-
tion approaches (k-means clustering).
Manual image segmentation requires a user-definedROI commonly generated from interpolated
basic geometric shapes (e.g. circle, ellipse, box) or a more complex polygonal region of interest
(PolyROI) which is described by a finite number of connected straight line segments forming a
closed polygonal chain. Working with PolyROI is time-consuming, but can be flexibly adapted
to any sample for a manual ROI creation. The number and length of each straight line segment
as well as the position of its endpoints are manually arranged to best capture the desired ROI.
Structure-related segmentation algorithms use information of the objects’ local structure to sep-
arate individual sub-volumes. Morphological opening operations are a simple solution to en-
able the separation of two objects. The marker-supported watershed transformation is a more
advanced image processing method which uses local thickness information to find and optimise
the image segmentation process for object separation [222, 223]. Structure-related segmenta-
tion algorithms work best on multi-object samples with well defined object bodies and light
"touching" zones (see application in Chapter 5).
Image segmentation can also be performed directly on the pixel-/voxel-level. In applications
where a one-dimensional threshold fails to accurately segment the micro-XRT image data
(e.g. multi-thresholding, Section 4.3.3.2), additional information of each pixel can be ex-
tracted through targeted micro-XRT image transformations (e.g. filtering, Section 4.3.3.1). A
k-means clustering algorithm can subsequently be applied aiming for a pixel-wise classification
of the input image into a user-defined, finite number of clusters. The classification is based on
vector quantization with each cluster minimising the distance distribution around its centroid.
The (unsupervised) k-means clustering algorithm is often used for data mining applications
[224, 225, 226, 227] and is here applied as part of multi-dimensional image segmentation ap-
proach (see application in Section 4.3.6.2).
Image segmentation problems of multi-object systems or samples with multi-component mix-
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tures are often complex. The selection of the optimal segmentation method is depending on
the nature of the sample such as its structure and dynamic range resolution of its solid phase
components. Details on additional methods for practical applications of micro-XRT image seg-
mentation are discussed in more detail by Wildenschild and Sheppard [153].

4.3.5 Image Analysis - Feature Extraction (Micro-XRT Workflow Stage 6 [Fig. 4.2])

The aim of the image analysis stage is the extraction of quantitative information related to the
object’s structural attributes. This step of the micro-XRT characterisation workflow (Fig. 4.2,
Stage 6) drastically reduces the complexity of the micro-XRT image data to scalar measure-
ment values, which allows further comparison and interpretation. The implemented image
analysis routine consists of multiple methods specifically designed to capture complex object
information relevant for a better understanding of the sample transformation in the manufactur-
ing process or its performance. An overview of the implemented methodologies is provided in
the following sections. All features are assigned to property-related categories of size, shape,
porosity, surface or location/orientation.
Basic features are derived from imagemoments (Mpqr). For 3D digital image data with intensity
(I(x, y, z)) distributions in the x, y and z dimension, these can be calculated using Equation
4.1. The zeroth order image moment (M000) for a binary digital image gives the total object
voxel volume. The first order moments (M100,M010,M001) contain information on the object
centroid. The central moments shown in Equation 4.2 include the components of the image
centroid, xc = M100

M000
, yc = M010

M000
and zc = M001

M000
. The central moments are translation-invariant.

The image moments are used to extract features of object size, location and orientation. Details
on the use of image moments for feature extraction are described in the corresponding sections
below.

Mpqr =
∑

x

∑

y

∑

z
xpyqzrI(x, y, z) (4.1)

�pqr =
∑

x

∑

y

∑

z
(x − xc)p(y − yc)q(z − zc)rI(x, y, z) (4.2)
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4.3.5.1 Size

The size of an object is one of the most commonly used property to describe solid products,
especially multi-particulate systems e.g. powders. Various methodologies can be employed to
capture size-related information frommicro-XRT image data. An overview of the implemented
methods for size quantification is given in Table 4.3. Selected examples are further visualised
in Fig. 4.7.

Figure 4.7: Micro-XRT image analysis subroutine for the extraction of structure-based object
size descriptors: (a, SFElps,IM,AxisMax/AxisMin) ellipse fitting, (b, dmaxFeret) maximum
Feret diameter, (c, deqSph) equivalent sphere diameter and (d, SFRect,minB,l/w) char-acteristic lengths of a minimum bounding rectangle fit.

The absolute object volume (V ) is the sum of voxels, the zeroth order image moment (M000,
Equation 4.1), multiplied with the image pixel/voxel size. The equivalent sphere diameter
(deqSph) is calculated from a sphere with the same volume as the absolute object volume (VeqSph
= V ) and is often used for size comparison across multiple characterisation platforms. Themax-
imum Feret diameter (dmaxFeret) corresponds to the longest vector length between two voxels on
the object surface and is useful as an expression of the length of the object. Additionally im-
plemented size measurements are derived from characteristic lengths of basic geometric shapes
that were fitted to the object e.g. SFElps,IM,AxisMax (Fig. 4.7 a) and SFRect,minB,l (Fig. 4.7 d). The
ability of individual descriptors to accurately capture the size of the analysed object strongly
depends on the morphology of the object. For the examples shown in Fig. 4.7, deqSph (Fig. 4.7
c) fails as a size measurement of particles with non-spherical shape, however, other descrip-
tors compensate for the non-spherical particle morphology (e.g. SFElps,IM,AxisMax, dmaxFeret and
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Table 4.3: Overview of structural features used to describe the object size. a CMAC, b MAT-
LAB Image Processing Toolbox, c literature/Mathworks File Exchange

Feature Description
Object Volume
(V )b

Absolute size of all pixels/voxels of the object volume (translation- and
rotation-invariant, 2D/3D, ∈ ℝ+).

Eqv. Sphere Diameter
(deqSph)b

Equivalent spherical diameter of the object volume (translation- and rotation-
invariant, 2D/3D, ∈ ℝ+).

Bounding Box
(VBB, SFBB)b

Size and characteristic lengths of the minimum bounding box incorporating
the object volume (translation-invariant, 2D/3D, ∈ ℝ+).

Max Feret Diameter
(dmaxFeret)a

Maximum distance between two points on the object surface (translation- and
rotation-invariant, 2D/3D, ∈ ℝ+).

Mean Breadth Diameter
(dBdth)c

Mean breadth of the object orthogonal to the object length (translation- and
rotation-invariant, 2D/3D, ∈ ℝ+)

Ellipsoid Fitting
(SFElps,IM)b

Characteristic lengths of a fitted ellipsoid/ellipse with equivalent second cen-
tral image moments (translation- and rotation-invariant, 2D/3D, ∈ ℝ+).

Ellipsoid Fitting
(SFElps,SA)c

Characteristic lengths of a surface-fitted ellipsoid/ellipse (translation- and
rotation-invariant, 2D/3D, ∈ ℝ+) [228].

Ellipsoid Fitting
(SFElps,minB)c

Characteristic lengths of the minimum bounding ellipsoid/ellipse incorpo-
rating the object volume (translation- and rotation-invariant, 2D/3D, ∈ ℝ+)
[229].

Sphere Fitting
(SFSph,minB)a,c

Radius of the minimum bounding circle/sphere incorporating the object vol-
ume (translation- and rotation-invariant, 2D/3D, ∈ ℝ+) [229].

Half Sphere Fitting
(SFHalfSph,minB)c

Characteristic lengths of the minimum bounding half circle/sphere incor-
porating the object volume (translation- and rotation-invariant, 2D, ∈ ℝ+)
[229].

Rectangle Fitting
(SFRect,minB,l)c

Characteristic lengths of the minimum bounding rectangle incorporating the
object volume (translation- and rotation-invariant, 2D, ∈ ℝ+) [229].

Triangle Fitting
(SFTri,minB)c

Characteristic lengths of the minimum bounding triangle incorporating the
object volume (translation- and rotation-invariant, 2D, ∈ ℝ+) [229].

SFRect,minB,l) to achieve a more accurate measurement of the maximum particle size.

4.3.5.2 Shape

Shape features are used to describe the overall object morphology and can range from a simple
comparison to ideal geometric shapes (e.g. cube, sphere, ellipsoid) to more complex approaches
used for pattern recognition involving Zernike polynomials [230, 231] and Fourier coefficients
[232]. An overview of the implemented methods for shape quantification is given in Table 4.4.
Selected examples are further visualised in Fig. 4.8.
The shape and morphology of multi-particle systems are often described using a sphericity
index. The particle sphericity potentially has further implications on the particle size mea-
surement as discussed in Section 4.3.5.1. Multiple approaches can be used to quantify par-
ticle sphericity. Ψgl is a simple ratio of the detected object volume to its surface area [233],
SFSph,minB,F evaluates the goodness-of-fit for a circle fully enclosing the object (Fig. 4.8 a) and
ΨlR,R employs a more sophisticated approach for local sphericity calculations (Fig. 4.8 b) [182].
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Figure 4.8: Micro-XRT image analysis subroutine for the extraction of structure-based ob-
ject shape descriptors: (a, SFSph,minB,F) minimum bounding circle fit, (b, ΨlR) lo-cal roundness analysis, (c, SFRect,minB,F) minimum bounding rectangle fit and (d,
SFTri,minB,F) minimum bounding triangle fit.

For crystalline solids with changing habit, the aspect ratio (AR) might be of particular interest
e.g. to distinguish between block-shaped and elongated, rod-shaped crystal habits. The AR
calculations employ a rotation-invariant ellipse (ARElps,IM, Fig. 4.7 a) or rectangle (ARRect, Fig.
4.8 c) shape fitting algorithm. Additional basic geometric shapes used for feature extraction are
triangles (Fig. 4.8 d), parallelograms or half spheres.

4.3.5.3 Porosity

Porosity features are means to describe and quantify the internal object (micro-) voids. Object
porosity is identified after a subtraction of the object’s solid phase (V) from the object ROI
(V_ROI). The porosity can be further sub-categorized in open and closed porosity, which refers
to internal voids with and without a connection to the V_ROI surface, respectively. Open and
closed porosity is calculated based on the full information of the 3D image stack.
An example for the detected open (blue) and closed (green) porosity is shown in Fig. 4.9 using
3DVB-Skrinkwrap_oP for generating the object V_ROI. The example emphasises the use of the
full 3D image stack to distinguish between open and closed porosities. The particle object has a
central opening (Fig. 4.9 b, top-left) connecting the vast majority of the internal voids as open
porosity to its surface. For this object, a significant part of the open porosity can therefore not be
detected in a micro-XRT image analysis approach limited to the characterisation of individual
2D cross-sections (Fig. 4.9 a). However, the connection of all internal voids to the particle
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Table 4.4: Overview of structural features describing to object shape. a CMAC, b MATLAB
Image Processing Toolbox, c literature/Mathworks File Exchange

Feature Description
Eccentricity
(ECC)b

Ratio of the distance between the foci of the ellipse and its major axis length
(translation- and rotation-invariant, 2D, ∈ [1,∞] ⊂ ℝ+).

Aspect Ratio
(ARElps,IM, ARRect,minB)a

Ratio between longest and shortest characteristic length of a fitted ellipsoid
with equivalent second central image moments or a minimum bounding rect-
angle (translation- and rotation-invariant, 2D/3D, ∈ [1,∞] ⊂ ℝ+).

Sphericity, global
(Ψgl)a

Sphericity index calculated as the ratio of the detected object volume to its
surface (= �1∕3 ⋅ (6 ⋅ VV_ROI)2∕3∕ASf,V_ROI,translation- and rotation-invariant,
2D/3D, ∈ [0, 1] ⊂ ℝ+) [233].

Local Roundness
(ΨlR)c

Detection of local roundness including local roundness ratios and smallest lo-
cal surface curvature ratio (translation- and rotation-invariant, 2D, ∈ [0, 1] ⊂
ℝ+) [182]

Sphere Fitting
(SFmaxFeretSph,F)a

Goodness-of-fit for circle/sphere with equivalent maximum Feret diameter
(translation- and rotation-invariant, 2D, ∈ [0, 1] ⊂ ℝ+).

Ellipsoid Fitting
(SFElps,SA,F)c

Goodness-of-fit for surface-fitted ellipsoid/ellipse. Linear least squares opti-
misation (translation- and rotation-invariant, 2D/3D, ∈ ℝ+) [228].

Ellipsoid Fitting
(SFElps,minB,F)c

Goodness-of-fit for minimum bounding ellipsoid/ellipse incorporating the
object volume (translation- and rotation-invariant, 2D/3D, ∈ [0, 1] ⊂ ℝ+)
[229].

Sphere Fitting
(SFSph,minB,F)c

Goodness-of-fit for minimum bounding circle/sphere incorporating the ob-
ject volume (translation- and rotation-invariant, 2D, ∈ [0, 1] ⊂ ℝ+) [229].

Half Sphere Fitting
(SFHalfSph,minB,F)c

Goodness-of-fit for minimum bounding half circle/sphere incorporating the
object volume (translation- and rotation-invariant, 2D, ∈ [0, 1] ⊂ ℝ+) [229].

Rectangle Fitting
(SFRect,minB,F)c

Goodness-of-fit for minimum bounding rectangle incorporating the object
volume (translation- and rotation-invariant, 2D, ∈ [0, 1] ⊂ ℝ+) [229].

Parallelogram Fitting
(SFPg,minB,F)c

Goodness-of-fit for minimum bounding parallelogram incorporating the ob-
ject volume (translation- and rotation-invariant, 2D, ∈ [0, 1] ⊂ ℝ+) [229].

Triangle Fitting
(SFTri,minB,F)c

Goodness-of-fit for minimum bounding triangle incorporating the object vol-
ume (translation- and rotation-invariant, 2D, ∈ [0, 1] ⊂ ℝ+) [229].

Zernike
(ZA)c

Amplitude of complex zernike moment (translation- and rotation-invariant,
2D, ∈ [0, 1] ⊂ ℝ+) [231].

surface becomes apparent after integrating additional information from the full object image
stack as shown in Fig. 4.9 b.
The quantified open and closed porosity volume further strongly depends on the applied ROI
method described in Section 4.3.3.4. Here, the open porosity only increases slightly from
32.03% to 33.91% comparing 3DVB-Skrinkwrap_oP to a simple 3DVB-Convexhull3D. For ob-
jects with a high extent of concave surfaces, the detected open porosity volume can drastically
increase using a Convex-Hull ROI approach (see application in Chapter 6). The results also
demonstrate the importance of an accurate description of the applied porosity analysis process
and its implications on the extracted porosity values during quantification.
The validation of quantitative porosity information from micro-XRT image data can be accom-
plished using complementary experimental methods. A detailed overview of complementary
techniques for the characterisation of pore structures of pharmaceutical tablets, but with the po-
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Figure 4.9: Micro-XRT image analysis subroutine for the extraction of object porosity descrip-
tors. (a) A simple 2D cross-section analysis is unable to detect 3D connected object
porosities, overestimating the object’s closed porosity volume. (b) The 3D parti-
cle model shows a large opening on its surface. Working with the full image stack
allows the accurate detection of (blue) open and (green) closed porosity.

Table 4.5: Overview of structural features used to describe the object porosity. a CMAC, b
MATLAB Image Processing Toolbox, c literature/Mathworks File Exchange

Feature Description
Porosity
(P)a

Absolute area/volume of the object’s open, closed or total porosity
(translation- and rotation-invariant, 2D/3D, ∈ ℝ+).

Convex-hull Solidity
(SVCH,V)a,b

Ratio between object volume and its convex-hull volume (translation- and
rotation-invariant, 2D/3D, ∈ [0, 1] ⊂ ℝ+).

Solidity
(SV)a

Ratio between object volume and its ROI volume (translation- and rotation-
invariant, 2D/3D, ∈ [0, 1] ⊂ ℝ+).

Extent
(Ex)b

Ratio between object volume and minimum bounding box volume
(translation-invariant, 2D/3D, ∈ [0, 1] ⊂ ℝ+).

tential for wider applicability to other pharmaceutical solid products is provided by Markl et al.
[66]. The micro-XRT characterisation might be unable to detect and quantify small micro-
porosities (< 1 - 25 �m) within or below the spatial resolution of the micro-XRT system. The
impact of changing micro-XRT image quality as well as of the employed image processing/-
analysis algorithms on the quantification of these micro-porosities can be assessed within a
sensitivity analysis as demonstrated in Chapter 5.
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4.3.5.4 Surface

Surface features of an object in the micro-XRT images relate to local attributes of the sample-
air (foreground-background) interface. ASf is a simple quantification of the surface area, but
can significantly differ between the object volume (ASf,V) and the object ROI (ASf,V_ROI) since
ASf,V also includes contributions of internal surface areas. As a result, ASf,V highly correlates
with the overall particle porosity and ASf,V_ROI is commonly used to express the primary, outer
object surface area. SVCH,V_ROI uses a Convex-Hull algorithm in order to detect concave surface
volumes of V_ROI. Quantitative information of SVCH,V_ROI can be used to interpret the extent
of surface buckling (see Chapter 6) or surface roughness (see Chapter 5).

Table 4.6: Overview of structural features used to describe the object surface. a CMAC, bMAT-
LAB Image Processing Toolbox, c literature/Mathworks File Exchange

Feature Description
Surface Area (ASf)b Absolute area of the object boundary region (translation- and rotation-

invariant, 2D/3D, ∈ ℝ+).
Surface Roughness
(SVCH,V_ROI)a,b

Ratio between object ROI volume and the convexhull volume (translation-
and rotation-invariant, 2D/3D, ∈ [0, 1] ⊂ ℝ+).

4.3.5.5 Location and Orientation

Information and on the object location can be expressed as the centroid-coordinates of the object
and the translation vector can be calculated from the first order image moment ([xc , yc , zc] =
[M100,M010,M001], Equation 4.1). Additional information on the object orientation are deter-
mined using the second order central moments (Equation 4.2). The Euler angles (�E , �E , E)
are three angles describing the object orientation within the pre-defined coordinate system of
the image stack [234].

Table 4.7: Overview of structural features used to describe the object surface. a CMAC, bMAT-
LAB Image Processing Toolbox, c literature/Mathworks File Exchange

Feature Description
Centroid
(xc , yc , zc)b

Coordinates of the regional centre of mass from first imagemoment (rotation-
invariant, 2D/3D, ∈ ℝ+).

Euler angles
(�E , �E , E)b

Euler angle between the characteristic object eigenvectors determined
from the second centralised image moments (translation-invariant, 3D, ∈
[−180, 180] ⊂ ℝ).

Orientation
(�)b

Angle between the x-axis and the major axis of a fitted ellipse with equivalent
second central image moments (translation-invariant, 2D, ∈ [−180, 180] ⊂
ℝ).

Zernike
(ZP)c

Phase angle of Zernike moment (translation-invariant, 2D, ∈ [−180, 180] ⊂
ℝ) [231].
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Information on the object’s centroid-coordinates and the Euler angles can be used to compen-
sate changes in location and orientation. This was applied to reliably extract translation- and
rotation-invariant object cross-sections of 3D objects, which can be characterised with 2D im-
age analysis algorithms (see application in Chapter 5, Section 5.2.3). Information on the object
orientation or location in pharmaceutical products is of particular interest to assess effects of
preferential orientation or powder segregation/packing [235].

4.3.6 Application of micro-XRT for the Analysis of Solid Pharmaceutical Products

Potential applications of micro-XRT cover a broad range of products and drug product in-
termediates within the pharmaceutical downstream manufacturing pipeline from single par-
ticles/crystals to fully formulated tablets or capsules. An overview of analysed samples using
micro-XRT is shown in Fig. 4.10. This section aims to illustrate the application of micro-XRT
for selected case studies of single particles, powder blends and 3D-printed tablets exemplify-
ing the use of the developed micro-XRT image analysis framework for samples with changing
research objectives.

Figure 4.10: Overview of micro-XRT samples with applications covering a wide range of the
pharmaceutical downstream manufacturing pipeline from single crystals/particles
to multi-particle systems including powders and fully formulated final dosage
forms e.g. capsules and tablets.
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4.3.6.1 Single particles

Introduction: An important aspect of particle engineering application is the quantitative charac-
terisation of particle properties that guide rational decision making towards optimised particle
attributes e.g. with an effect on dissolution for tailored bioavailablity [236], flowability for
powder handling [237] or direct compaction for tableting [238, 239]. Single droplet drying
(SDD) experiments are used in combination with micro-XRT to investigate the solidification of
particles from solution droplets assessing the influence of formulation parameters on the parti-
cle formation process and the final particle structure [7]. This case study further demonstrates
the use of micro-XRT to characterise single particles and visualises the diversity of potential
particle structures for a range of small molecules and large, macro-molecular polymers.

Methods: Particles from SDD experiments were obtained after reaching a fully dry state and
analysed using micro-XRT. An overview of the examined particle samples is provided in Table
4.8. Local thickness calculations using a proprietary sphere-fitting approach were performed in
CTAn (v1.16.4.1, Bruker). The sphere-fitting approach aims to determine the local thickness
equivalent to the maximum sphere diameter which can be expanded within the structure volume
at any given point.

Table 4.8: Overview of prepared solution for SDD experiments.
ID Compound Solvent c0 [mg/mL] Size (dmaxFeret) [�m]
GLY_P1 Glycine DI-water 150.00 2390
GLY_P2 Glycine DI-water 150.00 2195
CBZ_P Carbamazepine methanol 10.40 1167
TRE_P Trehalose DI-water 150.00 725
LAC_P Lactose DI-water 150.00 1919
MAN_P D-mannitol DI-water 150.00 1561
PVP_P PVP DI-water 150.00 1929
PVP-
INA_P

PVP / Isonicotinamide DI-water:ethanol 50:50 v/v 75.00 / 25.00 1191
PVP-
GLY_P

PVP / Glycine DI-water 100.00 / 50.00 1844

Results: An overview of particle morphologies for changing compounds is shown in Fig. 4.11.
Fig. 4.11 a-c show three highly crystalline particles of GLY (Fig. 4.11 a-b) and CBZ (Fig.
4.11 c). The particle structure is dominated by the size and the habit of the primary crystalline
solids. GLY_P1 and GLY_P2 exhibit significant differences in the primary crystal size distribu-
tion. GLY_P1 crystals are large and highly aggregated. In contrast, GLY_P2 crystals nucleate
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late with a small primary particle size (< 25 �m). CBZ_P consist of thin, needle-shaped pri-
mary crystals, which form a highly agglomerated round particle. Quantitative information on
individual crystals within the particle requires a segmentation approach to isolate the primary
objects as described in Section 4.3.4). However, small crystal sizes and strong aggregation limit
the successful application of a structure-based segmentation. In this case, a structural thickness
calculation allows a quantification of the crystal size. After pre-processing the micro-XRT im-
age data using 3DVB (Section 4.3.3) for noise reduction and binarisation, the local thickness
of the primary crystals of GLY_P1, GLY_P2 and CBZ_P was evaluated using a sphere-fitting
approach. As expected, GLY_P1 has the largest structural thickness of 69 ± 54 �m. The large
deviation in the local structural thickness might indicate ongoing crystal nucleation over the
course of the particle formation process with significant changes in the available growth times
for individual crystals or might indicate differences in the crystal habit for changing GLY poly-
morphs. Two crystal habits, blocks and rods, can be visually identified in the GLY_P1 aggre-
gate. GLY_P2 has the smallest structural thickness of 5 ± 2 �m, which comes close to the
expected resolution limitations of the employed micro-XRT system. The needle-shaped pri-
mary crystals of CBZ_P have a structural thickness of 7 ± 3 �m. The complex relationship
between substance- and process-related effects on the habit and size of the primary crystals can
lead to drastic changes in the overall particle structure. The performed SDD experiments in con-
junction with micro-XRT allowed an investigation of local structure for three highly crystalline
particles solidifying from solution.
Carbohydrates are common excipients in pharmaceutical products and popular for spray drying
applications. The particle morphologies of TRE, LAC and MAN particles are shown in Fig.
4.11 d-f. Droplet drying and particle formation has a dominant effect on the final particle mor-
phology. TRE solidifies as dense spheres without apparent crystal formation. During drying,
LAC forms a rigid crust on the droplet surface from which crystals nucleate and slowly grow
towards the droplet center as observed from image data collected on the SAL and micro-XRT
system. LAC_P is dominated by an amorphous/micro-crystalline crust and large inner void.
Compared to other carbohydrates, MAN has a high crystallisation tendency [240, 241]. The
obtained MAN_P shows a highly crystalline internal structure. Individual MAN crystals grow
from nucleation zones on the droplet surface and stabilize the spherical particle shape. In spray
drying, excipients with high crystallisation tendency have lower residual moisture levels [242]
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and are used as carrier particles [243, 241]. In direct comparison, excipients with low crys-
tallisation tendency find applications as glass formers for the stabilisation of amorphous drug
products [113, 140], but can introduce risks of solid state transformations [244, 245, 246]. The
detected particle porosity (= 1-V/V_ROI) increases with increasing crystallinity for these three
particles from 0.8% for TRE_P to 33.6% for LAC_P and 69.9% for MAN_P. Information on the
crystallisation tendency of pharmaceutical excipients and its implications on the final particle
internal micro-structure are crucial for process and product design.
Particles from SDD experiments containing PVP are shown in Fig. 4.11 g-i. The pure PVP
solution solidifies as particles with large internal, central voids (Fig. 4.11 g). In contrast, par-
ticles of INA-PVP (Fig. 4.11 i) are dense and do not exhibit these large voids. The particle
morphology suggests that the crust formation process of PVP is prohibited with the addition
of INA. Nicotinamide and Nicotinamide-derivatives are well known hydrotropes, which solu-
bilise hydrophobic compounds in aqueous solutions. These compounds have been used par-
ticularly for formulations of poorly water-soluble drug candidates to increase solubility [247].
Here, the change in the particle structure suggests molecular interactions between INA and
PVP solubilising the polymer. The change in the particle morphology can be quantified using
the 3DVB-Convexhull3D method to create a particle ROI (V_ROI). The internal void space
(= 1-V/V_ROI) decreases significantly comparing PVP_P (41.30%) or GLY-PVP_P (50.44%)
to INA-PVP (5.18%). For formulations of PVP, insights from the micro-XRT characterisation
were essential to better understand the particle formation process observed in the SDD experi-
ments and its implications on the final particle morphology.

Conclusion: Micro-XRT enabled the non-destructive characterisation of single particles obtained
from SDD experiments. The results demonstrate the high complexity and diversity of particle
structures affected by individual compounds, solidification kinetics and molecular interactions.
In combination with SDD data, micro-XRT provides valuable insights into the particle mor-
phology aiming to establish a link between particle formation and final structure. This approach
has further been used for a quantitative investigation of the particle design space for a multi-
component formulation of MET, MAN and HPMC K100LV (see Chapter 6).
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Figure 4.11: Particles from SDD experiments characterised with micro-XRT to investigate their
final structure: (a) GLY_P1 (early nucleation, large crystals), (b) GLY_P2 (late nu-
cleation, micro-crystals), (c) CBZ_P (needle-shaped crystals), (d) TRE_P (dense,
amorphous), (e) LAC_P (partial crystalline), (f) MAN_P (highly crystalline), (g)
PVP (skin formation, large central void), (h) PVP-GLY_P (skin formation, internal
crystal growth) and (i) PVP-INA_P (dense solid).
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4.3.6.2 Powders

Introduction: Powders are complex multi-particulate systems which can consist of a single com-
pound or multi-component mixtures. Blending is the process of powder mixing to create a ho-
mogeneous powder composition and is widely used within pharmaceutical manufacturing pro-
cesses e.g. to prepare solids for tableting [248] or prior to hot-melt extrusion [249]. Micro-XRT
was used to assess the homogeneity of a 50:50 w% physical mixture of crystalline metformin
hydrochloride (MET) and polymeric PVP. Focus of this study was the pixel-wise classification
of the micro-XRT image data collected for powders containing MET and PVP particles using
an unsupervised machine learning (ML) algorithm.

Methods: Powder blends of a 50:50 w% physical mixture of MET and PVP were characterised
using micro-XRT. Iodine vapour staining allowed to selectively increase the effective X-ray at-
tenuation of the polymer phase. For this purpose, 100 mg of the powder blend were spread
across a petri dish to obtain a homogeneous single particle layer. Four pieces of iodine with di-
ameters of approximately 1 mm each were attached to the lid using Parafilm. The petri dish was
then sealed with additional Parafilm for 32 days prior to the micro-XRT analysis. An unsuper-
vised k-means algorithm was used for a pixel-wise classification of the micro-XRT image data
for an automated identification and segmentation of MET and PVP particles. Micro-XRT im-
age pixels were classified in one of the following three clusters: (kC1) MET, (kC2) MET-PVP
mixture and (kC3) PVP. A custom script using a step-wise 3D region growing algorithm was
applied subsequently to re-assign pixels of kC2 to either kC1 (MET) or kC3 (PVP). The clas-
sification performance was assessed against a manually segmented cross-section (user-defined
ground-truth) with 1406676 pixels (MET 639824 pixels, PVP 766852 pixels).

