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ABSTRACT

Encapsulated composite particles designed for inhalation are commonly prepared by
spray drying. However, a challenge arises as common inhalation excipients are water
soluble whereas most commercial active pharmaceutical ingredients (APIs) are not. This
creates an obstacle for inhalation formulations manufactured by spray drying, wherein
the traditional approach requires excipients to be dissolved in the same solvent, leading
to limitations such as incompatibilities between the API/ excipient and the solvent and
limited solubility. The utilization of athree-fluid nozzle (3FN) as atomizing tool arises
as an interesting alternative to overcome the mentioned challenges, enabling the use of
two independent solutions. Therefore, the present work aims at preparing encapsulated
composite particles using the 3FN enabling the definition of a process development
methodology from lab scale to manufacturing scale.

The use of a 3FN was extensively investigated using a model inhalation formulation
containing Leucine as shell forming agent. Aligning with a quality-by-design approach,
this study comprised a design of experiments combined with empirical model devel-
opment, to determine the potential critical process parameters and link them to the
investigated critical quality attributes. It was demonstrated that the 3FN is an efficient
atomization strategy to prepare particles within the inhalable range (Dy50 < 5 ym) and
with fine particle fraction between 38 and 53%. The thorough study of process parameters
revealed that atomization flow rate is of paramount importance in defining the particle
size and consequently aerosol performance. Furthermore, this methodology is demon-
strated to be adaptable for encapsulating different APIs, with Leucine emerging as the
hydrophobic amino acid with most potential for encapsulation.

This work established the feasibility of using the 3FN towards the manufacture of
encapsulated particles and advanced process knowledge within this specific context. Fur-
thermore, the methodology whereby followed constitutes a robust process development
tool with applicability across multiple phases of pharmaceutical development.

Keywords: Spray drying, 3-fluid nozzle, Composite particles, Encapsulation, Empirical

modeling
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REsumMo

A secagem por atomizacdo é amplamente utilizada para preparar particulas compdsi-
tas encapsuladas para inalagdo. No entanto a maioria dos excipientes para inalagdo sao
soltiveis em dgua, enquanto os ingredientes ativos API ndo sdo. Tal é um desafio no desen-
volvimento de formulagdes para inalacdo, ja que € necessario dissolver o IA e excipientes
no mesmo solvente, potencialmente causando incompatibilidades entre API/excipientes
e solvente e também solubilidade limitada do API. Um atomizador de trés fluidos (3FN) é
uma alternativa interessante para este desafio, ao permitir utilizar duas solugdes indepen-
dentes. Assim, este estudo visa produzir particulas compésitas encapsuladas utilizando
o 3FN, estabelecendo assim uma metodologia de desenvolvimento de processo aplicavel
desde a escala laboratorial a industrial. A utilizagdo do 3FN foi extensamente estudada em-
pregando uma formulagdo modelo com Leucina, como agente de encapsulagdo. Adotando
uma abordagem de qualidade por design, o trabalho incluiu um desenho de experiéncias
combinado com desenvolvimento de modelos empiricos. Assim é possivel determinar
0s potenciais parametros criticos de processo e correlaciona-los com os atributos criticos
de qualidade. Foi demonstrado que o 3FN é uma estratégia de atomizagdo eficiente para
produzir particulas inaldveis (Dy50 < 5 um) e fragdo de finos entre 38 e 53 %. A analise
detalhada dos pardmetros de processo revelou que o caudal de atomiza¢do desempenha
um papel fundamental na determinagdo do tamanho de particula e consequentemente fra-
¢do de finos. Para além disso, a metodologia aplicada é adaptavel para encapsular outros
API, tendo sido determinado que a Leucina é o aminoécido hidrofébico que confere um
processo de encapsula¢do mais simples.Este trabalho comprovou a aplicabilidade do 3FN
para a produgédo de particulas compositas encapsuladas bem como permitiu aumentar o
conhecimento sobre o processo, dentro do contexto estudado. Para além disso, a metodo-
logia seguida constitui uma ferramenta robusta para desenvolvimento de processo com

aplicabilidade em diversas fases do desenvolvimento farmacéutico.

Palavras-chave: Secagem por atomizacdo, atomizador de trés fluidos, particulas compé-

sitas, modelagdo, encapsulagdo
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1

CONTEXT AND MOTIVATION

The preparation of composite particles intended for inhalation purposes commonly in-
volves spray drying, wherein one or more active pharmaceutical ingredients (APIs) are
combined with suitable excipients within a single solid phase. The excipients are selected
based on their properties to enhance powders’ properties, particularly aerosolization.
However, a challenge arises when generally accepted inhalation excipients are water
soluble whereas most commercial APIs for inhalation and new chemical entities under
development possess poor water solubility [2]. This poses a great challenge for inhalation
formulations manufactured by spray drying (SD), wherein the traditional approach re-
quires API and excipients to be dissolved in the same solvent system. This setting leads
to further complications, namely finding the adequate solvent system, ensuring there are
no incompatibilities between the API/ excipient and the solvents. Additionally, the API
solubility might limit the maximum quantity to be solubilized, negatively influencing
process throughput.

The utilization of a three-fluid nozzle (3FN) as an atomization tool, offers a solution to
these challenges as it enables the use of two independent solutions. Hovione already holds
intellectual property on the utilization of this nozzle for the production of encapsulated
composite particles. Therefore, the present work aims at preparing encapsulated composite
particles via SD utilizing the 3FN as the atomization strategy, as proposed by Hovione.
The developed project works as a proof of concept of the implementation of the 3FIN
towards the preparation of this specific class of inhalable particles. Furthermore, the

methodology developed during the project serves as a tool for process development.

To achieve this objective, an extensive study of the 3FN will be conducted using a
model inhalation formulation, selected through an initial excipient screening. To adhere
to quality by design (QbD) approach this study comprises the utilization of a design of
experiments methodology complemented with the development of empirical models of
the investigated critical quality attributes (CQAs). Thus, this comprehensive approach
seeks to establish a QbD framework for employing the 3FN as a novel atomization strategy

for efficiently preparing encapsulated composite particles for pulmonary drug delivery.
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CHAPTER 1. CONTEXT AND MOTIVATION

The knowledge accumulated throughout this work will not only contribute to estab-
lishing the viability of the 3FN towards the production of encapsulated particles but also
enhance process understanding within this specific context. Additionally, the following

methodology serves as a robust process development tool applicable to other processes

and to formulation design.



2

THEORETICAL INTRODUCTION

2.1 Pulmonary drug delivery

According to the World Health Organization, infectious pulmonary diseases have been a
major health issue at a global level. Statistics reveal that chronic obstructive pulmonary
disease and lower respiratory infections are ranked third and fourth leading causes of
death, with a growing prevalence [3-6] as they are challenging to treat with conventional
drug delivery approaches [7].

Drugs can be delivered through a multitude of routes, such as parenteral, oral, topical,
ocular, and pulmonary [5, 8]. Inhalation-based pulmonary drug delivery is a promising
alternative approach [9-11], compared to traditional drug delivery systems, as it can
deliver APIs directly to the lungs as an aerosol [10, 11]. This strategy is effective in treating
local lung diseases [12-14] such as asthma, chronic obstructive pulmonary disease and
cystic fibrosis [11, 15-17], yielding an immediate response [11]. Moreover, it has also
shown potential for the treatment of systemic diseases [12, 14, 18, 19] such as diabetes,
Parkinson’s disease [5, 11, 14, 15, 20, 21], and schizophrenia [11, 22].

The global market of pulmonary delivery systems was valued at 49782.8 million USD
in 2020 and is projected to grow at a compound annual growth rate of 6.1% from 2021 to
2030, reaching 91128.6 million USD by then [13]. Market growth is driven by increased
air pollution and the prevalence of pulmonary diseases [13].

Pulmonary drug delivery presents several advantages when compared to the typical
routes of administration. These benefits are closely linked to the physiological properties of
the lungs [15, 23]. They have a large surface area (>100 m? [9, 14]), are highly vascularized
and have high permeability due to the thin epithelial membrane [5, 6, 8, 9, 14, 18], resulting
in fast absorption [6] and systemic distribution [8, 10, 15, 18]. Moreover, this delivery route
bypasses the first-pass metabolism and has low enzymatic activity [6, 14, 15, 18], enabling
the use of lower doses [8, 16] and reducing the occurrence of systemic side effects [15,
24]. Therefore, this delivery method promotes a fast drug onset [8, 10] and increases drug
bioavailability [11, 15], being particularly beneficial for APIs that are easily metabolized
[11].



CHAPTER 2. THEORETICAL INTRODUCTION

Orally-inhaled drugs can be delivered to the lungs, in a non-invasive way [14, 18],
through a nebulizer, metered dose inhaler, soft mist inhaler, and dry powder inhaler (DPI)
[6, 15, 25]. Nebulizers, metered dose inhalers, and soft mist inhalers deliver drugs in the
form of solutions or suspensions [15], whilst DPIs are in the solid state [15, 25]. Notably,
DPIs have been gaining increased attention to treat infectious lung diseases [6], due to
their distinct advantages over the other inhalers [11, 19, 24]. These advantages include
being propellant-free, breath-actuated, having improved chemical stability, linked to the
API’s solid-state, portable, and not requiring breath and device coordination [5, 6, 12, 14,
15, 17, 24, 25]. Moreover, they are an alternative for the administration of high doses,
instead of nebulization which requires long administration times and cleaning procedures
[11, 26].

The human pulmonary airway system comprises three distinct regions: extrathoracic,
tracheobronchial, and alveolar [5, 27]. Each of these regions has a different particle
deposition extent [18] as particles deposit according to their aerodynamic diameter (D),
as is shown in Figure 2.1. The D, of a particle refers to the diameter of a sphere with a
unit density, possessing the same settling velocity in the air as the particle under study
[28].

Impaction
Dze>5um

Exhalation
D,e<0.5pum

Sedimentation
lum<D,.<5um

Diffusion
Dye<1pm

Figure 2.1: Lung deposition mechanisms [8]

It is widely recognized that, for optimum lung delivery, particles should have a D,
between 1 and 5 um [6, 9, 24, 29], depositing in the bronchial and alveolar region due
to gravitational sedimentation [6, 8, 15, 18]. Larger particles (D,.>5 um), deposit on the
upper airways due to inertial impaction [5, 6, 8, 15, 18]. Lastly, particles under 1 ym are
deposited in the deep alveoli by Brownian diffusion, while even smaller particles (<0.5
um) remain in the air stream and are exhaled [15, 18].

However, pulmonary drug delivery has some drawbacks and challenges. The respira-
tory system has a low tolerance of foreign particles [18], and they can be removed by two
clearance mechanisms, (i) the mucociliary response and (ii) alveolar macrophage activity,
that specifically target particles between 1 to 3 um [6, 15, 18, 28]. This quick clearance
of the site of deposition decreases drug concentration in the lungs [15], thus compromis-
ing the therapeutic effect [18]. Another challenge is tied to the DPI’s breath-activated
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2.2. TYPES OF FORMULATIONS FOR DRY POWDERS INHALERS

nature, which requires forceful inhalation to fluidize the drug powder and generate the
aerosol, posing difficulties for children and patients with severe lung impairments [11,
30]. Although devices do not influence bioavailability their proper handling determines
it [18]. Additionally, the drug formulation should avoid causing local irritation, to main-
tain patient compliance [18] and the formulation should be optimized to avoid particle
deposition in the oropharynx instead of the lungs, due to ineffective deagglomeration [5].

Therefore, the successful deposition of the drug particles in the lung is governed by i)
the deposition site, which is dictated by the physical properties of the powder, linked to
the formulation and the device [11, 31]; ii) inhalation conditions, such as the inspiratory
flow and volume, linked to the individuals breathing pattern and lung health [4, 6, 27,
31]; and iii) respiratory tract factors, such as its geometry [6, 27, 31] and the occurrence of

clearance mechanisms [31].

2.2 Types of formulations for dry powders inhalers

To assure correct lung deposition and increased bioavailability, dry powders must be
designed with specific physicochemical properties, particularly enhanced aerosolization
performance and dispersibility [6, 11, 18, 31]. However, this can be challenging, consider-
ing that dry powder particles, of low micron size, have high surface energy, exhibiting high
cohesion and adhesion forces, that result in poor flowability, dispersion, and aerosolization
[19, 28, 32].

Consequently, the most usual form of dry powders consists of carrier-based formu-
lations [11, 18, 28, 33]. These formulations involve blending the fine API particles with
a coarse carrier particle to improve flowability, handling, dispensing, and metering [11,
12, 28, 32]. Carrier-based formulations require the micronization (size reduction) of the
API followed by blending with a coarse carrier particle, commonly lactose monohydrate,
enabling the adhesion of the API to the carrier surface [23, 24, 32, 34, 35].

However, this approach exerts poor control over particle size, shape, and morphology
[24]. Hence carrier-based formulations present challenges such as poor blend uniformity
[12, 34] and inadequate aerosolization [11, 12, 34], linked to the need for optimal adhe-
sion forces, which must assure, simultaneously, homogeneity, powder stability and API
detachment during inhalation [11, 12, 23, 31]. Additionally, carrier-based blends are not
suitable for high doses, as the ratio between carrier and API is high and there is a limited
amount of powder that can be inhaled, as usually drug loads up to 5% w/w are used in
this type of formulation strategy [28, 32, 36].

A novel solution to these challenges is carrier-free composite particles, where one or
more APIs and possibly excipients are embedded in a single solid phase [2, 12, 32, 34,
37]. This approach improves uniformity and dispersibility, yielding increased therapeutic
activity [12, 31]. Such particles can present different morphologies, such as spheroids,
porous particles, and encapsulated particles, containing a solid core surrounded by an

5



CHAPTER 2. THEORETICAL INTRODUCTION

outer layer [12]. Additionally, this approach is suitable for high dosages, as there is a
limited amount of excipients in the formulation [19, 31, 32].

Preparation of composite encapsulated particles is particularly interesting for pul-
monary drug delivery as encapsulation grants API protection from ambient conditions
[38—40], can prevent moisture uptake [19, 24], potentiates controlled release [38], enhances
stability [39, 40], and can improve powder dispersibility [24, 38, 40] depending on the
selected formulation.

Among others, one of the potential critical quality attributes (pCQAs) of dry powders
for respiratory drug delivery, is the particle size distribution (PSD) [6, 28, 29]. This pCQA
has been shown to directly affect the aerosol performance and site deposition within
the lungs [6, 11, 18, 36]. The PSD can be expressed by Dy109, Dyso, and Dygg, which are
the geometric particle sizes that correspond to 10%, 50% and 90% of the volumetric size
distribution, with D59 being the most reported value as it divides the PSD into two halves
[8, 18].The span, (Eq.2.1), reveals the degree of heterogeneity in the PSD [18].
Doygo = Do1o

Doso

The aerosolization performance is another crucial property of dry powders, and it can

Span = (2.1)

be expressed by multiple pCQAs such as D, the emitted dose (ED) and the fine particle
fraction (FPF) [8, 18, 41]. The ED is the percentage of powder that is released from the
device and the FPF corresponds to the percentage of the ED that exhibits a D,, under 5
um [8, 18].

Particle shape, morphology and surface roughness also play a crucial role in aerosol
performance [6, 11, 18, 28, 31]. These parameters dictate agglomerate formation, surface
area, and friction between particles, thereby influencing powder flowability and dis-
persibility[28]. Moreover, they have been shown to impact the D,,, by altering the shape
factor and density. [18, 28]. For instance, wrinkled /corrugated and porous particles have
surface irregularities that prevent close contact between particles, reducing interparticle
cohesive forces and agglomeration, resulting in powder with enhanced dispersibility [8,
18, 28].

