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POPULAR SUMMARY

Spray drying is a method that has been used widely in the pharmaceutical industry to produce
powders containing therapeutic drugs. It is a method that takes a liquid formulation, sprays it
into a chamber in the form of droplets, and dries it with high temperature air. Then the solvent
evaporates from the droplets, producing solid particles in powder form. It is a cost-effective
method which is easy and quick to use.

The powders produced with spray drying can be tailored for use in inhalation. These dry
powders are made to cure lung specific diseases and need to have specific size and shape to
have a therapeutic effect in the lungs. One specific characteristic required is that the
aerodynamic size of the particles is below 5 um. The aerodynamic diameter (AD) of the
particles is the size of a sphere (density 1 g/cm?) that moves at the same speed as the particles
when an individual inhales.

To make dry inhalation powders with spray drying, two things need to be considered: the effect
of the spray drying conditions and the effect of the formulation on the powder characteristics.

This study examined both objectives by using three sets of spray drying conditions on pure
lactose and trehalose dihydrate powders (pre-study) and changing the additives in the
formulation to study their effect on the particles (main study).

Bovine Serum Albumin, a standard protein, was used as the model drug in the formulation, and
L-leucine, an amino acid, was added to the formulation in different concentrations to improve
the aerosol performance of the powders.

The powders were analyzed with different methods to determine their size, shape, surface
morphology and aerosol characteristics such as the aerodynamic diameter and their efficiency
as an inhalation powder.

It was found that the powders produced had the ideal aerodynamic size to perform well as
aerosol powders (<5 um) and reach the deep part of the lungs. They were also irregularly
shaped which typically improves aerosol performance. Additionally, it was discovered that L-
leucine improves the powders ability to reach the lungs and have a therapeutic effect.
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ABSTRACT

Spray drying is a widely utilized method for producing protein pharmaceutical powders due to
its cost-effectiveness, efficiency, ability to extend shelf life and tailor particle characteristics.
These advantages make spray drying an optimal option to produce dry powders suitable for
inhalation.

Dry powders are extensively used in treating lung diseases primarily due to their increased
stability, their ability to preserve drug activity, and achieve high deposition efficiency in the
lungs, compared to other delivery forms. Therefore, protein pharmaceutical powders can be
produced with spray drying and tailored specifically for inhalation.

This project aimed to produce spray-dried protein powders for inhalation using specific spray
drying conditions and excipients. The research was conducted in two parts: the pre-study and
the main study. The pre-study identified the ideal spray drying conditions for inhalation
powders containing only lactose or trehalose dihydrate. The main study focused on spray
drying powders with Bovine Serum Albumin as the active pharmaceutical ingredient and
trehalose dihydrate and L-leucine as excipients. These powders were analyzed to determine
their size, morphology, and aerodynamic properties using laser diffraction, light microscopy,
bulk density measurements, Scanning Electron Microscopy, Next Generation Impactor
analysis and Aerodynamic Particle Sizing.

All spray-dried powders produced under different conditions were in the size range between
3.5-5 pum. In the pre-study pure powders containing lactose or trehalose dihydrate were smaller,
smooth, and spherical. The chosen spray drying conditions had an inlet temperature of Tin =
175 °C, an outlet temperature of Tout = 73 °C, aspirator rate of 32 m*/hr, and pump rate of 5
mL/min.

In the main study, complex powders containing BSA, and L-leucine were produced with a high
yield, above 75%. They contained particles between 4-5 um, with corrugated, and raisin-like
shapes. Samples with L-leucine exhibited a flake-like surface, likely due to crystalline L-
leucine on the surface. NGI analysis showed that all powders containing BSA had an
aerodynamic diameter below 5 um, suitable for efficient aerosolization. The sample with the
highest amount of L-leucine (27% w/v) had the highest Fine Particle Fraction at 49.3%.

The findings suggest that spray drying was a suitable method to produce inhalable protein
powders with high yield. The addition of BSA and L-leucine resulted in raisin-shaped particles,
while higher L-leucine concentrations improved dispersibility and aerosolization performance.