Results: The micro-XRT image data is shown in Fig. 4.12. Visually, individual particles of MET
and PVP can be distinguished in the reconstructed cross-section images (Fig. 4.12 a) by the
local X-ray attenuation, the particle shape and internal porosities. In direct comparison, MET
exhibits a lower X-ray attenuation coefficient on average and its crystalline shape has planar
surfaces with clearly defined edges. Iodine stained PVP particles show high X-ray attenuating
and the polymeric particles have a round particle morphology with large inner voids. Examples
of a MET and PVP particle are shown in Fig. 4.12 g. Differences in the particles related to its
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Figure 4.12: Micro-XRT characterisation of a physical mixture of MET crystals and PVP poly-
mer particles. Image transformations aimed to capture information on (a) local X-
ray attenuation, (b) structural thickness, (c) local X-ray attenuation homogeneity
and (d) proximity to round particle voids. (e) The transformed micro-XRT image
data enabled a pixel-wise classification assigning each pixel to kC1 (white), kC2
(light grey) and kC3 (dark grey). (f) Region-growing was used to re-assign kC2
pixels to (white) MET and (red) PVP volume elements. (a.cr - f.cr) Magnification
of selected regions from images a - f. (g) Isolated MET and PVP particle.

local X-ray attenuation coefficient (Fig. 4.12 a), particle structural thickness (Fig. 4.12 b), image
entropy (Fig. 4.12 c) and porosity proximity (Fig. 4.12 d) were exploited for an unsupervised
k-means pixel-wise classification. The results of the k-means clustering approach are shown in
Fig. 4.12 e (kC1 - white, kC2 - light grey and kC3 - dark grey). The classification accuracy
was 85.00% and 99.95% for kC1 and kC3, respectively. kC1 and kC3 were used as local region
markers of MET and PVP to re-assign pixels of kC2, which contains a mixture of pixels related
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to MET (13.09%) and PVP (86.91%). After the processing of the micro-XRT image data with a
local region-growing algorithm (Fig. 4.12 f), the final segmentation had an accuracy of 99.03%
for kC1 and 97.94% for kC3 assessed against a user-defined ground-truth. The successfully
segmented micro-XRT image data allows a direct assessment of local blending homogeneity.
For the MET- PVP powder mixture, the analysis gave a volume ratio for MET:PVP of 46.69% :
53.31%, v/v. The mass ratio can be estimated using published true density data for MET of 1.36
g/cm3 [250] and PVP of 1.18 g/cm3 [251] resulting in a mass ratio for MET:PVP of 53.81% :
46.26%, w/w.

Conclusion: Micro-XRT allowed the successful characterisation of a multi-particle powder using
a pixel-wise classification model for image segmentation. This approach has great potential
for the investigation of blending processes to assess bulk and single particle properties. The
demonstrated capabilities for a pixel-wise classification can be further translated to other sample
systems using targeted image transformation routines to capture the nature of the micro-XRT
image data on a pixel level.

4.3.6.3 3D-printed tablets

Introduction: 3D printing is often seen as a disruptive technology with applications in engineer-
ing sciences bringing major improvements to rapid prototyping with decentralised, accelerated
and low-cost, low-volume production. In the pharmaceutical industry, 3D printing has been
adapted to serve as a manufacturing platform for unique pharmaceutical dosage forms. Fused
filament fabrication (FFF) 3D printing is a technique utilising drug loaded polymer filaments
enabling the production of dose forms with complex 3D structures and the potential to cus-
tomise release characteristics for personalised medicines [252, 253]. In this study, we explore
the use of micro-XRT to support process development for the 3D-printing of pharmaceutical
tablets.

Methods: Hot-melt extrusion was used for the production of filaments from 80 wt% polyvinyl
alcohol (Parteck MXP, PVA), 10 wt% D-sorbitol (SOR) and a paracetamol (PCM) drug loading
of 10wt%. The filamentswere subsequently tested for the production of 3D-printed tablets using
a commercial, table top 3D printer (CEL Robox, UK). The tablets were printed with increasing
selected levels of internal density (filling) levels of 20%, 50%, 80%, and 100%. Micro-XRT

74



4 XRT Characterisation of Pharmaceutical Solid Products

was used to characterise the 3D-printed tablets and quantify the internal tablet porosity. Tablets
were designed with a height of 3 mm, a diameter of 9 mm and rounded edges. The tablets have
a target volume of 179 mm3.

Figure 4.13: Surface-renderedmicro-XRT visualisation of 3D printedHPMC-PCM tablets with
increasing internal density (filling) of (a) 20%, (b) 50%, (c) 80%, and (d) 100%
selected during manufacturing. The tablet porosity was determined using micro-
XRT (VP,XRT, blue) and shows a reduction from 43.87% (20% filling) to 24.84%
(100% filling). The quantified tablet solid phase volume (VXRT, white) was usedto estimate its true density.

Results: Fig. 4.13 shows the four assessed 3D printed tablets and their determined tablet porosity
volumes (blue). As expected, the tablet porosity (Fig. 4.13 blue) decreases with increasing
selected filling level. A linear regression of the measured porosity levels yields a maximum
porosity of 49.90% (intercept) suggesting that the tablet surface layers, which remain constant
over all selected internal density levels, take up around half of the total tablet volume. The
tablet porosity then decreases linearly by 0.24% per%-filling (R2 0.97). The tablet volume ROI
(V_ROI = tablet solid phase (VXRT, Fig. 4.13 white) + porosity (VP,XRT, Fig. 4.13 blue))
remains constant for all printed tablets at 179.5 ± 1.6 mm3 indicating that the internal structure
has no significant impact on the overall stability of the tablet body for selected filling levels
between 20 - 100%. The determined tablet volumes calculated from the micro-XRT image data
(VXRT) are listed in Table 4.9. The tablet further includes the estimated tablet volumes (Vc,Mass)
using the tablet weight and the reported true density of PVA between 1.19 - 1.31 g/cm3 [254].
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The values show a good correlation between VXRT and Vc,Mass and were used to validate the
micro-XRT analysis results. The true density of the 3D printed tablets calculated from the
micro-XRT data for all four tablets is very consistent and has a value of 1.227 ± 0.002 g/cm3.

Table 4.9: Comparison of estimated tablet solid phase volume from weighed tablet mass
(Vc,Mass) and micro-XRT (VXRT).

Tablet (Infill) Mass [mg] Vc,Mass [mm3] VXRT [mm3] MassXRT [mg]
Tblt100 (100%) 166.83 127.35 - 140.19 136.20 162.08 - 178.43
Tblt80 (80%) 149.16 113.86 - 125.34 121.76 144.89 - 159.50
Tblt50 (50%) 131.44 100.34 - 110.45 107.05 127.39 - 140.24
Tblt20 (20%) 122.48 93.50 - 102.92 99.65 118.58 - 130.54

Conclusion: Micro-XRT allowed the non-destructive visual inspection of 3D-printed tablets with
a specific focus on the link between their internal porosity volumes and selected process filling
levels for the 3D printer. The quantitative results are used directly to inform the tablet printing
process. In conjunction with a performance analysis during dissolution, the results could allow
an optimisation of the tablet design and its absolute dose.

4.3.7 Coupled micro-XRT and ToF-SIMS analysis for chemical mapping

Introduction: Micro-XRT has great applicability for the investigation of structural properties of
a wide range of solid pharmaceutical products. Furthermore, changes in the local solid phase
composition can be captured where there are differences in the effective X-ray attenuation. The
micro-XRT image data, however, do not allow a direct identification of chemical entities. The
use of complementary chemical imaging (CI) techniques are therefore crucial to further in-
terpret the micro-XRT image data and correlate X-ray attenuation to solid phase composition.
Time of Flight-Secondary Ion Mass Spectrometry (ToF-SIMS) is a surface mass spectrometry
(MS) technique with a high spatial resolution, which enables the local identification of chemical
entities. The technique can be used to map the molecular composition of pharmaceutical for-
mulations [255, 256]. For this study, ToF-SIMSwas applied in combination with micro-XRT to
resolve the local chemical composition of particles obtained from SDD experiments containing
metformin hydrochloride (MET) and D-mannitol (MAN).

Methods: Particles of MET and MAN (50:50, w/w) were obtained from SDD experiments in an
acoustic levitator (SAL) and characterised using micro-XRT. Details of the SAL-XRT approach
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for the characterisation of SDD experiments are described elsewhere [7]. After micro-XRT data
acquisition, the particles were manually opened using a spatula to access internal surface areas.
An IONTOF TOF.SIMS 5 instrument (IONTOF GmbH, Münster, Germany), equipped with a
bismuth liquid metal ion gun (LMIG) and a gridless reflectron time-of-flight mass analyser, was
employed for CI in selected regions of the internal surface to analyse the local chemical com-
position. High spatial resolution secondary ion images (400 - 600 nm, 20/80 edge-resolution
analysis, see details Fig. A1 (ESI, page A2)) were collected over areas of 500 µm × 500 µm us-
ing a 30 keV Bi3+ primary ion beam. A total primary ion dose density (PIDD) of approximately
3 ⋅ 1011 (primary ions/cm2) was delivered for each image. The mass spectral information was
recorded in the positive and negative secondary ion polarities, and an analyser pulsed delayed
extraction was applied for improved mass-resolving power. To overcome charge build-up on
the isolative samples, a low-energy electron beam (21 eV) flood gun was employed and the
sample surface potential was optimised for each analysis. ToF-SIMS data were processed us-
ing SurfaceLab 6.7 software (IONTOF, Münster, Germany) to generate colour-overlay images
displaying the local chemical composition of MET and MAN.

Figure 4.14: Micro-XRT coupled with ToF-SIMS for the analysis of particles with a two-
compound crystalline structure (MET and MAN). (a) Intensity differences in the
micro-XRT image data can be related to (b1,c1) the local chemical composi-
tion validated with (b2,c2) a chemical analysis of exposed crystal surfaces using
ToF-SIMS. Regions with high X-ray attenuation correspond to MET (ToF-SIMS:
green) whilst MAN (ToF-SIMS: red) crystals exhibit low X-ray attenuation.

Results: The results of a combined micro-XRT-ToF-SIMS characterisation approach are shown
in Fig. 4.14. The MET-MAN particle is highly crystalline and individual crystals can easily
be identified in the micro-XRT image data (Fig. 4.14 b1). The X-ray attenuation differs signif-
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icantly between individual crystals. Within the dynamic range of the micro-XRT image data,
lighter and darker areas correspond to regions with higher and lower X-ray attenuation, respec-
tively. The micro-XRT image data also exhibit areas with a mix of lighter and darker pixel
intensities (Fig. 4.14 c1), which suggests strong partial aggregation of MET and MAN. The
clear differences in the effective X-ray attenuation indicate a local separation of both chemical
entities. The local chemical composition was further characterised with ToF-SIMS (Fig. 4.14
b2-c2). MET and MAN were identified by their protonated molecular ions C4H12N5+ (m/z
130.11) and C6H15O6+ (m/z 183.09), respectively. A comparison of the image data allowed the
assignment of individual chemical entities, MET and MAN, to the dynamic range of the micro-
XRT image data with MET corresponding to lighter and MAN to darker pixel intensities.
The specific contribution of each component to the micro-XRT image histogram was further
investigated using a manually segmented micro-XRT image. The intensity distribution in the
micro-XRT image cross-sections exhibits a strong overlap in the grayscale distributions ofMET
andMAN as shown in Fig. 4.15 b. Intensity means are at 100.71 ± 27.36 and 39.69 ± 15.27 for
MET and MAN, respectively. The considerable overlap in the intensity distribution introduces
uncertainty in assigning local pixel intensity values to MET and MAN, respectively. For a
qualitative assessment of the local distribution of MET and MAN, a color map was applied
to the dynamic range of the micro-XRT image data to represent the local propensity for high
MET (green) or MAN (red) concentrations. A visualisation is shown in Fig. 4.15 a. The
particle consist of large MAN rod-shaped crystals and wide-spread MET coverage. Despite the
high crystallinity of the particle’s internal solid phase, there are regions, particularly towards
the particle surface, where solids of both compounds form strong aggregates without extensive
crystal growth.

Conclusion: ToF-SIMS has great potential as a complementary characterisation technique for
micro-XRT applications to link local differences in X-ray attenuation to high-resolution chemi-
cal information. Here, the combination of ToF-SIMS and micro-XRT allowed the investigation
of the local chemical composition within a particle containing MET and MAN. Data fusion
methodologies could further improve the exploitation of CI to interpret 3D micro-XRT image
data.
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Figure 4.15: Pixel intensity-assignment for a qualitative assessment of the chemical distribution
across the particle volume. (a) Visualisation of the internal particle composition
with customised color-coded dynamic range for MET (green) and MAN (red). (b)
An analysis of the dynamic range of the micro-XRT images to evaluate the contri-
butions of MET and MAN, respectively.

4.4 Conclusions

Micro-XRT has demonstrated great applicability for the characterisation of pharmaceutical
solid products and drug product intermediates along the downstream manufacturing pipeline
from single crystals/particles to final formulated systems (tablets, capsules). Micro-XRT per-
mits an in-depth investigation of structural product attributes as well as solid phase homogene-
ity. Image processing and analysis enabled the extraction of quantitative information from col-
lected micro-XRT image data. The implemented image analysis framework aims to integrate
available methodologies of image processing and advanced data analysis to become part of a
systematic and robust micro-XRT characterisation workflow for pharmaceutical products. This
project aimed to address image processing challenges of noise reduction, image binarisation
and further (automated) image segmentation. Partially, image processing parameters have to be
optimised and user-validated to achieve a reliable quantification. Automated, self-optimisation
strategies have great potential to further improve the analysis framework, improving accessibil-
ity for non-experts and reducing potential user-specific bias towards the quantification.
Complementary characterisation techniques are essential for additional data validation dur-
ing method development and provide additional possibilities for micro-XRT data mining ap-
proaches via data fusion. In case of ToF-SIMS for CI, high-resolution chemical information
supported the identification of local solid phase composition, which was extrapolated to the
full 3D micro-XRT image stack for a visualisation of the local solid phase composition. This
approach could be extended to other imaging techniques including Raman spectroscopy, X-ray
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photoelectron spectroscopy or light microscopy.
Extracted information from micro-XRT can be used to inform manufacturing processes during
development or optimisation. Future work will be focused on the further development of the
micro-XRT image analysis framework and the demonstration of its applicability to a broader
range of pharmaceutical products. This aims to support the adoption of micro-XRT as a routine
offline characterisation technique in the area of pharmaceutical sciences. The work described
in this contribution hopes to provide a basis for these future applications and introduce concepts
which allow a transition towards a quantitative analysis of the micro-XRT image data.
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Abstract: The application of X-ray microtomography for quantitative structural analysis
of pharmaceutical multi-particulate systems was demonstrated for commercial capsules,
each containing approximately 300 formulated ibuprofen pellets. The implementation of a
marker-supported watershed transformation enabled the reliable segmentation of the pellet
population for the 3D analysis of individual pellets. Isolated translation- and rotation-invariant
object cross-sections expanded the applicability to additional 2D image analysis techniques.
The full structural characterisation gave access to over 200 features quantifying aspects of the
pellets’ size, shape, porosity, surface and orientation. The extracted features were assessed
using a ReliefF feature selection method and a supervised Support Vector Machine learning
algorithm to build a model for the detection of broken pellets within each capsule. Data of
three features from distinct structure-related categories were used to build classification models
with an accuracy of more than 99.55% and a minimum precision of 86.20% validated with a
test dataset of 886 pellets. This approach to extract quantitative information on particle quality
attributes combined with advanced data analysis strategies has clear potential to directly inform
manufacturing processes, accelerating development and optimisation.
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Highlights

• Full three-dimensional image segmentation of a pharmaceutical capsule using a marker-
supported watershed transformation.

• Information on particle 3D-orientation were utilised to extract translation- and rotation-
invariant object cross-sections.

• Successful extraction of over 200 quantitative pellet descriptors linked to size, shape,
porosity, surface and orientation.

• Sensitivity analysis and ReliefF feature selection approach to identify predictive features
for pellet classification.

• Feature-based binary SVM classification model for the detection of broken pellets within
the formulated system.

• Coupling micro-XRT analysis with feature selection and machine learning for advanced
pharmaceutical product characterisation.

Figure 5.1: Graphical abstract Chapter 5.
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5.1 Introduction

The measurement of morphological descriptors and structural properties is widely applied in
the pharmaceutical industry to evaluate quality attributes of solid products that affect their per-
formance in the manufacturing process or upon final administration to the patient. Methods
to aid understanding the effect of process and material parameters on the final product charac-
teristics enable a Quality by Design (QbD) approach to achieve consistent, safe and effective
quality products [257]. The diversity of structure-related critical quality attributes has led to a
broad range of analytical techniques being used to investigate size, shape and porosity of phar-
maceutical products and drug product intermediates [258, 66]. Employed analysis techniques
are often limited to bulk information or to the characterisation of individual particles when
working with multi-particulate systems. Commonly, multiple complementary techniques are
required to achieve a full characterisation of all the relevant structural properties [259, 136].
Often the techniques are destructive or require larger quantities of sample material for a suc-
cessful characterisation.
X-ray microtomography (micro-XRT) can be applied to investigate non-destructively a wide
range of particle properties for (multi-) particle systems. The reconstructed cross-sections of
the micro-XRT image data allow three dimensional visual inspections of the scanned object.
The smallest structural attribute that can be resolved typically requires multiple pixels/voxels
(volume pixel) due to the partial volume effect, which describes the blurring of intensity edges
in digital micro-XRT images [260]. Nowadays, commercial micro-XRT systems commonly
achieve spatial resolutions of around 1 �m - 10 �m, which corresponds to the projected sample
size on aminimum of 3-5 pixels [153, 261]. Image processing capabilities can be further used to
extract quantitative information simultaneously on bulk and single particle properties. Specific
applications of micro-XRT with subsequent image processing have been reported for (multi-)
particle systems targeting structural features related to particle size [7, 156], surface [7, 156],
morphology [7, 156, 182, 183, 184, 185], porosity [186, 7, 156, 139] and attributes of the local
micro-structure [157, 158]. The image processing strategies are often tailored to meet specific
analysis requirements to further relate individual sample properties to the manufacturing pro-
cess or product performance [157, 185]. The quality of the collected micro-XRT image data
and the applied image processing algorithms can both have an impact on extracted quantitative
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information [262]. A sensitivity analysis allows the user to evaluate the risk for data variability
with changing parameters during collection and image processing, which has been described in
details elsewhere [263].
Extracted quantitative information from collected micro-XRT image data can be exploited to
inform machine learning (ML) models which are designed to provide answers to complex ques-
tions involving automated decision making processes without the need to provide explicit in-
structions. ML approaches can be used effectively to identify patterns and inference within large
feature-based datasets [264]. Support Vector Machines (SVMs) are a class of supervised ML
algorithms originally designed to solve binary classification problems to define decision bound-
aries in multidimensional feature datasets [265, 264]. SVMmodels have since been utilised for
a wide range of applications including solubility prediction [266] or crystal shape classification
[51], analysis of biomedical data [267, 268] and network anomaly detection in computer sci-
ence [269]. SVMs are particularly effective for outlier detection in highly imbalanced datasets
avoiding over-fitting (One-Class SVM, [269]) and can address not fully separable classification
problems using non-linear decision boundaries with soft margins for higher regularization. De-
tails on alternative statistical learning methods for ML applications is provided by Hastie et al.
[264].
For the first time, this study employs a micro-XRT system to access over 200 structural fea-
tures for a pharmaceutical multi-particulate product and presents strategies for the extraction
and evaluation of 3D quantitative morphological descriptors by means of image processing and
analysis. The introduction of translation- and rotation-invariant object cross-sections addition-
ally enables the reliable application of 2D image analysis methodologies. The extracted features
are used to solve a classification problem for the detection of broken pellets within the pellet
population of each sample. The selection of reliable structural features for this classification
problem included a micro-XRT sensitivity analysis to assess the impact of image quality and
image processing parameters as well as a feature selection approach using the popular Reli-
efF method described in detail elsewhere [270, 271, 272, 273]. The ReliefF feature selection
approach evaluates the correlation between nearest neighbour instances and their class mem-
bership labels as defined in the training dataset. This allows the assessment of feature-feature
correlation which is common for micro-XRT features from similar property-related categories.
computationally efficient The micro-XRT investigation of particle systems is demonstrated on
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commercially available capsules containing formulated ibuprofen pellets for oral administra-
tion.

5.2 Materials and methods

5.2.1 Commercial ibuprofen capsule

Capsules with ibuprofen pellets for sustained drug-release (Galpharm Healthcare Ltd, Lot#
020288) were used as amodel pharmaceutical multi-particulate system. The pellets of each cap-
sule consist of 200 mg ibuprofen formulated with micro-crystalline cellulose, Eudragit NE30D,
hypromellose, talc and colloidal silicon dioxide. The capsule shell is made from gelatin, tita-
nium dioxide (E171), patent blue V (E131) and erythrosine (E127). In total, six capsules were
investigated during this study. Three capsules were used for model training (references DTR:
C0, C1 and C2) with three additional capsules used to generate the test dataset (references DTT:
C3, C4 and C5). The membership labels, broken vs non-broken, were assigned manually by
the user during a visual inspection of the segmented micro-XRT image dataset of the capsule
pellets described in Section 5.2.3.

5.2.2 X-ray tomography

A Skyscanner 2211 X-ray tomograph (NanoCT, Bruker, Kontich, Belgium) with cone-beam
arrangement was employed for micro-XRT data collection. The samples were scanned with an
image pixel size of 2.5 �m - 6 �m, frame averaging of 3 and a rotation step size of 0.2 ° (details
listed in Table A2, ESI, page A3). The acquisition settings were varied in order to assess the
impact of data acquisition parameters on the pellet classification model described in Section
5.2.4. The capsules C0 and C3 were scanned with high image quality. For all other capsules
the data collection was optimised to reduce overall data acquisition times whilst accepting a
decreased sample resolution (C1, C2, C4, C5). The X-ray acceleration voltage was 40 keV.
A reference scan was collected at the end of each run to enable post-alignment correction and
therefore compensate for potential shifts during the scan. Image reconstruction included beam
hardening corrections and ring artefact reduction which were performed using NRecon with
InstaRecon (version 1.7.1.6, Bruker, Kontich, Belgium). Visualisations of the image stacks
were rendered using CTVox (version 3.2.0, Bruker, Kontich, Belgium).
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5.2.3 3D Image Processing and Single Particle Analysis

Micro-XRT image processing and analysis strategies were implemented in MATLAB R2018a
(version 9.4.0.813654, MathWorks, United States). Structural features were extracted globally
for the full sample from each capsule and for each individual pellet within the capsules.
Global features were defined as the capsules dimensions (i.e. max. length, mean diameter) and
internal porosity distribution. The measured porosities were further separated in order to distin-
guish inter- and intra-pellet porosity. This required a custom-made script to establish a region-
of-interest (ROI) for the pellet distribution (V_CP_ROI) using a 3D-morphological closing op-
eration and a secondary enclosed background filter integrated in a feedback-loop for detected
internal background volumes previously described to define single particle ROIs [7]. Voxel-
based arithmetic operations were used to calculate the internal capsule volume (V_CS_InV),
the total intra-pellet porosity (V_CP_Poros) and inter-pellet void space (V_CS_Poros) of the
capsule sample. Details on the calculations are included in Section A2.2 (ESI, page A3).
A marker-controlled watershed transformation algorithm [274] was applied to separate all con-
nected "touching" primary objects within V_CP_ROI and to allow a subsequent structural anal-
ysis of each individual pellet. The image processing workflow for a successful volume segmen-
tation using a marker-controlled watershed transformation of two connected objects is shown
in Fig. 5.2. Reconstructed image cross-sections (Fig. 5.2a) are initially pre-processed using an
edge-preserving local contrast image filter to reduce random image noise on grayscale. Image
binarization (Fig. 5.2b) is performed with a histogram-based thresholding algorithm to convert
the images to a monochromatic logic-mask [221]. Remaining noise in the created binary image
stack is removed with a series of noise reduction algorithms including a 3D sweep operation for
non-connected binary object volumes. The image ROI (V_CP_ROI, Fig. 5.2c) is transformed
into an Euclidean distance map with primary object markers superimposed in the local 3D min-
ima (Fig. 5.2d). The distance-based grayscale image stack allows the successful application of
the marker-supported watershed transformation to achieve a separation of the primary objects
(Fig. 5.2e).
The segmented pellets from each capsule were further processed and analysed individually to
extract a total of 206 features related to size, shape, porosity, surface and orientation. A detailed
overview of the extracted features is provided in Chapter 4, Section 4.3.5. Basic features are
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Figure 5.2: Image processing sequence to separate connected particle volumes. (a) Raw image
data, (b) image binarization, (c) particle ROI, (d) marker-controlled watershed seg-
mentation using a distance transformation with superimposed region markers and
(e) separated particles.

derived from the evaluation of image moments [275]. The zeroth order image moment for a
binary digital image gives the total object voxel volume (3D). The first order moments contain
information on the object centroid. The central moments include the components of the image
centroid to provide translation invariance. The second order central moments allow the extrac-
tion of information about the object orientation within the 3D image space. Information on the
object orientation and location were further used to isolate translation- and rotation-invariant
2D cross-sections (IEV) normal to the eigenvectors of an ellipsoid with matching second order
central moment. For this 3D-to-2D transformation, the eigenvectors were utilised to consis-
tently re-slice the 3D image stack as visualised in Fig. 5.3 independent of the pellet position
and its 3D orientation. These 2D cross-sections (IEV1 - IEV3) enabled additional applications
for feature extraction with established 2D image algorithms. 162 features of the total 206 pellet
features are extracted from the analysis of the images IEV1 - IEV3.

5.2.4 Feature-based Particle Classification: ReliefF and SVM

A feature-based particle classification model was implemented to detect broken objects within
the population of pellets. The ReliefF algorithm is a filter-method approach which can be used
in conjunction with a labelled training dataset for the selection of features in categorical multi-
dimensional classification problems [270, 271, 272, 273]. ReliefF ranks features according to
their correlation with a labelled training dataset using a k nearest neighbors method. Extracted
features were evaluated to identify those with the highest predictive power for this binary object
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Figure 5.3: 3D-to-2D image transformation: (a) The image eigenvectors are calculated from
the 3D particle model (V_ROI) based on its second central image moment. (b)
The 3D stack is re-sliced along the planes normal to the eigenvectors. (c) Three
characteristic translation- and rotation-invariant 2D cross-sections (IEV1 - IEV3)
are isolated.

classification problem: broken versus non-broken pellets. The ReliefF feature selection method
was available in MATLAB and was performed using the training dataset (DTR). The number
of nearest neighbors was selected to include the maximum number of labelled training objects
providing class balance (k =min([# non-broken, # broken]) = 23). Including all observations of
the minority class ensures maximum robustness against noise, but limits the detection of feature
dependencies in the context of nearest neighbor locality to the majority class [271]. Additional
details are provided in Section A2.5.1 (Appendix, page A16).
SVMs were employed to build a feature-based object classification model in order to identify
broken pellets within the population [264]. The n-dimensional training dataset (DTR, each ob-
servation xi ∈ Rn) was used to build One-Class and Two-Class SVM models in MATLAB.
The feature data were standardized to avoid scale effects on the classification outcome. The
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employed SVM kernel function was a radial basis function (RBF) to better adapt the optimal
separating hyperplane (OSH) to non-linear data distributions. The One-Class SVM (OC-SVM)
model was generated only considering observations of the non-broken pellets in the training
dataset to create a close decision boundary around the majority class. The Two-Class SVM
(TC-SVM) model was built using soft margins and prior probabilities proportional to the class
membership distribution in DTR (broken:non-broken,1:38). The kernel scale and the box con-
straints for the TC-SVM model were selected automatically employing a Bayesian strategy
for global optimisation using 4-fold cross-validation [264]. Additional details are provided in
Section A2.5.3 (Appendix, page A17).

5.3 Results and Discussion

The micro-XRT characterisation of each sample consists of basic steps of micro-XRT data
acquisition, micro-XRT image reconstruction and an initial optimisation of image processing
parameters for noise reduction (Fig. 5.4, Stage 1 - 4). This chapter focuses on the subsequent
analysis of the micro-XRT image data. Specific to this sample, the ibuprofen capsules were
initially investigated to describe the multi-particulate systemwith specific measurements of size
and overall porosity distribution (see Section 5.3.1). The segmentation of the pellet population
permits an in-depth assessment of the structural attributes for each isolated pellet related to
properties describing object size, shape, porosity, surface and orientation (Fig. 5.4, Stage 5 - 6,
see Section 5.3.2 - Section 5.3.3). All extracted features were assessed as part of a sensitivity
analysis to evaluate the feature robustness against changes in micro-XRT image quality and
image processing parameters (Fig. 5.4, Stage 6, see Section 5.3.3). Three features were further
identified with a ReliefF feature selection approach and used within a SVM classification model
to detect broken pellets (Fig. 5.4, Stage 7 - 8, see Section 5.3.4). The features were selected to
target distinct attributes of the pellet related to its size, shape and surface.
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Figure 5.4: Full workflow combining micro-XRT analysis and machine learning methodologies
for the characterisation of multi-particulate capsule formulations.