Furthermore, properties such as particle charge, density, moisture content, and hy-
groscopicity also impact the effectiveness of dry powders. For optimal lung delivery, the
particles should have a density below 1 g/cm? and exhibit both low hygroscopicity and
moisture content [11, 18, 27, 31]. The latter is also beneficial in terms of powder stability
[18].

2.3 Composite particles

The formulations can include excipients, which are pharmacologically inactive com-
pounds, that improve the properties of drug products and must be chosen based on their
precise functions [12, 32] For inhalation purposes the excipients should reduce particle
cohesiveness, thus enabling good aerosolization [2, 12].

6



2.3. COMPOSITE PARTICLES

The use of excipients is regulated by the authority that approves the pharmaceutical
product, forexample, the Food and Drug Administration (FDA) or the European Medicines
Agency (EMA) [32]. Although there is a limited number of approved excipients for
pulmonary delivery [31], the FDA has a list of substances generally recognized as safe,
and the choice of excipients often is based on this list [32].

The two classes of excipients mostly used for pulmonary applications, namely the
preparation of encapsulated particles, often have the function of glass stabilizers and/or
shell formers [40]. Upon SD the APIs can be dried into amorphous or crystalline solids.
Amorphous solids can display poor long-term stability due to recrystallization, therefore
they are commonly combined with glass stabilizers [40]. This class of excipients, posi-
tively influences stability, increasing storage time as they have the ability to increase the
formulation’s glass transition temperature [19, 40, 42]. Saccharides, and polymers such as
trehalose, sucrose, mannitol, and inulin are examples of commonly used glass stabilizers
[5, 19, 40].

Amino acids (AAs) or lipids are being proposed in the literature as shell formers, to
promote the formation of an encapsulating shell around the API, assuring its protection
and therefore stability, and enabling aerodynamic performance [32, 43-48]. Among
these, AAs are by far the most common shell-forming agents, currently being proposed
in literature [12, 19, 49]. They improve aerosolization due to their potential to increase
dispersibility, reduce moisture sorption, and decrease surface tension [12, 19, 24, 49].
Leucine and glycine are among the AAs that have been extensively reported as shell-
forming agents and have been approved by the FDA for injectables and for Exubera®
(a DPI commercial product containing glycine) [32]. Moreover, they are endogenous
substances [32], with a high potential to be biocompatible [14] and their in vitro safety has
been proven in a lung cell line [50].

Leucine is a hydrophobic AA, and it is generally regarded as the most suitable AA
for increased dispersibility and aerosolization [12, 19, 40, 49, 51, 52]. It yields hollow-
shell type morphologies [41, 51-53], with increased surface rugosity and reduced surface
energy [28, 40, 54]. These properties enable a reduced contact area between particles
and external surfaces, leading to decreased interparticle forces and improved aerosol
flowability [28, 40, 52]. Furthermore, the hydrophobic nature of the shell reduces cohesive
forces and provides moisture protection, thus safeguarding the inner core and improving
formulation stability [19, 51, 53, 54].

Composite formulations, namely encapsulated particles, can be prepared recurring to
particle engineering techniques [31, 32]. The most well-established techniques in the phar-
maceutical industry are spray drying (SD), lyophilization, emulsion-based systems, and
coacervation [2, 39, 55-58]. Additionally, there are new encapsulation technologies under
development such as interfacial solvent exchange, electrospray drying, and supercritical
fluid-assisted spray drying, although these newer processes are still overly complex and
pose several scale-up challenges [2, 56, 58].

Emulsion-based methods are usually employed for the development of controlled
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Table 2.1: Summary of particle engineering techniques

Technique Process Disadvantages
Complexity
Emulsion-based Emulsion preparation followed by oil removal Large waste generation
Slow progess rate
. L - Complexity
Coacervation Phase separation induced by temperature, pH, composition Multi-step separation
Liophylization Emulsion freezing followed by moisture sublimation High energy consumption

Slow progress rate

release formulations often in the form of injectables [58] and require at least two immiscible
liquids [58, 59]. Emulsions can be classified as oil-in-water or water-in-oil (O/W, W/O),
which are simple emulsions, or multiphase emulsions (W/O/W, O/W/O) [57-60]. One of
the phases is dispersed in the other as small droplets, with the core material usually being
in the dispersed phase with the shell material in the continuous phase [59]. Hydrophilic
APIs are commonly encapsulated with W/O/W emulsions, conversely hydrophobic APIs
require O/W or O/W/O [57, 61]. The emulsion preparation is followed by oil removal,
either by evaporation, non-solvent extraction (anti-solvent, solvent exchange), or solvent
dilution [2, 58, 62].

These methods can be challenging due to their complexity, slow progress rate, and
issues with emulsion stability and uniformity. Another drawback is linked to the utilization
of multiple solvents, leading to large waste generation and complicated full solvent removal,
which compromises efficacy and toxicity. Furthermore, this process requires additional
manufacturing steps that increase the manufacturing burden, risk of non-quality or non-

compliance, and are of difficult scale-up [58, 62].

In coacervation a change in temperature, solution composition, or pH induces a phase
separation in a solution between two liquid phases, differing only in the composition of
solutes (polymer-rich and solvent-rich phase). More complex systems are designed to
lead to the deposition of a shell material around the core of the API to be encapsulated
[58, 60, 62]. However, this process requires multi-step particle separation and the system’s
physical chemistry is highly complex [58, 62].

Lyophilization enables the entrapment of an active compound by freezing an emulsion
containing a core material and a coating material [60]. It simply consists of moisture
sublimation, involving three steps [57, 63]. The initial phase comprises freezing the
product, thereby moisture is frozen to ice. Afterward, the product is dried under a high
vacuum, to sublimate the ice, followed by a secondary drying step [59, 63]. Even though
this process enables milder conditions than SD [59], it has a long processing time coupled

with high consumption of energy and high costs [59, 60, 63].

The above-mentioned techniques are summarized in Table 2.1. They require specific
solvent systems, high energy operations, are time-constrained, and require multiple steps
to yield the final drug product intermediate [58], thus exhibiting increased difficulties
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when compared to the simplicity and straightforwardness of the SD process [2].

Hence, presently, SD is the most commonly used process to yield encapsulated particles
[2, 39, 57, 58, 63—65]. Furthermore, SD is known for its suitability to produce composite
particles, specifically for inhalation purposes [2, 12, 18, 52, 57], as a particle engineering
method, that enables fine-tuning of powder properties [19, 28, 32, 36, 51].

2.4 Spray Drying

The first patent reporting SD technology dates to the early 1870s. Ever since SD has
evolved and currently it is a well-established process in the pharmaceutical industry [66,
671].

There is great interest in SD as the process is single-step, simple, flexible, reproducible,
cost-effective, and easily scalable [18, 25, 40, 66-68]. Moreover, it enables particle en-
gineering, by fine-tuning the physicochemical properties of the particles, namely size
distribution, surface morphology, density, flowability, and moisture content [14, 18, 19, 25,
33, 36, 51, 69].

The SD market share in the pharmaceutical industry is predicted to experience a
stable 7.1% growth from 2023 until 2028, linked to the economic growth share of the
pharmaceutical market and the development of innovative technologies [70, 71].

SD is amongst the most widely used process to manufacture inhalable dry powders
[18, 19, 28]. Some examples of approved spray-dried formulations suitable for inhala-
tion currently available in the market are the TobiPodhaler ® (tobramycin, Mylan) and
Bronchiol® (mannitol, Pharmaxis), both used for the treatment and maintenance of cystic
fibrosis, as well as Inbrija® (levodopa, Acorda Therapeutics), used for the treatment of
off episodes in patients with Parkinson’s disease [14, 23, 26, 67, 69]. A spray-dried insulin
inhalation powder, Exubera® (insulin, Pfizer) was also approved by the FDA and EMA,
but it was removed from the market due to poor acceptance [32, 72].

SD can incorporate different components in a formulation, originating composite
particles with different morphologies. Moreover, it has been recognized as a pivotal tool
for microencapsulation as mentioned previously.

The spray drying process, depicted in Figure 2.2, consists of four main processing
steps i) liquid feed atomization, ii) droplet drying, iii) powder formation, and iv) powder
collection [12, 66].

Firstly, a liquid feed (solution, suspension, or emulsion [18, 40, 67]) containing the
desired compounds is prepared. This liquid feed is then pumped and atomized creating
a fine spray with a specific droplet size [25]. The atomization step can be conducted
with different nozzles, such as rotary, single-fluid, multi-fluid, and ultrasonic [25, 66].
Multi-fluid nozzles are commonly employed in the pharmaceutical industry [12, 14, 40],
wherein a gas feed is used to break up the liquid. The liquid and gas flow separately
inside the nozzle, meeting at the tip, where droplets are created [68].

9



CHAPTER 2. THEORETICAL INTRODUCTION
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Figure 2.2: Spray drying process [66]

Atomization plays a pivotal role in SD, as it affects both the drying time, droplet size
distribution, and density, thus greatly influencing the particle properties, namely the final
particle size [12, 18, 25, 29, 68]. Additionally, the droplet size distribution can be estimated
according to the the atomization process using empirical correlations[68, 73]

In the drying chamber, the droplets contact with heated drying gas, typically nitrogen,
enabling heat and mass transfer between the gas and droplets [25, 40, 68]. The contact
between phases in the drying chamber is influenced by the flow pattern in the SD, which
can be co-current, counter-current, or mixed flow. In the co-current setting, gas and
droplets flow from the top of the chamber to the bottom, whereas in the counter-current
setting, gas flows upward against the droplets [25, 29, 66, 68]. Therefore, in co-current
flow, the powder is in contact with the coolest gas. Conversely, in counter-current flow,
the powder contacts with the hottest gas, thus this setting is not suitable for heat-sensitive
materials but desirable for thermal efficiency [25, 29, 66]. In the mixed flow setting, the
nozzle is in the middle of the chamber while the gas flows downward [25, 66].

Rapid solvent evaporation results in the formation of solid particles, that are carried
with the gas into the cyclone [25, 40]. The cyclone’s cylindrical design enables the
generation of a vortex flow as the gas enters tangentially and spirals down, separating
the solid particles due to centrifugal forces [25, 40, 68]. Cyclone design is crucial as its
performance influences particle separation, namely, the capture of finer particles under 2
um, affecting the yield and final PSD [68].

Regarding the exhaust gas, the SD process can be conducted in two settings, open
loop, where the drying gas is not recirculated and closed loop, where the gas is recircu-
lated, passing through a condenser to remove the evaporated solvent and re-establish the
humidity levels [66].

Depending on the process conditions, product specifications, and physical stability,
the collected powder might undergo a secondary drying step to remove residual solvent
[68].

Numerous operating parameters can be optimized to fine-tune particle properties
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[12, 18, 25, 32, 40, 67], the influence of different process conditions on the final powder

properties are summarized in Table 2.2

Table 2.2: Theoretical influence of SD parameters on final powder properties, adapted
from [12]

Process parameters Particle properties
Liquid feed concentration (C_solids) Particle size
Particle size
Feed rate (F_feed) Particle morphology
Water content
Atomization feed rate (F_atom) Particle size
Particle morphology

Outlet temperature (T_out) Water content

Furthermore, other input parameters such as the atomization strategy, solvent type,
and overall formulation play a significant role in determining the powder properties [14,
18, 32, 40].

2.5 Three-fluid nozzle

A 3FN, schematically present in Figure 2.3A is a novel type of multi-fluid nozzle that
features a three-layered concentric structure. In this design, two liquid feeds flow through
independent channels and the atomization gas flows through the third outermost channel
[2,17, 38, 64, 74]. This atomization strategy contrasts with the conventional approach of a
two-fluid nozzle (2FN), pictured in Figure2.3B, which only has one liquid channel.

Additionally, since the 3FN has external mixing, the different feeds meet at the nozzle
tip, where they are co-spray dried, with no prior mixing [64, 74], originating multilayered
droplets [39, 41]. It is proposed that the solvent sprayed via the outer channel may coat
the solvent of the inner channel during a brief atomization process [38].

A B

|| ]

AN
\Atomization gas \ Atomization gas

Figure 2.3: Atomization strategies, (A) three-fluid nozzle, (B) two-fluid nozzle
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The 3FN offers several advantages for dry powder production. It can help overcome
solubility and solvent incompatibility issues, by allowing the APIs to be solubilized in
one solvent and the excipients in another [2, 7, 17, 64, 74], thus, eliminating the need
for co-solvent systems that solubilize all components in a single solution (2FN) [7, 64].
Furthermore, this system enables the use of wider ranges of solids concentrations [17, 74,
75], which is advantageous as it reduces solvent usage [17, 74, 75] and increases process
throughput [2, 7], thereby enhancing economic viability [2].

The 3FN has been widely studied for various applications, namely, it has been used
to successfully encapsulate APIs in different matrixes for diverse purposes. Protein-
loaded PLGA microparticles with varying characteristics have been prepared with a
3FN, demonstrating its suitability to encapsulate biopharmaceuticals [76]. Also, the
encapsulation of diclofenac sodium with ethyl cellulose resulted in a functionalized API
with the potential for enhancing delivery [39].

Encapsulation has also been investigated for sustained release of ethenzamide from
microcapsules coated with ethyl cellulose, prepared from a suspension. The 3FN resulted
in particles with a clear shell structure and a smaller particle size than those obtained
from a 2FN. A main draw from this study is the crucial role of the arrangement of the
feeds in the nozzle, whereby the shell-forming agent must be fed on the outer channel to
ensure encapsulation [38].

Furthermore, the 3FN has been used to overcome incompatibility challenges between
API and excipients, enabling the production of encapsulated omeprazole sodium with
Eudragit® L100, without the typical API degradation observed when drying with a 2FN
[64].

Besides encapsulation, solid dispersions with improved dissolution were prepared
with a 3EN, showing it can improve the dissolution behavior of lipophilic drugs in a
hydrophilic matrix, specifically of diazepam in mannitol [74].

This atomization strategy has also been studied regarding the preparation of amor-
phous solid dispersions of carbamazepine, using polymeric excipients. Additionally, the
3FN performance was compared with the conventional 2FN. The 3FN yielded particles
with the desired drug load and it was concluded that solution placement on the channels
substantially affects crystallization. Regarding PSD, drug content, and residual solvent
content the results were similar between the 3FN and 2FN. A main takeaway of the study
is the advantage rendered by the separate feed rates which enables drug load to be tuned
as desired [77].

Regarding respiratory drug delivery purposes, published articles are mainly focused
on the production of combination dosage formulations, where two APIs are co-spray
dried. A combination of salbutamol sulfate and theophylline was prepared using the
3FN to overcome the low solubility of theophylline. The results demonstrated that the
3FN is suitable to produce homogenous particles for dry powders, although the aerosol
performance required optimization to be adequate for pulmonary delivery [17].

Other combination formulations such as tobramycin with diclofenac [75] and colistin
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and azithromycin [7] have also been investigated. These reports assess the effect of
process parameters and compare the 3FN with the standard 2FN, regarding powder
properties such as surface composition, aerosol performance, stability, and overall powder
physicochemical properties. The results show that the 3FN yields larger particles, which
resulted in a lower FPF when compared to the 2FN [7, 75]. Furthermore, both studies
observed surface enrichment with the hydrophobic API which prevented moisture uptake
in the case of colistin [7] and enabled sustained release of tobramycin [75]. Although
the 3FN resulted in larger particles, it provided flexibility in terms of solvent choice and
enabled drying at higher feed concentrations [7].

Additionally, the performance of the 3FN was investigated and compared to the 2FN,
regarding the production of budesonide particles with mannitol. For the 2FN, budesonide
was suspended in an aqueous solution, while with the 3FN the API was in a solution. The
authors concluded that the API remained amorphous when spray-dried with the 3FN,
but the 2FN was superior in yield and aerosol performance [35].