Keywords: Spray drying, dry powders, protein, inhalation, aerodynamic diameter, trehalose,
L-leucine, Bovine Serum Albumin, corrugated particles.
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1 INTRODUCTION

1.1 Spray-dried protein pharmaceuticals

Spray drying is a technique vastly used in the food, pharmaceutical and chemical industry. It
includes the atomization of the liquid feed and drying of the droplets in the drying chamber to
obtain solid particles in the form of a stable powder (Figure 1) (Lechanteur & Evrard, 2020;
Maa et al., 1997).
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Figure 1: Spray drying process of liquid feed solution to eventually produce a powder (Lechanteur &
Evrard, 2020).

Protein pharmaceuticals have been extensively produced with spray drying as it offers many
benefits compared to other methods. This technique can tailor particle characteristics such as
size and morphology, which can enhance their application efficiency. Spray drying provides
stability to protein pharmaceuticals by preserving their activity to a greater degree than liquid
formulations and thereby extending their shelf life. At the same time, the powder obtained has
increased purity and the particles are more homogeneous in size. Additionally, it is more cost
and time efficient, suitable for continuous operations and scalable for larger operations (Eedara
etal., 2021; Pinto et al., 2021).

1.2 Dry powder inhalers

Dry powder inhalers (DPI) have become essential pharmaceutical products in treating lung-
specific diseases. Dry powders deliver the active pharmaceutical ingredient (API) to the lungs
with high deposition efficiency. For APIs that are biomolecules, dry powders provide a more
stable form, extending shelf life and maintaining drug activity (Lechanteur & Evrard, 2020;
Pinto et al., 2021).

Unlike other inhalers, DPIs do not require a propellant but rather rely on the patient’s
inhalation. They offer improved chemical stability and have a convenient and user-friendly
design. DPIs typically deliver micronized drug particles in the form of a dry powder to the
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lungs, often using excipients such like carrier particles. These carrier particles are often used
to increase the flowability of the powder, to ensure dose accuracy and generally to improve the
aerosolization performance (Lechanteur & Evrard, 2020; Pinto et al., 2018). However, it is
required that the API particles adhere homogeneously to the carrier particles and dissociate
upon inhalation. This requires a thorough understanding of the cohesive and adhesive forces,
to achieve good aerosolization properties of the powder (Pinto et al., 2018).

Increased cohesive forces between drug particles may lead to aggregation, reducing powder
dispersibility and limiting deposition in the lower airways, whereas strong adhesive forces
between API and carrier particles will result in poor flowability of the powder (Adi et al., 2008;
Maa et al., 1999).

Therefore, a new method involving spray-dried powders has emerged with the ability to tailor
particle characteristics such as size and shape, enhancing drug dispersibility in the lungs (Pinto
et al., 2018). These powders are produced by spray drying the excipients along with the API,
under controlled conditions (Figure 2). Adjusting the spray drying conditions and the feed
formulation allows for tailoring of the particle characteristics for inhalation (Lechanteur &
Evrard, 2020; Maa et al., 1997; Pinto et al., 2018).

By altering spray drying conditions and using specific excipients, it is possible to modify the
particle surface characteristics. Specifically, using shell-forming excipients may enhance the
stability of the powder and improve aerosol performance. There are two mechanisms that
contribute to the formation of a protective layer around the particles, due to the high Peclet
number of the excipients, and their surface activity (Ordoubadi, 2024).

The Peclet number of the excipients, defined as the ratio of the solvent’s evaporation rate to
the excipient’s diffusion rate, has an important role. When Pe is less than 1, the excipients
diffuse into the particle at a rate equal to the solvent evaporation, resulting in uniform spherical
particles. Whereas when Pe is greater than 1, the excipient will diffuse slower than the solvent
evaporates, causing the excipient to accumulate on the surface and form corrugated particles.
These corrugated particles have been studied and found to improve the aerosolization
performance of DPI powders (Adi et al., 2008; Lechanteur & Evrard, 2020; Ordoubadi, 2024).