5.3.1 Capsule - Full Sample Analysis

The dataset C0 was initially investigated using two manually defined regions-of-interest of the
capsule shell (V_CS_ROI) and the pellet population (V_CP_ROI). This initial analysis exem-
plifies potential applications of micro-XRT extracting information on a global sample level to
obtain an overview of key characteristics for this multi-particulate system. The results are listed
in Table 5.1. They include a quantification of the sample’s volume distribution as well as mea-
surements of selected sample attributes which are linked to the capsule production process.
Whilst beyond the scope of this study, this information could ultimately be used for process
optimisation and/or to support a predictive framework, for instance to assess the product’s final
performance [276].
The total internal capsule volume (V_CS_InV) is sub-divided into the pellet volume occupied
by its solid phase (V_CP), large inter-pellet void space (V_CS_Poros) and intra-pellet porosity
(V_CP_Poros). The pellets account for 48.39% of the internal capsule volume, less than half of
V_CS_InV, corresponding to a fill height of 16.09 mm. The capsule dimensions are expressed
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Table 5.1: Quantification of capsule volume distribution and individual measurements includ-
ing capsule ROI surface area (AS,V_CS_ROI), pellets ROI surface area (AS,V_CP_ROI),outer diameter of the capsule body (dc) and capsule wall thickness (sc).

Absolute Volume Distribution Individual Measurements
Capsule Volume (V_CS_ROI) 603 mm3 Max. Length (Feret) 19.45 mm
Capsule Shell Volume (V_CS) 56 mm3 Filled Height 16.09 mm
Capsule Internal Volume (V_CS_InV) 548 mm3 Filled Volume 48.39%
Capsule Void Space (V_CS_Poros) 279 mm3 AS,V_CS_ROI 562.6 mm2

Pellet Volume (V_CP_ROI) 269 mm3 AS,V_CP_ROI 1253.9 mm2

Pellet Solid Phase Volume (V_CP) 201 mm3 dc 6.55 ± 0.01 mm
Pellet Porosity Volume (V_CP_Poros) 68 mm3 sc 112 ± 3 �m

using its maximum length (Feret) and the outer diameter of the capsule body (dc) which are
19.45 mm and 6.54 mm, respectively. Additionally, the capsule wall thickness (sc) and its
surface area (AS,V_CS_ROI) were quantified with the associated variation in thickness across the
sampled regions which are 112 ± 3 �m and 562.6 mm2, respectively.
Fig. 5.5 shows the distribution of the pellet solid phase volume (V_CP), the pellet porosity
volume (V_CP_Poros) and inter-pellet capsule void volume (V_CS_Poros) as a function of the
capsule length. This data representation allows a quick assessment of the overall solid phase
homogeneity within the capsule. In the distribution of V_CP and V_CS_Poros, the capsule
head-space can be easily identified at a capsule height of 16.09 mm defined by a sharp decrease
of V_CP andV_CP_Poros. Themeasured length of the capsule body is 16.78mm and therefore,
the pellets reach 95.89% of its maximum filling height.
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Figure 5.5: Global sample analysis (a) detecting internal capsule void space (V_CS_Poros, red,
), pellet solid phase volume (V_CP, white, ) and intra-pellet porosity

(V_CP_Poros, blue, ). (b) The volume distribution along the capsule height
is quantified through the detected local cross-section area in the micro-XRT image
stack.

5.3.2 Capsule - Pellet Segmentation

The extraction of structural features from individual pellets of the capsules’ population requires
the successful separation and isolation of all connected "touching" objects in the total pellet
volume (V_CP_ROI, Fig. 5.6a). A marker-controlled watershed transformation was applied to
enable a robust volume segmentation of V_CP_ROI. The calculated watershed lines indicate the
optimised separation planes determined within the 3D image and are shown in Fig. 5.6b. Re-
gion markers greatly improve overall robustness against risks of over-segmentation, a common
problem associated with applications of the watershed algorithm [223]. The watershed algo-
rithm is most robust for structures with large, uniform object bodies and light touching zones
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since the optimisation of the separation planes is based on the 3D distance map of the object
ROI. The spherical pellets maximise these attributes, hence, its application is particularly ef-
fective for this sample. The separation of the pellet population in C0 resulted in 300 individual
pellets. Across all capsules (DTR and DTT) the population consisted of 294 ± 9 pellets. The
watershed-transformation was validated through a visual inspection of the segmented image
data and the isolated single pellets.

Figure 5.6: The segmentation of all "touching" pellets was achieved after applying a marker-
supported watershed transformation to (a) the pellet ROI (V_CP_ROI). (b) The
volume separating watershed lines are superimposed on the original image data to
identify individual pellet volumes.
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5.3.3 Capsule - Pellet Characterisation

Following the successful pellet segmentation (Section 5.3.2), the individual pellets were subject
to individual analysis aimed at extracting quantitative information using 206 structural features.
The features (n = 206) were categorised in terms of their relation to key particle attributes of
size (n = 61), shape (n = 104), surface (n = 12), porosity (n = 14) and orientation (n = 15). An
overview of all the features is provided in Chapter 4, Section 4.3.5. Each feature is calculated
either directly from the 3D image stack of each pellet or from three characteristic translation-
and rotation-invariant IEV cross-sections as described in Section 5.2.3.
Fig. 5.7 shows four selected features commonly used to describe the quality attributes of pellets
from extrusion–spheronization processes that can be related to process parameters and input
material attributes [277, 278]: equivalent sphere diameter (deqSph,V_ROI ∈ [90�m, 1408�m], Fig.
5.7a), absolute surface area (ASf,V_ROI ∈ [0.02 ⋅ 106�m2, 4.35 ⋅ 106�m2], Fig. 5.7b), solidity
as a measure of internal porosity (SV = VV∕VV_ROI ∈ [0.55, 0.99], Fig. 5.7c,) and particle
sphericity (Ψgl,V_ROI ∈ [0.74, 0.99], Fig. 5.7d). The distribution of each of the four features
is visualised to provide an indication of the range of values across all pellets in the capsule.
Comparing the results of the analysis, the distributions are highly consistent for deqSph,V_ROI,
ASf,V_ROI, and Ψgl,V_ROI across all capsules. However, the distributions of SV in Fig. 5.7c
show statistically significant differences (Two-sample t-test rejects H0 of equal means at 5%
significance level). This is however a consequence of the sensitivity of the measurement to
the specific micro-XRT acquisition and image analysis parameters used. The changes in SV
correlate with changing data acquisition parameters between capsules with high micro-XRT
image quality (slow acquisition, C0 and C3) and lowmicro-XRT image quality (fast acquisition,
C1, C2, C4 and C5). Accelerated micro-XRT image acquisition leads to an average increase of
the measured solidity (SV) from 68.71 ± 4.72% to 95.88 ± 1.48%.
The quantification of features from image data is often subject to variability in the image data
quality and the selection/optimisation of image processing parameters [263, 262]. Therefore,
a sensitivity analysis was performed to assess the robustness of extracted features within the
micro-XRT analysis workflow using a customised sampling method targeting implemented al-
gorithms for noise reduction and binarization as described in Table A3 (ESI, page A4). Changes
in micro-XRT image quality were simulated using a Gaussian filter to systematically introduce
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Figure 5.7: Normalised number density distributions (q0) of four selected features describing
the pellet populations regarding (a) pellet size (deqSph,V_ROI), (b) pellet surface area(ASf,V_ROI), (c) pellet porosity (SV) and (d) pellet shape (Ψgl,V_ROI).

image blurring. Sensitivity analysis was carried out with a dataset of five randomly selected
pellets of each class (non-broken and broken) from C0. Features related to the particle porosity
(V_P_Poros), the absolute particle volume (V_P) and its orientation exhibit the highest vari-
ability for different micro-XRT image data qualities and image processing parameters. This
variability is linked predominantly to difficulties in the detection of micro-porosities with a
local thickness below 25 �m (details are provided in Table A4, ESI, page A5). These micro-
porosities contribute to 98.82 ± 1.56% of the total pellet porosity. Their critical length scale
of 25 �m corresponds to a minimum of 4 - 5 pixels in the low resolution (C1, C2, C4 and C5)
and 10 pixel in the high resolution (C0 and C3) micro-XRT images, respectively. Failing to
detect internal micro-porosities decreases the measured V_P_Poros and simultaneously gives
an apparent rise in V_P. Small variations in V_P can further have a significant impact on the
determined orientation, especially for highly isotropic objects. In total, 132 features exhibit

95



5 XRT Image Analysis and Machine Learning for the Characterisation of Multi-Particulates

values above a 10% variability threshold comparing the feature residuals at individual sampling
points relative to the user defined ground truth (visual validation). The remaining 74 features
are assumed to be robust within the employed image analysis framework. Details of the sen-
sitivity analysis are presented qualitatively and quantitatively in Section A2.3 (ESI, page A4,
Fig. A2 and Fig. A3). Depending on the objective for the micro-XRT analysis, features with a
high-sensitivity to micro-XRT image quality and parameters of the image processing/analysis
workflow require careful validation with complementary sample characterisation techniques.
The variability of individual features depends significantly on the nature of the sample, which
may have to be monitored and re-evaluated for changing specimens. Here, features with a vari-
ability of more than 10% were excluded from the feature-based object classification models.
Details on features removed on this basis are listed in Table A5 (ESI, page A12).

5.3.4 Capsule - Pellets Classification

Extracted features were utilised as part of a classification model for the automatic detection and
quantification of broken pellets within the population. The successful implementation included
a feature selection approach (Section 5.3.4.1). Selected features were used to build and validate
SVM classification models (Section 5.3.4.2). The training dataset (DTR) combined pellet infor-
mation from three capsules, C0 (high resolution mode), C1 and C2 (fast acquisition mode). The
remaining data (C3 , C4 and C5) were included in a test dataset (DTT) to validate and evaluate
the model performance.

5.3.4.1 Feature Selection

74 structural pellet features were assessed using a feature selection approach to identify a sub-
set best suited for a feature-based pellet classification model for the reliable detection of broken
pellets within the population. The feature selection approach aims to reduce the dimensionality
of the captured feature space removing redundant or noisy features. Features with a limited pos-
itive impact on the classification performance can be excluded from future micro-XRT image
analysis, accelerating routine characterisation as well as improving model accuracy and robust-
ness against overfitting. The identification and selection of predictive features is particularly
important for datasets with imbalanced class membership distributions to include features that
provide inter-class discrepancy and to exclude features with high intra-class noise [279].

96



5 XRT Image Analysis and Machine Learning for the Characterisation of Multi-Particulates

A ReliefF feature selection approach was utilised to evaluate and rank the correlation of all
features with the class membership of DTR. A high correlation of individual features with the
assigned broken/unbroken class membership suggests a high predictive power for the subse-
quent feature-based classification model. The top 5 features of the ReliefF ranking relate to
shape properties. As expected for this sample with highly spherical pellets, the highest ranking
feature describes the overall pellet sphericity comparing the pellet volume to a sphere with equal
maximum Feret diameter (SFmaxFeretSph,F,V_ROI, rank 1, Fig. 5.8a). Additional high-ranked fea-
tures from other structure-related categories are quantitative information on the pellets’ size
(SFElps,SA,r3,V_ROI, rank 6, Fig. 5.8b) and surface attributes (SVCH,V_ROI,IEV1, rank 7, Fig. 5.8c).
Interestingly, SVCH,V_ROI,IEV1 is closely related to SVCH,V,IEV1 which captures particle porosity
information using a 2D Convex-Hull. Applied to V_ROI, the same algorithm quantifies con-
cave areas on the object surface [7]. Therefore, SVCH,V_ROI,IEV1 can be regarded as a measure
of surface roughness. SFElps,SA,r3,V_ROI is linked to the pellet size and is an absolute measure of
the shortest characteristic length of a surface-fitted ellipsoid to V_ROI. In contrast, the other re-
maining characteristic lengths of this ellipsoid, SFElps,SA,r1,V_ROI and SFElps,SA,r2,V_ROI, are at po-
sition 39 and 36 of the ReliefF ranking, respectively. The high performance of SFElps,SA,r3,V_ROI
not only relates to the expected smaller absolute sizes of the broken pellets, but also to its ability
to capture specific shape-related aspects with an increasing deviation between SFElps,SA,r1,V_ROI
and SFElps,SA,r3,V_ROI for non-spherical objects. The combination of both, aspects of size and
shape, is beneficial to distinguish between broken and non-broken pellets. The results of the
ReliefF ranking align well with calculated p-Values for DTR, where 72 of the 74 features show
a statistically significant deviation between the feature distribution of non-broken and broken

pellets (Two-sample t-test rejectsH0 of equal means at 5% significance level). F-scores are an
alternative approach to select features for SVM classifiers [280] and were compared to validate
the feature selection approach. They show a similar feature ranking, however, fail to address
important feature-feature dependencies. The full ReliefF ranking of the 74 investigated pellet
features and their calculated ReliefF weights, p-Values and F-scores are listed in Table A6 (ESI,
page A15).
Three features, SFmaxFeretSph,F,V_ROI, SFElps,SA,r3,V_ROI and SVCH,V_ROI,IEV1, from distinct
structure-related categories describing shape, size and surface properties were included in the
selected feature subset for a pellet classification model. Each feature is presented in Fig. 5.8 a-c
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Figure 5.8: Selected features for a classification of (left) non-broken and (right) broken pellets:
(a) sphericity (SFmaxFeretSph,F,V_ROI), (b) shortest characteristic length of a fitted el-
lipsoid (SFElps,SA,r3,V_ROI), and (c) surface roughness (SVCH,V_ROI,IEV1).

with representative examples of its extreme values (first and fourth pellet from the left) as well
as an example at the population mean of each, non-broken and broken pellets (second and third
pellet from the left). Scatter-plots of all feature combinations are provided in Fig. A4 (ESI, page
A16). SFmaxFeretSph,F,V_ROI and SFElps,SA,r3,V_ROI have both a broad distribution in comparison
to SVCH,V_ROI,IEV1. The narrow distribution of SVCH,V_ROI,IEV1 correlates to the high convex-
ity of the spherical shape and aligns with visual inspections of individual pellets which exhibit
highly smoothed surfaces, even for broken pellets. This could indicate that pellet breakage oc-
curs predominantly during the spheronization process itself, where freshly created broken pellet
pieces experience high attrition and smoothing of their edges. The selected feature subset from
distinct structure-related categories aims to increase the robustness of the classification model
against potential variability in individual structure-related categories with risks of high feature
correlation.
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5.3.4.2 Support Vector Machine for binary Classification of Formulated Pellets

The number of broken pellets is expected to be highly under-represented in the overall pellet
population with an expected probability of less than 5%. In case of DTR the broken pellets
account for 2.33% (C0, n = 7), 3.77% (C1, n = 11) and 1.75% (C2, n = 5) of the total pellet
population, respectively. The combined training dataset (DTR) has a class imbalance of 1:38
for broken:non-broken pellets. A One-Class SVM (OC-SVM) model and a Two-Class SVM
(TC-SVM) model are compared in the following to assess their performance addressing risks
of a high class imbalance. The results are shown in Fig. 5.9a and b, respectively.
OC-SVMs generate models with highly sensitive decision surfaces, which are often used for
outlier-detection, where only very limited or no training data for outliers, the minority class,
are available [269]. The trained OC-SVM model is shown in Fig. 5.9a. The OC-SVM cre-
ates a tight decision boundary around the feature data of the non-broken pellet population of
the pre-classified DTR data (n = 854, dark blue circles). Population outliers in this model are
related to observations of broken pellets (n = 23, red squares). Using a RBF kernel, the de-
cision boundary can be improved to capture non-linear feature distributions. Expanding the
feature space to include information on the pellet surface roughness (SVCH,V_ROI,IEV1) leads to
a re-classification of 5 non-broken pellets (Fig. 5.9a, × Re-Labelled n-Dim), slightly improving
the OC-SVM model with a total classification accuracy of 99.55% (precision broken pellets:
86.20%) assessed using test data of a population of 886 pellets in DTT. The high sensitivity
of the OC-SVM model decision surface leads to a misclassification of 4 non-broken pellets as
broken, which corresponds to 0.46% of the 861 non-broken pellets in the DTT. In contrast, all
broken pellets were correctly identified. Increasing the training dataset over time after review-
ing and including observations of pellets in the OSH margin region can further improve the
classification accuracy for non-broken pellets, but might shift the decision boundary towards
the broken pellet population.
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Figure 5.9: SVM models with RBF kernels for the feature-based classification of 886 pellets in
DTT ( OSH: SVM score 0, OSH margin: SVM score ∈ [−1, 1]). (a)
OC-SVM generates a tight OSH around the feature point-cloud of all non-broken
pellets with a high sensitivity towards data outliers. The OC-SVM has an accuracy
of 99.55% (precision broken pellets: 86.20%). (b) TC-SVM successfully classified
all pellets in DTT. (×) Individual objects were re-classified after expanding the fea-
ture space including SVCH,V_ROI,IEV1. (◦ 1 - 4) Selected TC-SVM support vectors
are compared in details in Fig. 5.10.
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Alternatively, the training data (DTR) can be used as part of a TC-SVM to create a OSH con-
sidering feature information from both classes of broken and non-broken pellets. The trained
TC-SVM model with RBF kernel is shown in Fig. 5.9b. Prior probabilities were selected
proportional to the known class membership distribution of DTR (1:38, broken:non-broken)
specifically penalizing the misclassification of broken pellets and shifting the OSH towards the
majority class. The TC-SVM models’ hyperparameter optimisation yielded changing values
for the applied box constraints (BoxC) of both classes with high regularization for the major-
ity non-broken pellet class (BoxC = 0.29) and low regularization with hard margins for the
minority broken pellet class (BoxC = 411.39), indicating significant differences in the model
capability to generalize observations of both classes. The TC-SVM model correctly classified
all 886 pellets in the test set (DTT) using feature data of SFmaxFeretSph,F,V_ROI, SFElps,SA,r3,V_ROI
and SVCH,V_ROI,IEV1. In comparison to the OC-SVM model, the classification accuracy is fur-
ther improved, however, the TC-SVM model increases risks for the misclassification of broken
pellets, significantly extending the OSH margins for non-broken pellets. Especially for areas of
the feature space represented by only few or no observations in the DTR, the TC-SVM model
could fail to detect population anomalies with highly unusual feature combinations. These could
result from significant changes in the manufacturing process and are expected to be located in
the OSHmargin. Similar to the OC-SVMmodel, individual cases in proximity to the OSHmar-
gin can be reviewed in order to identify potential cases of pellet misclassification and further
improve the model robustness over time. For the TC-SVM model the number of observations
in the OSH margin increases to 40 pellets (non-broken 30, broken 10) compared to 4 pellets
(non-broken 4, broken 0) for the OC-SVM model.
Selected pellets acting as support vectors of the TC-SVM model are shown with their corre-
sponding feature combinations in Fig. 5.10. These pellets contain feature combinations located
in proximity of the OSH. The direct comparison supports the selection of features from distinct
structure-related categories to capture the full spread of the broken pellet population. Pellet
2 has a SFElps,SA,r3,V_ROI of 421.95 �m, which is larger than the smallest non-broken pellet in
DTR (Pellet 1, 375.11 �m). However, Pellet 2 can be easily distinguished using information
on surface roughness (SVCH,V_ROI,IEV1), where the population of non-broken pellets exhibits a
narrow distribution of 0.989 ± 0.002. In contrast, Pellet 3 has a low sphericity quantified using
SFmaxFeretSph,F,V_ROI, but a large absolute size expressed in SFElps,SA,r3,V_ROI. In general, smaller
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Figure 5.10: Individual (1,3) non-broken and (2,4) broken pellets with feature combinations as-
sociated to support vectors of the TC-SVM classification model defining the OSH
margin. The examples visualise the importance of a multi-dimensional feature
space targeting distinct pellet properties related to shape, size and surface char-
acteristics. Large broken pellets (pellet 2, high SFElps,SA,r3,V_ROI) can be distin-
guished by their surface characteristics (SVCH,V_ROI,IEV1). Small, rounded pellet
pieces (pellet 4) can be identified using SFElps,SA,r3,V_ROI.

broken pellets tend to exhibit a wider distribution of shape- and surface-related features (e.g.
Pellet 4). Here, SFElps,SA,r3,V_ROI as an absolute measurement of the pellet size ensures a robust
classification.
The high accuracy and precision of the SVM models suggest a strong performance of the se-
lected feature space to solve this classification problem aiming to identify broken pellets in
each capsule. The successful quantitative characterisation of the population of pellets across all
measured capsules can be used to evaluate the sample against product specifications for quality
control or to assess the impact of changing formulation and/or process parameters. Additionally,
the non-destructive nature of the micro-XRT analysis allows a correlation of extracted informa-
tion to the sample’s performance data, which may explain and ultimately predict final product
performance such as dissolution where particle breakage may have an effect. The presented
micro-XRT analysis approach has the potential to be translated to other pharmaceutical systems
such as crystallisation, spherical agglomeration, granulation and tableting. Feature selection
and classification models can be adapted to target changing research objectives. The extrac-
tion of quantitative information from these systems with complex multi-dimensional structural
properties can help to improve the understanding of product transformations within individ-
ual unit operations to optimise pharmaceutical manufacturing processes and accelerate process
development. In combination with quality controls for managing extensive experimental data,
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ML strategies can be utilised to identify patterns and inference in the product characteristics.

5.4 Conclusions

Micro-XRT was successfully employed to characterise a solid pharmaceutical multi-particulate
product quantifying structural attributes of the entire sample and of its primary particles. The
implemented algorithms to reliably extract features of the primary particles were essential to
allow an in-depth statistical evaluation of the population and were utilised in the first instance to
assess pellet uniformity. Feature robustness was further tested against variations in image qual-
ity and image processing parameters showing significant feature-dependent deviations, hence
promoting the importance of a sensitivity analysis for applications of a quantitative micro-XRT
characterisation. The combination of image analysis with feature selection and MLmethodolo-
gies was essential for the recognition of underlying patterns in these high dimensional datasets
with complex structure-related feature combinations. Here, it allowed the automatic detection
of all 25 broken pellets within a test dataset of 886 pellets at a minimum accuracy of 99.55%
and a minimum precision for the classification of broken pellets of 86.20%. The application
of this systematic characterisation workflow combining quantitative micro-XRT analysis with
ML models shows promising performance as a novel approach for an automated analysis of
micro-XRT image data. These analysis frameworks are invaluable across a wide range of phar-
maceutical multi-particle systems, and only restricted by limitations of the micro-XRT image
acquisition system. Quantitative information on structural particle properties have direct appli-
cability in quality control and can be utilised to inform product and process development. The
non-destructive nature of this characterisation method permits the additional assessment of the
product performance to gain valuable insights into structure-performance relationships for phar-
maceutical systems. Future work will focus on the translation of the demonstrated capabilities
to a wider range of pharmaceutical solid products.
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Abstract: The implementation of a particle design platform that can be applied to novel phar-
maceutical systems using acoustic levitation (SAL) and X-ray tomography (XRT) is discussed.
Acoustic levitation was employed to provide a container-less particle design environment for
single droplet evaporation experiments. Dried particles were subject to further visual and
quantitative structural analysis using X-ray tomography to assess the three-dimensional volume
space. The workflow of the combined SAL-XRT platform has been applied to investigate
the impact of increasing HPMC K100LV concentrations on the evaporation, drying and
final particle morphology of particles from a model pharmaceutical formulation containing
metformin hydrochloride and D-mannitol. The morphology and internal structure of the
formulated particles after drying are dominated by a crystalline core of D-mannitol partially
suppressed with increasing HPMC K100LV additions. The final structure can be correlated
to the observed evaporation kinetics. The characterisation of formulated MET hydrochloride
particles with increasing polymer content demonstrated the importance of an early-stage
quantitative assessment of formulation-related particle properties. The ability to study the
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evolution of solid phase formation and its influence on the final particle morphology can enable
the selection of formulation and process parameter that deliver the desired particle structure
and consequent performance by design.

Keywords: Pharmaceutical Formulation Development, Single Droplet Evaporation, XRT
Particle Structure Analysis, Crystallisation, Acoustic Levitation

Highlights:

• Using acoustic levitation and X-ray tomography for particle formulation development.
• Péclet numbers to interpret experimental observations of particle formation.
• Reduced liquid evaporation rates due to the polymer prior to solid skin formation
• Quantitative descriptors for particle morphology from X-ray tomography
• Changes in the internal microstructure have an impact on the final particle shape

Figure 6.1: Graphical abstract Chapter 6.

6.1 Introduction

Spray Drying is a one-step continuous drying and isolation process broadly applied in the phar-
maceutical and food industry to transform a liquid solution or primary particle suspension into
a dry, solid powder [3]. Entering the drying chamber, the continuous flow is dispersed into
a spray of droplets which are brought into contact with a dry hot gaseous flow. The complex
evaporation and solidification processes are dominated by simultaneous transfer of heat, mass
and momentum. The process conditions influence a number of particle properties including
particle size, shape, morphology, porosity, density and mechanical stability [42, 1, 281, 282].
Spray Drying also has the potential to produce crystalline or amorphous materials as well as
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formulated systems which can be used to achieve drug formulations with distinct performance
qualities [283, 284, 116, 285, 18, 114, 67].
The need for small-scale experimental platforms especially for continuous drying applications
has previously been highlighted by academia and industry [286]. Systems for small scale droplet
drying experiments allow the characterisation of the evaporation process for individual droplets
and have been used to study the influence of the compound system and the process conditions
on the attributes of the obtained final particles. Monitoring the evaporation and particle evolu-
tion enables the extraction of quantitative kinetic information that can support semi-empirical
modelling of the drying process to inform development before moving to lab-scale. Groups
have been using droplet drying experiments to investigate droplet shrinkage [69], skin forma-
tion [70, 83, 102] and buckling phenomena of droplets undergoing drying [287, 41]. Acoustic
levitation provides a container-less environment for single droplet evaporation experiments with
a minimised risk for heterogeneous nucleation events and conductive heat transfer compared to
similar experiments with individual droplets suspended on a filament. Quasi-stationary levi-
tated droplets can be monitored to study liquid evaporation and particle formation processes.
Applications utilising acoustic levitation to study single droplet evaporation or to perform single
particle experiments of various compound systems have been reported in detail in the literature
[102, 12, 288, 107, 289, 290, 101, 103]. The particles from such experiments can be assessed
in terms of their critical solid state properties and performance. Optimisation of these particle
properties through a deep understanding of the solid formation process is a key objective of par-
ticle engineering. Control or improvement of material-handling in the manufacturing process
and the enhancement of product performance linked to attributes such as mechanical stability
[103], compressibility [60, 238], solubility [284, 49] and solid state stability [290] are just two
potential areas of interest. X-ray tomography (XRT) has been applied to a number of pharma-
ceutical systems for sample visualisation and / or to extract quantitative data on particle size,
surface, shape and porosity [157, 291, 158]. XRT can be applied non-destructively to char-
acterise a broad range of solid samples and is not limited to individual bulk or single particle
properties. Importantly, the results of XRT analysis can be further related to the dynamics of
the solidification process observed in the single droplet evaporation experiments, which is an
aspect of increasing interest and reseach efforts [83, 41].
In this paper we demonstrate the investigation of particle formation processes using an acous-
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tic levitator (SAL) and the subsequent structural characterisation with XRT. The combined
SAL-XRT platform can capture and quantify time-related effects such as evaporation kinet-
ics, solid phase nucleation and drying rates as well as gives access to information on the final
solid structure. The SAL uses optical and thermal imaging to monitor the evaporation process
[287, 107, 292]. High-resolution XRT measurements enable to link the particle formation pro-
cess to its final morphology and internal structure. This bespoke approach is applied to develop
a single particle formulation for metformin hydrochloride (MET). As one of the World Health
Organization’s List of Essential Medicines, MET is widely used to treat non-insulin-dependent
diabetes mellitus [293]. In solid form, metformin is commonly available as a highly water-
soluble HCl salt and typically compressed into tablets for oral administration with high dose per
tablet of 500 mg to 1500 mg. The high drug load can cause problems during tableting and the
short biological half-life commonly requires repeated administrations [294, 295]. A number of
groups worked on formulated systems to produceMET-tablets with optimised compaction prop-
erties and/or dissolution properties to control the drug release profile [238, 294, 295, 296, 297].
Commercial derivatives of hydroxypropyl methylcellulose (HPMC) are frequently included in
these oral controlled-release formulations and exist in variousmodifications andmolecular sizes
[298]. D-mannitol (MAN) is a common excipient for spray drying applications and can be used
in formulations for diabetes mellitus treatment. MAN was added as a diluent to reduce the
drug-load below 50 wt%.

6.2 Materials and methods

6.2.1 Chemicals / Samples

MET andMANwere sourced fromSigma-Aldrich (St. Louis, USA). HPMCwas kindly donated
from Ashland (Benecel K100LV PH PRM, Covington, USA). Stock solutions were prepared
at a concentration of 300 mg/mL for MET, 150 mg/mL for MAN, and 10 mg/mL for HPMC
K100LV. The stock solutions were used to prepare the solutions for each formulation listed
in Table 6.1. Solution concentrations used for the drying experiments of pure and formulated
systems were selected to achieve a comparable absolute solute mass enabling reliable imaging
and levitation. All samples were prepared with filtered and deionised water (WAT, Milli-Q,
Merck KGaA, Germany) and thoroughly mixed with a table vortex before usage.
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Table 6.1: Preparation schemata for solutions of metformin hydrochloride, D-mannitol and
Benecel K100LV PH PRM with sample ID and starting concentrations (c0).