The currently available literature suggests that the utilization of a 3FN is mainly
concerned with either the encapsulation of an API for protection and sustained release,
amongst others, or with the preparation of combination dosages for pulmonary delivery.

However, there is a lack of information/research on the simultaneous use of the 3FN
to overcome solubility limitations, incompatibilities, and purposeful encapsulation of the
API, while yielding composite particles suitable for respiratory drug delivery. Additionally,
there is a clear bottleneck in formulation development, since widely accepted inhalation
excipients (sugars, salts, amino acids, alcohols, and polymers) are usually water soluble
and poorly soluble in organic solvents [2], whilst most commercial APIs for inhalation
and other APIs in development are poorly soluble in water [74, 78]

Hovione’s patent WO 2017064481 [2] addresses this gap as it proposes the utilization
of a 3FN with external mixing as an encapsulation strategy. In this setting one aqueous
solution containing a shell-forming excipient is fed to the outer channel of the nozzle
while an organic solution of the API is fed to the innermost channel, with the condition
that the solution fed to the outer channel has a higher feed rate, to ensure encapsulation
[2].

The use of a three-fluid external mixing nozzle is fundamental, as it keeps the two feed
solutions apart until they are co-spray-dried. Furthermore, the microencapsulation degree
can also be controlled with this technique, due to the flexibility in handling separately the

concentrations of API and excipient and the relative ratios at which they are fed to the SD
[2].
2.6 Process development methodologies

The success of dry powder formulations is tightly linked to formulation properties such as
PSD, aerosol performance, amongst other [6, 11, 18, 28, 29, 31]. However, manufacturing
via SD is a combination of two categories, the feed solution containing the formulation

13



CHAPTER 2. THEORETICAL INTRODUCTION

and the process parameters. Therefore, the interrelations of these factors render the SD
process optimization to the various product attributes a challenging task [29, 79]. In these
situations, QbD approaches, based on statistical thinking and knowledge management,
can be highly valuable [79, 80], especially considering that the pharmaceutical sector is
process-based and quality-oriented [9].

QbD is a well-established tool [9], and it is defined in the ICH Q8(R2) as a systematic
approach to product development that begins with predefined objectives and emphasizes
product and process understanding and process control, based on the scientific method
and quality risk management [81]. Simply put, the process shapes the quality of the final
product [80], thus quality must be built into the design of the process [82]. Thus, applying
a QbD framework is essential and has a significant impact on industry performance as it
enables formulation and process optimization [83].

QbD requires the identification of the quality target product profile, the product’s
CQAs, and the critical process parameters (CPPs) [79, 82]. The CQAs are product
properties or characteristics required to be within an appropriate range to ensure product
quality [81, 84]. In dry powders, these would be the particle size attributes, such as the
Dus, aerosol performance indicators, such as the D,., ED and FPF, and other powder
properties such as the residual solvent and water content, and bulk density. The CPPs
are the factors in the process, whose variability has the greatest impact on the CQAs [81,
84]. In the SD process, the operating parameters with the greatest influence on powder
properties generally are T_out, F_atom, F_feed, and C_solids [12].

The implementation of a QbD framework requires the execution of an design of
experiences (DoE) [9, 84], which consists in a structured and simple approach that meets
the requirements of pharmaceutical development [80] and fits into regulatory requirements
[80, 82].

A DoE is a rational experimental planning, that mathematically explains how input
factors influence the selected responses [9, 80]. It consists of a series of tests where
input variables of a process are deliberately and simultaneously changed, according to a
predefined matrix of factor level combinations [82, 85], allowing for a study of the effects
that those changes had on the process outputs [85]. Therefore, with a DoE it is possible
to investigate multiple factors and the influence of their interactions [9, 79], having full
control of the total number of experimental runs [86].

Developing a DoE enables a thorough understanding of process factors and their
effects on product quality attributes [9]. Therefore, it leads to the identification of the
actual CPPs and links their effects with the CQAs through mathematical functions [79, 80,
82, 84]. Moreover, the DoE helps to establish a design space where the product has the
required attributes [79, 80, 84].

There are different statistical approaches when performing a DoE, namely full-factorial,
fractional factorial, response surface, and mixture design approaches [87].

In a factorial design, factors are adjusted independently from one another and the
design can be a full factorial, where all combinations of factors are studied or it can be a
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fractional factorial, where only a subset of a full factorial design is tested [82]. However,
this type of design only detects first and second-order interactions [78]. Responses surface
designs are more complex and can detect and quantify non-linear behaviors, requiring
at least three levels of factors [87, 88]. Mixture design is applied when the factors are
interdependent and each component in the mixture depends upon the settings of another
component [88].

Experimental design has several advantages when compared to the one factor at the
time approach, where only one variable is changed while the remaining are held constant
[82, 86]. A DoE is cost-effective as it maximizes process knowledge with minimum
resources [9, 82, 84-86], provides accurate data, identifies factor interactions and their
joint influence on the outcomes (which is not possible with the one factor at the time
approach [79, 82, 86])[85], quantifies factor significance, establishes solid cause-and-effect
relationships between CPPs and CQAs and enables CQA prediction within the design
space [82].

A common extension of a DoE includes statistical estimates and process modeling [89,
90]. These complement the experimental design [91], offer predictive power and are based
on statistical and multivariate analysis tools [92].

Process modeling can enhance development [89] by aiding process design [93, 94],
supporting optimization, control [89, 90], scale-up [94] and conducting risks assessments
[91, 93]. Therefore, they constitute a quantitative framework used to better understand

the process, predict its outcomes, and control its behavior [93].

Process models are a simplified representation of a complex reality based on mathe-
matical terms [93] and often three different modeling strategies based on diverse types
of knowledge are employed: (i) mechanistic/ fundamental models, (ii) empirical /data-
driven models, and (iii) semi-empirical models [89, 93].

Mechanistic models are differential /algebraic relationships derived from physical and
chemical phenomena that govern the behavior of a process [89, 95]. Even though these
models enable extended process understanding, flexibility and allow for extrapolation
[94], their development requires a large investment of time, effort, and resources [90, 94].
Thus, they have limited applicability and are used less often, due to their complexity and
high computing times [89, 96].

Empirical models are solely based on experimental data fitted with multivariate mod-
eling techniques [93, 96]. They can be applied to processes that are too complex to be
modeled solely on scientific theory [89, 91, 94], being reliable within their validated range
and reflecting the physics of the process and its variability [94]. Additionally, this approach
requires minimum information and is developed quickly, due to the high availability of
data from both offline and online measurements [89, 94]. Even though no mechanistic
knowledge of the process can be derived from these models [89, 94], they are suitable to
mathematically describe pharmaceutical processes [96] and align with the latest trends in
industry 4.0 [89].
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Lastly, semi-empirical models couple equations based on fundamental process knowl-
edge with empirical parameters, that are determined experimentally [91].

Empirical modeling of linear data can be performed by multivariate Linear Regression
(MLR) and latent variable methods, such as principal component analysis (PCA) and
projection of latent structures [91, 94, 96]. These approaches are used extensively [94],
with latent variable methods being applied when the data sets are highly correlated and
no true independent input variables are identified [91, 96].

For non-linear datasets, modeling can be performed with response surface models and
artificial neural networks [91, 94]. Non-linear approaches require multiple experimental
runs, namely on response surface models, where multiple levels are required to account
for curvatures in the response [92]. Regardless of being able to establish highly non-linear
models, artificial neural networks require multiple parameters [96] and are not easily
interpreted [91]. Moreover, unlike MLR and response surface models, which can be
analyzed with an analysis of variance (ANOVA), there is no systematic statistical-based
tool to evaluate model accuracy of artificial neural networks [94].

The selection of the most suitable modeling technique depends on the nature and
complexity of the observed relationships between variables and should be based on a
exploratory data analysis (EDA)). Doing an EDA enables the identification of relationships
and patterns in the data as well as the detection of outliers [89].

Additionally, model simplicity is crucial, thus only predictors that explain reasonable
amounts of variance should be included, which can be attained with variable selection [89,
95]. Variable selection enables the deletion of redundant predictors, therefore reducing
noise, collinearity, and costs [95]. It can be performed by hierarchical removal criteria,
forward selection, backward selection, or stepwise selection [89, 95]. Regardless, variables
not chosen for the model are still linked to the response variable, but they do not add
significant knowledge.

Model accuracy must be evaluated with an ANOVA [96] and, when applicable, a
hypothesis test, whereby rejection of the null hypotheses implies that at least one predictor
contributes significantly to the model [95]. Furthermore, models should be subject to
validation, which aims at proving that the developed model can recreate the behavior
of the system under study [96]. A common validation method is based on comparing
the predictive model results with experimental data using either an internal or external
dataset [96].

In this work, the 3FN will be implemented to produce encapsulated composite particles
as outlined in Hovione’s patent [2] adhering to a QbD approach. This approach offers a
well-structured methodology for process development, which can significantly expedite
both scale-up and optimization efforts. Itraconazole (ITZ), an antifungal agent, was chosen
as a model of a poorly water-soluble drug (solubility in water of 1 ng/ml at pH 7 [69, 97]).
Additionally, the pulmonary delivery of antifungal agents for the prevention of invasive
pulmonary fungal infections has gained traction recently, owing to its ability to administer

high doses locally with minimized systemic effects. Hence, the development of inhalable
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formulations containing ITZ holds significant potential [69, 97]. Amino acids were used
as encapsulating agents of ITZ due to their increased potential for biocompatibility [14].

DoE and multivariate data analysis techniques have been increasingly adopted in the
pharmaceutical industry [83] as they enhance statistical interpretation [86]. Therefore,
to comply with a QbD approach, the 3FN and its impact on powder properties will be
investigated with a full factorial design. The SD conditions T_out, F_atom, and M_ratio
(mass ratio between the outer and inner feed of the 3FN) will be examined as potential
critical process parameters (pCPPs), and the powder properties D50, ED, and FPF will
be considered as the pCQAs. Furthermore, the outcomes of the DoE will be utilized
to develop an empirical model, fitted with MLR. The model will be subject to external
validation to ensure its reliability and effectiveness within the design space.

This comprehensive work supports the feasibility of utilizing the 3FN towards the en-
capsulation of hydrophobic APIs with AAs, while also increasing process understanding,
through the established relationships between process parameters and powder properties.
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MATERIALS AND METHODS

3.1 Materials

L-Leucine (Leu), Glycine (Gly), (S)-(+)-Valine (Val) and D-(+)-Trehalose dihydrate (Tre)
were purchased from EMD Milipore Corporation (Billerica MA, USA). L-Lysine (Lys) was
purchased from Thermo Scientific ™ (Massachusetts, USA),Itraconazole (ITZ) from Fagron
(Rotterdam, Netherlands ), Rifampicin (RIF) from Shenyang Antibiotic Manufacturer
(Shenyang, China). Water was obtained from a Milli-Q® Water purification system and
the solvents dichloromethane (DCM), acetone, isopropyl alcohol, and methanol were
purchased from Drogas Vigo.

3.2 Methods

3.2.1 Spray Drying

Spray dried intermediates (SDIs) were prepared using a B-290 mini spray dryer (Biichi
Labortechnik AG, Switzerland) coupled with an inert loop B-295 (Biichi Labortechnik
AG, Switzerland) to process organic solvents. During trial #1 to #4 the spray dryer was
equipped with a conventional 2FN, cap diameter of 1.4 mm and orifice of 0.7 mm (Btichi
Labortechnik AG, Switzerland). While for trial #5 across #25 a 3FN with a cap diameter of
1.4 mm and orifice of 0.7 mm (Biichi Labortechnik AG, Switzerland) was employed. The
drying was performed with nitrogen in a co-current open-loop setup for all trials. SDI
particles were separated from the drying gas using a high-performance cyclone (Biichi
Labortechnik AG, Switzerland), collected in glass vials, weighed, and then stored in
capped HDPE containers.

In the experimental set-up with the 3FN during the formulation screening, a laboratory
peristaltic pump (Watson Marlow 120U, United Kingdom) was used to pump the aqueous
feed to the external nozzle liquid channel, whereas the B-290 mini spray dryer pump was
used to pump the organic feed into the nozzle’s inner channel. For trial #10 across #25
two laboratory peristaltic pumps (Watson Marlow 120U, United Kingdom) were used to

feed the aqueous and the organic solutions.
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The total solid concentration in the solution (C_solids) was kept constant at 3% (w/w)
for all trials. The only exception was Trial #2, where this concentration was not achievable
due to Leu’s water solubility limitations (24.3 g/L at 25°C [98]) hence for this trial a
C_solids = 1.5% (w/w) was used. To produce encapsulated particles the aqueous outer
feed must be higher than the organic inner feed [2], thus, the aqueous/organic solution
mass ratio (M_ratio) was keptabove 1 forall trials. The organic APIsolutions were prepared
using DCM, while the aqueous solutions containing the shell-forming excipients were
prepared using Mili-Q water. Due to the 3FN setup, the organic phase solid concentration
(C_feed_o) and aqueous phase solid concentration (C_feed_a) are different and were
adjusted to maintain the established C_solids and simultaneously satisfy the M_ratio. The
tested conditions for the formulation screening tests can be found in Table 3.1, during

these trials the drying gas flow rate, F_drying was kept constant at 35 kg/h.

Table 3.1: Spray drying conditions for the formulation screening trials.

Process parameters ~ Trial #1 Trial#2 Trial #3 Trial#4 Trial #5 Trial #6 Trial #7 Trial #8 Trial #9

Formulation ITZ Leu Lys Gly ITZ:Leu ITZ:Leu:Tre ITZ:Lys ITZ:Gly ITZ:Leu
T_in (°C) 50 162 155 155 138 120 120 120 65
T_out (°C) 35 80 80 80 62 62 62 62 40
C_feed_o (W/w%) 3.0 - - - 5.7 5.7 5.7 5.7 5.7
C_feed_a (w/w%) - 1.5 3.0 3.0 2.0 2.0 2.0 2.0 2.0
F_feed_o (g/min) 7.6 - - - 2.3 2.3 2.3 2.3 0.9
F_feed_a (g/min) - 7.6 7.6 7.6 6.3 6.3 6.3 6.3 2.5
F_feed_total (g/min) 7.6 7.6 7.6 7.6 8.6 8.6 8.6 8.6 34
M_ratio (-) - - - - 2.8 2.8 2.8 2.8 2.8
F_atom (kg/h) 1.4 2.1 1.4 14 3.0 3.0 3.0 3.0 3.0
RS_out (%) 0.5 4.1 4.0 4.0 6.6 6.6 6.6 6.6 8.7

To study the impact of the 3FN and SD operating parameters on particle properties,
a DoE was performed using a 23 full factorial design. Additionally, a central point was
also included in the design. The selected DoE factors were: (i) T_out, (ii) F_atom, and (iii)
M_ratio, considered to be the pCPPs. The design space, featuring the experimental points
and factor levels is schematically represented in Figure 3.1, while the correspondent tested
SD conditions can be found in Table 3.2.

T_out was selected by evaluating the expected drying gas residual solvent content
(RS_out). The RS_out is a result of the heat and mass balance of the spray drying process
at the outlet conditions. The F_atom lower-level threshold of the tested design space
was set at 2.1 kg/h because preliminary tests demonstrated that this was the minimum
atomization flow rate that promoted atomization by means of visual assessment of the
spray pattern. The M_ratio was evaluated between 2.8 and 3.8, being the lower end of the
range limited by Leu’s water solubility, while for the upper end of the range, higher ratios
would imply higher feeding rates, increasing the RS_out and increasing the risk for high
residual water content, therefore, this limit was defined to meet with an RS_out threshold
of approximately 20%. In these trials, F_drying was kept constant at 30 kg /h.