The second mechanism involves the surface activity of the excipients, which allows them to
adsorb on the surface of the droplets. When the excipient is adsorbed on the droplet’s surface,
it forms a monolayer that later hardens into a shell, which will contribute to powder stability,
decreased interparticle cohesion and improved dispersibility (Ordoubadi, 2024).
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Figure 2: Spray drying drug particles and excipients for use in inhalation (Image made with
BioRender).

1.3 Characteristics of inhalation powders

As previously mentioned, tailoring particle characteristics for inhalation is crucial to achieving
efficient respiratory deposition. Particle size, shape and morphology significantly impact
aerosolization performance. Specifically, for high-efficiency drug delivery to the deeper part
of the lungs, inhalation particles need to have an aerodynamic size between 1-5 pm (Chang &
Chan, 2022; Lechanteur & Evrard, 2020; Thalberg, 2022). The aerodynamic diameter (AD) is
an important characteristic for respiratory drug delivery. The AD of a non-spherical particle is
equivalent to that of a sphere with density equal to 1 g/cm® that has the same velocity in the
aerosol stream (Shekunov et al., 2007).

The drug delivery efficiency is evaluated using two metrics, the Fine Particle Dose (FPD) and
the Fine Particle Fraction (FPF). The FPD represents the amount of drug particles in the aerosol
cloud with the ideal size range to reach the lungs, while the FPF indicates the efficiency of drug
delivery and is the percentage of the particles in the range 1-5 um. FPF is calculated by the
FPD divided by the delivered dose (Lechanteur & Evrard, 2020; Thalberg, 2022).

Furthermore, particle shape and morphology influences aerosol behavior by affecting powder
flowability, dispersibility and the ability to release successfully from the inhaler (Chang &
Chan, 2022). It has been shown that non-spherical particles with elongated shape have a smaller
aerodynamic size but lower flowability (Elsayed, 2019). Additionally, spherical particles often
do not exhibit the best aerosolization performance (Pinto et al., 2018).

Studies also indicate that smooth surfaced particles tend to increase FPF, while other research
suggests that corrugated carrier particles promoted a higher FPF (Telko & Hickey, 2005). Both
findings may be correct, as aerosolization performance depends on various factors. Another
study found that more corrugated particles resulted in higher FPF values due to reduced contact
between particles, which decreased adhesive forces (Adi et al., 2008; Lechanteur & Evrard,
2020).

However, while corrugated surfaces seem to enhance aerosolization performance and drug
deposition in the lungs, excessively corrugated particles may decrease FPF. Increased surface



roughness and high degree folding, may cause particles to stick together, leading to aggregation
and poor aerosolization (Figure 3) (Lechanteur & Evrard, 2020).

Netilmicin/L-leucine 10/1

FPF = 30.60%

é@" the upper respiratory tract

A

Netilmicin/L-leucine 30/1
FPF =85.14%

. the upper respiratory tract

Figure 3. Differently corrugated particles: Top image portrays spray-dried particles (Netilmicin/L-
leucine, ratio 10/1) with highly corrugated surface and FPF=30.6 %. The bottom image shows spray-
dried particles (Netilmicin/L-leucine, ratio 30/1) with a less corrugated surface and a higher FPF
(85.1 %) (Lechanteur & Evrard, 2020).

1.4 Spray-drying conditions

Powder characteristics can be tailored by changing the spray-drying conditions. During the
process, temperature at the entrance and exit of the drying chamber, the drying air flow, and
the spray gas flow are conditions that can be set depending on the required powder
characteristics

The inlet temperature (Tin) affects the particle shape and moisture content (Lechanteur &
Evrard, 2020). A lower inlet temperature leads to particles with more wrinkled surface and less
hollow. Whereas higher inlet temperatures (more than 190 °C) lead to less wrinkled particles
(Maa et al., 1997). For lower moisture content in the spray-dried powder, higher inlet
temperatures are more efficient along with lower liquid feed rates. It has been reported that for
less than 3% moisture content, inlet air temperatures should be higher than 140 °C (Ameri &
Maa, 2007).