Sample c0,MET[mg/mL]
c0,MAN[mg/mL]

c0,HPMC[mg/mL]
MET_75 75 - -
MAN_75 - 75 -
HPMC_10 - - 10
MS_0 18.75 18.75 -
MS_1 18.75 18.75 0.375
MS_2 18.75 18.75 0.750
MS_3 18.75 18.75 2.250
MS_4 18.75 18.75 4.500

6.2.2 Single Axis - Acoustic Levitator

A single-axis acoustic levitator (SAL, Materials Development, Inc., Arlington Heights, USA)
was used to perform container-less single droplet evaporation experiments (Fig. 6.2). The
acoustic levitator has been described in detail elsewhere [288]. An additional custom-build
electric incubation system (Okolab, Naples, Italy) was employed as an enclosure of the SAL
to provide control over the surrounding temperature and humidity levels. The enclosure con-
sists of heated walls and windows for both imaging systems. Nitrogen was used as a drying
gas. The nitrogen was filtered and pre-heated before entering the chamber at 0.4 L/min. The
temperature was kept constant and was constantly measured with a temperature and humidity
sensor (AM2302, Adafruit Industries, USA) integrated in the enclosure. The measured relative
humidity in all experiments was less than 2.5%RH. The average ambient temperature in the
enclosure was 42.76 ± 0.15 ◦C. Prior to any experiments, the system was given a warm-up pe-
riod of at least one hour to reach stable conditions monitored in terms of humidity, temperature
and the generated acoustic signal.
In order to characterise the droplet evaporation process, each experiment was monitored util-
ising a Fastcam SA1.1 high speed camera (Photron, Tokyo, Japan) and an A6702sc thermal
camera (FLIR Systems Inc., Wilsonville, USA). Images from the live stream of the high speed
camera were collected at 1 fps. The images were used to monitor the evaporation process and
to detect the onset of solid phase formation. During acoustic levitation, the droplet is deformed
into an oblate spheroid. The volume and surface area were calculated from the major and minor
axis using an ellipse fitting method for each image of the 2D droplet projection. The evapora-
tion mass flux (ṁ) was calculated iteratively from the changing droplet volume over time and
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Figure 6.2: (Left) Experimental Setup with (1) acoustic levitator with two opposed transducers
and an enclosure with (1b) a sensor for measuring temperature and relative humid-
ity. The evaporation process is monitored using (2) a high speed - and (3) thermal
imaging systems. The droplets are back-illuminated with (4) an LED light source
plus diffuser. Nitrogen is filtered, heated and the flow is regulated with a system
from Okalab (5 - 6). (Right) Image analysis allows the extraction of information on
the droplet volume and surface temperature for the course of the evaporation pro-
cess to detect initial solid skin formation (Lockpoint, LP) and reaching a state with
constant end temperature (TDry).

is expressed in relation to the available droplet surface area. Here, the initial point of skin for-
mation at the droplet lockpoint (LP) is defined by a discontinuous change of the mass flux at
the final inflection point of the droplet volume curve before reaching a constant end-volume.
An example is presented in Fig. A6 (ESI, page A20). Thermal images were used to extract sur-
face temperature information from the droplets and particles after reaching LP. The recorded
surface temperature information can be used to identify the state of liquid evaporation at wet-
bulb temperature and characterise the particle surface heating kinetics after skin formation until
reaching a stable end-temperature for the dried particle [107, 292]. The droplet surface tem-
perature information from thermal imaging were corrected with an emissivity factor of 0.96 for
water [292] . Following LP, the thermal emission can change depending on the characteristic
thermal radiation emitted from the solid phase composition. Therefore, the thermal emissivity
factor for each solid phase composition was estimated from the recorded temperature of the
particle surface after reaching a constant end-temperature level (TDry) and the corresponding
recorded ambient temperature (T∞). The applied thermal emissivity correction factors (") for
each tested composition are listed in Table A7 (ESI, page A19).
Measured heat- andmass-transfer kinetics of the liquid phase during droplet drying in the acous-
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tic levitator can be impacted through effects related to acoustic streaming as described in Section
1.2.2. The impact of acoustic streaming was not further investigated in this study and calcu-
lations are focused on a description of the solute diffusion inside the droplet droplet assuming
steady-state evaporation in accordance with the d2-law (Equation 6.3).

6.2.3 X-ray Tomography and XRT Image Analysis

A SKYSCAN 2211 X-ray tomograph (NanoCT, Bruker, Kontich, Belgium) with cone-beam
arrangement was employed for this project. The samples were scanned with an image pixel
size of 1.2 �m - 1.8 �m, frame averaging of 4 and a rotation step size of 0.2◦ (total rotation of
180◦). The X-ray acceleration voltage was set to 40 keV. A reference scan was collected at the
end of each run to enhance post-alignment and compensate for potential shifts during the scan.
Image reconstruction was performed using SkyScan NRecon with InstaRecon (version 1.7.1.6,
Bruker, Kontich, Belgium).
XRT image processing was carried out with custom scripts developed in MATLAB (Math-
Works, USA). Images of each processing stage are displayed in Fig. 6.3. Individual recon-
structed images were pre-processed using an edge-preserving image filter (anisotropic diffu-
sion [218, 299]) or local low-contrast smoothing in case of HPMC K100LV to reduce random
noise and prepare the images for subsequent binarisation (Fig. 6.3 a). The binarisation was
performed with a histogram-based algorithm [221] or optimised manually. Ultimately, remain-
ing noise was removed using a size threshold of 10 voxel for black and white speckles and a
3D volume connectivity detection algorithm to remove non-connected binary volumes. The
pre-processed and binarized images yielded the detected solid phase volume (V, Fig. 6.3 b).
An additional 3D-morphological closing operation with a subsequent enclosed background fil-
ter and an integrated feedback-loop on detected internal background volumes was applied to
define a region of interest for the particle solid phase volume (V_ROI, Fig. 6.3 c). Extracted
information of each particle are descriptors of the particle shape and its volume distribution.
The absolute particle solid phase can be quantified directly from V (Fig. 6.3 b). The particle
porosity (ΔV_ROI, Fig. 6.3 d) can be calculated from a simple subtraction of V fromV_ROI. In
order to quantify concave surface volumes (ΔV_ROI_CH, Fig. 6.3 e) as a descriptor for parti-
cle surface buckling, V_ROI was subtracted from the volume space of a 3D convex hull around
V_ROI [300]. The detected volumes were related to the maximum particle space represented by
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a sphere with equivalent maximum Feret diameter (VeqSph,Feret) to counter the impact of devia-
tions in the initial droplet volume on the detected particle volume fractions. For visualisation,
image stacks were imported in CTVox (version 3.2.0, Bruker, Kontich, Belgium).
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Figure 6.3: XRT image processing to extract quantitative descriptors for particle size, shape,
porosity and surface buckling. (1) Selected single 2D cross-section images and
(2) volume-rendered 3D image stacks with insections to show internal microstruc-
ture. (a) Grayscale images after reconstruction, (b) binarized images after thresh-
olding and noise reduction (V), (c) region of interest for primary particle volume
(V_ROI), (d) particle porosity (ΔV_ROI) and (e) particle concave surface volume
(ΔV_ROI_CH).
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6.3 Results and Discussion

6.3.1 Solidification and Skin Formation of HPMC K100LV and formulated Systems of

MET

Single droplet experiments of a HPMC K100LV solution with a starting concentration of
10 mg/mL (HPMC_10, Table 6.1) were performed in comparison to pure water. Fig. 6.4 shows
the recorded normalised droplet diameter and droplet surface temperature of the evaporating
HPMC K100LV solution in direct comparison to pure water. Over the course of the SAL ex-
periment, the liquid evaporation of HPMC K100LV droplets increasingly deviates from the
evaporation of pure water. Despite these clear differences in the evaporation rate, the measured
surface temperatures remain similar, which might be the result of changing liquid emissivity for
the HPMC K100LV solution droplets whilst assuming an emissivity of water during this phase
of pure liquid evaporation (see details in Section 6.2.2). The lockpoint (LP) due to polymer skin
formation is detected after 179.79 ± 12.93 s/mm2. After the initial skin formation the rate of
water evaporation of HPMC_10 droplets is further reduced. The permeation and evaporation
of additional water through the polymeric surface layer leads to a radial pressure gradient that
causes a collapse of the particle surface inside the droplet core (SC) and the formation of a vac-
uole. The generated surface enhances the evaporation of the remaining moisture, which causes
a two-step transition to the end-temperature level as shown in the recorded surface temperature
curve after LP. Pure water droplets do not display a discontinuous reduction in the evapora-
tion kinetics as observed for droplets of HPMC K100LV. The final mean diameter of six water
droplet measured during the evaporation experiments was 345.43 �m. Below that size a levi-
tation of the droplets with the SAL set-up was not stable due to secondary acoustic reflections
from the enclosure.
Subsequent to the single droplet evaporation experiments, each HPMC K100LV particle was
collected and analysed using XRT to quantify the solid phase volume and extract other structural
descriptors on size, shape and particle porosity (Section 6.3.2). The solid phase volume of the
particles and the solid phase mass can be used to determine the solid phase true density (Equa-
tion 6.1) assuming insignificant contributions of micro-pores with sizes < 5-10 �m, which are
below the reliable detection limit of the micro-XRT analysis (see for additional details Chapter
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Figure 6.4: Drying curves for ( ◐ ) WAT and ( ◧ ) aqueous HPMC K100LV so-
lution (HPMC_10, c0 10 mg/mL). The data show an increasing deviation of the
evaporation kinetics for HPMC_10 compared to pure water over time and prior to
the detection of skin formation (LP). After LP, the particle surface collapses (SC)
before reaching an ambient end-temperature level resulting in a two-step transition
mechanism. Black symbols - normalised squared diameter, white symbols - sur-
face temperature. Data from replicates with n ≥ 3. Markers are sub-sampled from
original data.
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4 and Chapter 5). The solid phase mass is derived from the starting solute concentration (c0) and
the initial droplet volume (VDroplet,0). The solid phase volume (VCT ) can be directly quantified
from the XRT image data.

� = m
V
=
c0 ⋅ VDroplet,0

VCT
(6.1)

To approximate the HPMC K100LV diffusion coefficient in water, it is assumed that there is
no internal mixing and that the surface concentration of HPMC K100LV (cs) reaches solid
true density at LP (� = �crit = cs) by solving Equation 6.2 for a diffusion controlled surface
enrichment (E) during steady-state evaporation in accordance with the d2-law (Equation 6.3)
for Péclet numbers (Pe) below 20 [19, 20].

E =
cs
cm
= 1 + Pe

5
+ Pe2

100
+ Pe3

4000
with Pe = �

8 ⋅ Ds
(6.2)

d2(t) = d20 − � ⋅ t (6.3)

Table 6.2: Calculated density of HPMC K100LV and its molecular diffusion coefficient in wa-
ter based on experimental results from three individual SAL experiments and XRT
analysis. XRT analysis was performed on the individually obtained particles after
reaching a dry state in the SAL experiments.

HPMC_10 m0 [�g] �crit [g/cm3] Ds [10−11 m2/s]
Exp1 92.17 1.34 4.622
Exp2 92.60 1.38 4.872
Exp3 96.97 1.38 4.343
Mean 1.36 ± 0.02 4.612 ± 0.264

Themean solute concentration of the droplet (cm) can be determined from the starting concentra-
tion of the solution and the observed absolute change in the droplet volume at LP. The calculated
solid true density (�crit) and diffusion coefficient (Ds) from three individual single droplet exper-
iments are listed in Table 6.2. �crit of HPMC K100LV was calculated to be 1.36 ± 0.02 g/cm3,
which is in agreement with data available from literature for other HPMC derivatives of
1.33 g/cm3 [251]. Solving Equation 6.2 for each experiment yields an approximated diffusion
coefficient for HPMC K100LV in water of 4.61 E-11 ± 0.26 E-11 m2/s at a LP surface tem-
perature of 29.18 ± 1.01 ◦C with an evaporation rate (�) of 5487.10 ± 137.76 �m2/s and Pe of
14.92 ± 1.23. For comparison, calculated diffusion coefficients for HPMC K100LV in water
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over the course of the SDD experiment using the Stokes-Einstein equation (Ds,SE , Equation
A17 in Section A3.1) is provided in Fig. A7 (ESI, page A21) and shows the impact of solution
viscosity on changes of Ds,SE during liquid evaporation. For low polymer concentrations, Ds

are in reasonable agreement with Ds,SE = 1.66 E-11 ± 0.26 E-11 m2/s at c0,HPMC K100LV of 10
mg/mL, butDs,SE quickly deviates with increasing polymer concentration assuming a uniform
HPMC K100LV concentration (cm). It has to be noted that the Stokes-Einstein equation as-
sumes single chain properties throughout the drying process represented by a rigid sphere with
radius (Rℎ) determined from the intrinsic viscosity ([�]) [301] and is commonly restricted to di-
lute solutions. Further details are provided in Section A3.1 (ESI, page A20). In both cases, the
approximated diffusion coefficient of HPMC K100LV in water is significantly lower than the
diffusion coefficients of MET and MAN reported in literature of 7.56 E-10 m2/s (29.18 ◦C, cal-
culated see Fig. A5 (ESI, page A19)) and 1.17 E-09 m2/s (37 ◦C), respectively [302, 303, 304].
According to Equation 6.2, smaller diffusion coefficients will lead to an increase in surface en-
richment. This indicates that HPMC K100LV is expected to predominately solidify as part of
the particle surface layer during skin formation at LP. The comparatively high diffusion coeffi-
cients of MET andMAN allow both small organic compounds to compensate part of their radial
concentration profile caused by liquid evaporation on the droplet surface. Therefore, MET and
MAN would be expected to predominantly solidify as part of the particle core.
The evaporation and drying of formulations of MET with MAN and HPMC K100LV (MS_0
- MS_4, Table 6.1) were investigated in a series of single droplet drying experiments with
starting volumes of 9.93 ± 1.15 �L using the SAL. Fig. 6.5 shows the results for three selected
formulations (MS_0, no HPMC K100LV; MS_1, low HPMC K100LV; MS_4, high HPMC
K100LV). The results indicate that the addition of HPMC K100LV significantly influences the
kinetics of liquid evaporation and particle drying after solid skin formation (LP) even at relative
mass concentrations of HPMCK100LV less than 1 wt% as in the case of MS_1. This suggests a
reduction in thewater activity at the droplet surface due to the polymer addition in comparison to
the solution of MS_0 without HPMC K100LV. The impact of HPMC K100LV can be observed
most dominantly during the phase of liquid evaporation with a reduced evaporation rate and,
subsequently, in a delay in the initial solid phase nucleation. The reduced evaporation of water
from the droplet surface in MS_1 and MS_4 leads to an increased droplet surface temperature
during liquid evaporation compared to MS_0. The delay of LP can be observed for solutions
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Figure 6.5: Drying curves for formulations of MET and MAN with equal starting con-
centrations of 18.75 mg/mL and increasing additions of HPMC K100LV:
( ◐ ) WAT, ( ◧ ) MS_0, c0 0 mg/mL, ( ⧨ ) MS_1, c00.375 mg/mL and ( ◭ ) MS_4, c0 4.5 mg/mL. MS_0 without HPMC K100LV
exhibits significantly higher evaporation kinetics compared to MS_1 and MS_4.
Black symbols - normalised squared diameter, white symbols - surface temperature.
Data from replicates with n ≥ 5. Markers are sub-sampled from original data.
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with additions of HPMC K100LV of up to 4.5 mg/mL (MS_4) compared to MS_0 despite a
higher total solute starting concentration. At LP, the droplets have a remaining water content
of 47.38 ± 4.15 wt%, 49.86 ± 4.38 wt% and 57.20 ± 2.45 wt% for MS_0, MS_1 and MS_2,
respectively.
Fig. 6.6 shows the derived liquid evaporation mass flux and the heating rate of the particle
surface during drying for the single droplet evaporation experiments presented in Fig. 6.5.
The droplet evaporation mass flux is calculated iteratively from the change in droplet volume
over time and normalised using the available surface area. After LP, the evaporation mass flux
cannot be further tracked using a shape-based analysis of the image data and, therefore, is set
transparent in Fig. 6.6. The experienced maximum mass flux (ṁmax) and maximum heating
rate (Ṫmax) for single droplet experiments of HPMC K100LV and MET formulations are listed
in Table 6.3. The maximum heating rate is the first time-derivative of the surface temperature
profile at the point of inflection undergoing a transition from the wet-bulb temperature to the
final constant temperature corresponding to the ambient temperature (TDry = T∞). The results
indicate that the evaporative flux across the droplet surface is significantly reduced for droplets
with additions of HPMC K100LV and is further reduced for increasing HPMC K100LV start-
ing concentrations. The reduction of water mass transfer prior to reaching LP supports the
previous considerations of HPMC K100LV surface enrichment with an impact on the overall
water surface permeability and evaporation. In all cases, the evaporation flux increases over
time before reaching a maximum and a subsequent discontinuous reduction due to solid skin
formation at LP. The drying rates of the particles after LP are equally reduced with increasing
HPMC K100LV concentrations, which indicates decelerated mass transfer of remaining mois-
ture to the particle surface leading to lower drying kinetics. This could be caused by a reduction
in the water permeability through the particle surface layers due to an increasing thickness of
the polymer skin around the particle. The maximum drying rates are limited by the accessible
drying temperatures that can be applied in combination with the current SAL setup. Work to ex-
tend this method to encompass temperature regimes that more closely mimic those experienced
across the full range of drying platforms of industrial relevance is ongoing.
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Figure 6.6: Solidification kinetics of formulation of MET and MAN with equal starting
concentrations of 18.75 mg/mL and varying additions of HPMC K100LV:
( ◧ ) MS_0, c0 0 mg/mL, ( ◐ ) MS_1, c0 0.375 mg/mL and
( ◭ ) MS_4, c0 4.5 mg/mL. The evaporation flux increases over time and
is significantly lower for droplets with added HPMC K100LV. The drying kinetics
are reduced with increasing HPMC K100LV concentrations. Black symbols -
evaporation mass flux, white symbols - surface heating rate. Data from replicates
with n ≥ 5. Markers are sub-sampled from original data.

120



6 Investigation of the Particle Design Space of Novel Pharmaceutical Formulations

Table 6.3: Maximum mass flux (ṁmax) and heating rate (Ṫmax) during droplet drying experi-
ments for HPMC K100LV (HPMC_10) and five tested MET formulations (MS_0 -
MS_4).

Sample n ṁmax [10−4 kg/(m2⋅s)] Ṫmax [◦C/s]
HPMC_10 3 9.89 ± 0.12 0.113 ± 0.006
MS_0 6 11.62 ± 0.39 0.148 ± 0.004
MS_1 8 10.12 ± 0.10 0.135 ± 0.006
MS_2 5 9.96 ± 0.23 0.131 ± 0.007
MS_3 3 9.18 ± 0.48 0.123 ± 0.006
MS_4 6 8.36 ± 0.29 0.106 ± 0.003

6.3.2 Particle Morphology Characterisation using XRT

Particles from single droplet experiments were subject to a further in-depth structural character-
isation using XRT. Fig. 6.7 shows the resulting particle morphologies within the investigated
particle design space during the evaporation process (SAL Image Data) and after characterisa-
tion with XRT (XRT Image Data), respectively.
The SAL Image Data depict the moment of LP detection (top) and of the final dried particle
(bottom) for each pure compound (Fig. 6.7.1-3) as well as for five formulations of MET with
changing additions of HPMC K100LV (Fig. 6.7.4 a-e, MS_0 - MS_4). The SAL images al-
low a first visual, qualitative assessment of the final particle characteristics as they evolve over
time. Pure solutions of MET (Fig. 6.7.1, MET_75) and MAN (Fig. 6.7.2, MAN_75) solidify
as highly crystalline particles with emerging crystalline solid phase obscuring the light trans-
missive droplet centre at LP. In contrast, MS_0 (Fig. 6.7.4 a) with a combination of equal
concentrations of MET and MAN reaches LP without the visual appearance of large structured
solid primary particles. Here, the obscuration of the droplet centre occurs post-LP at elevated
temperatures before reaching a fully dried state indicating a temporary suppression of crystal
nucleation for this system. This effect is further enhanced with increasing polymer additions
and several polymers including HPMC have been shown to inhibit crystal nucleation and/or
growth, although the mechanisms are not well understood [305]. Whilst beyond the scope of
this study, the SAL-XRT platform does provide a convenient means to systematically investi-
gate both the onset of nucleation and the resultant difference in internal particle microstructure
for different polymer and solute formulations.
The XRT Image Data are volume rendered visualisations of the 3D image space after binari-
sation and are also included in Fig. 6.7 to show the particle morphology (top) as well as the
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internal particle structure (bottom). Details of the internal structure for three selected particles
are displayed in Fig. 6.8 (a - MAN_75, b - MS_0 and c - MS_4). MET shows large block-like
solids that are agglomerated to form dense, flattened particles (Fig. 6.7.1). MAN particles are
highly spherical and highly porous (Fig. 6.7.2, details see Fig. 6.8 a). The particles consist of
large rod-shaped crystalline primary solids. The obtainedMAN particles have a similar internal
structure as reported for MAN particles from co-current spray drying at reduced evaporation ki-
netics using an inlet temperature of 65 ◦C and from counter-current spray drying with extended
drying times [306, 307]. HPMC K100LV particles have smooth surfaces and large inner voids
(Fig. 6.7.3). This morphology has been reported previously in the literature for other large
molecules such as glycoproteins at large Péclet numbers of 5.6 and 16.8 [1].
The XRT Image Data for formulated particles of MET with MAN and HPMC K100LV (MS_0
- MS_4) are displayed in Fig. 6.7.4 a-e and demonstrate the impact of both excipients on the
final particle morphology. The direct comparison indicates a qualitative change in the overall
particle morphology from near sphericity to highly buckled particles with increasing HPMC
K100LV concentrations. The observed inner particle structure suggests that the extent and size
of the internal crystal core is reduced for increasing HPMC K100LV solid mass concentrations
most significantly for HPMC K100LV solid mass ratios (= mHPMC K100LV/mparticle) of 5.66 wt%
(MS_3) and 10.71 wt% (MS_4). At decreasing solid mass ratios of HPMC K100LV below
1.96 wt% (MS_2), the rod-like crystal habit of MAN, as identified in particles from pure MAN
solution (MAN_75, Fig. 6.8 a), creates an inner particle structure that supports the overall
spherical morphology of the particle. This reduction in size of the rod-shaped primary solids
as part of the crystalline particle core further correlates with a decline in the particle porosity
for increasing HPMC K100LV concentrations. The drastic size reduction of the primary, rod-
shaped solids within the crystalline particle core and its impact on the final particle porosity are
best visualised in a direct comparison for two selected particles without the addition of HPMC
K100LV (MS_0) and with a HPMC K100LV solid mass ratio of 10.71 wt% (MS_4) shown in
detail in Fig. 6.8 b and c, respectively.
The impact of the polymer on the particle morphology and internal microstructure can be quan-
tified using descriptors for particle size, shape and porosity. Fig. 6.9 (bottom) shows the de-
tected volumes for the primary solid phase (V, white), the particle porosity (ΔV_ROI, blue)
and the detected concave surface volumes (ΔV_ROI_CH, red) for a single cross-section of
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Figure 6.7: Visualisation of the investigated particle design space for solids obtained from single
droplet evaporation experiments (SAL Image Data) and after XRT characterisation
(XRT Image Data). The individual pure compounds (1-3) show distinct particle
characteristics with an impact on the particle morphology for tested formulations of
MET (MS_0 - MS_4, 4 a-e).
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Figure 6.8: XRT reveals the internal structure andmorphology of particles collected from single
droplet evaporation experiments of (a) pure MAN solution (MAN_75), (b) MET
formulation without HPMC K100LV (MS_0) and (c) MET formulation with 10.71
wt% HPMC K100LV (MS_4). The cores of particles from MAN_75 solution are
dominated by rod-shaped primary crystalline solids. For formulated particles, the
extent and the size of these primary crystalline solids are significantly suppressed
with increasing polymer solid mass ratios.

the XRT image stack from each tested formulated system (MS_0 - MS_4). In Fig. 6.10, the
extracted quantified volumes for V, ΔV_ROI and ΔV_ROI_CH are normalised against the vol-
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ume of a sphere with equivalent maximum Feret diameter (VeqSph,Feret) and correlated with the
HPMC K100LV starting concentration. The data support the initial visual observations for for-
mulated MET particles with a reduction in the particle porosity fraction of 83.59% between
MS_0 and MS_4. Detected concave surface volume fractions (ΔV_ROI_CH) are proportion-
ally higher for pureMET-MAN (MS_0) particles compared to systems with additions of HPMC
K100LV below 1.96 wt% as in case of MS_1 andMS_2. This initial over-proportional decrease
of ΔV_ROI_CH at low HPMC K100LV concentrations can be related to substantial changes
in the particle surface roughness. Here the polymer leads to a reduction in local crystal growth
most dominantly expressed in the particle surface layers. For higher HPMC K100LV concen-
trations and despite further chnages in the particle shape, ΔV_ROI_CH rises from its minimum
of 1.11 ± 0.41% for MS_1 to 6.16 ± 1.50% for MS_4 as a result of increasingly strong particle
surface buckling with large concave surface volumes.

Figure 6.9: Selected 2D cross-sections (top - grayscale, bottom - binarized) of formulated MET
particles with MAN and increasing additions of HPMC K100LV: (a) MS_0, (b)
MS_1, (c) MS_2, (d) MS_3, (e) MS_4). The images show the detected particle
volume (white), porosity (blue) and concave surface volume (red) for the presented
cross-sections after binarisation.

In order to quantify the influence of the drug formulation on the overall particle morphology,
descriptors for the particle shape were extracted from the XRT data (Table 6.4). The parti-
cle sphericity was calculated as a function of V_ROI and its surface area using a definition by
Wadell [233] (described in Table 4.4, Ψgl). Additionally, an aspect ratio of each particle was
determined from the major and minor characteristic axes of an ellipsoidal fit with the same
normalized second central moment as V_ROI. The extracted quantitative shape descriptors re-
flect the visual impression of increased particle deformation and surface buckling with rising
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Figure 6.10: Ratios of particle solid phase volume (V), particle porosity volume (ΔV_ROI), and
particle concave surface volume (ΔV_ROI_CH) for MS_0 - MS_4. All volumes
are normalised to the volume of a sphere with equivalent maximum Feret diameter
(VeqSph,Feret).

concentrations of HPMC K100LV. Particles from a solution of MET and MAN without the ad-
dition of HPMCK100LV (MS_0) exhibit the smallest aspect ratio with 1.20 ± 0.05 and highest
sphericity of 0.95 ± 0.04. For formulations with HPMC K100LV (MS_1 - MS_4), the aspect
ratio and sphericity are in strong correlationwith the amount of addedHPMCK100LV. Changes
in the shape are most pronounced in particles with HPMC K100LV starting concentrations of
0.75 mg/mL (MS_3) and 2.25 mg/mL (MS_4). This supports the detected increase in surface
buckling for formulations with higher HPMCK100LV solid mass ratios since the generated ad-
ditional particle surface and the reduced V_ROI are both directly used to calculate the particle
sphericity as defined byWadell. The high deformations and surface buckling effects of particles
with HPMC K100LV solid mass ratios of 5.66 wt% and 10.71 wt% could potentially decrease
particle flowability and, therefore, manufacturability in the downstream process. The imple-
mented XRT image analysis capabilities are a valuable extension of an initial qualitative visual
interpretation and offer the opportunity to quantify key particle properties including particle
size, shape and internal microstructure. The evaluation of these particle descriptors showed a
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strong correlation of the particle structure to its formation process monitored on the SAL. The
non-destructive nature of the presented XRT methodologies enable a further assessment of the
particle performance characteristics i.e. undergoing dissolution or during compaction. Whilst
not explored here, these extensions of capability to 3D structure, provides a basis for future
work to develop structure-property relationships.

Table 6.4: Overview of extracted shape descriptors from formulated MET particle systems
MS_0 - MS_4 (n = number of particles).