The DoE was followed by the development of empirical models, which must be

validated with a new set of independent experiments. The SD conditions used for these
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Figure 3.1: Design space according to the upper and lower level of the factors T_out,
F_atom and M_ratio

Table 3.2: Spray drying conditions of the DoE trials

Process parameters Trial #10 Trial #11 Trial #12 Trial #13 Trial #14 Trial #15 Trial #16 Trial #17 Trial #18

Formulation ITZ:Leu

T_in (°C) 141 114 147 117 128 103 128 100 119
T_out (°C) 65 50 68 53 65 50 65 50 58

C_feed_o (W/w%) 7.2 7.2 7.2 7.2 5.7 5.7 5.7 5.7 6.4
C_feed_a (w/w%) 1.9 1.9 1.9 1.9 2.0 2.0 2.0 2.0 2.0
F_feed_o (g/min) 2.3 2.3 2.3 2.3 2.3 2.3 2.3 23 22
F_feed_a (g/min) 8.5 8.5 8.5 8.5 6.4 6.3 6.3 6.3 7.3
F_feed_total (g/min) 10.7 10.7 10.7 10.7 8.6 8.6 8.6 8.6 9.5
M_ratio (-) 3.8 3.8 3.8 3.8 2.8 2.8 2.8 2.8 33
F_atom (kg/h) 3.0 3.0 2.1 2.1 3.0 3.0 2.1 2.1 2.5
RS_out (%) 10.1 20.5 10.1 20.5 75 15.2 7.5 15.2 12.1

trials (#19 across #21) can be found in Table 3.3.

Additionally, a formulation with a second shell-forming agent, Val (trial #24), and a sec-
ond poorly water-soluble API, namely RIF (trial #25) were studied to assess methodology
suitability. Template-assisted optimization trials were performed using ITZ as a model
drug and Leu as a shell-forming excipient (trial #22 and #23). A template agent (NaHCO3)
composition of 1% w/w was kept constant across these trials. Tested conditions for these
trials can also be found in Table 3.3. DCM was kept as the organic solvent for all trials
except #25, where the organic solution comprised DCM:methanol (80:20w /w%) due to
the different API being evaluated. In trial #22 and #23 the outlet temperature had to be

adjusted to ensure salt sublimation.

3.2.2 Spray-dried intermediate Characterization

Quantification

For all trials, the API was quantified using UV-visible spectroscopy. Sample absorbance
was measured using a Biotek Synergy HTX multimode reader (Agilent, USA) with a quartz
24-well plate. Spectral scans of ITZ, Leu, Lys, Gly, and Val were acquired from 200 nm to
700 nm by dissolving the SDI in the dissolution medium (80:20 (w/w) isopropyl alcohol:

20



3.2. METHODS

Table 3.3: Spray drying conditions of the empirical model external validation and template-
assisted optimization trials.

Process parameters Trial #19 Trial #20 Trial #21 Trial #22A  Trial #22B  Trial #23A  Trial #23B  Trial #24 Trial #25

Formulation ITZ:Leu ITZ:Leu:NaHCO3 ITZ:Val  RIF:Leu
T_in (°C) 107 129 168 163 163 158 158 126 133
T_out (°C) 54 62 75 85 85 85 85 65 65
C_feed_o (W/w%) 6.0 6.8 7.3 5.7 5.7 5.7 5.7 5.7 5.7
C_feed_a (w/w%) 2.0 1.9 1.8 2.0 2.0 2.0 2.0 2.0 2.0
F_feed_o (g/min) 2.3 23 2.3 2.3 23 2.3 2.3 2.3 2.3
F_feed_a (g/min) 6.8 79 10.2 6.2 6.2 6.2 6.2 6.2 6.2
F_feed_total (g/min) 9.1 10.2 12.5 8.5 8.5 8.5 8.5 8.5 8.5
M_ratio (-) 3.0 35 45 2.8 2.8 2.8 2.8 2.8 2.8
F_atom (kg/h) 3.0 2.5 3.0 3.0 2.1 3.0 2.1 3.0 3.0
RS_out (%) 13.5 10.7 7.8 3.2 3.2 3.2 3.2 7.4 7.6

water) and adding 2 ml to the microplate wells. A calibration curve was developed starting
from a stock solution at 600 ng/mL and diluting in the range of 6 to 60 ug/mL. On the
reader, 1 ml of each standard was measured in duplicates against a blank consisting of
the dissolution medium. To quantify the API in the spray-dried samples two dilutions
were prepared from a mother solution containing 30mg of each sample dissolved in a
25ml volumetric flask with the dissolution medium. The measurements were performed
in duplicate, each compared against a blank sample, and the API load was determined

using the calibration curve.

Water content

The water content of the spray-dried samples was quantified using an 831 Karl Fischer
Coulometer coupled with an 874 Oven Sample Processor and 728 Stirrer (Metrohm AG,
Switzerland). Samples of 75 mg of SDI were weighed in a headspace vial and closed
with a septum cap. Additionally, three blanks were prepared for each run, to capture the
humidity conditions of the room where the samples were prepared. The analysis was
performed with nitrogen at 150 °C with a flow of 40 mL/min. The water content was

determined by the Tiamo Software.

Residual solvent content
SDI solvent content was determined using Hovione’s proprietary method.

Particle size distribution

The PSD of the SDIs was determined with a HELOS series laser diffraction equipment
(Sympatec GmbH, Germany), coupled with a RODOS M dry dispersing unit (Sympatec
GmbH, Germany) and ASPIROS feeder (Sympatec GmbH, Germany). Round glass cu-
vettes were filled with about 1/3 in volume and the samples were evaluated with either
an R2 (0.45-87.5 pm) or R4 (1.8-350 pm) lens, with an injector width of 4 mm and a probe
slider speed of 50 mm/s. Reference measurements were performed with a duration of 10
s and samples were considered valid if the optical concentration was between 5% and 15%.
The PSD was determined with the Fraunhofer Enhanced Evaluation theory, considering
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the standard conditions of density equal to 1 g/cm® and Heywood shape factor of 1.
Primary pressure curves, ranging from 0.5 bar to 4 bar, were developed for each sample
to determine the appropriate de-agglomeration pressure, at which the samples were then
evaluated in three replicates. The PSDis characterized by the D;10, D450, D90, and the span.

Surface composition

To assess surface composition and confirm shell formation samples were analyzed with
X-Ray photoelectron spectroscopy (XPS). The analysis was conducted with an AXIS Supra+
(Kratos Analytical, UK). Photoelectrons were excited with a monochromatic Aluminum
K alpha X-ray source. Samples were scanned widely for a complete spectrum and in more
detail for the elements C, N, O, and Cl. The applied X-ray power was 150 W, and the
analyzer pass energy was 80 eV and 10 eV for the wide and detailed scans, respectively.
The samples were analyzed as tablets of compressed powder, prepared using a press, to
prevent powder from dispersing away inside the equipment. Fragments of each sample

were placed inside aluminum pans and loaded into a sample cartridge to be analyzed.

Surface morphology

The SDIs surface morphology was evaluated by scanning electron microscopy (SEM),
some samples were also evaluated with energy dispersive X-ray spectroscopy (EDS) and
FIB (focused ion beam). This analysis was performed with a Regulus 8220 (Hitachi, Japan).
The powder samples were placed in a metal support with carbon tape and sputter-coated
with a 20 nm layer of gold and palladium. For the micrographs the equipment was set
at 10 pA current, 5 kV accelerating voltage. The SEM-EDS samples required different
conditions, namely a 15 pA current and 20 kV accelerating voltage. Micrographs were

taken at multiple magnifications.

Nitrogen adsorption

Trial #14, #22 and #23 were characterized in terms of surface area and porosity. This
analysis was conducted with nitrogen adsorption with an ASAP 2000 (Micromeritics,
USA). Surface area and average pore diameter were calculated by the Brunauer, Emmet
and Teller (BET) method and pore volume by Barret, Joyner and Halenda (BJH) method.

Helium picnometry

The true density of the SDI obtained from trial #14, #22 and #23 was evaluated with helium
picnometry using an AccuPyc 1330 (Micromeritics, USA). Samples were evaluated with
helium using a cell with a standard volume of 12.2 cm?.

2D Fluorescence

SDIs were analyzed with a Varian Cary Eclipse Fluorescence Spectrophotometer (Agilent,
USA), equipped with excitation and emission monochromators, and coupled to a fluo-
rescence optical fiber bundle probe. The data was acquired on an excitation wavelength
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range of 200 nm to 640 nm and an emission wavelength range between 210 nm and 650 nm,
with a slit width of 5 nm and incrementing step of 5 nm for both excitation and emission.
The SDIs were placed inside a glass vial large enough to fit the probe and measurements
were taken always with the same distance between the probe and the SDI surface. All
samples were evaluated in duplicates. The resulting excitation emission matrixes (EEMs)
are very complex and difficult to interpret, therefore data deconvolution strategies were
employed to simplify the results and extract the most relevant information. The collected
data was analyzed with a PCA using a MATlab script.

3.2.3 Drug product characterization

Capsule filling

To evaluate the in vitro aerosolization performance of the SDIs, hydroxypropyl methylcel-
lulose capsules (Size 3; Capsugel, Australia) were hand-filled with 20 mg (+2 mg) of the
material produced from each spray drying trial.

In vitro aerosolization

Aerodynamic performance was studied with a fast-screening impactor (Copley Scientific,
UK). Samples were evaluated with a low-resistance inhaler device (Plastiape, Italy) with the
previously filled capsules. The inhaler device was connected to a 3D mouthpiece adapter
and a United States Pharmacopeia (USP) induction port. The European Pharmacopeia
(Ph. Eur) <2.9.18> and USP <601> suggest a pressure drop of 4 kPa in the inhaler [99-101],
which was achieved by adjusting the airflow rate using a pump and checked with a DFM
2000 (Copley Scientific, UK). Additionally, the capsule actuation time was calculated
to achieve an inhalation volume of 4 L per actuation, as recommended by the Ph. Eur
<2.9.18> and USP <601>[100, 101].

The fast-screening impactor employs 2 stages, in the first large non-inhalable particles
are captured in a liquid and a fine-cut impaction stage of 5 um, while the fine particle dose
is retained by a filter in an external filter holder. The liquid trap was filled with 15 mL of
80:20 w/w of isopropyl alcohol and water mixture and the final stage was lined with a 76
mm diameter glass fiber filter (Pall Corporation, USA). For each run, the capsule, device,
and filter were weighed before and after actuation, to determine the ED and FPF. The ED
was calculated as the SDI emitted from the capsule after actuation minus the leftover SDI
in the device (Eq 3.1) and the FPF as the ratio between the SDI mass retained in the final
stage and the ED (Eq 3.2)

Masscapsuie — MasSretained in device

ED (%) =
(%) Capsule load

x 100 (3.1)

Massfinal stage

FPF (%) = -

x 100 (3.2)
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3.2.4 Modelling Strategy

Data correlating the identified pCPPs and pCQAs was collected following a structured
design of experiments as detailed in Section 3.2.1. A MLR strategy was followed, en-
abling the modeling of an output variable (Y) as a function of various input variables
(x=x1,x2. .. x,) and their corresponding regression coefficients (b=b1,b,. . . b,), along with
a constant term (c) (Eq 3.3). [102-104]

Y =bixq +b2x2+...+bnxn +cC (33)

Therefore, MLR based on the collected data was used to describe the mathematical
relationships between input and output variables of the SD process toward the production
of composite particles for pulmonary delivery. The considered input variables are the
process parameters and output variables are the quality attributes of the SDIs with the
greatest impact on the aerosol performance. JMP software (trial version) was utilized
to develop models by least squares linear regression coupled with a stepwise variable
selection. The stopping criterion for the variable selection was based on minimizing the
Akaike Information Criterion (AIC) (Eq3.4), where n is the number of observations, SSE

the square sum of residuals and p the number of predictor variables. [95]

AIC = nln(SSTE) +2p (3.4)

An initial EDA was applied to identify relationships between process parameters,
assess linearity between them and detect any patterns or trends in the data. Outlier
identification was performed by Hotelling’s T2 distribution analysis. The models were
evaluated with a hypothesis test, whereby the null hypothesis, there is no relationship
between input and output variables (all regressions coefficients are equal to zero), must
be rejected.

For a given significance level a (o =5% in this work) the null hypothesis is rejected
if Fo > F(qkn-k-1), Where Fq is the F-statistic, F(q  n-k-1) is the F-critical value, k is the
number of predictor variables in the model and n the number of observations.

The p-value of the F-statistic was also considered as it corresponds to the evidence
against the null hypothesis, which is rejected when |ty| > t(4/2,n-k-1), Where tg is the
observed statistic of the hypothesis tests and t(,/) the upper a/2 percentage point of the
t-Student distribution with n —k—1 degrees of freedom. The model’s statistical significance
is higher as the p-value is lower. [95, 102]

When the null hypothesis cannot be rejected, when applied to any of the regression co-
efficients of a single variable, the contribution of said variable has no statistical significance
given the other variables in the model [89, 95].

Additionally, to ensure the modeling suitability some assumptions must be met:
i) errors are expected to be normally distributed, ii) have a mean equal to zero, iii)
have constant variance, and iv) be uncorrelated [95, 102]. To evaluate if the models are

statistically significant in explaining the observed output variable variance an ANOVA
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analysis was performed, where the sum of squares due to regression, SSR, due to residuals,
SSE, and total, SST, are calculated.

Model fitness to the data was evaluated by the coefficient of determination R? (Eq
3.5), which explains the fraction of output variable variance that can be mathematically

explained by the model. [89, 95] SSR

" SST
The adjusted coefficient of determination, Ri g (Eq 3.6) was also employed. This

R? (3.5)

coefficient considers the improvement in the predictive power of the model with the
addition of predictor variables, valuing simpler models and preventing the selection of

overfitted models. [89, 95]
Adf — SST/(n —1)

Variable selection can cause the addition of correlated input variables, therefore

(3.6)

multicollinearity must be checked, since the addition of a second variable to the model,
which explains the same amount of the total variance as another predictor, does not add
any statistical significance. Multicollinearity was evaluated by the variation inflation factor
(VIF) of every variable included in the models and considering a VIF threshold <5 [89].

Lastly, to validate the models, their predictions were compared with a new set of
independent experimental data, thus, assessing the predictive capacity of the models
(trial #19 to #21 in Section 3.2.1).
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RESULTS AND DISCUSSION

4.1 Formulation screening

The selection of a formulation suitable for encapsulation that simultaneously optimizes
the SDI's aerodynamic performance is a critical task as different excipients will behave
differently during droplet drying. Thus, an initial screening was performed using differ-
ent AAs with different hydrophobicity characteristics. Depending on the AA’s chemical
structure, they will arrange differently at the gas-liquid interface influencing shell forma-
tion. Three AAs were screened, for a formulation comprising 50% API and 50% AA, Leu
as an example of a hydrophobic AA, Lys representing a hydrophilic AA and Gly as a
rather neutral AA in terms of hydrophobicity [105]. Additionally, the influence of drying
temperature was evaluated between trial #5 and #9 and a formulation comprising Tre and
Leu (80:20 %w /w) was also studied, as it is a proposed standard formulation for inhalable
spray-dried powders [34, 37, 65, 106-108]. Results are summarized in Table 4.1.

Spectral scans of the API and studied AAs are in Appendix A. Since the AAs do not
absorb in the same region of ITZ, API quantification using UV-Vis spectroscopy is viable.
The assay was determined at 260 nm according to the method described in section 3.2.2.
The theoretical drug load is 50% w/w and the results of the assay are presented in Table
4.1.