The outlet temperature (Tout) is a critical parameter as it is the temperature that the droplets
will come into contact with. Lower outlet temperature results in more spherical particles with
higher moisture content (Maa et al., 1997). This will produce stickier particles that may adhere
to the drying chamber, leading to a decrease in production yield. A higher outlet temperature
can be achieved by changing parameters such as the inlet temperature and feed flow rate and
will result in deformed particles that deviate from the spherical shape (Ameri & Maa, 2007;
Lechanteur & Evrard, 2020).

The feed flow rate affects the size of the particles and possibly their morphology. By increasing
the rate, larger droplets are formed during atomization, due to more feed solution entering the
system and therefore larger particles (Lechanteur & Evrard, 2020).



In addition, the nozzle pressure plays a major role in the size of the particles. When increasing
the nozzle pressure, smaller droplets are formed, which are then dried and form smaller
particles (Lechanteur & Evrard, 2020; Maa et al., 1999).

It should be noted that the room temperature and relative humidity also determine the powders
characteristics and should be taken into account during spray drying (Maa et al., 1998).
Additionally, storage humidity should be kept below 30% to avoid agglomeration (Wu et al.,
2014), although depending on the type of powder, this may differ.

1.5 Formulation and excipients in spray drying

The active pharmaceutical ingredient (API) in the dry powder formulation will be represented
by Bovine Serum Albumin (BSA), a model protein commonly used in experiments as a
standard. The protein concentration is tailored based on the desired particle characteristics, and
dosage wanted for the inhalation product. For higher protein concentrations, the particles are
larger in size, whereas their surface becomes more wrinkled for lower protein concentrations
(Lechanteur & Evrard, 2020; Maa et al., 1997).

When spray drying protein pharmaceuticals, it is critical to address certain issues to maintain
the activity and structure of the protein. During spray drying, the high temperatures and stresses
from atomization may affect the proteins activity and cause degradation. Additionally, spray
drying often results in low production yields and should therefore be optimized for each protein
pharmaceutical (Mutukuri et al., 2023; Sosnik & Seremeta, 2015; Wu et al., 2014).

One way of improving the stability and processability of the pharmaceutical, as well as its
dispersibility, is by adding excipients to the formulation.

Carbohydrates are usually the main excipient used in protein pharmaceuticals due to their
ability to stabilize the protein. More specifically, amorphous sugars such as lactose and
trehalose have a high glass transition temperature (Tg) and can stabilize molecules at room
temperature (Chang & Chan, 2022; Lechanteur & Evrard, 2020). The methods with which
carbohydrates stabilize the protein vary, with the main theories being the formation of hydrogen
bonds with the proteins, by replacing the bonds with water (water replacement theory) and the
stabilization of proteins by forming an amorphous matrix and halting any structural changes or
degradation (vitrification hypothesis) (Chang & Chan, 2022; Eedara et al., 2021; Pinto et al.,
2021).

Lactose is a disaccharide that has been extensively used in powder inhalation formulations as
a delivery carrier as it is Generally Recognized as Safe (GRAS). With a high glass transition
temperature of 101 °C, lactose helps produce an amorphous dry powder characterized by weak
stickiness and good flowability. However, it is important to note that lactose is a reducing sugar
and can participate in the Maillard reaction by reacting with amine groups (Lechanteur &
Evrard, 2020; Wu et al., 2014).

Similarly, trehalose is recognized as safe (GRAS) and has a higher Tg of 120 °C (Chang &
Chan, 2022). The higher Tg aids in stabilizing proteins and extending the shelf life of the
pharmaceuticals. Trehalose can form an amorphous matrix that protects the active
pharmaceutical ingredient (API) during spray drying and storage. However, its sticky nature
can lead to aggregation when used above a certain concentration (Maa et al., 1997). At the same
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time, trehalose has an enhanced ability to form hydrogen bonds with proteins further stabilizing
them through the water replacement theory (Pinto et al., 2021).