Sample n Aspect Ratio Sphericity
MS_0 7 1.20 ± 0.05 0.95 ± 0.04
MS_1 8 1.96 ± 0.52 0.90 ± 0.05
MS_2 3 1.93 ± 0.28 0.89 ± 0.05
MS_3 5 2.49 ± 0.35 0.80 ± 0.05
MS_4 5 2.52 ± 0.20 0.73 ± 0.03

6.4 Conclusions

The reported SAL-XRT platform allows the direct measurement of single droplet drying ki-
netics and the resultant particle structure as a function of solution composition. The combined
characterisation links the solid formation process to a 3D quantitative investigation of the par-
ticle. The capabilities of this platform and the developed methodologies for an in situ charac-
terisation have been applied to a model pharmaceutical formulation in order to investigate the
effect of HPMCK100LV on the formation kinetics and final structure of formulatedMET parti-
cles during droplet evaporation. The reduced molecular diffusion of HPMCK100LV compared
with MET and MAN leads to a radial composition profile with increasing polymer-solute ratios
towards the droplet surface that in turn lower solvent evaporation. This has implications for
drying kinetic models that assume pure liquid evaporation prior to reaching LP. Specifically,
particle formation kinetics are delayed with HPMC K100LV additions despite higher absolute
solute starting concentrations.
For the MET system, XRT analysis shows a negative correlation between HPMCK100LV con-
centration and particle porosity, with the total normalised void space decreasing by 83.59%
between 0 and 10.71 wt% HPMCK100LV. Near spherical and highly buckled particles are pro-
duced. The quantification of detected concave surface volumes revealed competing effects of
HPMCK100LVwith an impact on the particle surface. Low concentrations of HPMCK100LV
lead to smoother surfaces compared to particles without the addition of polymer. For higher

127



6 Investigation of the Particle Design Space of Novel Pharmaceutical Formulations

HPMC K100LV levels, significant particle surface buckling is observed and quantified. The
surface buckling itself may not only be related to the kinetics of the solid phase formation at
LP but, furthermore, to molecular interactions that cause a partial suppression of the crystalline
core. This change in the particle microstructure, its porosity, surface area and surface topol-
ogy can potentially effect powder flow, compaction behaviour, dissolution and aerodynamic
performance of the material.
Advanced models capable to fully describe the complex particle formation mechanisms from
solution and their dynamics need to be able to connect molecular interactions and changing
spatial compositions to the emerging solid phase structures during processing. Quantitative in-
formation from an experimental assessment of the particle design space can feed into a rational
particle design approach for novel pharmaceutical systems targeted towards the control or op-
timisation of particle properties. The ultimate goal of such endeavours is to achieve desirable
values for shape, porosity and/or solid phase microstructure that can deliver the optimal per-
formance whether during subsequent downstream processes or upon ultimate delivery to the
patient. This work serves as the basis of a workflow for the rapid exploration of particle forma-
tion processes. It would be desirable to extend its application towards investigating additional
formulations and their impact on the final particle structure. Coupled with effective means of
performance evaluation, this approach could provide an accelerated design tool for formulated
particle systems and processes.
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7 Peptide Isolation via Spray Drying: Investigating Particle

Formation and Means of Process Implementation for the

Production of Spray Dried s-Glucagon Powders
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Abstract: Spray drying is widely used in the pharmaceutical industry for product development
of sensitive bio-pharmaceutical formulations. Process design, implementation and optimisa-
tion require in-depth knowledge of process-product interactions. Here, an integrated approach
for rapid spray drying process development is presented. Single droplet drying experiments
were used to investigate the particle formation process and quantify the impact of formulation
parameters on the final particle morphology. Process implementation was supported by an
initial characterisation of the lab-scale spray dryer assessing a range of relevant independent
process variables including drying temperature and feed rate. The platform response was cap-
tured using Process Analytical Technology within a data acquisition framework recording local
temperatures, exhaust gas humidity, pressure and feed rate. During process implementation,
off-line product characterisation provided additional information to establish a link between
selected process conditions and key product properties related to residual moisture, solid state
structure, particle size/morphology and peptide fibrillation/degradation. A simplistic process
model based on heat- and mass-balance considerations allowed the identification of feasible
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operating conditions successfully demonstrated for the spray drying of trehalose achieving
high yields of up to 84.67 % and significantly reduced levels of residual moisture and particle
agglomeration. The process was further translated to produce powders of s-glucagon and
s-glucagon-trehalose formulations with yields of >83.24 %. Extensive peptide aggregation or
degradation was not observed. The presented data collection strategies are part of a data-driven
process development concept which can be applied to address future isolation problems on
lab-scale and facilitate a systematic implementation of spray drying for the manufacturing of
sensitive bio-pharmaceutical formulations.

Keywords: Spray Drying, Process Development, Process Analytical Technology, Peptide
Formulation

Highlights

• Single droplet experiments in a novel multi-transducer single-axis acoustic levitator
(MSAL) used to investigate particle formation of trehalose and s-glucagon.

• Spray drying: data integration and platform characterisation to guide process implemen-
tation using custom-designed Process Analytical Technology.

• Off-line product characterisation for a broad range of particle properties with a direct im-
pact for downstream processing and product efficacy.

• Successful identification of optimised process conditions for spray drying trehalose and
s-glucagon-trehalose formulations.
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Figure 7.1: Graphical abstract Chapter 7.

7.1 Introduction

Techniques for the isolation of peptide-based systems are of increasing interest for the phar-
maceutical industry to accelerate the development of novel pharmaceutical peptide products
[308, 309]. Freeze drying and spray drying are often first methods of choice for the solidi-
fication of unstable or sensitive bio-pharmaceutical formulations. Freeze-drying usually falls
behind in terms of productivity and costs in direct comparison to spray drying, which is a rapid
drying process with capabilities for high product throughput and which can be employed as
a continuous drying process [3]. In developing a spray drying process, conditions must be
controlled to avoid risks for the material that can include thermal damage due to exposure to
excessive drying temperatures or mechanical damage caused by shear stress during the pump-
ing of the liquid feed and atomisation at the spray nozzle. Despite these process risks, the rapid
drying kinetics and the evaporative cooling effect allow the processing of heat sensitive materi-
als. Spray drying has been successfully utilised for the production of novel bio-pharmaceutical
formulations containing peptides, proteins and related heat-sensitive bio-pharmaceutical prod-
ucts [126, 310, 311, 312, 313, 147]. For particle engineering applications, spray drying further
enables the direct control of product properties including residual moisture as well as particle
size and shape, important for stability and performance [314]. Spray drying of peptide-based
systems typically includes the use of stabilizers to protect against peptide denaturation during
production and to improve storage stability. Carbohydrates are often employed as excipients for
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peptide-based systems as they can preserve the protein’s active conformation via preferential
exclusion, water replacement and glass immobilization mechanism [315, 316, 317, 318, 319].
On a lab-scale, available drying times are often limited due to short residence times, which
require high liquid atomisation rates and/or high drying temperatures. The selected drying con-
ditions have to balance the risk of peptide damage and achieving a stable dry particle state.
A design-of-experiment (DoE) approach is often used in order to assess and identify suitable
process conditions [131, 111, 313, 320, 132]. However, a full-factorial design of relevant ac-
cessible process parameter is material and time intensive. The process implementation can be
assisted using modelling approaches in order to identify most promising or adverse process
regimes. Spray drying models can be based on empirical correlations between selected, in-
dependent process variables and measured product properties or derived from first-principles
[321, 120, 322]. In both cases, experimental data are imperative to quantify process-product
dependencies or for model validation. The employment of purely data-driven, machine learning
models for spray drying process optimisation further intensifies the need for a systematic and
standardized approach of experimental data collection [323, 324].
Process Analytical Technologies (PAT) are means to analyse, monitor and control pharmaceu-
tical manufacturing processes. Their use is highlighted by regulatory agencies encouraging
manufacturers to integrate PAT during process implementation [129]. The use of PAT has been
demonstrated in spray drying to measure conditions of the drying gas in regards to temperature
and humidity levels e.g. using thermo-hygrometers or capture information on particle prop-
erties such as their size distribution with in-line laser diffraction [325, 137, 326]. Despite its
utility, PAT is often not considered for lab-scale applications, relying solely on a offline char-
acterisation of the product.
Single droplet drying experiments (SDD) have been used to investigate the drying and solidifica-
tion of novel compound systems whilst working on a single droplet scale. A popular container-
less platform to perform SDD experiments is acoustic levitation [7, 102, 12, 101, 103]. Despite
comparatively large droplet sizes and reduced drying kinetics, information on droplet evapora-
tion and particle formation can be utilised to inform spray drying models and support process
development [327, 107]. Applications of acoustic levitation in combination with micro-X-ray
tomography (micro-XRT) aim for a better understanding of the particle formation process link-
ing formulation parameters and the observed drying kinetics to the final particle morphology
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and internal micro-structure. In this context, the use of micro-XRT allows the non-destructive
extraction of relevant quantitative descriptors on particle size, shape and porosity [7].
Here we report the successful implementation of a spray drying process for the isolation of a
peptide-based model system containing s-glucagon (GLUC). GLUC was selected as a model
peptide with well-documented aggregation pathways [328, 329, 330, 331]. The experimental
strategy consists of single droplet drying (SDD) experiments, a spray drying platform charac-
terisation and the final process implementation. SDD experiments and micro-XRT were used
to investigate particle formation linking formulation parameters to the final particle structure
and morphology. Moving towards the spray drying platform, an inexpensive, commercially
available, integrated gas sensor with an in-house designed and 3D printed sensor-mount was
employed as a novel PAT in order to enable in-line analysis of the exhaust gas, measuring lo-
cal temperature, relative humidity and absolute pressure. The collected information was used to
characterise the spray dryer and validate accessible drying conditions identified within a process
model based on considerations around heat- and mass-balance for the system. Trehalose (TRE)
is a common stabilizing excipient in peptide-based systems [147, 332] and was used to produce
formulated GLUC-powders. Primary objective for a successful process implementation was a
high product recovery of active peptide material.

7.2 Materials and methods

7.2.1 Chemicals

7.2.1.1 Trehalose

TRE is a disaccharide comprising two glucose molecules with an alpha-alpha (1,1) glycosidic
bond. It is a non-reducing sugar inhibiting reactions with amino acids in a Maillard reaction
[333]. For spray drying, TRE is generally preferred over sucrose as it has a higher glass transi-
tion temperature (Tg) of 115°C compared to Tg of 74 °C for sucrose [334]. TRE is commercially
available as a crystalline dihydrate. Its structure is shown in Fig. 7.2.
D-(+)-Trehalose dihydrate (TRE-h) was purchased from Sigma-Aldrich (Lot #SLBR1467V, St.
Louis, United States). For spray drying, TRE-h was dissolved in mixtures of deionised (DI)-
water and ethanol with varying solvent ratio of 100:0 v/v, 99:1 v/v and 50:50 v/v with a final
TRE concentration of 30 mg/mL. A total volume of 100 mL was freshly prepared before each
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Figure 7.2: Molecular Structure of D-(+)-Trehalose dihydrate.

experiment. Details on the TRE solutions are listed in Table A11 (Appendix, page A25).

7.2.1.2 s-Glucagon

GLUC is a single-chain polypeptide that contains 29 amino acids [335]. It is a commercial
pharmaceutical hormone used against insulin-induced hypoglycemia [336]. The amino acid
sequence is presented below and has an isoelectric point (IEP) of 7.21 [337]. Various groups
have investigated the aggregation of GLUC in acidic and alkaline conditions identifying
a complex aggregation mechanism and kinetics related to various factors including pH,
concentration, temperature and hydrodynamics [328, 329, 330, 331]. The hydration of peptides
or larger proteins affect their folding, stability, dynamics and function [338]. Organic solvents
such as ethanol can act as chaotropic agents disrupting the hydrogen bonding network of the
peptide hydration shell and furthermore, weakening hydrophobic intra-molecular interactions
[339, 340, 341]. This can lead to a chaotropic solvational behaviour inhibiting ordered fibril
formation of proteins, as observed for insulin at ethanol-concentrations of more than 10 wt.%
[342, 343].

Amino Acid Sequence: His-Ser-Gln-Gly-Thr-Phe-Thr-Ser-Asp-Tyr-Ser-Lys-Tyr-Leu-Asp-
Ser-Arg-Arg-Ala-Gln-Asp-Phe-Val-Gln-Trp-Leu-Met-Asn-Thr

Synthesized and freeze-dried GLUC was sourced from Bachem (Lot #1056459, Switzerland).
Solutions of GLUC were freshly prepared for each experiment. For the solution ethanol was
added to 0.05 N hydrochloric acid with a final ethanol ratio of 0 v/v%, 1 v/v% and 50 v/v%,
respectively. A 1 v/v% ethanol solvent ratio aimed to identify potential inter-molecular effects
for the peptide stabilisation during particle formation. In comparison, 50 v/v% ethanol solvent
ratios are expected to have an additional impact on process conditions including droplet atom-
isation characteristics and evaporation kinetics. Details on the prepared feed compositions are
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listed in Table A11 (Appendix, page A25).

7.2.2 Single droplet drying experiments

SDD experiments were performedwith aMulti-emitter Single-axis Acoustic Levitator (MSAL).
The levitator geometrywas developed byMarzo et al. [193] and re-designed to function as an in-
tegrated characterisation platform for SDD experiments. This includes image acquisition/anal-
ysis capabilities and the implementation of a gas sensor to measure local temperature, humidity
and pressure levels. TheMSAL gas inlet was connected to a system fromOkalab (Naples, Italy)
providing a controlled dry nitrogen flow of 0.8 L/min, which was diffused over the back of the
upper transducer plate. A schematic of the experimental setup is shown in Fig. 7.3. The droplet
evaporation and solidification was recorded with a Fastcam SA1.1 high speed camera (Photron,
Tokyo, Japan). The relative humidity, ambient temperature and absolute pressure were con-
stantly monitored and recorded using a pre-calibrated BME280 environmental sensor (Bosch
Sensortec GmbH, Germany). The recorded relative humidity in all experiments was less than
3.5 %RH with an average recorded gas temperature in the enclosure of 34.66 ± 0.51 °C. Solu-
tions of TRE (c0,TRE = 30 mg/mL), GLUC (c0,GLUC = 5 mg/mL) and a GLUC-TRE formulation
(c0,TRE = 30 mg/mL, c0,GLUC = 5 mg/mL) were prepared for SDD experiments, which are in-
cluded in Table A11 (Appendix, page A25). Droplets with a volume of 5.05 ± 1.63 �l were
manually suspended within the central pressure node using a Research plus 20 �l micropipette
(Eppendorf,Hamburg, Germany). Image data of the SDD experiments were processed and anal-
ysed to track the droplet drying stages and determine the lock point (LP). The image analysis
routine is described in details in Chapter 6.2.2.
The structure of the dried particles was further investigated using micro-X-ray tomography. The
particles were scanned with a Skyscanner 2211 X-ray tomograph (NanoCT, Bruker, Kontich,
Belgium) in a cone-beam arrangement. The samples were scanned with an image pixel size of
0.8 �m, frame averaging of 8 and a rotation step size of 0.2°. The X-ray acceleration voltage
was 40 keV. A reference scan was collected at the end of each run to enable post-alignment
and therefore, compensate for potential shifts during the scan. Image reconstruction included
beam hardening corrections and ring artefact reduction, which was performed using NRecon
with InstaRecon (version 1.7.1.6, Bruker, Kontich, Belgium). The image stacks were visualised
with CTVox (version 3.2.0, Bruker, Kontich, Belgium). Image processing and analysis allowed
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Figure 7.3: Acoutic Levitation Setup (MSAL) used to investigate particle formation of peptide-
based systems from single droplet drying experiments. The system includes capa-
bilities for image acquistion to monitor the drying process and for an analysis of the
drying gas to record local temperature, humidity and pressure.

a qualitative assessment of the particle size, morphology and internal micro-structure.
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7.2.3 Spray drying

7.2.3.1 Spray-drying procedure

Spray drying experiments were performed using a lab-scale B-290 Mini-Spray Dryer (Büchi
Labortechnik, Switzerland) in open mode configuration. The equipment set-up is shown in
Fig. 7.4. The feed was atomised using a two-fluid nozzle with cap orifice diameter of 0.7 mm
(Fig. 7.4-P3). The nozzle was constantly cooled with a circulating flow from a F-25 (JULABO
GmbH, Germany) set to 10 °C (Fig. 7.4-P12). A high performance cyclone (Büchi Labortech-
nik, Switzerland, Fig. 7.4-P6) was employed for product recovery. The cyclone was wired with
copper and grounded to reduce potential electrostatic charges building up during the solid/gas
separation process, aiming to further improve product recovery, hence maximising the overall
process yield. The outlet fine particle filter (Fig. 7.4-P8) was equipped with a PTFE membrane
to allow the potential recovery of particle fines smaller than ∼ 2 �m.
Each spray drying experiment can be divided in a Dry Air phase (DAP) to characterise the air
pushed through the open loop system, a Pure Solvent phase (PSP) to allow system equilibration
in the presence of evaporating solvent, a Production phase (PrP) for the spray drying of the
sample solution and an instrument Shut-down phase (S) prior to the disassembly and cleaning of
all relevant glassware. An example of all experimental stages and their impact on the collected
process variables is shown in Fig. 7.5. The PSP for each experiment was >30 minutes until
steady state conditions were reached. Detailed information on the performed experiments are
listed in Table A11.
The process yields were calculated using Equation 7.1 and are compensated against the residual
moisture as determined with TG-MS (see Section 7.2.4.1).

Yield [%] = Product [mg] ⋅ (1 − TG-MS RM180 [wt%])
Solute Concentration Feed [mg/mL] ⋅ Spray Dried Feed [mL] (7.1)

7.2.3.2 Process Data Integration

A gas sensor (BME680, Bosch Sensortec GmbH, Germany) was used to monitor and record
temperature (TP9,R), relative humidity (RHP9,R), absolute pressure (pP9,R) and volatile organic
solvents (VOCP9,R, non-calibrated) levels in the exhaust air. The sensor mount was custom-
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Figure 7.4: Experimental setup of the lab-scale spray dryer (Type: B290, Büchi Labortechnik)
in open loop configuration. Red markers indicate locations of process data collec-
tion. Figure adapted from Operation Manual - Mini Spray Dryer B-290 [127].

designed for the B290 mini-spray dryer and 3D printed using a polyjet printer (Stratasys, United
States, material: Vero Black Plus RGD875). The integrated piece for in-line exhaust gas analy-
sis was installed in the gas stream after the B290 fine particle filter (Fig. 7.4-P9). Additional pro-
cess information from the B290 spray-dryer were readily available via its RS232 serial interface
and included selected set points (e.g. drying temperature TP3,S, pump speed, aspirator speed) as
well as measured local temperature information at the gas inlet (TP3,R, Fig. 7.4-P3) and exiting
the drying chamber (TP5,R, Fig. 7.4-P5). Information on the feed rate were recorded gravimet-
rically from the RS232 serial interface of a XS60002S balance (Mettler Toledo, Switzerland,
Fig. 7.4-P11). An overview of the implemented capabilities and a representative example of
the collected dataset for each spray drying experiment is presented in Fig. 7.5.

7.2.3.3 Post-Drying of spray dried powders

Vacuum drying was assessed as a secondary drying step for the produced spray dried powders
to further reduce residual moisture levels. Powder samples of 30 - 50 mg were transferred in
HPLC vials and placed in a vacuum drying oven at 50 °C and 20 mbar. The samples were
weighed periodically until the weight reached a stable end-value, which was observed after a
maximum of approximately 320 hours. Information of this gravimetric analysis also allowed a
direct comparison of the results with the residual moisture values measured using TG-MS (see
Section 7.2.4.1).
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Figure 7.5: Visualisation of the data integration approach with details on the process parame-
ters monitored and recorded during each spray drying experiment from (a) an im-
plemented exhaust gas sensor, (b) a feed balance and (c) the B290 spray dryer. The
plot contains information on local temperatures ( ■ TP3,R, ∙ TP5,S, ▴
TP9,R), relative humidity ( □ RHP9,R), local pressure ( △ pP9,R) and feed
rate ( ◦ FRP11,R). All phases during the lab-scale spray drying process are de-scribed in more detail in Section 7.2.3.1. Additional information on the local con-
centration of volatile organic compounds (VOC) in the exhaust gas were recorded,
but are omitted here.

7.2.4 Spray dried powder characterisation

7.2.4.1 Residual moisture and solid state structure

Thermogravimetric Analysis - Mass Spectrometry (TG-MS): TG-MS was used to quantify the
residual moisture of the spray dried products and identify residual solvents. For the TG-MS
analysis a TGA Q5000 (TA Instruments, United States) was connected to an ThermoStar GSD
301 T3 (Pfeiffer Vacuum, Germany). Powder samples were heated to 200 °C at a heating rate
of 10 K/min. Mass spectra of the exhaust gas were recorded and evaluated for changes in the
ion currents that are linked to evaporating solvents including m/z 18 (water, H2O+) and m/z 31
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or m/z 45 (ethanol, CH3O+, CH3CH2O+) [344].

Differential Scanning Calorimetry (DSC): A Discovery DSC (TA Instruments, United States)
was employed to evaluate product melting, dehydration/desolvation or glass transition temper-
atures for the produced TRE powders. For each sample, 2 - 8 mg of material were transferred to
two aluminium pans, T-Zero and crimped Hermetic pan (TA Instruments, United States). The
pans were heated to 200 °C at a heating rate of 10 K/min. The glass transition temperature (TG)
was determined with Trios V4.0 (TA Instruments, United States).

Powder X-ray Diffraction (XRPD): XRPD was used to test all samples for potential crys-
tallinity. The XRPD data were collected with a D4 Endeavor (Bruker Corporation, United
States) at room temperature. X-rays were generated from a copper source (Cu K� 35 KV x 50
mA). A VÅNTEC detector collected scattered light in a range between 4 – 30 ° (step size 0.016
°, integration time 1 sec). Approximately 15 - 25 mg of the powder samples were transferred
to quartz specimen holders and levelled using a glass slide. Crystallinity in the powders was
assessed qualitatively from the collected powder diffraction patterns.

7.2.4.2 Particle size and morphology

Scanning Electron Microscopy (SEM): Electron micrographs were collected using a Teneo
SEM (ThermoFisher Scientific) under low vacuum conditions of 0.4 mbar, using a large field
detector, 10 kV accelerating voltage, 0.1 nA and a working distance of 10 mm. For preparation,
spray dried powder samples were fixed on aluminum stubs with adhesive carbon discs. The
samples were sputter coated for 90 seconds with 60:40 gold:palladium in a EMS575X sputter
coater (Electron Microscopy Sciences) with a final coating thickness of approximately 18 nm.

Laser Diffraction (LD): The particle size distribution (PSD) was evaluated with laser diffrac-
tion using a Mastersizer 2000 (Malvern Panalytical Ltd, United Kingdom) equipped with a wet
dispersion unit Hydro 2000S (Malvern Instruments Ltd, United Kingdom). The PSD was cal-
culated using Fraunhofer-theory (dispersant refractive index 1.38). Samples were suspended
in Hexane with 0.1 v/v Span80 and vortexed for 30 seconds prior to the initial measurement.
Subsequent measurements were performed in triplicates in order to assess potential particle de-
agglomeration / attrition during stirring (speed 2100 rpm). In order to further assess and com-

141



7 Peptide Isolation via Spray Drying

pare the potential presence and strength of particle aggregates in all samples, the suspensions
were exposed to ultrasound (100%), which was applied for 30 seconds between measurements-
triplicates. The LD de-agglomeration procedure with ultrasound was repeated twice (R_0: no
ultrasound, R_2: 2 x 30sec ultrasound).

7.2.4.3 Peptide fibrillation and degradation

Thioflavin T Assay: The Thioflavin T (ThT) assay enables the measurement of relative changes
in the fluorescence intensity of ThT upon binding to amyloid fibrils [345, 346, 347]. It can be
used as part of a high-throughput method to monitor amyloid fibril formation kinetics, which
allows a semi-quantitative characterisation of the aggregation kinetics for GLUC. The chemical
structure of ThT is shown in Fig. 7.6. Upon binding to amyloid fibrils, the two rotational
planes of both, the benzylamine and a benzathiole ring, become immobilized, which maintains
the excited state of the molecule. The ThT staining efficiency depends on fibril type. The
fluorescence signal is most intense for protofilament fibrils and twisted mature fibrils [346].

Figure 7.6: Molecular Structure of Thioflavin T with its two rotational planes, a benzylamine
and a benzathiole ring.

For the ThTAssay, powder samples were dissolved in 0.05N hydrochloric acid and immediately
transferred to a 96 multi-well plate format (MTP). The assay aimed to gather information on
the potential fibrillation kinetics in the feed with increasing ethanol solvent fractions of 0.00 v/v
(S1), 0.01 v/v (S2), 0.10 v/v (S3), 0.25 v/v (S4) and 0.50 v/v (S5), respectively. The ethanol
was added to the aqueous GLUC solution to reach a solute concentrations of 1 mg/mL (C1),
5 mg/mL (C2) and 15 mg/mL (C3), respectively and allowed an assessment of the impact of
increasing GLUC concentrations. In total, the solution in each MTP-well had a volume of 100
�l with a ThT concentration of 4 �M. The MTP was covered with a MTP-sealing tape to avoid
sample evaporation. The MTP was scanned every 10 minutes for 24 hours in a fluorescence
plate reader SpectraMax i3x (Molecular Devices, Unites States) with an excitation wavelength
of 450 nm and a collected emission wavelength of 480 nm. Prior to each reading cycle, the plate
was shook for 3 seconds. The signal is directly compared to a solvent blank to detect onset and
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growth kinetics.

High Performance Liquid Chromatography (HPLC): HPLC analysis was performed in order
to acquire semi-quantitative information on the level of GLUC aggregation and peptide degra-
dation within the spray dried GLUC samples. The analysis was performed using two methods
for purity and potency determination, which aimed to quantify impurities or degradation prod-
ucts and the absolute concentration of GLUC in the samples, respectively. Impurity Method:
ACE3 C18 column (4.6 x 150 mm, 3.0 micron particle size) with a mobile phase of a 150 mM
KH2PO4 buffer and Acetonitrile (mobile phase A: 80/20 buffer/ACN, mobile phase B: 60/40
H2O/ACN). The 150mMKH2PO4 buffer was adjusted with H3PO4 to pH 2.7. PotencyMethod:
Phenomenex Aeris PEPTIDE XB-C18 (3.0 x 150 mm, 2.6 micron particle size) with a mobile
phase A: 80/20 buffer/ACN, mobile phase B: 60/40 H2O/ACN. A pre-filtration step with a 0.22
�m PTFE filter aimed to hold back larger GLUC aggregates before diluting the solution in a
80/20 buffer/ACN stock solution to a concentration of 0.6 mg/mL. HPLC samples were col-
lected to evaluate semi-quantitatively the potential impact of process time (pF = feed sample
experiment start, pP = feed sample experiment end), the aggregation and the potential degra-
dation of GLUC after spray drying (P) and after secondary drying (VacDry). Details on the
HPLC analysis including the mobile phase gradient is provided in Fig. A14 (Appendix, page
A31) and Fig. A13 (Appendix, page A31) for the impurity and the potency assay, respectively.
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7.3 Results and discussion

7.3.1 Single droplet drying experiments

SDD experiments were conducted with subsequent X-ray tomography to investigate the par-
ticle formation process, drying behaviour and final particle morphologies of solution-droplets
containing TRE and/or GLUC. Details of the SDD experiments including the drying curves
are presented in Fig. A15 (ESI, page A32). Fig. 7.7 shows the morphologies of particles col-
lected from the MSAL system with quantified morphological descriptors of particle sphericity
( gl,V _ROI ) and solidity (SV). TRE and GLUC particles exhibit distinct morphological charac-
teristics. TRE particles are dense and spherical (Fig. 7.7a). GLUC particles are highly buckled
(Fig. 7.7b). The formulation of both compounds (Fig. 7.7c) demonstrates that part of the
surface buckling presented for GLUC-particles can be compensated with the addition of TRE.
Formulated GLUC particles further exhibit internal porosities not present in pure TRE or GLUC
particles.
The particle morphologies align qualitatively with expected morphologies following a
diffusion-dominated particle formation mechanism. The Lock Point (LP) during the droplet
evaporation process is defined as the moment when the local concentration on the droplet sur-
face (cs) reaches a critical value and a solid phase emerges from solution and was determined
using image analysis as described in Section 6.2.2. The Péclet number (Pe, Equation 7.2) de-
scribes the relation between the diffusion of the solute (Ds) and the receding droplet surface
expressed through the liquid evaporation rate (�). Pe directly impacts the surface enrichment
of the solute (E), which is the ratio between cs and the mean solute concentration in the droplet
(cm) and can be estimated using Equation 7.3, assuming steady-state evaporation in accordance
with d2-law (see Section 1.1.3.1) and for Pe below 20 [19, 20]. For similar liquid evaporation
rates (�), the difference in the diffusion coefficients (Ds) of TRE and GLUC leads to changing
levels of surface enrichment, which correlates with the ability of the solutes to compensate their
radial concentration profiles between the droplet center and its receding surface. In general, a
Pe ≤ 1 leads to a flat radial concentration profile and dense, round particles as observed for
TRE (DTRE > �SDD). Pe ≫ 1 results in a non-linear increase of the radial concentration profile
towards the droplet surface. For Pe ≥ 10, this can cause early skin formation with subsequent
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particle buckling as observed for GLUC (DGLUC < �SDD).
Understanding the particle formation mechanism helps to interpret the impact of formulation
and process parameters on the final particles [7]. Molecular interactions between different so-
lutes leading to solubilization (e.g. hydrotropes), a low solubility of individual compounds or
a high surface activity can lead to significant deviations from the diffusion-dominated particle
formation mechanism emphasising the importance of small-scale droplet drying experiments
[57, 287].