Table 4.1: Results of the formulation screening regarding API load, a summary of surface
composition by XPS, particle size (n=3), and aerosol performance (n=3). Results expressed
as mean * standard deviation

. T_out Shell APILoad  Clpresence at Particle Size (um) Aerosol performance

Trial (°C)  former (% w/w) the surface (XPS)
Dle Dv50 Dygo Span ED (0/0) FPF(O/O)

#11TZ 35 - - - 08+00 19+00 46+01 2.0 - -
#2 Leu 80 - - - - - - - 943+46 775+4.1
#3Lys 80 - - - - - - - - -
#Gly 80 - - - - - - - - -
#5 62 Leu 51.5+19 Barely 07+00 23+00 53+0.1 20 926+£38 62.6£6.3
#6 62 Leu:Tre 49.6+1.3 Yes 06+00 30+02 76+04 23 954+66 341+56
#7 62 Lys 554 +1.4 No 3101 77+01 744+95 92 947+20 143+40
#8 62 Gly 49.6+34 Yes 33+01 59+01 428+58 6.8 800+77 31.6+68
#9 40 Leu 584 +15 No 08+00 26+01 75+02 26 974+20 468+08
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During Trial #7 and #9, F_feed of the solutions changed over time, as a consequence the
aqueous solution was not completely fed to the spray dryer, resulting in SDIs with higher
ITZ concentrations. When comparing the results from the trials in which the F_feed of
both feed solutions was kept constant throughout the SD trial, the results demonstrate that
when spray drying with a 3FN, homogenous composite SDIs with the expected theoretical
composition can be obtained.

The XPS spectra of individual components and the developed formulations can be
found in Appendix B. Unlike the investigated AAs, ITZ has chlorine atoms, thus it can
be detected on an XPS spectrum solely by the presence of its characteristic Cl peaks (270
eV and 200 eV). The purpose of this analysis is to ascertain the presence of an AA shell
covering the API and not necessarily quantify the surface composition, thus a summary
of Cl presence in the XPS spectra is presented in Table 4.1.

For trial #5, a residual Cl peak is observed, indicating near-complete coverage of the
APIby Leu. Itis worth noting that since samples are in tablet form, the possibility of broken
particles, due to the high pressure applied, cannot be ruled out, potentially accounting for
the residual presence of API on the surface. Additionally, trial #9, consisting of API and
Leu displays no Cl peaks, further evidencing that Leu forms an outer shell, completely
covering the APIL. Regarding trial #6, where Tre was added to the formulation with Leu,
subsequently reducing the AA content (theoretically 10%), a distinct CI peak is evident.
This suggests insufficient Leu content to fully encapsulate the API. The presence of Lys
on the formulation also led to API encapsulation, with no identifiable Cl peaks in its
spectrum. Conversely, Gly does not form a shell, as Cl presence is evident on the surface.

The 3FN is proposed to yield multilayered droplets, as the solvent sprayed via the
outer channel may coat the solvent of the inner channel during a brief atomization process
[38, 39, 41], therefore it is expected that the components of the feed in the outer channel
are prone to be on the droplet’s surface. This was verified for Leu and Lys, which enriched
at the surface forming a hydrophobic and hydrophilic shell, respectively, however, Gly did
not behave in the same manner. Gly molecules (MW=75.1 g/mol) are smaller than Leu
(MW=131.2 g/mol) or Lys (MW=146.2 g/mol), therefore it is expected that Gly molecules
have a faster diffusion coefficient, diffusing more easily towards the core of the droplet
whilst drying, ultimately leading to a uniform distribution of Gly on the particle instead
of its enrichment at the surface.

Regarding the PSD, it was verified that under the same SD conditions, the investigated
formulations lead to different particle sizes, evidencing the influence of the different
AA in the formulation. The results reveal that only the SDIs containing Leu (trial #5,6
and 9) are suitable for inhalation, exhibiting a Dy50 < 5 pm. The minimum D5y was
achieved with the drying conditions of trial #5. Both the addition of Tre (trial #6) and
drying at a lower temperature and feed rate (trial #9) resulted in slightly larger particles
and wider distributions. While all Leu formulations had monomodal size distributions,
at the selected pressure it was not possible to de-agglomerate trial #7 and #8, which
exhibit a bimodal distribution. Bimodal distributions are unlikely to be a result of the
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nozzle, therefore the observed lack of de-agglomeration is indicative of highly cohesive
particles. According to the XPS results (Table 4.1), the material of trial #8 shows that
API is at the surface, this can lead to increased cohesiveness [12, 40], as was observed
in the PSD analysis. Regarding trial #7, the hydrophilic shell might lead to increased
agglomeration and adhesion forces due to high capillarity [109]. Furthermore, it becomes
evident that the D59 follows the same trend as the AA hydrophobicity, with the most
hydrophobic AA yielding the finer particles and the most hydrophilic yielding the largest.
These observations align consistently with the nature of the formed shell, wherein the
hydrophobic shell leads to highly dispersible particles, due to reduced surface energy and
weakened interparticle forces [40, 51, 109], whilst the hydrophilic shell, characterized by
increased capillarity forces [109], exhibits poor dispersibility, corroborated by the bimodal
distribution, leading to larger particles sizes.

The aerosol performance results are aligned with the obtained PSD for each trial, and
as expected, the FPF is higher for materials with a lower PSD, since the aerodynamic
diameter is a function of Dys5, particle density, and a shape factor [12, 25]. It is noticeable
that formulations containing Leu, having a hydrophobic shell, exhibit the most promising
aerosol performance, while the formulation containing Lys, inducing a hydrophilic shell,
exhibits the poorer performance, whilst the formulation containing Gly presents interme-
diate results. Based on the obtained results for the formulation screening tests it might be
concluded that the FPF is likely influenced by the presence and hydrophobicity of the AA
shell, as the FPF presents a linear trend with AA hydrophobicity, also confirming that the
outer layer of the manufactured materials is composed by the AAs, as expected.

Regarding the SDIs containing a hydrophobic Leu shell, these show superior aerosol
performance having emitted doses above 92%. Additionally, the influence of drying
temperature and feed flow rate is noticeable on the aerodynamic behavior of the particles
since there are differences in the aerodynamic performance between the materials from
trial #5 and #9. The addition of Tre in trial #6 as glass former and bulking agent [25, 40],
results in poorer aerosolization likely due to incomplete API encapsulation. Additionally,
the presence of Tre is expected to contribute to denser particles, due to its higher molecular
weight, negatively affecting aerosolization. Nonetheless, without a glass stabilizer ITZ can
recrystallize over time, altering the SDI aerodynamic performance. Trial #6 outperforms
trial#7 and #8, demonstrating that, even an incomplete Leu shell (as demonstrated by the
XPS results shown in Table 4.1) enhances SDI aerodynamic properties. Although trial #8
has the lowest ED, it resulted in a higher FPF than the trial containing Lys and only 3%
less than the formulation containing Leu and Tre. The lower ED is in accordance with the
PSD data, since for this trial a larger Dy50 was observed. Furthermore, during the PSD
analysis, it was not possible to fully deagglomerate the particles, which can be correlated to
higher cohesiveness of the material. Therefore, when the particles are properly dispersed,
they have better aerodynamic properties than the SDI containing Lys, suggesting that the
hydrophilic shell has no benefits in terms of aerosolization enhancement.

2D fluorescence was employed to support XPS data as neither of these techniques is
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fully established for the evaluation and confirmation of shell formation. In Figure 4.1 the
data extracted from the EEMs is plotted according to the two first principal components
(PCs).

[
ITZ A ® Leu

® Gly

PC 2 (6%)

Increased
hydrophobicity

o #
@ Lys

PC 1 (85%)

Figure 4.1: Data projection in the principal component space according to the first two
PCs

The first and second PCs account for more than 90% of data variability, 85% and
6% respectively, therefore their representation might be used to represent most of the
data variability. The PCA effectively segregates the data: single AAs are situated on the
right-hand side, while the API and formulations occupy the left-hand side. The unique
EEMs of the AAs, exhibiting low fluorescence, starkly differ from the EEMs of the API
and formulation, which display a distinctive signal (see Appendix C). This disparity
contributes to their distinct separation. Moreover, there is a clear pattern related to AA
hydrophobicity, with Lys-containing formulations being on the bottom part of the plot
and the AAs being arranged according to their hydrophobicity. The API is individualized
in the left top corner, with trial #5 (Leu) positioned the farthest along the PC1 axis. Even
though this data is merely qualitative it demonstrates that trial #8 is the closest to the
API, with trials with Leu and Lys being more distant, supporting XPS data, where the
Gly formulation exhibited API at the surface while the AAs yielded a shell. The data
interpretation of EEMs and their deconvolution are not sufficient to confirm the presence of
a shell. However, using this technique, itis possible to observe a tendency that corroborates
the XPS results, supporting the evidence of a shell. Thus, coupled with XPS, this approach
can be applied to the study of shell formation.

To further corroborate the XPS observation regarding shell formation on Leu-containing
formulations (trial#5 and #9), trial #5 was analyzed by means of SEM-FIB and SEM-EDS,
as depicted in Figure 4.2. Both figures reveal a distinct outer shell and an API core, char-
acterized by the presence of CI (green dots). Thus, the utilization of the 3FN enables the
preparation of encapsulated particles with a ITZ : Leu (1:1) formulation. Simultaneously,

it was verified that the shell was melting during analysis (due to the local temperature
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increase on the particle surface), thus the use of this technique for shell characterization
will need to be further improved.

5
EHT= 500KV

wp= 52mm Time :12:46:37
Mag= 50.00K.

Figure 4.2: SEM analysis of trial #5:A - EDS (green and red colors correspond to Cl and C
elements, respectively) and B - SEM micrograph of FIB cross-section of a spherical particle

Upon a comprehensive analysis of all the results, it becomes evident that Leu is the
optimal AA for the purpose of encapsulated composite inhalable particles. It was the
only AA with suitable D59, alongside confirmed shell formation supported by different
techniques. In this case, the hydrophobic nature of the shell most likely reduces cohesive
forces [51], improving dispersibility and yielding an enhanced ED and FPF. Leu’s hy-
drophobicity, surface activity, and apolar character favor its organization and enrichment
at the gas-liquid interface [28, 29]. This preferred surface arrangement coupled to Leu
limited water solubility results in early precipitation and consequent shell formation at the
droplet’s surface [28, 51, 52, 65]. Moreover, the hydrophobic shell reduces surface energy
and inter-particulate forces, due to surface rugosity/ asperities and reduced capillary
forces [28, 40, 54, 110].

4.2 Three-fluid nozzle: Comprehensive study

4.2.1 Exploratory data analysis

To study the impact of the 3FN and SD operating parameters on the particle properties, a
DoE was performed, where T_out, F_atom, and M_ratio were considered as the pCPPs.
An initial exploratory data analysis (EDA) of the results was conducted to identify and
determine the nature of the relationships between process parameters and powder quality
attributes. The SDIs were characterized in terms of the PSD, aerosol performance, residual
water and solvent content, and surface morphology. Table 4.2 summarizes the results.

Yield and API Load
The process yield under the tested conditions was mostly above 60% w/w. A gradual
increase in process yield is expected as the particles adhere to the glass chamber, however,
this was not verified. The observed decrease in the process yield was likely due to SDI
accumulation in the cyclone, leading to reduced separation efficiency. Regarding the API
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Table 4.2: API load (n=4), particle size (n=3) and aerosolization performance (n=4) results
according to the investigated DoE levels. Results are expressed as mean + standard
deviation.

. T out F atom M_ratio APILoad Particle Size (um) Aerosol performance

Tl gy O Gw/w)
& 0 Dy1o Daso Dyoo  Span  ED(%) FPF(%)

#10 65 3.0 3.8 509+20 09+00 29+00 72+0.1 22 971+47 502+3.0
#11 50 3.0 3.8 482+25 1.0+00 3.6%+00 93+01 23 953+36 50.6+23
#12 65 2.1 3.8 50.0+29 1.0+£0.1 35+01 85+01 21 985+25 423+29
#13 50 2.1 3.8 523+11 11+£01 39+01 103+01 24 983+19 377451
#14 65 3.0 2.8 457+11 09+£00 3.0+00 75+01 22 989+13 534+54
#15 50 3.0 2.8 504+24 09+00 3.0+00 79+00 23 972+36 532+12
#16 65 2.1 2.8 51.6+15 1.0+00 34+00 84+00 22 970+£25 40.7+55
#17 50 2.1 2.8 508+21 1.1+00 42+01 11.5+02 25 959+19 472+43
#18 57.5 2.5 33 53.7+08 09+00 34+0.0 105+02 28 960+45 50.0+34

load, it is within a 10% error from the theoretical load for all trials, further ensuring that
when the correct pumping ratios are employed the 3FN can produce homogenous SDIs.

Residual water and solvent content
The residual water content was below 0.4% in all trials, a relatively low value. Addition-
ally, the variations in water content among different trials were not significantly different
(p-value > 0.05), indicating that the investigated factor levels did not affect the moisture
content. Similar behavior was verified for the DCM content, which was below the limit of
quantification (30 ppm) of the used method. Therefore, practically no DCM remained in
the SDIs, confirming compliance with ICH’s limit (600 ppm [111]) and further demonstrat-
ing the suitability of the 3FN for preparing dry powders. This notably low residual solvent
and water content suggest high solvent evaporation rates and, consequently very rapid
drying kinetics. Although a low residual water content is desirable both for aerodynamic
performance and stability, such low content can also difficult downstream processing such
as capsule or device filling processes. Nonetheless, this can still be optimized by means

of process parameter adjustment during both spray drying and downstream processes.

Particle size
The Dy10, Dyso, Dyoo and span of the DoE points are reported in Table 4.2. For all
the samples the particles are within the inhalable range [9, 24, 29], have monomodal
distributions and similar narrow spans. These findings indicate that the 3FN, within the
studied design space, is appropriate to prepare composite inhalable particles displaying
homogenous size distribution. Given that particle size is a CQA of dry powders, it was
analyzed as a response of the DoE. The impact of the different combinations of levels

(section 3.2.1), on the D50 is summarized in Figure 4.3.

From Figure 4.3, the two levels of M_ratio seem to have a limited influence on the D5y,
except for the trial with T_out on the low level and correspondent F_atom on the high

level. Regardless of the outlet temperature, reduced F_atom leads to larger particles, due
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Figure 4.3: Dy50 across DoE combinations, the high level of the factors is denoted as + and
the low level as -.

to the increased droplet size. Similarly, at the same atomization flow rate a lower T_out
results in bigger particles. Such observation is unexpected as the outlet temperature does
not influence particle size directly, however, it can influence the solvent vapor pressure
inside the droplet and increase the RS_out, having the potential to alter drying kinetics.
Furthermore, when the M_ratio is on the low level and F_atom is on the high level the
outlet temperature seems to not affect the D50 parameter, demonstrating that in cases
where feed rate is reduced, suitable atomization flow rate can still yield particles with the
desired size, without the influence of drying kinetics (T_out). It is also noticeable, that the
experiments with T_out on the low level are more sensitive to the changes in the feed rate,
underlining the potential influence of RS_out. The most favorable factor combination for
achieving a minimal D,s5q involves having both the outlet temperature and atomization
on the positive level.

Particle size is recognized to be influenced by the feed rate and atomization flow rate,
as these dictate the amount of liquid entering the chamber and the available energy to
disperse the liquid into droplets [12, 29]. The D,5p was plotted as a function of F_atom
and M_ratio (as manipulating this variable resulted in different feed rates, described in
Section 3.2.1) in Figures 4.4A and 4.4B, respectively, to identify if there are relationships
between input and output variables. Additionally, a simple linear regression was fitted to
the data.

There is an apparent linear relationship between D,59 and F_atom, which is reinforced
by the central point’s placement at an equal distance between the two levels This pattern
is consistent, as increased atomization leads to finer particles, due to the increased energy
available to break up the liquid. Regarding the M_ratio, the linear relationship is not as
clear and there is high variability between the investigated levels. Only F_atom exhibits
statistically significant differences between the studied levels (p-value < 0.05), further
corroborating the observed tendencies and the essential role of the atomization feed on
the definition of the particle size.
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Figure 4.4: Influence of the DoE factors on the D,5p response, A - F_atom, B - M_ratio.