Another group of excipients highly used in protein pharmaceuticals are amino acids. These
stabilize protein formulations and protect them from moisture during storage. The methods are
generally unknown, but it has been suggested that they could form hydrogen bonds with the
proteins (Pinto et al., 2021)

L-leucine is a hydrophobic amino acid widely used in protein pharmaceuticals, particularly in
inhalation powders. It has been suggested that L-leucine diffuses towards the air-liquid
interface to form an outer hydrophobic shell around the particles as it accumulates there in
crystallized form, protecting them from moisture (Lechanteur & Evrard, 2020; Ordoubadi,
2024; Pinto et al., 2021) and causing the particles to corrugate and become more wrinkled
(Juptner & Scherliess, 2019; Pinto et al., 2021). Additionally, it enhances powder flowability
and dispersibility by decreasing surface cohesiveness (Eedara et al., 2021; Pinto et al., 2021).
Increasing L-leucine concentrations improves powder dispersibility and resistance to high
relative humidity. There are notable improvements in the FPF values observed for powders
containing up to 20% w/w L-leucine (Chang & Chan, 2022).

At the same time, when combined with trehalose, higher concentrations of L-leucine (20-30%)
result in more stable powder in humid environments, whereas a lower concentration of 10%

improves aerosolization performance, enabling deposition in deeper part of the lungs
(Lechanteur & Evrard, 2020).

1.6 Project layout

The project consisted of two parts: the pre-study and the main study. The pre-study focused on
identifying the most suitable spray drying conditions for producing inhalable particles. The
sugars used for this study were lactose and trehalose in aqueous solutions and the resulting
powders were analyzed using light microscopy and laser diffraction to determine particle shape
and size.

The main study examined the impact of spray drying conditions on formulations containing
trehalose and L-leucine. After finalizing the ideal spray drying conditions for producing
inhalation powders, the study aimed to produce protein powders with varying ratios of BSA,
trehalose dihydrate and L-leucine. These powders were then analyzed for size, morphology and
aerodynamic properties. Characterization techniques included light microscopy, laser
diffraction, bulk density measurements, Scanning Electron Microscopy (SEM) and their
aerosolization performance was analyzed using a Next Generation Impactor (NGI) and
Aerodynamic Particle Sizing (APS).



2 MATERIALS AND METHODS

The experimental work for the master’s thesis was conducted in the department of Process and
Life Science Engineering, Division of Food and Pharma. It took place from the month of
January 2024 until May 2024.

2.1 Materials
The materials used were made available by the Division of Food and Pharma and are presented
in Table 1.

Table 1: Materials used for the production and characterization of dry powders for inhalation.

Materials Supplier
Lactose (Lactohale LH200) DFE pharma
Trehalose Dihydrate Sigma-Aldrich
L-leucine Sigma-Aldrich
Bovine serum albumin (BSA) Sigma-Aldrich
Lamp oil Petromax Alkan
Sorbitan Monolaurate (Span20) Sigma-Aldrich
Dimethyl Sulfoxide (DMSO) VWR Chemicals
Fluorescamine Sigma-Aldrich
Brij/glycerol mixture Made by Emmace Consulting AB

2.2 Preparation of powder formulations
2.2.1 Pre-study
In the first stage of this study, spray drying conditions were examined to produce powders with

particle sizes appropriate for inhalation (below 5 um). The spray dryer used was the Mini Spray
Dryer B-290 (Biichi Labortechnik AG) with a two fluid nozzle (Figure 4).

Figure 4: Mini Spray Dryer B-290 by Biichi Labortechnik AG, located in the department of Process
and Life Science Engineering, Division of Food and Pharma.



The feed solution used contained lactose 10% w/v dissolved in distilled water. Three sets of
spray drying conditions were used to produce the lactose powders (Table 2), which were then
characterized using light microscopy and laser diffraction. Detailed conversion tables for the
spray drier settings can be found in the Appendix section 7.1.

Table 2: Spray drying conditions of lactose formulations in the pre-study.