Pe = �
8 ⋅ Ds

(7.2)

E =
cs
cm
≈ 1 + Pe

5
+ Pe2

100
+ Pe3

4000
(7.3)

Figure 7.7: Particle morphologies of (a) TRE, (b) GLUC and (c) a formulation of GLUC:TRE
(5:30, w/w) as collected from the MSAL system and analysed using XRT. The par-
ticle models from the XRT analysis reveal their internal micro-structure and allow
a quantification of particle sphericity ( gl,V _ROI ) and solidity (SV). TRE particles
are dense and spherical. Dried GLUC particles are highly buckled. The GLUC-
TRE formulation shows a morphology intermediate between the two extremes and
exhibits internal porosities.

7.3.2 Spray drying - process implementation

Following the SDD experiments, the process implementation on a lab-scale spray dryer is de-
scribed in the following section and can be divided into three distinct steps: (1) the charac-
terisation of the spray drying platform aiming to identify process regions with feasible drying
conditions (Section 7.3.2.1), (2) the use of TRE as a potential excipient for peptide formulations
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and to validate the process model (Section 7.3.2.2). (3) The translation of identified process
conditions for the isolation of GLUC via spray drying (Section 7.3.2.3).

7.3.2.1 Spray drying - system characterisation

The B-290Mini-Spray Dryer was initially characterised to identify suitable conditions for stable
process operation and support subsequent process implementation. Dry air (DAP) and pure

solvent runs (PSP) were conducted with water-ethanol mixtures of up to 50 v/v% organic solvent
ratio. Data integration as described in Section 7.2.3.2 allowed the monitoring and recording
of independent process variables such as feed rate (FRP11,S) and selected drying temperature
(TP3,S), as well as various dependent process variables including local temperatures (TP3,R,
TP5,R, TP9,R), relative humidity level (RHP9,R) and absolute pressure (pP9,R). An example dataset
for assessing the response of the spray dryer at various drying temperature set-points (TP3,S) is
provided in Fig. A9 (Appendix, page A28). An overview of the sensor positions within the
spray dryer is shown in Fig. 7.4. The presented data is subject to errors related to the accuracy
of these inline measurements. Details on the sensor accuracies as supplied by the manufacturers
are included in Fig. 7.5.

Relative humidity response surface: The steady-state conditions for combinations of process
variables were utilised to construct a quadratic response surface of RHP9,R as function of FRP11,R
and TP3,R. The response surface is shown in Fig. 7.8a. PSP with insufficient drying condi-
tions at increasing FRP11,R and/or decreasing TP3,R are marked in red and were excluded from
the quadratic fitting approach. Insufficient drying conditions resulted in visible depositions of
droplet on the wall within the top section of the drying column in direct proximity to the atomi-
sation nozzle and/or through condensation in the cyclone. The critical operation zone (Fig. 7.8a,

) was defined between the iso-levels of recorded minimum and maximum RHP9,R with in-
sufficient and sufficient drying conditions, respectively. Back-projected on the response surface
for RHP9,R, the critical zone for process operation lies between 57.64%RH (max-passed) and
63.72%RH (min-failed). Relative humidity is defined as the ratio of the partial vapour pressure
of water in relation to its temperature-dependent saturation vapour pressure. Its local gradient
is the main driver for liquid evaporation and drying. Therefore, RHP9,R is not only a measure
for the capacity of the drying gas to absorb additional moisture, but is also a direct indicator to
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evaluate the kinetics of the vaporization. Droplet accumulation in the drying chamber at RHP9,R
> 64.78%RH suggests that the droplet drying on the lab-scale spray dryer is mainly kinetically
limited due to reduced evaporation rates at high levels of relative humidity. Information on
RHP9,R can be utilised to optimise the spray drying process in terms of residual moisture lev-
els, critical particle attributes and overall process economics [325]. Higher liquid atomization
could be used to increase the specific surface area of the droplets and further enhance liquid
evaporation kinetics, which might further extend the identified zone for feasible process opera-
tion towards higher RHP9,R levels. However, for this application, higher liquid atomisation was
excluded to avoid risks of excessive fine production at low solute concentrations below 5 wt%
(see Section 7.3.2.2).

Energy balance: Fig. 7.8b further visualises measured temperature levels in the B-290 Mini-
Spray Dryer for TP3,S between 40 °C and 130 °C and FRP11,R of pure DI-water between
1.86 mL/min and 5.50 mL/min. The temperature reduction due to evaporative cooling was
directly calculated from the difference between TP5,R,0 during DAP (FRP11,R = 0 mL/min) and
during PSP (TP5,R) deconvoluting heat consumption for liquid vaporization and heat loss over
the length of the drying column. For a FRP11,R of 1.86 mL/min, the temperature decreases by
11.66 ± 0.46 °C due to evaporative cooling (Fig. 7.8b, marked in red), which remains almost
constant over the investigated range of TP3,S indicating rapid droplet evaporation in proximity
of the atomisation nozzle. In contrast, heat loss occurs over a longer time-scale along the length
of the drying chamber. Temperature differences between TP3,R and TP5,R,0 can be observed for
increasing TP3,S caused by significant heat-loss through the drying column due to thermal con-
duction and emission of the non-jacketed glassware. Insulation of the drying column would
reduce overall thermal losses and significantly improve the thermal control for this system. At
a TP3,S of 40 °C and a FRP11,R of 1.86 mL/min, the data shows a reversed heat-flow from the
outside environment to the drying gas due to extensive evaporative cooling with a measured
TP5,R of 20.00 °C below the recorded levels of TP9,R (24.39 °C).
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Figure 7.8: B290 spray dryer system characterisation: (a) response surface of the measured
relative humidity of the exhaust air (RHP9,R) as a function of selected drying tem-
peratures (TP3,S) and recorded feed rates (FRP11,R). Process parameters with insuf-
ficient drying conditions fore pure water are marked in red. The results identified a
critical operation zone ( ) between iso-level of RHP9,R 57.64%RH - 63.72%RH.
(b) Basic thermal assessment for selected temperatures between 40 °C and 130 °C.
Heat-loss due to evaporative cooling (TP5,R,0 - TP5,R) was 11.66 ± 0.46 °C inde-
pendent of the selected TP3,S. Additional heat-loss through heat emissions via the
drying column (TP3,R - TP5,R,0) increases linearly with increasing TP3,S.
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Identification of feasible process conditions: Measured dependent process variables of the PSP
dataset were exploited to pre-inform potential conditions for operation. A simplistic approach
for the identification and selection of suitable operating conditions focuses on considerations
around product manufacturability related to the material’s cohesion and adhesion referred to
as stickiness, often apparent for sugar-rich materials [3, 125]. Material stickiness can lead to
losses due to wall-depositions of particles within the spray dryer. The stickiness of particles
containing amorphous sugars is related to the difference in the local temperature (Tdb, dry bulb
temperature) from the glass transition temperature (Tg) of the material. In general, the sticky
point temperature is defined at Tdb − Tg = 10 - 20 °C [348, 349] and is a function of both,
Tdb and the relative humidity, which can have a significant impact on Tg [350]. Moisture acts
as a plasticizer lowering the glass transition temperature of the material. Thus, a correlation
between the relative humidity levels and the material’s moisture uptake is needed to predict
product stickiness within the spray dryer. Collected literature data for water sorption isotherms
of amorphous TRE are shown in Fig. A10 (Appendix, page A29). The glass transition temper-
atures of amorphous TRE (mass fraction wTRE) with changing residual moisture levels (mass
fraction ww) can be estimated using the Gordon-Taylor equation (GT, Equation 7.4) [351].

Tg =
wTRE ⋅ Tg,TRE +K ⋅ ww ⋅ Tg,w

wTRE +K ⋅ ww
(7.4)

The GT-fit for the binary TRE-water system using Equation 7.4 with reported Tg values of water
(Tg,w = 136 K [352]) and TRE (Tg,TRE = 389 K [334]) yields a GT-constant (K) of 6.04 (GT-fit
details provided in Fig. A11 (Appendix, page A30)). K lies between other published values for
the TRE-water system ranging from 5.20 - 7.90 depending on differences in the selected Tg,w
and Tg,TRE [352, 353, 124].
Fig. 7.9 shows the calculated stickiness curve using predicted Tg values of the TRE-water
system within a psychrometric chart providing a simplistic spray dryer model to identify
suitable process conditions. The graph further includes estimated steady-state conditions
within the spray dryer (P1-P9, see Fig. 7.4) for two selected drying temperatures, TP3,S of
70 °C (Fig. 7.9, □ ) and 130 °C (Fig. 7.9, ■ ), respectively. The temperature in P4
was estimated considering only the evaporative cooling effect whilst additional heat loss over
the drying chamber wall occurs between P4 and P5 (slower heat conduction as discussed in
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Figure 7.9: Psychrometric chart with the theoretically derived stickiness curve for the TRE-
water system ( Tdb = Tg , Tdb = Tg+10K). Risk for TRE-h nucleation
above RH = 44% ( ). TP3,S 70 °C ( □ ) and 130 °C ( ■ ) operate at
distinct positions in relation to the stickiness curve.

Energy balance). The specific humidity in P3 - P5 was derived from measurements of the
ambient air (P1) and the exhaust gas (P9). Details are provided in Section A4.1 (Appendix,
page A22). The process model suggests distinct performances for both drying temperatures.
TP3,S of 70 °C passes over the critical Tdb = Tg line and is in close proximity to the material’s
sticky point ( Tdb = Tg + 10K). This could lead to material losses between P5 - P9
during the particle separation process in the cyclone with a high propensity of particle-wall
interactions. TP3,S of 130 °C might allow safer operation with process conditions at P5 well
situated between the critical Tdb = Tg + 10K boundaries. A lower TP3,S of 40 °C operates
at conditions with relative humidity levels of up to 51.91%RH (P9), which are reported to
carry risks for di-hydrate TRE crystal formation [354, 355]. Ethanol has a Tg at 97 K [356]
and therefore, its effect as a plasticizer at equal moisture levels is expected to be even more
significant in direct comparison to water.
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Concluding the B-290 Mini-Spray Dryer characterisation, process conditions for a subsequent
experimental evaluation were selected using a rational design approach based on a heat-/mass-
balance process model with data obtained from PSP experimental data. Experiments at two
distinct drying temperatures, TP3,S 70 °C and TP3,S 130 °C, allowed an assessment of the im-
pact on final product attributes as well as the manufacturability validating the process model.
TP 5,R is reduced with decreasing TP3,S and is the expected maximum temperature experienced
by the product [3]. Reduced drying temperatures can be of interest particularly for processing
heat-sensitive materials. The selected feed rate of FRP11,R of 1.86 mL/min is well within the
operational safe zone considering potential fluctuations due to changes in the process conditions
linked to the open-loop system (e.g. increased relative humidity of the environment) and uncer-
tainties related to the overall measurement accuracy. Furthermore, it avoids risks of a reversed
heat-flow due to extensive evaporative cooling effects as well as critical humidity levels that
might induce TRE-h formation. The spray gas was selected after a qualitative evaluation aim-
ing to (1) provide droplet atomisation conditions that permit drying within the lab-scale spray
dryer and (2) achieve maximum particle sizes to improve solid-gas separation in the cyclone.
The aspirator rate was kept at its maximum to provide optimised enthalpy throughput for the
drying process [126].

7.3.2.2 Spray drying - trehalose

TRE was selected as a potential excipient for formulated GLUC-based systems. The spray
drying conditions were selected using the process model presented in Section 7.3.2.1. The
experiments focused on an assessment of the manufacturability of TRE powders at two inlet
temperature levels (TP3,S low - 70 °C, high - 130 °C) and three ethanol solvent ratios (0 v/v%,
1 v/v% and 50 v/v%). An overview of the results for all TRE spray drying experiments is
provided in Table 7.1. The TRE experiments were performed prior to testing GLUC or GLUC-
TRE formulations to validate the process development approach and allow an investigation on
the potential impact of selected process conditions on the final product characteristics of pure
TRE powders. The data enable a comparison to the spray dried GLUC-TRE formulations and
help to interpret the effect of TRE for the manufacturability of peptide formulation with this
excipient.
The achieved process yields exhibit large variations between experiments with feed solutions
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Table 7.1: Results for the performed TRE spray drying experiments. Key factors for a process
evaluation were the measured process conditions and achieved product yields.

Experiment Ethanol Feed Rate B290 Yield
[v/v] FRP11,R [mL/min] TP3,S [°C] TP5,R [°C] RHP5,C [%] [%]

SPT1 (low T, no EtOH) 0.00 1.61 70.00 36.00 ± 0.00 36.57 ± 0.37 75.35
SPT2 (high T, no EtOH) 0.00 1.94 130.00 66.00 ± 0.00 9.75 ± 0.09 83.13
SPT3 (low T, low EtOH) 0.01 1.75 70.00 34.43 ± 0.53 39.17 ± 1.16 72.46
SPT4 (high T, low EtOH) 0.01 1.97 130.00 66.00 ± 0.00 9.07 ± 0.01 84.65
SPT5 (low T, high EtOH) 0.50 1.75 70.00 39.00 ± 0.00 20.40 ± 0.03 24.41
SPT6 (high T, high EtOH) 0.50 1.81 130.00 67.43 ± 0.53 6.52 ± 0.13 34.88

prepared with and without ethanol as well as a function of drying temperature (TP3,S). De-
creased yields in spray drying are commonly caused by (I) insufficient drying conditions lead-
ing to droplet depositions on the walls of the drying column, (II) operating above the material’s
Tg with high wall depositions in the drying column and cyclone [325, 126, 125] or (III) the
discharge of fines with the exhaust gas due to the specific cyclone performance characteristics
during the solid/gas separation [126].

I Insufficient droplet drying on the B-290 Mini-Spray Dryer is commonly constituted by
droplet/particle deposition within the drying chamber (Fig. 7.2.3-P4). Feed rate and
droplet atomisation were optimised during the platform characterisation. Droplet depo-
sition in the drying column was not observed despite potential changes in the evaporation
kinetics for the TRE solution compared to pure water during PSP [5].

II Despite reaching a dry state, local process temperatures above the solids’ Tg can addition-
ally cause significant wall-depositions most pronounced in areas with increased propensity
of particle-wall interactions. A qualitative inspection of the glassware at the end of each
experiment suggests significant differences in the local fouling for changing process con-
ditions. Thin homogeneous films inside the drying column (Fig. 7.4-P4) were observed
for elevated drying temperatures of TP3,S = 130 °C, which might indicate the deposition of
highly viscous, sticky particles impacting the wall during droplet drying. More severely,
increased wall depositions can be observed in the cyclone (Fig. 7.4-P6) at reduced TP3,S
and even more dominantly with high ethanol feed-solvent ratios of 50 v/v%. An example
is presented in Fig. A23 (Appendix, page A39) and shows a direct comparison of the local
fouling in the cyclone at the end of the experiments SPT2 and SPT6 operating at the same
drying temperature (TP3,S = 130 °C), but with an ethanol solvent ratio of 0 v/v% and 50
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v/v%, respectively. The observations and measured yields correlate well with considera-
tions of an estimated stickiness curve for pure TRE-water system presented in Fig. 7.9.

III The risk for the production of fines below the cyclone’s cut-off size is a result of high
droplet atomisation and/or low solute concentration. The particle cut-off size (d̄50) of 0.94
�m for the B-290 Mini-Spray Dryer with its specific system configuration used in this
project was estimated using Barth’s classic model [357] with Equation A22 (Appendix,
page A22) and a drying gas volume flow (Q) of approximately 15.51 m3∕ℎ obtained solv-
ing Equation A23 (Appendix, page A23). Particles down to this size are expected to move
outwards in the cyclone’s vortex and are separated. Potential fines produced during the
spray drying process which are not separated from the gaseous stream in the cyclone, are
retained in the fine particle filter (Fig. 7.2.3-P8). Extensive deposition of fines in the fil-
ter increases the cross-filter resistance and therefore, the trans-membrane pressure drop
pP9,R. Recorded data of pP9,R do not exhibit a significant change in the local pressure
(∣ ΔpP9,max ∣ < ± 5% relative to the starting conditions tLinReg, details in Table A13 (Ap-
pendix, page A27)). This suggests that the amount of fines produced during the process
were insignificant to cause measurable changes in the cross-filter resistance and most of
the solids were successfully separated from the gaseous stream using the high performance
cyclone (Fig. 7.2.3, P6).

The collected process information for spray dried TRE solutions show distinct outcomes linked
to the operating conditions in respect to the material’s Tg. Increased ethanol solvent ratios
of 50 v/v% have a higher impact on reducing the measured process yield than selected TP3,S.
Problems related to the drying of TRE can be addressed by actively dehumidifying the drying
gas in the open mode configuration or further reducing the feed rate.

7.3.2.3 Spray drying - s-glucagon

The data presented in Section 7.3.2.1 and Section 7.3.2.2 were the basis for the implementation
of a spray drying process for GLUC, aiming at pure compound isolation as well as the drying of
GLUC formulations with TRE. The results for the most promising process conditions are shown
in Table 7.2. Similar to the observations for TRE, the results demonstrate a dominant impact
of increasing ethanol ratios in the feed composition on the overall process yields, which are
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significantly decreased for SPG2 (1 v/v% ethanol) and SPG3 (50 v/v% ethanol). The highest
process yields were achieved for aqueous GLUC solutions with only a slight decrease of the
product yield at reduced TP3,S. Therefore, a TP3,S of 70 °C can be used for pure GLUC isolation
as an alternative to a TP3,S of 130 °C to minimise any potential risk for thermal stress on the
peptide material. A reduced TP3,S also has an impact on the relative humidity levels (RHP5,C),
which rise from 6.02%-rH to 27.46%-rH.

Table 7.2: Results for the performed GLUC spray drying experiments. Key factors for a process
evaluation were the measured process conditions and achieved product yields.

Experiment Ethanol Feed Rate B290 Yield
[v/v] FRP11,R [mL/min] TP3,S [°C] TP5,R [°C] RHP5,C [%] [%]

SPG1 (high T, no EtOH) 0.00 1.87 130.00 72.00 ± 0.00 6.02 ± 0.00 > 95
SPG2 (high T, low EtOH) 0.01 1.87 130.00 72.00 ± 0.00 6.07 ± 0.00 78.16
SPG3 (high T, high EtOH) 0.50 1.79 130.00 75.00 ± 0.00 4.18 ± 0.01 64.36
SPG4 (low T, no EtOH) 0.00 1.84 70.00 38.00 ± 0.00 27.46 ± 0.03 93.50
SPG5 (Formulation) 0.00 1.87 130.00 72.00 ± 0.00 6.18 ± 0.00 83.24

In SPG5, TRE was added as an excipient to the feed solution in order to protect the peptide
against denaturation and aggregation during drying [358, 359] and improve the overall particle
morphology as indicated in the SDD experiments. SPG5 exhibited a yield of 83.24%, which cor-
relates with yields for spray dried pure TRE of 83.13% (SPT2). The inspection of the glassware
showed no significant wall-depositions in the cyclone suggesting instead an increased material
loss through particle adhesion in the drying column as observed for SPT2. This indicates the
dominant character of TRE for process implementation and further illustrates manufacturabil-
ity risks for formulations with carbohydrates leading to material loss due to wall-depositions of
sticky particles in the drying column discussed in detail in Section 7.3.2.2.

7.3.2.4 Post-drying

Vacuum drying was assessed as a secondary, post-process drying step for spray dried samples of
TRE and GLUC. The measured weight changes for selected samples over a period of up to 250
hours are shown in Fig. 7.10. Additional information on the total weight loss for all samples
is provided in Table 7.3. A stable end-weight was reached for all samples after approximately
100 hours. For samples of pure GLUC, the data match well with the residual moisture levels
as determined with TG-MS. Samples with TRE show larger deviations indicating difficulties
removing residual moisture bound to the product dried at changing TP3,S. Challenges of drying
carbohydrates are commonly attributed due to their high hygroscopicity [125]. Compared to
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unbound residual moisture levels estimated with TG-MS (ΔRM80 = RM80 - RM25), vacuum
drying can reduce ΔRM80 of spray dried TRE powders by more than 63.00 wt% (SPT4). For
spray dried powders of GLUC, vacuum drying even reduces ΔRM80 by more than 90.47 wt%
(SPG3) and up to > 95 wt% (SPG1, SPG4). The weight change for the formulation of GLUC
with TRE (SPG5) during vacuum drying even exceedsΔRM80 determined with TG-MS, which
could be a result of kinetic constraints during moisture evaporation for the TG-MS measure-
ments or the desolvation of additional free moisture under vacuum. This is further discussed
in Section 7.3.3. The results demonstrate that vacuum drying could be utilised on lab-scale as
a secondary drying step for spray dried powders, but is most effective for pure GLUC peptide
solids.

Figure 7.10: Mass change of spray dried TRE and GLUC samples utilising vacuum drying as
a secondary drying step. For the selected samples shown here, more than 75 wt%
of the residual moisture as determined with TG-MS (RM80) can be removed using
vacuum drying at 50 °C. This secondary drying step requires around 100 h before
reaching a stable end-weight.

7.3.3 Spray drying - product characterisation

Beside the successful identification of feasible lab-scale spray drying conditions for the pro-
duction of TRE and GLUC powders with high process yields presented in Section 7.3.2, the
produced powders were further characterised offline to understand the impact of the manufac-
turing conditions on key particle properties related to storage stability and performance. The
product characterisation was focused on an assessment of particle size andmorphology, residual
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moisture content, solid state properties and aspects of particle aggregation. The peptide-based
GLUCpowders were further assessed in terms of potential changes in theGLUCpotency caused
by peptide fibrillation or degradation during feed preparation and/or the drying process.

Particle size and morphology: Fig. 7.11 shows SEM micrographs of selected spray dried pow-
der samples. Spray dried TRE (SPT2 and SPT6, Fig. 7.11a-b) exhibits a highly spherical par-
ticle morphology. The SEM images suggest a reduction of the particle size distribution (PSD)
with increasing ethanol solvent ratios in the feed of up to 50 v/v% linked to higher liquid atom-
isation due to a reduced surface tension, a reduced viscosity and/or an increased density for
aqueous-organic mixtures [360]. SPG1 (Fig. 7.11c) and SPG5 (Fig. 7.11d) are a direct com-
parison of the particle morphologies between a spray dried feed of pure GLUC and the spray
dried GLUC - TRE formulation (GLUC:TRE, 5:30, w/w). The images suggest that the added
TRE reduces overall particle buckling. This aligns with the observed particle morphology dur-
ing the drying of the peptide formulation with TRE using SDD experiments (see Section 7.3.1).
Here, the particle morphology was interpreted using a diffusion-dominated particle formation
mechanism based on different Pe values for TRE and GLUC. The low diffusivity of GLUC
(DGLUC ≪ � → Pe ≫ 1) leads to early skin formation and subsequent surface buckling. This
effect is further enhanced due to the rapid evaporation kinetics in the spray dryer compared to
the SDD experiments (�SP ≫ �SDD). Qualitatively, the observed particle morphologies align
well with reported particle morphologies for spray dried TRE [147] and larger macro-molecular
peptides/proteins shown elsewhere [131, 111].
Quantitative information on the particle size distribution (PSD) were collected using laser
diffraction (LD). The results for selected spray drying samples are displayed in Fig. 7.12. Fur-
ther details of Dx_10, Dx_50 and Dx_90 are included in Table 7.3. For TRE, reduced drying
temperatures lead to a shift in the PSD towards larger particles with a highly multi-modal dis-
tribution e.g. between SPT2 (TP3,S 130°C) and SPT1 (TP3,S 70 °C). In direct comparison, pure
and formulated GLUC particles, SPG1 and SPG5, do not exhibit extensive changes in the PSD.
The highest volume densities for all measured PSDs lie between 1 �m and 10 �m, which aligns
with the particle sizes as visualised using SEM (Fig. 7.11).
Spray dried TRE samples with high residual moisture exhibit highly multi-modal PSDs suggest-
ing strong particle agglomeration and aggregation. As shown in Fig. 7.12, particle agglomer-
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Figure 7.11: SEM micrographs of spray dried powder samples. (a) SPT2 (TRE, TP3,S 130°C,
ethanol 0.0 v/v) and (b) SPT6 (TRE, TP3,S 130°C, ethanol 0.5 v/v), (c) SPG1
(GLUC, TP3,S 130°C, ethanol 0.0 v/v) and (d) SPG5 (GLUC-TRE, 5:30 w/w,
130°C, ethanol 0.0 v/v). The images suggest an impact of ethanol on the final
particle size distribution. Particles in SPT2 appear larger with high variations in
size from nano-range to approaximatly 7 �m. SPT6 exhibits a more homogenous
particle size distribution.

ation can be partially reversed using ultrasound, which is demonstrated by a shift of the PSDs
from larger particle sizes (> 20 �m) towards smaller particle sizes (< 10 �m) after applying
the LD de-agglomeration protocol (R_0: no ultrasound, R_2: 2 x 30sec ultrasound). In case
of SPT1, the data suggest that extensive particle aggregates remain present even after repeated
ultrasound exposures. In general, the presence and strength of particle agglomerates and/or ag-
gregates correlate with low TP3,S and subsequently, high residual moisture levels. Aggregates
in the TRE powders are a result of high molecular mobility leading to cohesion and unbound
surface liquids enabling particle bridging and caking. Samples of spray dried GLUC did not
show any evidence to suggest the presence of large amounts of particle agglomerates. Inter-
estingly, the formulation of GLUC with TRE (SPG5) showed distinct changes in the collected
PSD to pure TRE powders. The data suggest a significant reduction in agglomeration despite
higher residual moisture levels (RM110 of 7.16%), which could be explained by an enrichment
of the particle surface with GLUC, inhibiting particle bridging and therefore, agglomeration
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and further aggregation. These considerations follow earlier interpretations of a potential sur-
face enrichment of GLUC compared to TRE due to differences in their diffusion coefficients
(DGLUC ≪ DTRE) as discussed in Section 7.3.1. Similar effects have been observed for other
formulations containing macro-molecules such as whey proteins altering the particle surface of
sugar-rich materials increasing process yields and reducing particle-to-particle and particle-to-
wall stickiness [361, 362].

Figure 7.12: Selected LD-PSDs for spray dried samples of TRE and GLUC samples. (a) For
spray dried TRE samples, a decreased drying temperature (SPT1 - TP3,S 70 °C,
SPT2 - TP 3,S 130 °C) correlates with strong particle agglomeration expressed by
a multi-modal PSD. (b) Tested GLUC powders show low agglomeration charac-
teristics in the collected PSDs even for formulations including TRE as shown for
SPT5.