In vitro aerosolization

The aerosol behavior of the SDIs is another quality attribute of paramount importance, as
it determines lung deposition, thus the ED and FPF were also analyzed as DoE responses
and pCQAs. Beyond atomization flow rate and feed rate (F_atom and F_feed), these
quality attributes are also affected by the RS_out, as it influences heat and mass transfer,
altering particle shape and density [42]. The obtained FPF and ED from the DoE levels
are summarized in Table 4.2. The ED is consistently above 95% across all trials, almost
reaching 100%. This high value indicates that most of the SDI effectively exits the capsule
and the device, highlighting the enhanced dispersibility and low cohesion forces of this
formulation, which are pivotal for a successful dry powder formulation. In terms of the
FPF the highest value is approximately 53% and the lowest 38%. These are reasonable
values; however, they could be further optimized to yield maximum lung deposition. A
summary of the DoE results for the ED is displayed in Figure 4.5
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Figure 4.5: ED across DoE combinations, the high level of the factors is denoted as + and
the low level as -.
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Analyzing the chart reveals that the ED remains unaffected by the SD conditions, with
neither of the factors exhibiting statistical significance (p-value > 0.05). Regardless, it was
plotted against F_atom, M_ratio, and RS_out, in Figures 4.6A,B and C, respectively.
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Figure 4.6: Influence of the DoE factors on the ED response, A - F_atom, B - M_ratio, C -
RS_out.

In the plots, the ED resembles a straight line across the factor levels, further confirming
that it is minimally influenced by the operating parameters. Consequently, these results
suggest that the ED is mostly influenced by the formulation chosen for this work, whereby
the high mass fraction of Leu, increases significantly SDI dispersibility, potentially masking
any possible effects linked to the SD conditions. The increased dispersibility is attributed
to the formation of the hydrophobic shell and its reduced surface energy, as discussed
previously in section 4.1.

Regarding the FPF, the DoE results are summarized in Figure 4.7.

Similarly to the observations made for D59, limited differences were detected among
the tested levels of M_ratio (p-value > 0.05). The only exception is the worst-case scenario,
characterized by both the outlet temperature and atomization flow rate being on the low
level. Under these conditions, an increased feed adversely affected the FPF. This adverse
effect stems from the increased liquid volume, that led to the formation of larger droplets,
which were simultaneously subject to a slower drying process due to the elevated solvent
content in drying gas (RS_out = 20.5%). Furthermore, when the atomization flow rate
was set to the higher level, the impact of variations in T_out and M_ratio on the FPF is
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Figure 4.7: FPF across DoE combinations, the high level of the factors is denoted as + and
the low level as -.

minimal, with the SDIs exhibiting a FPF in the range of 50% to 53%. Conversely, when
the atomization flow rate is reduced, the influence of T_out on the FPF starts to become
perceptible. These observations indicate that maintaining the F_atom at an optimal level,
thereby achieving a specific droplet size distribution, is sufficient to effectively disperse
even the higher liquid feed rates. Moreover, it appears that the acquired droplet size
distribution exerts a more significant influence on the FPF than the drying kinetics (T_out).
In parallel with observations regarding the D,5p, F_atom is the sole factor displaying
statistical significance (p-value < 0.05), emphasizing the pivotal role of the atomization
flow rate. The combination of T_out and F_atom on the high level with M_ratio on the
low level yields the maximum FPF, appearing to be the most suitable conditions for SDI
preparation. The FPF was plotted as a function of F_atom, M_ratio and RS_out, Figure
4.8A,Band C.

As anticipated, the FPF shows a discernable linear relationship with F_atom, further
supported by the placement of the central point. Additionally, as expected, the FPF follows
the same trend as the D50, with increased atomization resulting in finer particles and
consequently higher FPF values. Regarding the M_ratio, the linear pattern is not so visible,
butit is present. Lastly, RS_out does not seem to influence aerosolization in a clear manner,
asitaccounts for both the effect of temperature and feeding rate, which were not significant.

Surface Morphology

SEM micrographs of ITZ, Leu and four of the DoE tests are displayed in Figure 4.9.
Overall, the particles from the DoE resulted in very similar morphologies thus only
material from trial #10, 13, 14 and 17 are pictured as they are the best (F_atom and T_out
on the high level) and worst (F_atom and T_out on the low level) cases for each M_ratio
tested. SEM micrographs of the remaining trials can be found in Appendix D.

The spray-dried API leads to smooth spherical particles. Conversely, Leu is observed to
be in a flake-like form, suggesting that under the SD conditions applied the particles burst.
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Figure 4.8: Influence of the DoE factors on the FPF response, A - F_atom, B - M_ratio, C -
RS_out.

Burst particles are a result of drying kinetics, which can be influenced by temperature and
the solvent system. Regarding the DOE trials (Figure 4.9 C to F), composed of 50% ITZ
and 50% Leu, they are very similar, exhibiting fragments of broken particles, Leu flakes,
larger particles with raisin-like surfaces, and smaller, smooth spheres. SEM micrographs
4.9C to 4.9F suggest that the SD conditions coupled with Leu’s fast shell formation led
to burst particles. Leu, characterized by its poor water solubility and surface activity,
prompts the early development of a thin shell on the droplet’s surface. However, the
combination of high drying temperatures, and the use of a solvent system comprising
both water and DCM, which only mix under high shear conditions and possess highly
distinct vapor pressures, can result in an increased solvent evaporation rate due to DCM’s
high volatility. This causes a pressure gradient inside and outside the droplet, changing its
morphology and ultimately resulting in burst particles. Therefore, rapid shell formation
can entrap solvent vapors inside the droplet, and if the shell is too thin and cannot
withstand the increasing solvent pressure, the particles will rupture. The presence of
burst particles further supports the observed minimal solvent/water content, as barely
any residual solvents remained entrapped in the particles. Regardless, considering the
differences observed in the spheres” surface morphology, between trial #1 (API alone)
and trial #10,13,14 and 17 (API with Leu) the surface rugosity is indicative of Leu shell
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/
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ITZ, B - trial #2 Leu, C - trial #10, D - trial #13, E - trial #14 and F - trial #17

formation. The relatively smaller and smooth spheres are proposed to be solely API
that was not encapsulated. Overall, an examination of particle morphologies and sizes
across the different DoE levels indicates that the different combinations of factors do not

significantly affect the surface morphology, yielding similar SDIs.

To address the formation of broken particles, formulation optimization strategies can
be implemented. For instance, the addition of an excipient with the potential to increase
particle mechanical resistance, potentially calcium chloride, could reduce the likelihood of
particle rupture. Alternatively, further optimization of SD conditions, namely increasing
the RS_out to induce slower drying kinetics, could be explored by means of increasing

the feed flow rate or transitioning into a closed-loop system.
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4.2.2 Empirical modeling

Insights from the EDA in section 4.2.1 enabled the identification of the nature of the rela-
tionships between pCQAs such as D5y and FPF, with pCPPs, enabling the identification
of the adequate mathematical relationships that help explain those effects and variability
[89]. In this case, it appears through the EDA that linear dependencies govern the observed
variability of the pCQAs with the pCPPs. Another primary finding of the EDA was that
the ED appears to be independent of SD conditions, attributed solely to the formulation
properties. Empirical models based on the DoE were developed for these responses as a
tool to optimize SD coupled with a 3FN and obtain process knowledge on how SD factors
influence the output variables.

Before developing the models, the data was checked for outliers, applying a multi-
variate control chart. This method assesses outliers by plotting the Hotelling’s T2 statistic
distribution for an « level of 5%, for the determined upper control limit (UCL), shown
in Appendix E. This approach did not identify any outliers, thus all data points were
included in the model.

The data set comprises 8 observations, a small set but with a suitable range for the
studied variables, based on the performed DoE. Additionally, itis essential to acknowledge
that the validity of models derived from this data set is constrained by the specific ranges
of variables included, as these ranges delineate the design space within which the models
hold applicability.

4.2.2.1 Modeling strategy

The development of the regression models considered DoE factors as predictors, as these
are the process pCPPs. Additionally, second-order interactions between input variables
were also included, so that intrinsic relationships between variables and their influence on
the output could be inferred. Thus, ensuring the model thoroughly explains the response
variables.

The models” mathematical functions were established by least squares regression, with
stepwise variable selection by minimization of the AIC as a stop criterion. Even though
the ED was not significantly affected by SD conditions, model development was still
attempted to confirm the EDA observations. In this case, the AIC criterion could not be
minimized with the SD factors tested range, further supporting the assumption that the
ED is governed by the formulation. The resulting model terms, quality of fit, and VIFs are
displayed in Table 4.3. The models were developed with F_atom at a different unit (mm),
thus a conversion factor ! must be applied to determine F_atom in kg/h.

Figure 4.10 illustrates the observed outputs as a function of the predicted values,
for both models. D,59 can be modeled as a function of atomization flow rate and outlet
temperature, with atomization having the most significance (p-value < 0.05), aligning with
the observation from the EDA. Both T_out and F_atom have a positive effect in minimizing

IF_atom (kg/h) = 0.0789 F_atom (mm) — 1.791
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Table 4.3: Empirical modeling results: Model expression, fit and parameters” VIFs

Ou’Fp};llt Model AIC RMSE Fit Multicolinearity
vatiable R R, Term  VIF
T_out 1.0
Dyso 9.294 - 0.034 T_out - 0.071 F_atom 10.1 0.19 0.86 0.82 F_atom 1.0
FPFE 0.042 + 0.010 F_atom - 0.034 M_ratio 257 003 084 079 1-atom 10
M_ratio 1.0
A B
05 .
é
3 * 045
3 &
04
28 3 32 34 36 38 4 42 04 0,45 05
Dv50 Predicted RMSE=0,1914 RSq=0,86 FPF Predicted RMSE=0,0261RSq=0,84
PValue=0,0026 PValue=0,0040

Figure 4.10: Actual vs Predicted plots for the developed models, A - D50 and B - FPFE.

particle size. Additionally, the R? and Rﬁ di of approximately 0.80 reflect a suitable model
fitness to the data. This can also be visualized in Figure 4.10A, with most points being near
the perfect fit, suggested by the diagonal line. Furthermore, both predictors present a VIF
of 1 indicating a total absence of collinearity [112]. The inclusion of T_out in the model was
not expected as temperature is not estimated to influence droplet size directly. However,
it is hypothesized that T_out might have a potential impact on D59 by influencing the
solvent vapor pressure inside the droplet and/or shell which in extreme cases might lead
to shredded particles as observed in Figure 4.9C-F, thus reducing the measured D,s59. As
seen in Table 4.3, the M_ratio was not considered for the model explaining D5 variability,
which is unexpected, as it is well known that feed flow rate influences particle size, as
greater amounts of liquid will lead to larger droplets if atomization flow rate remains
constant. Such observation was not verified in the EDA nor in the model. This can be
attributed to the narrow variation range for M_ratio. Additionally, Leu’s surface activity
decreases the surface tension of the liquid sheet, thus reducing the resistance to droplet
formation and narrowing the possibility to enlarge the tested range for droplet formation
at this scale. Possibly, also the used C_feed, as typically for SD process for manufacturing
of inhalable products might have prevented testing a significant variability on surface

tension.
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The FPF model encompassed F_atom and M_ratio as predictor variables, consistent
with the EDA observations. F_atom has a positive influence on the FPF, as it is associated
with a decrease in particle size, and thus a lower D,;.. On the other hand, M_ratio has
a negative influence, i.e., the higher the amount of solution in the drying chamber the
slower will be the drying kinetic for the same drying gas flow rate and temperature profile,
as the drying gas gets more saturated with solvent, reducing the driving force for heat and
mass transfer. Such effects can influence particle density and morphology, consequently
altering aerosolization. The model resulted in an R? and Rﬁ 4 of 0.84 and 0.79, respectively,
both indicative of a robust fit of the model to the experimental data, which can also
be visually assessed by Figure 4.10B. Furthermore, there is no collinearity between the
selected predictors (VIF = 1). For this model T_out was not included, emphasizing that it
does not describe any additional information in terms of the FPF variability.

The predictor variables were not subject to normalization, rendering a direct compar-
ison between regression coefficients unfeasible. Nonetheless, considering the nature of
the studied values, wherein T_out spans from 50 to 65 ° Cand F_atom ranges from 50 to
60mm (equivalent 2.1 to 3kg/h), both of which are within a similar order of magnitude, it
becomes evident that in the D50 model, that F_atom exerts the most impact on altering the
particle size, as indicated by its regression coefficient being higher than T_out’s. Regarding
the FPF, it’s important to note that the variables display different orders of magnitude,
with M_ratio ranging from 2.8 to 3.8. Therefore, despite the lower numerical value of
the regression coefficient associated with F_atom compared to that of M_ratio, F_atoms’s
influence on the FPF is more pronounced.

Additionally, it’s important to highlight a limitation of these models, specifically
concerning their prediction when the predictor variables are set to zero. In such cases, the
predicted Dy50 and FPF values are 9.3 um and 4.2%, respectively. Evidently, these values
lack physical meaning and are a consequence of the model’s adjustment to the empirical
data. In both models, there was an absence of second-order interactions, suggesting that
the optimization of the SD process does not demand the simultaneous manipulation of
two or more variables, simplifying the optimization process.

To assess the statistical significance of the developed models they were subject to an
ANOVA, the results are summarized in Table 4.4.

Table 4.4: ANOVA results of the developed models.

Model Sum of Squares Degrees of Freedom  Mean Squares FO
Model Error Total Model Error Total Model Error p —wvalue F-ratio Fei
Dy50 139 022 1.6l 2 6 8 0.694 0.037 0.003 189 51
FPF 002 0.00 0.03 2 6 8 0.011  0.001 0.004 159 51

Considering a significance level of 5%, the ANOVA reveals that both models are
statistically significant in explaining the observed variation on the output variables. This
is evident from the F-ratio being higher than the F.,;; and the p-value < 0.05 [89]. To

ensure that the least squares regression approach is suitable for the data set, it is crucial
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to analyze the model residuals. In Appendix E, the residuals of both models were plotted
against the predicted values and the order of observation. These plots show no distinct
patterns, with the points being randomly distributed with zero mean. These observations
suggest that residuals have a zero average with constant variance [89, 102]. Additionally,
the random distribution of residuals is evidence that they are independent of the order
in which the experiments were performed. The distribution of residuals also resembles a
normal distribution. Therefore, this approach is suitable for the models as the assumptions

for the least regression were met based on the residual analysis.

4.2.2.2 Model validation

The predictive capacity and accuracy of the models can be evaluated by performing an
external validation, whereby a new independent data set is compared to the model’s
predictions. This validation data set comprised two points (trial #19 and #20), that were
randomly defined and executed within the established design space. An additional point
was tested with T_out and M_ratio above their upper levels of the DoE (trial #21). In this
trial, the F_atom remained within the tested limits since decreasing would result in a
wet drying chamber and increasing would not be possible due to the limitations of the
equipment (F_atom <= 3.0 kg/h). The results from the validation data set, regarding
particle size and aerosol performance are presented in table 4.5.

Table 4.5: Particle size distribution (n=3) and aerosol performance (n=3) for the validation
data set. Results are expressed as mean + standard deviation.

., T_out F_atom M_ratio Particle Size (um) Aerosol performance
meo wem o
& D210 Daso Dyoo  Span  ED (%) FPF(%)
#19 54 3.0 3.0 08+00 29+01 84=%0.1 26 100.0+0.0 50209
#20 62 25 3.5 09+00 37+00 101+01 25 982+20 514+14
#21 75 3.0 4.5 09+00 34+01 88%0.1 23 996+04 49.7+54

These trials displayed yields between 65-80%, with APIload near the theoretical value
and a moisture content of 0.3%, being similar to the remaining tests. To visualize how
these results fit within the observed tendencies in the EDA, they were plotted against the
F_atom and M_ratio, Figure 4.11.