Batch Tin°C Tout°C Aspirator Pump
Lactose 01 150 70 65% 16%
Lactose 02 170 80 80% 20%
Lactose 03 150 80 80% 10%

Aspirator 65% = 26 m’/hr, 80% = 32 m’/hr

Pump 10% = 3 mL/min, 16% = 5 mL/min, 20% = 6 mL/min
Nozzle = 6

Spray gas flow (Ogas, actual volume flow) = 45 mm = 0.831 m’/hr

Similar powders were made with trehalose dehydrate (7.2% w/v), instead of lactose, to
determine the effect of the spray-drying conditions on the main sugar excipient of the final
inhalation powder. Two powders were made with the following conditions, Trehalose 01 and
Trehalose 02 (Table 3).

Table 3: Spray drying conditions of trehalose dihydrate formulations in the pre-study.

Batch Tin°C Tout °C Aspirator Pump
Trehalose 01 150 67 65% 16%
Trehalose 02 172 77 80% 20%

All powders were kept in a desiccator with RH% below 10%, to protect from moisture.

2.2.2 Main study

In the main study, three powders were firstly produced that contained trehalose dehydrate and
leucine, with similar spray drying conditions used in the pre-study above. The powders
contained 27% w/v leucine, with a total percentage of solids 7.4% w/v (Table 4). The feed
solutions were made by initially dissolving trehalose dihydrate in distilled water. The addition
of L-leucine was done under magnetic stirring, with simultaneous low heating to fully dissolve
the hydrophobic amino acid. The pH was adjusted to 6.0-6.5, using HCI or NaOH 0.1 M
solutions.

Table 4: Spray drying conditions of trehalose-leucine formulations (27% w/v leucine).

Batch Tin °C Tout °C Aspirator Pump
Trehalose Leucine 01 150 65 65% 16%
Trehalose Leucine 02 175 73 80% 20%
Trehalose Leucine 03 150 80 80% 10%

Following this, the conditions selected to produce the final powders containing BSA, were the
second combination: Tin = 175 °C, Tout = 73 °C, aspirator = 80%, pump = 20%.



The powders contained varied ratios of excipients. More specifically, all powders contained
10% w/v BSA, and varied amounts of L-leucine. The total solids percentage was kept stable at
7.4% w/v. The three formulations are presented in Table 5.

Table 5: Formulations of spray dried powders with BSA.

Batch BSA L-leucine gﬁ?gﬁ:
Trehalose BSA 01 10% - 90%
Trehalose_Leucine BSA 02 10% 27% 63%
Trehalose Leucine BSA 03 10% 10% 80%
Trehalose_Leucine BSA 03 A 10% 10% 80%
Trehalose Leucine BSA 03 B 10% 10% 80%
Samples Trehalose Leucine BSA_03 A and B are replicates of the third batch, to
examine the reproducibility of the results.

The formulations were made similarly to the above method. Following the addition of leucine,
BSA was added when the feed solution reached room temperature. Light magnetic stirring was
used so as not to cause foaming. Finally, the pH was adjusted to 6.0-6.5. The production masters
for these powders can be found in the Appendix section 7.2.

2.3 Characterization of powders

The dry powders characteristics were determined using laser diffraction, light microscopy, and
Scanning Electron Microscopy, whereas their applicability as aerosol powders in inhalation
devices was evaluated using a Next Generation Impactor (NGI) and an Aerodynamic Particle
Sizer (APS).

2.3.1 Light microscopy
The particles morphology and shape were examined with light microscopy. The instrument
used was Olympus System Microscope Model BX50, with ocular magnification x10.

The samples were prepared by dispersing 20 mg of powder in 2 mL of lamp oil and mixing
with the pipette for 10 seconds. A drop of the suspension was added onto a glass slide and a
cover slip was applied on top. The images were taken with the following objectives: x20 and
x50.

Images were also taken of a scale, 1 mm long with 100 divisions of 0.01 mm (made by
GRATICULES LTD.) to compare particle sizes.