Residualmoisture and solid state structure: As previously discussed in Section 7.3.2.1, residual
moisture acts as a plasticiser reducing Tg and enhancing molecular mobility [363]. Therefore,
residual moisture in the spray dried powders can significantly reduce the solid state stability
against thermodynamically more favourable crystalline forms. TRE acts as a moisture sink
binding water in its dihydrate crystal lattice. Additional surface (unbound) moisture can induce
particle agglomeration and aggregation [125]. The residual moisture in the spray dried sam-
ples was quantified by TG-MS. The results are listed in Table 7.3. RM80, RM110 and RM180

refer to the measured relative mass changes during the TG-MS analysis at 80 °C, 110 °C and
180 °C, respectively. As expected, the residual moisture levels have an inverse correlation with
the drying temperature. For TP3,S of 70 °C, residual moisture levels of spray dried TRE sam-
ples reached up to 8.24 wt% (SPT1, RM180). In direct comparison, increasing TP3,S to 130 °C
reduced the residual moisture by 49.90% to 4.13 wt% (SPT2, RM180). Furthermore, differences
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between RM80 and RM110 (= ΔRM110) might indicate local TRE-h formation which is not re-
moved as unbound moisture and mostly evaporates above 97 °C where dehydration of TRE-h
occurs [364]. Based on ΔRM110, the theoretical maximum crystalline content varies between
1.28 wt% (SPT5) and 19.70 wt% (SPT1). Powders produced at higher TP3,S of 130 °C show a
stronger correlation between RM80 and RM110, which suggests no/low crystallisation of TRE-h.
The solid state structure was further analysed using XRPD and DSC. The collected XRPD and
DSC data for all samples are provided in Fig. A16 (Appendix, page A33) and Fig. A17 (Ap-
pendix, page A34), respectively. A qualitative inspection of XRPD data for all TRE samples
except SPT3 showed no significant level of crystallinity i.e. the amount of TRE-h is below the
detectable limits. This aligns with collected DSC data, where no characteristic endotherm of
the TRE-h dehydration (Td) was observed for any of the TRE samples except for SPT3. In case
of SPT3, the high levels of unbound residual moisture (RM80 = 4.78%) induced a partial TRE-h
formation (XRPD: crystal peaks visible, DSC: Td = 97 °C). Measured Tg values of the TRE
samples are included in Table 7.3 and correlate with recorded TG-MS data with significantly
reduced Tg values for increasing RM levels. Additional weight changes between RM110 and
RM180 (= ΔRM180) are above the Tg of amorphous TRE (Tg,TRE = 115 °C). Residual moisture
at these temperatures may be entrapped inside the particle structure or larger particle aggregates.
The values correlate with selected TP3,S reaching a maximum of 3.91 wt% for SPT1 (TP3,S 70
°C). Overall, the data has shown that a TP3,S of 130 °Cwould be preferable to minimise residual
moisture levels and reduce risks of local TRE-h formation.
Residual moisture levels in spray dried GLUC powders were less impacted by operating at TP3,S
of 70 °C or 130 °C. At TP3,S of 130 °C RM180 is reduced by 10.41% compared to TP3,S of 70 °C
i.e. RM180 is reduced from 8.72 wt% (SPG4) to 7.81 wt% (SPG1). The measured weight loss
occurs in two main steps at ΔRM80 (20 - 80 °C) and ΔRM180 (110 - 180 °C) giving a measure
that can distinguish between unbound and boundmoisture, respectively. ΔRM80 correlates with
selected TP3,S where higher drying temperatures lead to a reduction of 17.73% comparing SPG1
and SPG4 (Table 7.3). However, ΔRM180 is relative consistent for all non-formulated GLUC
powders with an average value of 3.69 ± 0.14 wt%. For spray dried GLUC powders from pure
aqueous solutions, ΔRM180 is 3.57 ± 0.02 wt% independent of the assessed TP3,S of 70 °C
(SPG4) and 130 °C (SPG1), respectively. For the freeze dried GLUC powders, ΔRM180 was
1.83 wt%. This striking consistency in ΔRM180 for the spray dried GLUC powders regardless
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of the drying temperature (TP3,S) may suggest that GLUC water interactions are unaffected by
the spray drying process, leading to a near constant bound residual moisture content in the
absence of TRE. Furthermore, peptides can undergo pyrolysis, which includes dehydration,
decarboxylation and deammination leading to changes in the sample mass, but are commonly
observed at temperatures above 180-200 °C [365, 366]. GLUC-water interactions are essential
in the folding, stability, dynamics, and function of proteins [338] where spray drying could
show beneficial stability effects over freeze drying. For the GLUC-TRE formulation (SPG5),
temperatures over 170 °C lead to a significant mass loss and browning of the powder, which
indicates aMillard reaction at these temperature levels. Details on the TG-MS data are provided
in Fig. A18 (Appendix, page A34) for TRE and Fig. A19 (Appendix, page A35) for GLUC.

Table 7.3: Product characterisation of spray dried TRE and GLUC samples. Each powder sam-
ple was assessed for residual moisture, particle size distribution and peptide and glass
transition temperature.

Experiment TG-MS [wt%] VacDry [wt%] LDR_2 [�m] DSC [°C]
RM80 RM110 RM180 RM Dx_10 Dx_50 Dx_90 T_G

SPT1 2.45 4.33 8.24 6.34 1.75 9.57 47.94 42.35
SPT2 3.81 4.10 4.13 3.10 1.26 4.62 9.27 60.26
SPT3 4.78 5.82 6.48 4.70 1.37 5.98 24.07 40.32
SPT4 3.57 3.87 3.90 2.25 1.20 4.40 10.16 65.12
SPT5 4.77 4.90 5.58 4.28 1.27 3.67 9.63 38.98
SPT6 3.80 3.99 4.49 2.61 1.31 3.96 9.48 57.16
SPG1 3.99 4.27 7.81 4.15 1.11 3.18 8.38 -
SPG2 3.77 4.07 7.82 3.55 1.25 3.75 9.87 -
SPG3 3.78 4.19 8.08 3.42 1.13 2.79 6.00 -
SPG4 4.85 5.14 8.72 5.05 1.22 3.30 7.26 -
SPG5 (F) 4.38 7.16 - 5.83 1.30 4.20 9.82 -

Peptide fibrillation and degradation: A ThT assay was employed to assess potential changes in
the fibrillation kinetics of spray dried GLUC in direct comparison to a freeze-dried reference
powder. The results of the ThT assay for the spray dried samples and the freeze dried reference
material are shown in Fig. A21 (Appendix, page A37) and Fig. A20 (Appendix, page A36),
respectively. Fibrillation is detected when the signal intensity of the fluorescence deviates from
the signal baseline measured with pure solvent (blank). As reported elsewhere [330], the data
show that the lag time before detecting GLUC fibrillation is reduced with increasing GLUC
concentrations. Moreover, the data suggest that the fibrillation kinetics, but not the fibrillation
onset can be further altered with increasing ethanol solvents ratios. For ethanol solvent ratios
of 50 v/v%, no significant ThT fluorescence signal was detected suggesting a suppression of
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large GLUC fibrils with extensive �-sheet folding. These observations align with a qualitative
assessment of the stability of GLUC solutions where gelling was significantly delayed with in-
creasing ethanol solvent ratios of up to 50 v/v% indicating a reduction in fibril formation and
growth (details in Fig. A22 (Appendix, page A38)). This may suggest a potential competi-
tive mechanism between ethanol solvation and peptide fibrillation. A chaotropic solvational
behaviour of increased ethanol solvent ratios has been described for other peptides e.g. insulin
[342, 343]. In comparison to the freeze-dried material, spray dried samples show significantly
reduced levels of ThT fluorescence. This could be linked to changes in the peptide hydration
as observed during the TG-MS analysis, which may an impact on the fibrillation kinetics and
pathway. Whilst out of scope for this study, additional information on potential molecular mod-
ifications or changes in the peptide conformation during spray drying leading to alterations in
the in-vivo performance would be required for a final validation of the spray drying manufac-
turing process. Circular dichroism (CD) or Fourier transform infrared (FTIR) spectroscopy
could be used as part of the offline product analysis to validate the preservation of the peptide
conformation after redissolving of the spray dried powders [367, 329].
Spray dried GLUC was further characterised in terms of its post-process potency using HPLC.
The results of the HPLC quantification of spray dried GLUC samples are shown in Fig. 7.13
and included a pre-filtration step to remove large peptide aggregates. This analysis was able
to semi-quantitatively differentiate between samples with strong GLUC fibrillation (AGS_N)
and freshly prepared GLUC solutions (Ctrl). The quantified concentration in the permeate (=
potency) of the spray dried powders indicate no major aggregation during the manufacturing
process. Small deviations of P to pF and pP are related to residual moisture in the weighed
samples which was not accounted for during the HPLC sample preparation. Post-drying in a
vacuum oven increases the measured potency levels due to a reduction in moisture except for
SPG5 (formulation GLUC - TRE, 5:30, w/w). This indicates that vacuum drying can be used as
a secondary drying method of pure GLUC powders, but might promote GLUC aggregation in
the formulation with TRE. Further experiments would be required to investigate the impact of
TRE on the GLUC formulation addressing potential risks related to molecular mobility with an
impact on peptide aggregation and therefore, overall product stability during distribution and
storage.
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Figure 7.13: Results of the employed HPLC potency assay assessing feed stability (pF, pP), the
spray dried powder (P) and vacuum drying as a secondary drying step (VacDry).
The values show a high remaining potency as determined with HPLC. Results
are compared qualitatively to a strongly aggregated worst-case GLUC sample
(AGS_N) and a freshly prepared GLUC solution (Ctrl) validating the HPLC quan-
tification approach. All values are normalised against a GLUC standard.

7.4 Conclusions

Spray drying conditions were successfully identified for the efficient drying and isolation of
a peptide-based GLUC formulation. Single droplet drying (SDD) experiments combined with
micro-XRT analysis gave valuable insights into the particle formation process and demonstrated
the impact of TRE on the final particle morphology in GLUC formulations. The final particle
structure can be interpreted on the basis of a diffusion-controlled particle formation mechanism,
which implies an enrichment of the particle surface with GLUC.
Novel PAT capabilities for lab-scale spray dryer were used for an initial characterisation of the
spray drying platform assessing independent process variables to identify feasible drying con-
ditions for process operation. A heat and mass balance was used to create a process model
supporting a rational selection of experiments for a DoE approach. The production of spray
dried TRE showed a strong negative correlation between achievable process yields and increas-
ing ethanol solvent fractions in the feed. This can be linked to changes in the material’s Tg
with residual solvent moisture acting as a plasticiser leading to significant particle adhesion in
the cyclone. Particle agglomeration was more pronounced at reduced drying temperatures and
most pronounced for pure aqueous TRE - solutions as assessed semi-quantitatively using a LD
de-agglomeration protocol. TG-MS and DSC data suggest a partial crystallisation of TRE-h, at
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or below the detection limit of XRPD, which is linked to high humidity levels in the drying gas.
Spray drying of TRE at TP3,S 130 °C allowed the production of amorphous powders with yields
of up to 84.65%. Similarly, high yields (>95%) and low residual unbound moisture (ΔRM80

of 3.99 wt%) was achieved for spray dried aqueous solutions of GLUC using a TP3,S of 130 °C
and a FRP11,R of 1.87 mL/min. A reduced TP3,S of 70 °C can be considered for heat-sensitive
bio-molecules, but here, it significantly increased the unbound residual moisture (ΔRM80 to
4.85 wt%), which could lead to unwanted TRE-h nucleation or long term chemical stability is-
sues. Vacuum drying can be used as a secondary drying step to remove > 90% of unbound
moisture of pure GLUC powders (ΔRM80). The formulation of GLUC with TRE exhibited in-
creased residual moisture levels, however, also a partially inflated particle morphology and low
levels of particle agglomeration and aggregation indicating a surface modification compared to
pure TRE powders. The results further support the hypothesis of a particle surface enriched
with GLUC encapsulating a particle core of TRE, which correlates well with considerations on
the particle formation mechanism observed during SDD experiments. Compared to the freeze
dried starting material, spray drying of GLUC had an impact on the peptide fibrillation path-
way and kinetics assessed using a ThT assay. Extensive GLUC fibrillation was not observed
and spray dried powders retained potencies between 81.57% and 97.04% as determined with
HPLC.
The experiments showed promising results using spray drying as a peptide isolation process
for the rapid production of GLUC powders. The demonstrated strategies for data capturing
and analysis enable a systematic approach within a data-driven spray drying process devel-
opment and implementation workflow which can be applied for the isolation of novel bio-
pharmaceutical formulations on lab-scale. Collected offline information and live PAT data on
lab-scale can be used to accelerate scale-up and to implement a model predictive process control
system.
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The presented research explored aspects for the measurement, optimisation and control of par-
ticle properties in pharmaceutical manufacturing processes with a focus on droplet drying plat-
forms such as spray drying. Advances in the use of micro-XRT for a systematic, quantitative
characterisation of solid pharmaceutical products combined the development of an image anal-
ysis framework with machine learning (ML) methodologies. The outlined micro-XRT char-
acterisation workflow in Chapter 4 was demonstrated on a variety of case studies from single
crystals to fully formulated final products with potential applicability throughout the pharma-
ceutical downstream manufacturing pipeline. System-related restrictions to reliably resolve at-
tributes with sizes below ∼10 �m could be improved with future advances in the micro-XRT
hardware. Methodologies integrated in the image analysis framework aim to provide a basis
for other researchers to perform quantitative micro-XRT measurements. The use of comple-
mentary characterisation techniques, e.g. ToF-SIMS for chemical imaging, showed promising
results to further enhance the interpretability of the micro-XRT image data.
Micro-XRT was also employed to characterise pharmaceutical capsules as a multi-particulate
product each containing approximately 300 ibuprofen-pellets. More than 200 structural fea-
tures were extracted to quantify attributes of the pellets’ size, shape, porosity, surface, and
location/orientation. This allowed an in-depth statistical evaluation of the pellet population and
its uniformity. A Support Vector Machine was used to build a classification model for the au-
tomatic identification of broken ibuprofen-pellets. The model was assessed using a test dataset
of 886 pellets and had a minimum accuracy of 99.55% (minimum precision broken pellets of
86.20%).
Acoustic levitation was employed as a single droplet drying (SDD) platform for small-scale par-
ticle engineering applications. The technique allows the investigation of liquid evaporation ki-
netics and particle formation under controlled drying conditions. Combined with a micro-XRT
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characterisation of the final particle, the SAL-XRT platform was used to assess the impact of
formulation parameters on the final particle morphology in order to better understand key fac-
tors underpinning solidification from solution. For droplets from a multi-component solution
of metformin hydrochloride, D-mannitol and HPMC K100LV, increasing polymer concentra-
tions significantly reduced liquid evaporation, inhibited local crystal growth and led to sub-
stantial changes in the particle morphology, including its internal micro-structure and extensive
surface buckling. Here, particle formation was interpreted based on differences in the Péclet
number between small organic molecules (metformin hydrochloride and D-mannitol) and the
larger macro-molecular polymer (HPMCK100LV) resulting in a HPMCK100LV-enriched par-
ticle surface. Observed changes in the particle morphology are expected to decrease particle
flowability and, therefore, manufacturability in the downstream process with increasing HPMC
K100LV additions.
Ultimately, such endeavours aim to facilitate a rational approach for pharmaceutical process
development exploiting small scale experiments and advanced metrology. In a pre-competitive
industrial collaboration, this research was translated to a lab-scale isolation process of peptides
via spray drying. Process optimisation and control required the implementation of customised
Process Analytical Technology (PAT) to provide means of data acquisition for key process vari-
ables including feed rate, local temperature, relative humidity and local pressure. The project
successfully demonstrated the utilisation of SDD experiments, of a comprehensive PAT data
collection strategy and of applied offline characterisation techniques for a systematic experi-
mental investigation on the impact of process parameters and solvent composition on product
attributes relevant to manufacturability and drug performance. The successful identification of
optimised process conditions within a spray drying model allowed the reliable production of
spray dried s-glucagon-powders, which demonstrated the potential of using spray drying as an
alternative to lyophilization isolation techniques for this model peptide system.

8.1 Future Work

The developed micro-XRT characterisation workflow creates the basis for the quantitative anal-
ysis of a wide range of pharmaceutical products and drug product intermediates. The work
aimed to establish micro-XRT as an offline analysis technique to be applied more routinely for
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the characterisation of pharmaceutical samples. Most promising applicationsmight be spherical
agglomeration, (dry/wet) granulation or tableting, which are within a size range that allow high-
resolution micro-XRT image acquisition of the full sample and of individual local structural at-
tributes. In this context, micro-XRT could provide valuable information about primary particle
properties as well as about the overall object regarding its porosity, size, shape surface and ori-
entation/location. Quantification of these micromeritic properties can be linked to parameters
for formulation and process operation influencing their functional attributes [208, 161]. Future
developments of the micro-XRT characterisation workflow may create further opportunities
to improve the existing image analysis framework, incorporating additional micro-XRT image
data analysis methods. Specifically, data-driven ML solutions might benefit from a systematic
data acquisition and analysis approach. Similar developments led to distinct breakthroughs in
image segmentation, annotation or analysis in other scientific fields [368, 192, 369].
SDD experiments are efficient to explore the particle design space of complex pharmaceutical
formulations monitoring liquid evaporation and solidification. The combination of acoustic lev-
itation for SDD experiments and micro-XRT aimed to explore the links between droplet drying
and the final particle structure and morphology. The obtained particles could be further as-
sessed regarding their performance during dissolution [370] or undergoing compaction [103]
to further explore the implications of the particle micro-structure on its final performance. This
would allow the implementation of a Quality-by-Design approach for pharmaceutical products
of multi-particulate systems with a back-propagation of design instructions to inform the selec-
tion of initial formulation and process parameters.
The implementation of an advanced spray drying process model might allow the additional
exploitation of the SDD data for process parameter estimation [105, 322, 371]. Challenges re-
main for experiments conducted in the acoustic levitator, such as a comparatively large droplet
size, effects of acoustic streaming with an impact on liquid evaporation and current limitations
around the accessible drying conditions. The developed multi-emitter single-axis acoustic lev-
itator (MSAL) enabled the stable levitation of smaller and irregular shaped droplets/particles
as small as 150 �m and could be a step towards an improved SDD platform for spray drying
process development. Smaller droplet sizes however, also are disadvantageous for monitoring
the evaporation process with the currently employed imaging techniques and might limit the
applicability of micro-XRT as a characterisation of the final particles.
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Spray drying models require experimental data for empirical parameter estimation or model
validation [120, 321, 322], but the use of Process Analytical Technology (PAT) is often not
considered for lab-scale. Developed capabilities for data acquisition on a lab-scale spray dryer
included the implementation of an affordable PAT sensor for exhaust gas analysis, which can be
used to monitor future lab-scale experiments and support the process implementation of novel
(bio-) pharmaceutical systems. Spray drying process models benefit from these experimental
data and were employed to support a systemic experimental approach for accelerated process
development. Combing process models with PAT would also allow the implementation of a
model-predictive control strategy on lab-scale. This could further improve the reliability of
lab-scale spray drying as a small-scale, rapid isolation platform for low-volume manufactur-
ing campaigns e.g. decentralised (continuous) micro-factories [372] or during drug product
development for (non-) clinical studies [373].
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A1 Appendix - XRTCharacterisation of Pharmaceutical Solid Products (Chapter

4)

A1.1 Micro-XRT Data Acquisition Details

Table A1: Data acquisition settings for scanned pharmaceutical micro-XRT samples. Focus
mode: MF - micro-focus (beam spot size 2.0 �m) and NF - nano-focus (beam spot
size 0.9 / 0.5 �m).

Sample Source Voltage /
Current

Image Pixelsize Frame Averaging
/ Step Size

Scan Time

XRT Pharma Products (Chapter 4)

TR0 40 kV/ 370 �A 1.20 �m (MF) 4 / 0.2° 01h:16min
TR1 40 kV/ 370 �A 1.20 �m (MF) 2 / 0.2° 00h:22min
TR2 40 kV/ 370 �A 1.20 �m (MF) 1 / 0.8° 00h:07min
TR3 40 kV/ 370 �A 1.20 �m (MF) 1 / 2.0° 00h:03min
Tblt20 40 kV/ 420 �A 4.00 �m (MF) 6 / 0.2° 03h:19min
Tblt50 40 kV/ 375 �A 4.00 �m (MF) 6 / 0.2° 03h:28min
Tblt80 40 kV/ 375 �A 4.00 �m (MF) 6 / 0.2° 03h:27min
Tblt100 40 kV/ 375 �A 4.00 �m (MF) 6 / 0.2° 03h:20min
MET- PVP PhyMix 40 kV/ 480 �A 0.60 �m (NF) 8 / 0.2° 10h:41min
GLY_P01 40 kV/ 360 �A 0.80 �m (MF) 8 / 0.1° 07h:16min
GLY_P02 40 kV/ 440 �A 0.60 �m (NF) 8 / 0.2° 04h:52min
CBZ_P 40 kV/ 500 �A 0.50 �m (NF) 6 / 0.2° 03h:20min
TRE_P 40 kV/ 600 �A 0.80 �m (MF) 8 / 0.2° 06h:04min
LAC_P 40 kV/ 400 �A 0.80 �m (MF) 8 / 0.1° 08h:02min
MAN_P 40 kV/ 390 �A 0.80 �m (MF) 8 / 0.2° 07h:27min
PVP_P 40 kV/ 400 �A 0.90 �m (MF) 8 / 0.1° 07h:40min
PVP-GLY_P 40 kV/ 400 �A 0.80 �m (MF) 6 / 0.4° 01h:40min

A1
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PVP-INA_P 40 kV/ 420 �A 0.80 �m (MF) 4 / 0.8° 00h:35min

A1.2 ToF-SIMS Characterisation

Figure A1: Determination of ToF-SIMS spatial resolution using a 20/80 edge-resolution anal-
ysis. The analysis on the total ion image yielded a spatial resolution between 400 -
600 nm ([a] 405 nm / [b] 567 nm) using a linescan method.
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A2 Appendix - XRT Image Analysis and Machine Learning for the Characteri-

sation of Multi-Particulates (Chapter 5)

A2.1 Micro-XRT Data Acquisition Details

Table A2: Micro-XRT data acquisition settings for scanned ibuprofen capsules. C0 and C3were
collected aiming for high image data quality. C1, C2, C4 and C5 were collected with
accelerated scanning settings for fast image acquisition.

Sample Source Voltage /
Current

Image Pixelsize Frame Averaging /
Step Size

Scan Time

C0 40 kV/380 �A 2.5 �m 3/0.2° 12h:08min
C1 40 kV/400 �A 5.0 �m 3/0.2° 01h:57min
C2 40 kV/400 �A 6.0 �m 3/0.2° 02h:00m
C3 40 kV/360 �A 2.5 �m 3/0.2° 16h:24min
C4 40 kV/400 �A 5.0 �m 3/0.2° 02h:01min
C5 40 kV/400 �A 5.0 �m 3/0.2° 01h:58min

A2.2 Voxel-based arithmetic Operations

The internal capsule volume (V_CS_InV) was calculated from the capsule shell (V_CS) and its
ROI (V_CS_ROI, Equation A1). To differentiate between inter- and intra-object background
volumes a pellet ROI was defined (V_CP_ROI) as previously described for single particles
[7]. V_CP_ROI was subsequently subtracted from V_CS_InV to yield the capsule void space
(V_CS_Poros, EquationA2). The total pellet porosity (V_CP_Poros) is given after a subtraction
of the pellets’ solid phase (V_CP) fromV_CP_ROI using Equation A3. The distribution of both
can be quantified for the full sample and locally within the capsule image space.

V_CS_InV = V_CS_ROI − V_CS (A1)

V_CS_Poros = V_CS_InV − V_CP_ROI (A2)
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V_CP_Poros = V_CP_ROI − V_CP (A3)

A2.3 Micro-XRT Sensitivity Analysis Details

The impact of changing micro-XRT image quality and image processing parameters on the
quantified structural features was investigated during a sensitivity analysis. Sampled condi-
tions of changing micro-XRT image quality and image processing parameters are described in
Table A3 (ESI, page A4). The results are presented qualitatively and quantitatively in Fig. A3
(ESI, page A7) and Fig. A2 (ESI, page A6), respectively. Features with the highest variability
are related to the particle porosity, which further impacts features describing the object’s vol-
ume and orientation. The changes in the pellet porosity were further assessed using an approach
for structural thickness calculation (CTAn v 1.16.4.1, Bruker). The local thickness of the pellet
porosity (V_P_Poros) is compared in Table A4 as volume density distributions normalised to
the user defined ground truth (SA_01). The total porosity volumes change significantly with up
to 92.44% difference between SA_06 and SA_03. The smaller porosity fractions between 5 �m
and 25 �m are particularly sensitive to changing micro-XRT image qualities and image process-
ing parameters indicating a size dependent sensitivity. For SA_01 (user optimised parameters),
99.07% of the total porosity volume are part of the 5 �m and 25 �m size range emphasising the
overall impact of these two size fractions to the total porosity volume.

Table A3: Overview of sampling points for a sensitivity analysis systematically assessing the
impact of changes in the micro-XRT image quality and image processing parameters.

ID Info
SA_01 Optimised parameter (ground truth, user validated)
SA_02 Reduced micro-XRT image quality (gaussian filter, � = 0.8)
SA_03 Reduced micro-XRT image quality (gaussian filter, � = 1.2)
SA_04 Ridler-Calvard (alternative image thresholding method)
SA_05 Image threshold value -1.6% of SA_01
SA_06 Image threshold value +1.6% of SA_01
SA_07 No V_ROI noise reduction
SA_08 High V_ROI noise reduction
SA_09 Medium V noise reduction
SA_10 High V noise reduction
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Table A4: Relative changes in the porosity volume distribution for selected samples during a
sensitivity analysis and the contribution related to the local thickness. The smallest
porosity fraction between 5.0 - < 15.0 �m is particularly affected by changes in the
micro-XRT image quality and image processing parameters.

Range [�m] SA_01 SA_02 SA_03 SA_06 SA_09
5.0 - < 15.0 90.12% 30.57% 5.22% 110.42% 31.91%
15.0 - < 25.0 8.95% 3.62% 1.48% 18.40% 8.66%
25.0 - < 35.0 0.53% 0.40% 0.47% 0.61% 0.59%
35.0 - < 45.0 0.24% 0.15% 0.23% 0.27% 0.24%
45.0 - < 55.0 0.12% 0.09% 0.12% 0.13% 0.13%
55.0 - < 65.0 0.02% 0.03% 0.05% 0.01% 0.02%
65.0 - < 75.0 0.02% 0.00% 0.00% 0.03% 0.02%

Sum 100.00% 34.86% 7.56% 129.86% 41.57%
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Figure A2: Box plots of the top 30 features with the highest variability during a quantitative
sensitivity analysis of micro-XRT image quality and critical image processing pa-
rameters on the extracted object features (x = observation, � = feature mean). The
sensitivity analysis identified features linked to the pellet porosity and orientation
with the largest dependency on collected data quality and selected processing pa-
rameters.
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Figure A3: Qualitative visualisation of the impact of the collectedmicro-XRT image quality and
critical image processing parameters on the binarized object volume. The images
suggest a strong correlation between the detected internal object porosity and the
collected micro-XRT image data quality as well as selected processing parameters.
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Table A5: Sensitivity analysis ranking of 132 structural features exhibiting values above a 10%
variability threshold comparing the feature residuals of individual sampling points
to the user defined ground truth. These features were excluded from the feature se-
lection approach for pellet classification.