Asitcanbe observed, for both D59 and FPF, the external validation points lie within the
previously observed range. For the M_ratio, the point outside the design is in accordance
with the trend line, plotted for the DoE points.

Additionally, parity plots including the validation data for each model are in Figure
4.12. As can be observed in Figure 4.12, the external validation data set fits well within the
predictions of both models, with the relative error between prediction and actual values
being below 10% for the D,59 and FPF (Appendix E). Testing input variables outside of
a model’s defined range is not advised. However, the FPF model was demonstrated to
accurately predict the point outside of the defined limits, maintaining an error below 10%.
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Figure 4.11: Observed tendencies for the validation datset, A - D50 as a function of F_atom,
B- D50 as a function of M_ratio, C - FPF as a function of F_atom and D - FPF as a function
of M_ratio.

Therefore, the FPF models’ prediction capacity seems to be robust, nevertheless, any use
of the model outside of the validated range is not advised. Conversely, the D50 model
did not accurately predict the external point with conditions outside of the model range,
as it is greatly influenced by the temperature. This is due to the incongruence between the
model’s expected size reduction with temperature increase, swaying the model to predict
a smaller particle size, when in fact the contribution of temperature for D5 is expected to
be lower than that predicted by the model. Considering the external validation results and
the tested conditions outside of the model ranges, the built empirical models explaining
D50 and FPF can be considered reliable, showing good predictive power within the
studied design space.

The residuals analysis of the validation tests (Appendix E) confirmed they are randomly
distributed with zero mean, indicating they have constant variance. These results confirm
model’s suitability for the prediction of the results from the external validation dataset.

4.2.2.3 Sensitivity analysis

Sensitivity analysis aims at understanding how a reference point can be disturbed by
variations in the operating conditions, thus identifying input variables with the most

effect on the output as per the developed models. The central point of the DoE was
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Figure 4.12: Actual vs Predicted plots for the developed models including the validation
data set, A - D50 and B - FPF.

selected as the reference state, and operating conditions were varied within the limits of
the design space. The output variables were normalized by dividing the predicted value
by the maximum predicted value so that the influence of the factors was comparable.
In Figure 4.13 are summarized the sensitivity plots of each model as a function of the
investigated operating conditions. Of the three predictor variables, F_atom has the highest
impact on the output variables, influencing both to a similar extent. This is expected as
atomization plays a pivotal role in the definition of the D,59, which in turn directly
influences the D,, and consequently the FPF. The M_ratio has a discernible effect on the
FPF, notwithstanding to a lesser extent than F_atom, aligning with the trends observed
in the EDA. Lastly, T_out impacts the D5 in a similar manner to F_atom, however, this

impact is not expected, as has been discussed.

Overall, the models provide insight into the optimization of the SD process to finely
tailor powder properties, particularly concerning API encapsulation with a 3FN. They
accurately translated the tendencies that were identified in the EDA and enabled the
identification of the actual CPPs for the investigated CQAs. Furthermore, the developed
models reinforce that the optimal process conditions, that yield the lowest D59 and highest
FPF, require having F_atom and T_out on the high level (3.0 kg/h and 65°C, respectively)
and M_ratio on the low level (2.8), corresponding to trial #14. F_atom was found to be
a key predictor variable in explaining the variation of D5y and FPF. No second-order
interactions were included in the stepwise selection, demonstrating that the pivotal role of
atomization coupled with the single influences of the other factors are enough to explain
data variability. Validation further demonstrated model validity, especially for the FPF
model, which is more reliable than the D50 model. To further improve these models it
is proposed to expand the DoE, by developing a central composite design with broader
factor range. Additionally, the study of the ratio between the atomizing gas flow rate
and liquid flow rate (R_atom) as a pCPP could be interesting as this factor reflects, in
a scale-independent way, the droplet formation process. Such efforts would add useful
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Figure 4.13: Sensitivity analysis plots of the developed models for the operating conditions
A -F_atom, B - M_ratio, C - T_out.

information to the model, enabling the investigation of potential second-order interactions

or curvatures in the output data, rendering a more robust and broader applicable model.

4.2.3 Proof of concept: poorly water-soluble API

To assess the adaptability of this methodology for encapsulating other poorly soluble
APIs, the same formulation was prepared, using RIF as model API (trial #25), under the
optimal DoE conditions (trial #14). RIF is an antibiotic used to treat tuberculosis [113], with
water solubility of 2.5mg/ml at 25°C [114], significantly more soluble than the previously
studied ITZ (1 ng/ml at pH 7 [69, 97]). The particle characterization results of the RIF
formulation are reported in Table 4.6. SEM micrographs of the particles are displayed in
Figure 4.14

This trial resulted in a yield of approximately 80% and the target APIload. In terms of
characterization, the particles with RIF exhibit a D59 within the inhalable range, which
was significantly lower than the results obtained with ITZ (approximately 40% decrease),
despite being prepared using similar spray drying conditions. Even the obtained Dy is
< 5 um, being suitable to be deposited in the lungs, which was not observed for the ITZ
trials. This difference can be attributed to the alteration in the organic solvent composition.
For RIF particles, the organic phase consisted of 80% DCM and 20% Methanol (instead
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Table 4.6: API load (n = 4), particle size (n =3) and aerosol performance (n =3) of the
formulation with RIF as the API and comparison with ITZ-based formulation. Results are
expressed as mean + standard deviation.

API Load Particle Size (um) Aerosol performance
(%W/W) Do Dwss  Dwo Span ED(%)  FPE(%)

#14 457+11 09+00 30+00 75+£01 22 989+13 534+54
#25 453+11 08+00 18+00 44+00 20 985+14 781+22

Trial

of 100% DCM), thus altering droplet size, which depends on solvent properties. In this
particular situation, methanol’s surface tension (22.7 mN/m [115, 116]) and density (0.79
g/cm3 [115]) are lower than DCM’s (26.5 mN/m [116] and 1.3 g/cm3 [117]), leading to the
formation of smaller droplets [118] and consequently smaller particles. This observation
reveals the critical role of solvent selection, which in this case had a significant impact on
particle size.

A direct consequence of the reduced particle size is the enhanced aerodynamic behavior,
with the material of this trial displaying an FPF of 78%, approximately a 46% increase
from the ITZ formulation. Furthermore, the high ED indicates that the SDI remained
highly dispersible despite the low PSD.

: : ok S ;i‘g,zgg-»\gw_"..»La‘~." &m Bequ .\waﬁ“iﬂ E(UL) i 5,004 ?f
Figure 4.14: Particle surface morphology of RIF composite particles with Leu as SEM
micrographs, A - 3000x magnification and B - 10000x magnification

SEM images reveal distinct particle types, burst particles, raisin-like particles, and
the previously observed Leu flakes. Notably, the observed morphology differs from that
observed in the ITZ trials (illustrated in Figure 4.9). This morphology variation can be
attributed to the different model API and/or the utilized solvent system. Considering the
molecular weight of RIF (822.9 g/mol [113]), which is roughly the same as that of ITZ
(705.6g/mol [119]), it can be inferred that both molecules possess comparable diffusion
coefficients. Consequently, it is expected similar and comparable behavior during droplet
drying. On the other hand, the introduction of methanol, characterized by its reduced
volatility compared to DCM (vapor pressure of 12.9 kPa at 20°C [115] vs. 47.4 kPa at
20°C for DCM [117]) that was used for ITZ trials, likely leads to a lower evaporation rate.
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Hence, more time is available for shell formation, ultimately yielding particles with highly
corrugated surfaces.

Given the absence of distinctive elements in RIF’s molecular compositions that would
facilitate its differentiation from the AAs, XPS analysis was not performed. To definitively
confirm shell formation a more thorough and quantitative XPS analysis would be required.
Additionally, SEM-FIB could potentially serve as an alternative method, as the observed
shades of grey change according to material density, possibly enabling the distinction
between materials. Nevertheless, efforts should be directed toward the establishment of

more robust methods for confirming shell formation in this type of materials.

4.2.4 Proof of concept: hydrophobic amino acid shell

In the screening tests, section 4.1, it was verified that a hydrophobic Leu shell (trial #5
and #9) yields highly dispersible SDIs with enhanced aerosol performance, whereas a
hydrophilic Lys shell (trial #7) does not contribute positively to the FPF. Thus, it becomes
crucial to ascertain if the favorable aerodynamic properties (ED and FPF) are primarily
attributed to the formation of a hydrophobic shell, expected to decrease surface energy,
cohesive forces and moisture sorption [24, 54, 110, 120], or if they are inherently linked to
Leu’s properties and its drying kinetics during droplet drying.

To address this hypothesis, an experiment was conducted with Val (trial#24), an
example of another hydrophobic AA, in place of Leu. In this trial, Valine was used to
encapsulate the API under the exact same processing conditions utilized on the optimal
DoE point (trial#14). Val is slightly less hydrophobic than Leu [105], exhibiting a water
solubility of 88.5 g/L at 25°C [121]. This difference in solubility is anticipated to delay shell
formation during droplet drying, as it will take longer for Val to reach supersaturation and
precipitate. The formulation was kept with 50% of AA since Val’s molar weight is similar
to Leu’s (117.5 g/mol [121] vs. 131.2 g/mol [98] for Leu), thus maintaining a similar molar
ratio to the APIL. The resultant SDI properties are summarized in Table 4.7, while SEM
micrographs and SEM-EDS are in Figure 4.15.

Table 4.7: API load (n = 4), particle size (n =3) and aerosol performance (n =3) of the
formulation with Val as a shell former and comparison with Leu-based formulation.
Results are expressed as mean + standard deviation.

API Load Particle Size (um) Aerosol Performance
(%ow/w) p D.s0 Doso  Span ED (%)  FEPF(%)

#14 Leu 457+11 09+£00 30+00 75+01 22 989+13 534+54
#24 Val 537+16 08+00 31+00 73+01 21 934+18 304+28

Trial AA

From the SEM analysis, two types of particles were observed: spherical and burst par-
ticles. To confirm the composition of the particles, elemental analysis was also performed
(EDS). From this analysis, shown in Figure 4.15C, it can be seen that the Cl element is well

distributed in the spherical particles which are attributed to the presence of API, however
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Figure 4.15: SEM micrographs of the SDIs containing Val as a shell former, A - 1500x
magnification, B - 10000x magnification and C - SEM-EDS.

for burst particles, Cl was not detected which can be indicative of the presence of Val-rich
particles. These results suggest that Val’s drying kinetics are slower than Leu’s, resulting
in a delay of shell formation of the AA and eventually leading to a lack of shell formation.

Particles prepared with Val maintained the same PSD as the ones prepared with Leu,
as they were prepared under identical conditions, with the same solvent system and
solid concentration, thus droplet size on the 3FN was kept unchanged. Although having
equivalent PSD results, particles prepared with Val and Leu exhibit slightly distinct FPF,
with Val composite particles displaying a 43% decrease in FPF.

Aerosolized material density, namely bulk density and true density are material quality
attributes that are indicated to influence D, [25] and consequently FPF, apart from others,
such as D50 as discussed previously. The surface morphology, as indicated by the SEM
images, differs from prior observations. In this case, the spheres are mostly smooth,
resembling API particles. Smooth API particles exhibit increased contact area, resulting
in heightened adhesion forces between individual particles, consequently hindering
aerosolization [28], similar to what was observed with Gly in section 4.1. Therefore, the
lack of API encapsulation, supported by the SEM-EDS, further corroborates the poorer
aerodynamic behavior.

Shell formation and particle morphology are greatly influenced by drying kinetics
[40, 52]. Leu tends to recrystallize during SD, which coupled with its limited water

solubility is associated with early precipitation during droplet drying, culminating in the
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formation of a solid crust, that encapsulates the material inside [40, 51, 52, 65]. Moreover,
Leu’s concentration in the trials approaches its solubility limit, thereby facilitating its
precipitation and shell formation around the drying droplet. However, the phenomenon
of early precipitation is not as rapid for Val, due to its higher water solubility, which
compromises API encapsulation, as evidenced in the results. Despite being hydrophobic
and apolar [105], Val’s arrangement within the droplet might differ from that of Leu’s,
owing to Val’s three carbon side chain (in contrast to Leu’s four carbons), influencing
hydrophobicity and surface activity of this AA and consequently affecting shell formation.

Therefore, for a straightforward encapsulation, Leu proves to be the better choice. Nev-
ertheless, a system employing Val could possibly be optimized to induce early precipitation
of the AA and consequently early shell formation.

The properties of the SDIs prepared with RIF and Val were predicted by the models
and plotted in parity plots, as displayed in Figure 4.16.
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Figure 4.16: Actual vs Predicted plots including trial #24 and #25, A - D59 and B - FPF

Both trials yielded results that differed from those obtained with the ITZ:Leu formula-
tion, as evidenced by the data points displaying a significant deviation from the perfect
fit. The only exception is Dy5p from the material of trial #24, which closely resembles
the D50 of the Leu formulation, as it employs the exact same SD conditions and solvent
system. The model could not predict the Dys59 from the SDI containing RIF (trial #25) as
the utilization of methanol alters the liquid’s surface tension, a phenomenon for which
the model was not calibrated.

The FPF is notably more difficult to compare to the model results, as expected given
the essential role of API encapsulation for improved aerosol performance. The lack of fit
in trial #24 and #25 may be attributed to the use of a different AA and API, respectively,
for which the model was not standardized. Alternatively, these deviations may result
from the absence of API encapsulation, as it was concluded that the SDI with Val was not
encapsulated, thus falling outside the model’s predictive capacity. These observations
highlight the important role of theoretically evaluating formulation components before
establishing process parameters and characterization techniques.

48



4.2. THREE-FLUID NOZZLE: COMPREHENSIVE STUDY

Furthermore, the observed deviations from the models” predictions are expected, as
the validity of empirical models is limited to the studied conditions, in this case, the
specific ITZ:Leu formulation, the selected solvent systems and the SD parameters. Thus,
these models should only be applied within the context of the specific formulation from
which they were developed.

The development of models with the capacity to distinguish between various formula-
tions would require a larger dataset, incorporating in the DoE formulation factors such AA
content, different AAs and diverse APIs. Additionally, the inclusion of solvent properties,
such as viscosity and density, in the model could enable more accurate predictions regard-
ing the particle size, as it was concluded that under the same SD conditions the solvent
influences the PSD. Therefore including formulation and solvent parameters would result

in the creation of more complex and comprehensive models.

4.2.5 Proof of concept: Template-assisted SD methodology

It is well established that particles witha D, <5 um will deposit in the deep lung, however,
the actual physical diameter of the particle can be above those dimensions if particle density
is reduced, due to high porosity [6, 11, 122]. Such particle morphology is named large
porous particles, which also have the added benefit of escaping alveolar macrophage
uptake, due to their increased size, potentially increasing drug bioavailability.[6, 15, 122].
These particles can be prepared via template-assisted SD, whereby a pore-forming agent is
added to the formulation, originating the pores during droplet drying. There are various
pore-forming agents, but the most used are volatile salts, that sublimate during particle
formation, leaving behind the pores [12, 123].

This methodology was attempted with the 3FN as it enables the possibility of having
the pore former either on a suspension in the organic feed or in solution in the aqueous
feed. Sodium bicarbonate (NaHCO3) was used as a pore-forming agent, as it decomposes
into sodium carbonate, water, and CO; at temperatures above 80 °C [124]. Consequently,
the SD outlet temperature had to be adjusted to ensure salt sublimation, the atomization
was tested on both levels of the DoE, to assess if it influenced the pore-forming mechanism
and M_ratio was kept at 2.8, according to the optimal DoE level. Furthermore, the formu-
lation contained 1% w/w of NaHCO3, a value within the tested range in the literature
[125]. The results and comparison with the formulation without the pore former (trial #14

and #16) are summarized in Table 4.8.