Feature Rank Residuals (X/�-1) Category
Median Max Min

�E,V_ROI,IEV2 1 0 9.309 -2.7 Orientation
�E,V,IEV1 2 0.006 3.895 -7.761 Orientation
�E,V_ROI,IEV1 3 0 0.556 -4.827 Orientation
�E,V,IEV2 4 0.004 4.442 -2.912 Orientation
E,V 5 0.001 0.426 -3.76 Orientation
SFElps,SA,chi2,V 6 -0.018 3.665 -0.59 Shape
ZP,V_ROI,IEV3 7 0 3.648 -1.625 Orientation
ZA,V_ROI,IEV2 8 0 3.482 -0.449 Size
Pclosed 9 -0.443 3.46 -1 Poros
�E,V_ROI,IEV3 10 0.001 0.714 -3.373 Orientation
ASf,V,IEV2 11 -0.001 2.954 -0.508 Surface
ASf,V,IEV3 12 -0.005 2.85 -0.375 Surface
�E,V,IEV3 13 0.002 2.72 -1.125 Orientation
ΨlR,min20,V_ROI,IEV1 14 0.002 2.673 -0.678 Shape
ZP,V_ROI,IEV1 15 0.007 0.248 -2.196 Orientation
Popen 16 0.013 2.01 -1 Poros
ECCV_ROI,IEV2 17 0.001 1.441 -0.166 Shape
ΨlR,min20,V_ROI,IEV2 18 -0.003 1.332 -0.911 Shape
ASf,V 19 -0.001 1.276 -0.278 Surface
ZP,V_ROI,IEV2 20 0.001 0.148 -1.263 Orientation
PmaxFeretSph,F 21 0.107 1.131 -0.996 Poros
P 22 0.107 1.128 -0.996 Poros
ENV,IEV3 23 0.144 0.503 -1 Poros
VCH,V,IEV1 24 -0.001 0.299 -1 Shape
VFA,V,IEV1 25 -0.001 0.334 -1 Poros
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ENV,IEV2 26 0.159 0.481 -0.99 Poros
ENV,IEV1 27 0.147 0.523 -0.989 Poros
ASf,V,IEV1 28 -0.005 0.906 -0.344 Surface
SFSemiSph,minB,V,IEV2 29 -0.003 0.829 -0.108 Shape
ΨlR,max20,V_ROI,IEV2 30 -0.002 0.827 -0.545 Shape
ΨlR,max20,V_ROI,IEV1 31 0 0.813 -0.473 Shape
VV,IEV2 32 -0.052 0.774 -0.271 Size
�E,V 33 0.001 0.497 -0.744 Orientation
ΨlR,V_ROI,IEV2 34 0.001 0.092 -0.654 Shape
ECCV,IEV2 35 0.003 0.118 -0.63 Shape
ΨlR,min20,V_ROI,IEV3 36 0 0.626 -0.367 Shape
dbreadth,V_ROI 37 0.001 0.128 -0.567 Size
ΨlR,V_ROI,IEV1 38 0.001 0.557 -0.284 Shape
EXV,IEV2 39 -0.021 0.544 -0.365 Shape
SFTri,minB,V,IEV2 40 -0.002 0.524 -0.071 Shape
SFSemiSph,minB,V_ROI,IEV1 41 -0.002 0.506 -0.061 Shape
SFSemiSph,minB,V_ROI,IEV2 42 -0.002 0.062 -0.49 Shape
SFSph,minB,F,V,IEV2 43 0.001 0.477 -0.323 Shape
SFPolyArea,V,IEV2 44 -0.001 0.463 -0.327 Shape
VFA,V,IEV2 45 -0.001 0.448 -0.269 Poros
SFSph,minB,r,V 46 0.004 0.08 -0.44 Size
EXV,IEV3 47 -0.031 0.379 -0.359 Shape
SVV,IEV2 48 -0.027 0.376 -0.334 Poros
SFElps,IM,dMin,V,IEV2 49 0.001 0.375 -0.054 Size
ΨlR,V_ROI,IEV3 50 0.001 0.246 -0.373 Shape
SVV,IEV3 51 -0.03 0.336 -0.36 Poros
SFTri,minB,V_ROI,IEV2 52 -0.002 0.049 -0.359 Shape
SFPolyArea,V,IEV3 53 0 0.058 -0.347 Shape
SFSph,minB,F,V,IEV3 54 0.001 0.05 -0.346 Shape
SFSemiSph,minB,F,V,IEV2 55 0.001 0.079 -0.346 Shape
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SFRect,minB,F,V,IEV3 56 0.001 0.05 -0.346 Shape
deqSph,V,IEV2 57 -0.018 0.346 -0.183 Size
ΨlR,max20,V_ROI,IEV3 58 0.001 0.168 -0.345 Shape
SFTri,minB,F,V,IEV3 59 0.001 0.044 -0.344 Shape
SFTri,minB,V_ROI,IEV1 60 -0.002 0.341 -0.041 Shape
SFSemiSph,minB,F,V,IEV3 61 0.002 0.057 -0.341 Shape
EXV,IEV1 62 -0.008 0.336 -0.333 Shape
ARV 63 0 0.336 -0.095 Shape
SVV,IEV1 64 -0.028 0.323 -0.335 Poros
SFRect,minB,V,IEV2 65 -0.002 0.334 -0.058 Shape
SFSemiSph,minB,F,V_ROI,IEV2 66 0.001 0.332 -0.04 Shape
SFTri,minB,F,V,IEV2 67 0 0.071 -0.33 Shape
VV,IEV3 68 -0.026 0.326 -0.307 Size
SFRect,minB,F,V,IEV2 69 0.001 0.101 -0.323 Shape
SFSph,minB,F,V_ROI,IEV2 70 0 0.039 -0.32 Shape
SFSemiSph,minB,V,IEV1 71 -0.001 0.067 -0.318 Shape
VV,IEV1 72 -0.021 0.315 -0.316 Size
VCH,V,IEV2 73 -0.002 0.312 -0.043 Shape
ECCV,IEV1 74 -0.002 0.212 -0.311 Shape
ZA,V_ROI,IEV3 75 -0.002 0.309 -0.106 Size
SFPolyArea,V_ROI,IEV2 76 -0.002 0.04 -0.309 Shape
VV_ROI,IEV2 77 -0.002 0.04 -0.306 Size
SFElps,IM,dMin,V_ROI,IEV2 78 -0.001 0.036 -0.3 Size
EXV 79 -0.03 0.298 -0.261 Shape
SV 80 -0.028 0.292 -0.259 Poros
VmaxFeretSph,F,V 81 -0.02 0.291 -0.26 Shape
VV 82 -0.031 0.286 -0.263 Size
VFA,V,IEV3 83 0 0.054 -0.281 Poros
SFElps,SA,r3,V 84 -0.001 0.078 -0.275 Size
SFSph,minB,F,V_ROI,IEV1 85 0 0.274 -0.05 Shape
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SFPolyArea,V_ROI,IEV1 86 -0.002 0.269 -0.036 Shape
VV_ROI,IEV1 87 -0.002 0.266 -0.035 Size
SFRect,minB,V_ROI,IEV2 88 -0.002 0.037 -0.264 Shape
VCH,V_ROI,IEV2 89 -0.002 0.035 -0.248 Shape
SFTri,minB,V,IEV1 90 -0.001 0.081 -0.238 Shape
VCH,V_ROI,IEV1 91 -0.002 0.235 -0.032 Shape
EXV_ROI,IEV1 92 0 0.228 -0.048 Shape
�E,V 93 0.002 0.191 -0.228 Orientation
SFRect,minB,V_ROI,IEV1 94 -0.002 0.225 -0.029 Shape
SFElps,IM,dMin,V_ROI,IEV1 95 -0.001 0.221 -0.028 Size
SFSemiSph,minB,F,V,IEV1 96 0 0.205 -0.129 Shape
lBB,2,V_ROI,IEV3 97 -0.002 0.059 -0.202 Size
EXV_ROI,IEV2 98 0 0.025 -0.202 Shape
lBB,1,V_ROI,IEV3 99 -0.001 0.199 -0.055 Size
deqSph,V,IEV3 100 -0.009 0.16 -0.198 Size
ECCV,IEV3 101 0 0.181 -0.196 Shape
lBB,1,V_ROI,IEV2 102 -0.001 0.188 -0.054 Size
deqSph,V,IEV1 103 -0.013 0.154 -0.187 Size
SFSph,minB,F,V,IEV1 104 0.001 0.121 -0.187 Shape
lBB,2,V,IEV3 105 -0.002 0.184 -0.064 Size
SFSph,minB,r,V_ROI 106 0.007 0.081 -0.183 Size
ZA,V_ROI,IEV1 107 -0.002 0.097 -0.181 Shape
SFElps,IM,dMin,V,IEV1 108 0.003 0.07 -0.178 Size
SFPolyArea,V,IEV1 109 -0.001 0.067 -0.172 Shape
lBB,1,V_ROI,IEV1 110 -0.001 0.165 -0.036 Size
deqSph,V_ROI,IEV2 111 -0.001 0.021 -0.165 Size
SFSemiSph,minB,F,V_ROI,IEV1 112 0 0.026 -0.165 Shape
SFElps,SA,chi2,V_ROI 113 -0.004 0.165 -0.085 Shape
SFRect,minB,V,IEV1 114 0 0.091 -0.161 Shape
ECCV_ROI,IEV3 115 -0.001 0.154 -0.036 Shape
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lBB,1,V,IEV2 116 0.001 0.057 -0.151 Size
lBB,2,V,IEV1 117 0.001 0.149 -0.111 Size
SFSemiSph,minB,V,IEV3 118 -0.002 0.146 -0.147 Shape
ECCV_ROI,IEV1 119 0 0.037 -0.142 Shape
E,V_ROI 120 0 0.029 -0.138 Orientation
SFSph,minB,V,IEV1 121 -0.001 0.1 -0.136 Shape
SFElps,IM,dMin,V,IEV3 122 0.001 0.054 -0.128 Size
SFElps,IM,dMax,V,IEV1 123 0.002 0.051 -0.127 Size
deqSph,V_ROI,IEV1 124 -0.001 0.126 -0.017 Size
SFRect,minB,F,V,IEV1 125 0.001 0.1 -0.126 Shape
Ψgl,V_ROI 126 0.002 0.056 -0.118 Shape
SFSemiSph,minB,F,V_ROI,IEV3 127 -0.001 0.11 -0.025 Shape
lBB,1,V,IEV3 128 -0.001 0.055 -0.106 Size
lBB,2,V,IEV2 129 0 0.048 -0.103 Size
VCH,V,IEV3 130 -0.002 0.06 -0.102 Shape
EXV_ROI,IEV3 131 0 0.034 -0.101 Shape
ASf,V_ROI,IEV3 132 -0.002 0.101 -0.033 Surface

A2.4 ReliefF Feature Selection Results

Table A6: ReliefF feature ranking of 74 extracted structural features linked to pellet size, shape,
surface and orientation attributes. The importance of individual features is expressed
by the calculated ReliefF weights which range from -1 to 1 for low and high impor-
tance, respectively. Further, the list includes p-values from a two-sample t-test (H0of equal means) and F-scores to indicate class separation for individual features, but
failing to address important feature-feature dependencies

Feature Rank Weight p-Value F-Score Category
VmaxFeretSph,F,V_ROI 1 0.536 0 21.524 Shape

VmaxFeretSph,F,V_ROI,CH 2 0.509 0 18.418 Shape
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EXV_ROI 3 0.454 0 122.604 Shape
SFSph,minB,F,V_ROI,IEV3 4 0.45 0 36.905 Shape
ARV_ROI 5 0.382 0 74.827 Shape
SFElps,SA,r3,V_ROI 6 0.361 0 69.653 Size

SVCH,V_ROI,IEV1 7 0.306 0 77.498 Surface

SFTri,minB,F,V_ROI,IEV1 8 0.305 0 22.544 Shape
SFRect,minB,F,V_ROI,IEV1 9 0.299 0 75.071 Shape
SVCH,V_ROI,IEV3 10 0.296 0 69.095 Surface
SVCH,V_ROI,IEV2 11 0.283 0 61.428 Surface
SFTri,minB,F,V_ROI,IEV3 12 0.254 0 22.412 Shape
SFElps,IM,dMin,V_ROI,IEV3 13 0.25 0 20.187 Size
SFTri,minB,F,V_ROI,IEV2 14 0.247 0 14.864 Shape
SFRect,minB,F,V_ROI,IEV3 15 0.246 0 43.947 Shape
SFSemiSph,minB,V_ROI,IEV3 16 0.223 0 28.755 Shape
SFTri,minB,F,V,IEV1 17 0.218 0.003 9.712 Shape
SFRect,minB,F,V_ROI,IEV2 18 0.205 0.001 16.479 Shape
deqSph,V_ROI 19 0.19 0 28.666 Size
deqSph,V 20 0.182 0 21.317 Size
deqSph,V_ROI,IEV3 21 0.175 0 12.443 Size
SFTri,minB,V,IEV3 22 0.173 0 19.858 Shape
SFTri,minB,V_ROI,IEV3 23 0.172 0 19.62 Shape
lBB,min,V 24 0.167 0 30.148 Size
lBB,min,V_ROI 25 0.167 0 30.148 Size
SFPolyArea,V_ROI,IEV3 26 0.164 0 18.712 Shape
VV_ROI 27 0.149 0 14.165 Size
VV_ROI,IEV3 28 0.148 0 7.965 Size
SFRect,minB,V,IEV3 29 0.146 0 17.231 Shape
SFRect,minB,V_ROI,IEV3 30 0.145 0 17.019 Shape
VCH,V_ROI,IEV3 31 0.137 0 7.57 Shape
VCH,V_ROI 32 0.132 0 13.305 Size
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SFElps,SA,r2,V 33 0.129 0 22.872 Size
SVCH,V_ROI 34 0.126 0.7 0.132 Surface
SFElps,SA,r1,V 35 0.122 0 3.298 Size
SFElps,SA,r2,V_ROI 36 0.121 0 21.183 Size
ASf,V_ROI,IEV1 37 0.112 0 8.916 Surface
ASf,V_ROI 38 0.111 0 14.598 Surface
SFElps,SA,r1,V_ROI 39 0.109 0 3.712 Size
lIB,y 40 0.106 0 15.145 Size
ASf,V_ROI,IEV2 41 0.104 0 6.45 Surface
lBB,2,V_ROI,IEV1 42 0.099 0.044 0.428 Size
lIB,z 43 0.097 0 11.666 Size
lBB,2,V_ROI,IEV2 44 0.093 0.027 0.464 Size
lIB,x 45 0.092 0 13.497 Size
lBB,1,V,IEV1 46 0.089 0.034 0.314 Size
dmaxFeret,V 47 0.083 0 5.021 Size
VIB,V 48 0.078 0 10.256 Size
SFElps,IM,dMax,V_ROI,IEV1 49 0.072 0 5.468 Size
lBB,max,V_ROI 50 0.07 0 8.199 Size
lBB,max,V 51 0.07 0 8.199 Size
SFElps,IM,dMax,V,IEV3 52 0.069 0 4.028 Size
SFElps,IM,dMax,V_ROI,IEV3 53 0.064 0 4.169 Size
xc,V,IEV1 54 0.06 0 2.651 Shape
yc,V,IEV2 55 0.059 0 2.692 Shape
xc,V_ROI,IEV3 56 0.059 0 2.771 Shape
xc,V_ROI,IEV2 57 0.058 0 2.608 Shape
yc,V_ROI,IEV3 58 0.057 0 2.639 Shape
xc,V,IEV2 59 0.057 0 2.644 Shape
xc,V_ROI,IEV1 60 0.057 0 2.698 Shape
yc,V_ROI,IEV2 61 0.056 0 2.75 Shape
yc,V,IEV1 62 0.056 0 2.709 Shape
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xc,V,IEV3 63 0.056 0 2.79 Shape
SFSph,minB,V_ROI,IEV3 64 0.056 0 5.271 Shape
SFSph,minB,V,IEV3 65 0.056 0 5.315 Shape
SFElps,IM,dMax,V,IEV2 66 0.054 0 4.164 Size
yc,V,IEV3 67 0.054 0 2.691 Shape
yc,V_ROI,IEV1 68 0.053 0 2.779 Shape
SFSph,minB,V_ROI,IEV1 69 0.051 0 7.13 Shape
SFElps,IM,dMax,V_ROI,IEV2 70 0.047 0 4.515 Size
SFSph,minB,V_ROI,IEV2 71 0.043 0 5.474 Shape
SFSph,minB,V,IEV2 72 0.041 0 5.654 Shape
�E,V_ROI 73 0.037 0.861 0.001 Orientation
�E,V_ROI 74 0.033 0.732 0.007 Orientation
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Figure A4: Plotmatrix of the training dataset (DTR) with feature combinations of
SFmaxFeretSph,F,V_ROI, SFElps,SA,r3,V_ROI and SVCH,V_ROI,IEV1.

A2.5 Data Analysis

A2.5.1 ReliefF

The ReliefF algorithm is a filter-method approach which can be used in conjungtion with a la-
beled training dataset for the selection of features in categorical multi-dimensioanl classification
problems [270, 271, 272, 273]. ReliefF calculates a score / weight (W , initializationWj = 0)
for each feature (Fj) using the k nearest neighbors method following Equation A4 (ESI, page
A17) for nearest neighbor observations from the same class and in Equation A6 (ESI, page A17)
for nearest neighbor observations from the different classes. The specified number of updates
(m) was equal to the number of observations.
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For observations (xr, xq) from the same class:

W i
j = W

i−1
j −

Δj(xr, xq)
m

⋅ drq (A4)

For observations (xr, xq) from different classes with the prior probabilities of the class (pyq ,
pyr):

W i
j = W

i−1
j +

pyq
1 − pyr

⋅
Δj(xr, xq)

m
⋅ drq (A5)

with (for continuous Fj)

Δj(xr, xq) =
|xrj − xqj|

max(Fj) −min(Fj)

and a distance function (drq) which is subject to scaling (d̃rq)

drq =
d̃rq
k
∑

l=1
d̃rl

, d̃rq = exp−(rank(r,q)∕�)
2

A2.5.2 F-Score

F (i) =
(x̄i+ − x̄i)2 + (x̄i− − x̄i)2

1
n+−1

n+
∑

k=1
(x+k,i − x̄i

+)2 + 1
n−−1

n−
∑

k=1
(x−k,i − x̄i

−)2
(A6)

with x̄i, x̄i+ and x̄i−, which are the average of the ith feature of the whole, the positive and
the negative data set, respectively.

A2.5.3 Support Vector Machines

SVM establish an Optimally Separating Hyperplane (OSH) as a decision surface in the mul-
tidimensional feature space between both classes. The n-dimensional training data (xi ∈ Rn)
is used along with their assigned categories (yi = ±1) to find the OSH defined by Equation
A7 defined by its orthogonal vector w ∈ Rn and constant b ∈ R. The margin for the OSH is
maximised transforming the optimisation problem to a dual quadratic programming problem
solved using the Lagrangian multipler method shown in Equation A8. Re-substitutingw yields
Equation A10. The used features were standardized to avoid scale effects on the classification

A17



9 Appendix

outcome (Equation A13). SVMs are kernel methods, where the input data is transformed to a
high-dimensional feature space (kernel trick). Two of the most popular kernel functions for this
transformation are linear (Equation A11) or radial basis functions (rbf, Equation A12).

f (x) = x ⋅ w + b = 0 (A7)

LP =
1
2
‖w‖2 −

∑

i
�i[yi(xi ⋅ w + b) − 1] (A8)

with the partial derivatives at LP = 0

)LP
)w

= w −
∑

i
�iyixi,

)LP
)b

= −
∑

i
�iyi

w =
∑

i
�iyixi,

∑

i
�iyi = 0

LD =
∑

i
�i −

1
2
∑

i

∑

j
�i�jyiyjK(x1, x2) (A9)

max
�

∑

i
�i −

1
2
∑

i

∑

j
�i�jyiyjK(x1, x2) (A10)

Kernel functions (K(xi, xj)) can be used for feature data transformation.
Linear kernel:

K(xi, xj) = xi ⋅ xj (A11)

Radial-Basis-Function kernel (RBF):

K(xi, xj) = exp(−
‖xi − xj‖2

2�2
) (A12)

The feature data is standardized to compensate changing measuring scales:

x*j =
xj − �*j
�*j

with �*j = 1
∑

k
W *
k

∑

k
W *
k xjk (A13)
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A3 Appendix - Investigation of the Particle Design Space of Novel Pharmaceutical

Formulations (Chapter 6)

Table A7: Thermal emissivity correction factors for solid phase of HPMC K100LV
(HPMC_10) and formulations of MET with MAN and HPMC K100LV (MS_0 -
MS_4).

"
HPMC_10 0.988 ± 0.006
MS_0 0.942 ± 0.012
MS_1 0.929 ± 0.011
MS_2 0.936 ± 0.002
MS_3 0.949 ± 0.013
MS_4 0.932 ± 0.005

Figure A5: 2nd order polynomial fit to calculate the diffusion coefficient of MAN in water. Re-
ported experimental data from literature.[302, 303]
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Figure A6: Lock-point (LP) detection during SDD experiments: (a) the evaporation volume
flux (V̇ = ΔV ∕(A ⋅ Δt) ∝ ṁ) of the solvent from the droplet to the gas phase is
calculated iteratively from the changing droplet volume. LP ((t∕d20 )LP) is detectedwhere V̇ undergoes a discontinuous change with dV̇ (tLP )∕dt = min(dV̇ ∕dt). (b)
After LP, the particle reaches a final size and further evaporation of residualmoisture
cannot be quantified through the collected SDD images.

A3.1 Estimation of polymer diffusion coefficient using Stokes-Einstein equation

The viscosity of water can be calculated as a function of the temperature (T ) using Equation
A14 with A = 0.02939 mPa⋅s, B = 507.88 K and C = 149.3 K.

�WAT = A ⋅ e
B

T−C (A14)

The viscosity of HPMC solutions follows Equation A15 with a constant scaling factor K and
the solid mass ratio of HPMC (x = mHPMC∕(mHPMC + mWAT)). For HPMC K100LV, K was
determined to be 38.91 solving Equation A15 with x= 0.02 w/w and �HPMC = 100 mPa⋅s [374].

�HPMC = (1 +K ⋅ x)8 (A15)

The radius of the hydrated polymer molecules (Rℎ) was calculated using Equation A15 which
is derived from the Einstein viscosity relation for solid spherical particles with equal effect on
the intrinsic solution viscosity ([�]) [301].

Rℎ =
(

3 ⋅ [�] ⋅Mw

10 ⋅ � ⋅NAv

)1∕3

(A16)

with intrinsic viscosity ([�] = limc→0(�sp∕c), for HPMC K100LV [�] = 24.49 mL/g), specific
viscosity (�sp = (� − �0)∕�0), viscosity of the pure solvent (�0 = �WAT), the polymer molecular

A20
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weight (Mw) and the Avogadro’s constant (NAv). For HPMC K100LV, Rℎ was calculated to
be 1.85 nm. Other macromolecules with similar molecular weights have calculated Rℎ of 7.82
- 11.46 nm for Dextran or 5.56 - 18.95 for PVP [301].
The solute diffusion coefficient (Ds,SE) can be estimated as a function of the solution viscosity
(�) and the temperature (T ) using the Boltzmann constant (kB) and Rℎ. The dynamic change
of � and Ds,SE over the course of the HPMC K100LV SDD experiments is shown in Fig. A7.

Ds,SE =
kB ⋅ T

6 ⋅ � ⋅ � ⋅ Rℎ
(A17)

Figure A7: Changes in the calculated solution viscosity (�) and diffusion coefficient (Ds)of HPMC K100LV during liquid evaporation until LP. �HPMC K100LV and
Ds,HPMC K100LV are calculated using Equation A15 and Equation A17, respectively.

A21
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A4 Appendix - Peptide Isolation via Spray Drying (Chapter 7)

A4.1 Formulas

Spray dryer heat- and mass-balance: Antoine equation to calculate the saturation vapour pres-
sure at P5 (pS,Sat,P5) and P9 (pS,Sat,P9) as a function of measured local temperature (TK [K]).
For water between 0 °C - 100 °C: A = 10.20, B = 1730.63 and C = -39.72 [DDBST (http:
//ddbonline.ddbst.com)].

pS,Sat = 10A−B∕(TK+C) (A18)

Relative Humidity (RHP9,R) is defined as the solvent vapour pressure (pS,P9) in relation to the
saturation vapour pressure (pS,Sat,P9).

RHP9,R =
pS,P9

pS,Sat,P9 (A19)

Dalton’s Rule at constant mole fractions of all inert gases for changes in the absolute pressure
between local positions in the spray dryer (i = P3 - P5, pP3 = pP4 = pP5 ⋍ 1 atm = 1.013 ⋅ 105
Pa) and P9 (pP9,R).

pS,i = pS,P9 pi
pP9,R (A20)

RHi,C = RHP9,R ⋅
pi

pP9,R ⋅
pS,Sat,P9
pS,Sat,i (A21)

Cyclone Separation: The solid-gas separation in a cyclone can be described using Barth’s clas-
sical model [357]. The critical cut-off size of the cyclone (d̄50, Equation A22) is a function of
air viscosity (�), radial air velocity (vri), radius of the exit duct (ri), tangential particle velocity
(vt), and particle density (�p). Additional information on the volume flow rate (Q), the internal
radius of the cyclone (ra) and the vortex height (ℎ) are needed to estimate vri and vt [375].

d̄50 =

√

√

√

√

18 ⋅ � ⋅ vri ⋅ ri
v2t ⋅ �p

(A22)

with radial air velocity:
vri =

Q
2�riℎ

A22

http://ddbonline.ddbst.com
http://ddbonline.ddbst.com
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and tangential particle velocity:
vt = vin

√

ra
ri

The volume flow rate (Q) was estimated according to Equation A23 using information on the
specific humidity change between P3 and P5 (SHP5-P3) and the recorded feed rate (|FRP11,R|).

Q =
|FRP11,R|
ΔSHP5-P3

R ⋅ T
p

(A23)

with the ideal gas constant (R), local temperature (T in K) and local absolute pressure (pP9 ≃
1.013 ⋅ 105 Pa).
Used values to solve Equation A22 are listed in Table A8.

Table A8: Values for the calculation of the cyclone’s cut-off size (d̄50) to evaluate the cyclone
separation.
Z0 [m] ri [m] ra [m] � [Pa s] �p [kg/m3] Q [m3/s] d̄50 [m]
140 ⋅ 10−3 7 ⋅ 10−3 19.4 ⋅ 10−3 1.82 ⋅ 10−5 1470 4.3 ⋅ 10−3 9.81 ⋅ 10−7

A23
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A4.2 Tables
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A4.3 Figures

Figure A8: Implementation of the BME680 sensor recording temperature (TP9,R), pressure(pP9,R) and relative humidity (RHP9,R) of the exhaust gas at P9 (see Fig. 7.4). a)
3D printed sensor mount with key dimensions and b) wiring of the BME680 break-
out board. [STL-print files and code included in [ThesisDOI StrathData REF]]

Figure A9: Example for the B290 system characterisation (experiment SP_000_07) assessing
impact of selected inlet temperature (TP3,S) and feed rate (FRP11,R) on measured
levels of temperature (TP3,R, TP5,R and TP9,R), pressure (pP9,R) and relative humidity
(RHP9,R).
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Figure A10: Water adsorption isotherm of amorphous TRE at 25 °C from published data
[354, 355, 377, 378] and measured moisture content for experimental spray dried
samples (SPT1, SPT2). The published data was used to correlate relative humidity
levels (RHP5,C) measured during the system characterisation with expected resid-
ual water content in the spray dried material. Deviations in reported Tg values
might be due to a adsorption/desorption hysteresis.
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Figure A11: Reported glass transition temperature (Tg) values of TRE samples with changing
moisture content [354, 379, 377, 378].

Figure A12: HPLC analysis with sample pre-filtration was used in order to allow a semi-
quantitative assessment of the peptide fibrillation. Large mature GLUC fibrils are
usually highly elongated. The samples were selected to evaluate relative changes
as an indicator for feed stability (pF vs pP) and drying (pP vs P). GLUC fibrils are
thin, elongated fibres (image adapted from Pedersen et al. [346])

A30



9 Appendix

Figure A13: Details of the HPLC potency assay as described in Section 7.2.4.3.

Figure A14: Details of the HPLC impurity assay as described in Section 7.2.4.3.
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Figure A15: Drying curves of TRE, GLUC and a formulation of GLUC:TRE recorded during
SDD experiments on the MSAL. (a) pure water (WAT), (b) TRE c0 30 mg/mL, (c)
GLUC c0 5mg/mL and (d) GLUC c0 5mg/mL formulationwith TRE c0 30mg/mL.
Annotations: n = number of experiments, d0/V0 = starting droplet diameter/vol-
ume, dt = inf/Vt = inf = final droplet or particle diameter/volume, xWAT,LP = WAT
mass fraction at LP, kappa = evaporation rate, T = MSAL ambient temperature
and RH = MSAL ambient relative humidity.
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Figure A16: XRPD data of (left) spray dried TRE and (right) GLUC powders suggest an amor-
phous solid state structure of the produced solids below the XRPD detection limit,
except for SPT3. The amorphous solid phase of the TRE matrix aims to protect
the peptide against denaturation (water replacement theory [358, 359]).
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Figure A17: DSC data of spray dried TRE powders suggest an amorphous solid state structure
of the produced solids, except for SPT3 with a dehydration peak (Td) at 97.00 °C.
The glass transition temperatures (Tg) of the TRE powders are between 38.98 °C
(SPT5) and 60.26 °C (SPT2).

Figure A18: TG-MS data of spray dried TRE powders. Weight loss was subdivided in three
steps: ΔRM80 (20 - 80 °C) indicating residual unbound moisture, ΔRM110 (80
- 110 °C) indicating TRE-h as observed for the TRE-h reference material and
ΔRM180 (110 - 180 °C) above Tg,TRE of 115 °C.
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Figure A19: TG-MS data of spray dried GLUC powders. Most of the weight loss occurs in two
steps between atΔRM80 (20 - 80 °C) andΔRM180 (110 - 180 °C).ΔRM80 relates tounbound residual moisture. ΔRM180 might indicate the amount of bound residual
moisture, which has an average value of 3.69 ± 0.14 wt% for all spray dried GLUC
samples (except SPG5 (F)) and is unaffected by the conditions of the spray drying
process. SPG5 exhibits rapid weight losses above 170 °C and extensive browning
indicating a Maillard reaction at these temperatures.
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Figure A20: ThT assay for kinetic assessment of freeze-dried GLUC reference powder regard-
ing feed stability (onset of fibrillation) and fibrils growth kinetics at changing
ethanol solvent ratios (S1 = 0 v/v%, S2 = 1 v/v%, S3 = 10 v/v%, S4 = 25 v/v%, S5
= 50 v/v%) and changing GLUC concentrations (C1 = 1 mg/mL, C2 = 5 mg/mL,
C3 = 15 mg/mL). The collected data suggest a change in the fibrillation kinetics
leading to changes in the ThT fluorescence. At a ethanol solvent ratio of 50 v/v%,
the ThT fluorescence is completely suppressed. Details of the ThT assay are de-
scribed in Section 7.2.4.3. All values are calculated means from sample triplicates.
The signal of solvent blanks was subtracted to adjust the baseline.
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Figure A21: Tht Assay of spray dried GLUC powders in 0.05M HCl at two concentrations (C1
= 1 mg/mL, C2 = 5 mg/mL) and seeded with 5 �l of a suspension of a previously
aggregated GLUC sample. The data suggest that the fibrillation kinetics or the
fibrillation pathway of the spray dried GLUC powders are significantly altered in
direct comparison to data collected for the freeze dried referencematerial presented
in Fig. A20 (Appendix, page A36). Details of the ThT assay are described in
Section 7.2.4.3. All values are calculated means from sample triplicates. The
signal of solvent blanks was subtracted to adjust the baseline.
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Figure A22: Small scale GLUC samples of 5 mg/mL with increasing ethanol solvent ratios (0 -
50 v/v%). All samples remained stable without visible gelling/aggregation within
a one hour time window. After 19 hours all samples showed strong fibrillation
except solution prepared in 50:50 v/v% water:ethanol (WAT:EtOH).
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Figure A23: High performance cyclones after spray drying experiments (left) SPT2 (TP3,S 130°C, ethanol 0 v/v%) and (right) SPT6 (TP3,S 130 °C, ethanol 50 v/v%) showing
significant differences in the local particle adhesion leading to wall-depositing of
material in the cyclone.
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Figure A24: SEM images of spray dried TRE and GLUC samples. TRE samples: (a) SPT1, (b)
SPT2, (c) SPT3, (d) SPT4, (e) SPT5, and (f) SPT6. GLUC samples: (g) SPG1, (h)
SPG2, (i) SPG3, (j) SPG4, and (k) SPG5.
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