Aqueous solution of NaHCOs
The theoretical API load was not attained in this experience, with the SDIs exhibiting a
prevalence of Leu, also noticeable on the SEM micrographs, in Figure 4.17, where there
are predominantly Leu flakes and shattered particles.

Regarding the PSD, the trial with F_atom = 3.0 kg /h (trial #22A) displayed a larger D99
since it presents a bimodal distribution, under the studied pressure (3.5 bar). However, this
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Table 4.8: Particle characterization results of the trials containing the pore-forming agent
and comparison with the formulations without a pore-forming agent. Results are ex-
pressed as mean + standard deviation (n=3).

ITZ:Leu NaHCOg3 solution =~ NaHCOj3 suspension
Trial #14 #16 #22A #22B #23A #23B
M_ratio (-) 277
T_out (°C) 65 85
RS_out (%) 7.5 3.2 3.2
F_atom (kg/h) 3.0 2.1 3.0 2.1 3.0 2.1
Dy10 (um) 09+00 1.0+£00 | 09+00 09+£00 | 14+£00 2501
Dy50 (um) 30+00 34+00 | 31+£02 28+00 | 49+0.1 79404
Dygp (um) 75+£01 84+00 |196+26 87+02 |115+02 178+0.6
ED (%) 989+13 97.0+£25|984+20 994+04|987+04 958+47
FPF (%) 534+54 407+55|628+50 61.7+1.1|519+3.7 39.1+5.1
Density (g/cm?) 1.1+00 - 1.0+0.0 - 1.0+0.0 -
BET Area (m?/g) 79+0.5 - 62+04 - 84405 -
Pore Volume (cm?/ g) 0.03 - 0.02 - 0.03 -
Pore size (nm) 16.0 - 12.0 - 13.7 -
API Load (%) 457+1.1 516+15]391+£08 382+16|443+15 456+09

bimodal distribution was not consistent across different observations at varying pressures,
suggesting a heterogenous SDI, as also observed in SEM micrographs. Although the
D50 was similar to the formulation without the pore former (trial #14), these SDIs have
a higher FPF. This discrepancy is not attributed to the preparation of porous particles
with enhanced aerosolization but rather to the presence of particles containing solely Leu,
which have increased dispersibility. Additionally, the ED remains near 100% due to the
presence of Leu-rich particles.

Analyzing the SEM micrographs, even though Leu flakes are prevalent in both trials,
the two levels of atomization led to distinct morphologies. With atomization at 2.1 kg/h
mm, Figure 4.17C and D, particles resemble the morphology of the material obtained
from the DoE trials (Figure 4.9) displaying surface asperities. Furthermore, SEM-EDS
results in Figure 4.17 confirm that the irregular shapes/flakes are likely Leu-rich particles,
while the larger spherical particles show Cl, indicating that API encapsulation was not
complete.

NaHCO3 is more soluble in water (96 g/L [126]), than Leu, thus during droplet drying
it might start to precipitate after the Leu shell is formed. Additionally, it will not diffuse
towards the DCM layer as it is insoluble in this solvent. It is the diffusion of CO,, resulting
from the thermal degradation, towards the gas-liquid interface that originates the pores
[125]. However, if NaHCOj3 precipitates within the shell and only then degrades, the
production of CO, and water will further increase the pressure inside the droplet. This
pressure increase can interrupt the shell formation, leaving behind burst pieces of Leu,
which is in accordance with the SEM images. Unfortunately, the observation of pores
by SEM would not be effective. Therefore, trial#22A underwent analysis to determine
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Figure 4.17: SEM micrographs of SDIs obtained with NaHCO3 in solution, A - trial #22A
1500x magnification, B - trial #22A 10000x magnification, c - trial #22B 1500x magnification,
D - trial #22B 5000x magnification and E - SEM-EDS

surface area, pore properties and true density. The surface area was slightly lower than
the material of the formulation without the pore-fore, whilst the material’s true density,
pore size, and volume remained similar. It is anticipated that the materials should exhibit
identical true densities, as this parameter is solely dependent on the material constituting
the particles and not on the density of each individual particle. The remaining results
are inconclusive, possibly attributed to the high prevalence of shattered particles and SDI
heterogeneity.
Suspension of NaHCO3

In these experiments (#23A and B) the API load was in accordance with the theoretical
value, which in combination with the monomodal PSD results confirms the presence

of a homogeneous material. The SDIs prepared with NaHCO3 in suspension resulted
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in larger particles when compared to the formulation without the pore former. Despite
their increased size, these SDIs (#23A and 23B) display FPF values similar to the reference
formulation (trial #14 and #16, respectively). Particularly in the case of trial #23B, where
a Dy50 two times larger (3.4 vs 7.9 um) displayed a 1.6 % lower FPF. This observation
confirms and highlights the low density of the prepared particles, which are presumed to
maintain a D, <5 um, regardless of the larger geometric size.

Moreover, noticeable differences in density were visually detected for trial #23A, which
exhibited a volume three times larger than trial #22A and #14. However, further analysis
failed to corroborate this observation, as trial #23A displayed comparable values with
trial#22A and #14, concerning true density and pore volume, with only a slightly higher
surface area. These analytical results did not confirm the observed differences in density,
probably due to the scale of the test which was not adequate for this material. Potentially,
the measurement of bulk and tapped density would validate the distinct observed densities,
unfortunately, such analysis could not be performed due to insufficient quantities of
manufactured SDI.

Regarding particle morphology, it is noticeably distinct from trial #22A and #22B. In the
SEM micrographs 4.18, Leu flakes were less prominent, indicating that the material kept its
integrity. Such observation can be explained by the mechanism of NaHCO; degradation
when suspended. In this context, depending on the rate of solvent evaporation, the salt
will lixiviate from the DCM towards the water. Once in the water, it can dissolve and
subsequently precipitate or remain already in its solid form and start to thermally degrade.
This process is expected to be slower, compared to when NaHCO3 is already dissolved in
water. Thus, it enables the formation of a more robust Leu shell that can withstand the
pressure increase inside the droplet without rupturing so promptly.

Increasing the atomization flow rate resulted in the generation of more shredded and
burst particles, as evidenced when comparing Figures A and B (trial #23A) with Figures
C and D(trial #23B). Nevertheless, in the same figures, highly porous particle surfaces
are observed. Furthermore, from the SEM micrographs, some particles appear to be
hollow, a characteristic of rapid droplet drying and consequent early shell formation [19,
52], which justifies the observed reduced density. SEM-EDS analysis was performed on
two ruptured particles to examine the inner and outer surfaces of the particles. The upper
particle, in Figure 4.18E displayed Cl on its interior whilst below, the shell of the ruptured
particle exhibits reduced Cl content. This image suggested that, in this case, the API
was encapsulated, however, the particles are ruptured. The rupture phenomenon may
be attributed to various causes, including the particles” inability to withstand the solvent
pressure inside, particle interactions, high shear on the cyclone, and sample handling, all
of which could contribute to these observations.

This proof-of-concept experiment showcased the feasibility of producing large porous
particles with enhanced aerosolization, utilizing the 3FN. This method is particularly
suitable for the preparation of such particle morphology when the pore-forming agent is
in suspension. Additionally, the potential of enlarged surface area is beneficial in terms of
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Figure 4.18: SEM micrographs of SDIs obtained with NaHCOj3 in suspension, A - trial #23A
1500x magnification, B - trial #23A 3000x magnification, c - trial #23B 1500x magnification,
D - trial #23B 5000x magnification and E - SEM-EDS

facilitated mass transfer, which can promote increased bioavailability. Nonetheless, both
process and formulation must be optimized to yield the best results. The mass fraction of
the pore-forming agent needs to be optimized according to the formulation under study.
Moreover, it should degrade at lower temperatures, enabling smoother SD conditions.
Alternatively, pore formers with other pore-forming mechanisms may be explored [125].
Only the optimization of these two parameters can prevent particle rupture and more

consistent template-assisted methodologies.
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5

CONCLUSIONS AND FUTURE PRESPECTIVES

Throughout the course of this work, inhalable composite encapsulated particles were
successfully produced applying a 3FN as an atomization strategy within the SD process.
This study confirmed the 3FN’s potential to encapsulate APIs while simultaneously
overcoming solubility limitations that arise from the API’s highly lipophilic nature and
hydrophilic nature of the shell-forming excipients. The implementation of the 3FN strategy
enabled the encapsulation of the poorly water-soluble ITZ using Leu as shell-forming
excipient. This formulation resulted in SDIs with the desired CQAs, exhibiting a D59
within the inhalable range (D50 < 5 um), ED above 95%, and FPF above 38%. Additionally,
the residual solvent levels are below ICH limits. In this specific case, the 3FN enabled the
use of a solvent system comprising two immiscible solvents, water and DCM, enabling
the independent introduction of two solutions. Thus, the 3FN potentiates the use of
less complex solvent systems, leading to improved process throughput and enhanced
economic feasibility. In fact, the major identified challenge when using 3FN is ensuring
the correct feed ratios to achieve the desired API load in the final product.

To comprehensively understand the process dynamics with the 3FN, and how process
parameters influence the powder CQAs, a structured experimental design was performed.
This systematic approach not only facilitated a thorough analysis of how process pa-
rameters impacted SDI’s properties but also enabled the identification of the CPPs and
the definition of optimal conditions, within the defined parameter range. Despite the
attainment of the desired properties, SEM micrographs revealed the presence of broken
particles. This observation is a consequence attributed to the rapid drying kinetics of Leu
and its early shell formation within the studied solvent system. The use of DCM and
water represents an example of worst-case conditions due to the substantial difference in
vapor pressure between these solvents and the required high shear needed during droplet
formation to prevent phase separation. Proposed solutions to prevent particle rupture
and obtaining SDI with improved integrity include the incorporation of excipients with
enhanced mechanical resistance and optimizing the SD conditions to increase the RS_out,
thus delaying drying kinetics.

Concerning the CQAs of the manufactured SDIs the obtained results indicate that, for
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the studied formulation, the ED appears to be independent of process conditions, solely
depending on the formulation. On the otherhand, the results indicate thatboth the FPF and
D50, are dependent on SD parameters, exhibiting a clear linear relationship with F_atom,
the sole factor found to have statistical significance in explaining FPF and D5 variability.
Conversely, the influence of factors M_ratio and T_out is not as noticeable. Moreover,
the FPF results were in accordance with the D59, whereby increased atomization flow
rate led to finer particles and consequently higher FPF values, confirming the correlation
between volumetric and aerodynamic diameter.

Additionally, this study successfully established empirical models as QbD tools for the
development of processes employing the 3FN as atomization strategy for the manufacture
of inhalable encapsulated composite particles. The models accurately predicted the D59
and FPF of the prepared SDIs, exhibiting good predictive capacity within the studied
design space, as evidenced by the R? and Ri g values of approximately 0.8. Notably, the
models further highlighted the great impact of the atomization flow rate on both studied
CQAs, enhancing process comprehension.

The observations from the EDA and the models reinforce the pivotal role of atomization
flow rate, which was found to be a crucial predictor, greatly influencing particle size
distribution and aerosolization, due to its role in determining droplet size. However,
according to the models, relying solely on this parameter is insufficient to predict powder
properties, with M_ratio and T_out enhancing predictive accuracy to the FPF and D59
models, respectively. The developed models allowed the identification of the actual critical
process parameters that influence the defined CQAs. Regarding improvements, a lower
range of temperatures should be assessed in the DoE, to ensure the formation of intact and
more homogeneous particles, in the specific case of the employed solvents. Furthermore,
at lower T_out, the influence of M_ratio might become more prominent, as these two
factors jointly influence the RS_out, altering the drying kinetics and potentially particle
properties such as particle density and shape.

The feasibility of encapsulating another API with Leu using the 3FN was evaluated.
The resulting powders displayed the required properties, further confirming the suitabil-
ity of the developed methodology across other poorly water-soluble APIs. Additionally, a
comparison of Leu’s role as a shell former with another hydrophobic AA, Val, revealed
that Leu formulations grant a more straightforward encapsulation process. Further opti-
mization by tailoring formulation parameters such as AA content and process parameters,
namely the selected solvent, and the solid concentration, can fine-tune Leu’s supersatu-
ration at the droplet’s surface leading to faster shell formation. Lastly, the feasibility of
utilizing the 3FN in template-assisted SD for the preparation of large porous particles
with enhanced aerosolization was explored. In this context, NaHCO3 worked as a pore
former, being added either in solution or suspension. These proof-of-concept experiments
suggested that when in suspension, NaHCO3 can yield geometrically larger particles with
reasonable FPFs. However, it became evident that achieving optimal results in this context

requires a comprehensive optimization of both process parameters and formulation.
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This methodology, encompassing an experimental design, parameter analysis and
empirical modeling, offers a comprehensive and robust strategy for process development,
titting into a QbD framework. The ability to identify CPPs, optimize conditions, and
predict outcomes using empirical models grants a structured framework for process
development and optimization. With additional efforts, such as a more complex DoE with
a broader variation range, this methodology can enhance product quality and streamline
process development, reducing costs.

A structured pathway for process development contributes to a simple and effective
innovation process, facilitating the optimization and scale-up of a SD process coupled
with the 3FN. In an industrial setting, this approach serves as a guiding tool, aiding in the
transition from laboratory-scale to large-scale production. Furthermore, the availability
of predictive tools accelerates the optimization process.

Even though the developed systematic approach was applied to the production of
composite particles via SD coupled with a 3FN, its applicability extends beyond this
specific scope, as it works as a valuable tool for process development. The methodology can
be adapted and extended to the preparation of other types of particles and pharmaceutical
processes, by investigating the relevant CQAs of the desired product and linking them
to their CPPs. Moreover, it has a versatile application that expands to formulation
development. The organized investigation of formulation variables, such as excipient type
and ratios, can aid in the design of formulations with target attributes. Therefore, this
methodology, hereby designed for process development can be a valuable tool towards
innovation across various stages of pharmaceutical development.
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Figure A.1: UV-Vis results, A - API and AA spectral scans, B - ITZ calibration curve at 260
nm, C- RIF calibration curve at 240 nm
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Figure B.2: XPS of formulations, A - trial#5, B - trial#6, C - trial#7, D - trial#8, E- trial#9
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ExcitaTioON-EMIssiON MATRIXES
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Figure C.1: EEMs of single components, A - Itraconazole, B - Leucine, C- Lysine, D -
Glycine
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Figure C.2: EEMs of formulations, A - Trial #5, B - Trial #7, C - Trial #8
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D

SUPPLEMENTARY SEM MICROGRAPHS
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Figure D.1: SEM micrographs at 5000x magnification, A trial#12, B- trial#13, C-trial#15,
D-trial#16, E-trial#18
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E

EMPIRICAL MODELING - OUTLIERS AND

RESIDUALS ANALYSIS
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Figure E.1: Residuals analysis for the D50, A - residuals vs predicted, B- residuals vs row
number C - normality plot

Table E.1: Validation dataset actual results, model prediction and relative error

Trial Predicted Dy59 Actual D59 Error Predited FPF  Actual FPF  Error

(um) (um) (%) (%) (%) (%)
#19 3.2 2.9 9.5 53.1 50.2 5.8
#20 3.3 3.7 9.6 46.5 51.4 9.6
#21 25 34 26.9 48.0 49.7 34
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APPENDIX E. EMPIRICAL MODELING - OUTLIERS AND RESIDUALS

ANALYSIS
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Figure E.2: Residuals analysis for the FPF, A - residuals vs predicted, B- residuals vs row
number C - normality plot
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