2.3.2 Laser diffraction

The size distribution of the dry powders was measured using laser diffraction. The method uses
a He-Ne laser to emit light, which then diffracts as it passes through a dispersed particulate
sample. The resulting light scattering pattern is analyzed to estimate the size distribution of the
particles using either the Mie theory or Fraunhofer diffraction theory. Both theories are used



under the assumption that the particles are smooth and spherical (Merkus, 2009; Shekunov et
al., 2007)

Mie theory is applicable for particles of all sizes, and requires the optical properties of the
samples, including the refractive index of the particles and the medium they are dispersed in.
This theory calculates the intensity of the scattered light by considering light diffraction,
absorption, and refraction as well as wide angle scattering, which is ideal for measuring
particles smaller than 25 pm. However, if the refractive index of the powders is unknown or
cannot be measured, the accuracy of the method is not as good (Merkus, 2009; Shekunov et
al., 2007).

Fraunhofer diffraction theory relies solely on particle size and is accurate for particles larger
than the wavelength of the light. This theory measures the particle diameter based on the
intensity of diffracted light without considering the refractive index of the sample. However,
for smaller particles, the absorption and refraction of light significantly influence the scattering
pattern, making Mie theory more appropriate to apply in this case. Under certain conditions,
measurements from Fraunhofer theory and Mie theory are equivalent (Merkus, 2009;
Shekunov et al., 2007).

In this study, both theories were examined for powders with known refractive indices (pure
lactose and trehalose dihydrate) and unknown (powders containing percentage of BSA, L-
leucine). The instrument used was the Malvern Mastersizer 2000 (Figure 5). Samples were
prepared by sonication, with the addition of a surfactant to assist in the dispersion of the
powders in lamp oil.

The sample was prepared by weighing 50 mg of powder and dispersing it in 4 mL lamp oil and
1 mL Span20 (25% w/v solution). The powder was fully dispersed in the oil with a sonication
probe (Branson Sonifier B-12 Ultrasonic Tip), for 2 mins at power level 7, in an ice bath.

Following this, the sample was added dropwise into the oil dispersion unit of the Mastersizer
2000, until the wanted obscuration (5, 10 or 15%). Refractive indexes used for the samples
were 1.53 for the sugars and 1.43 for the lamp oil, with absorption 0.01.

Figure 5: Malvern Mastersizer 2000 used for determining the size distribution of particles in
powders.
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2.3.3 Scanning Electron Microscopy (SEM)

The Scanning Electron Microscope was used to examine the particles shape and morphology
and to observe differences found between the powder batches produced. SEM is a method
widely used for the characterization of materials and relies on the production of electrons by
the materials to form an image. By using an electron beam that passes through a microscope,
the sample will produce secondary and backscattered electrons, as well as characteristic X-rays
that will be used for imaging (Paredes, 2014).

The samples were prepared by applying a thin layer of each powder on a brass mount that was
fitted with a thin layer of tape. Following this, the mounts were coated with gold/palladium
(Au/Pd) to create a conductive layer that will enhance the secondary electron signal and provide
improved imaging. For the coating, a Sputter Coater was used with argon as the operating gas,
working pressure 0.05 mbar, sputtering current 15 mA and for sputtering time 180 seconds.
This would result in a film thickness of 15 nm Au/Pd coated on the samples.

The SEM instrument used was the JEOL JSM-6700F scanning electron microscope. The
accelerating voltage used during the SEM procedure was 10 kV, and the emission current 10
HA. Images of samples were taken at magnifications x250, x1000 and x10000.

2.3.4 Bulk density measurement
Powders used for inhalation should ideally have a bulk density below 0.4 gr/cm? for deposition
in the deeper part of the lungs (Chaurasiya & Zhao, 2020).

The bulk density of the powders was determined using a cylinder with 5.2 cm® volume. Each
sample was packed into one cylinder, and any excess powder was scraped off with a spatula.
The cylinder was weighed on an analytical scale, and the value was recorded before and after
filling with powder. Each measurement was performed in triplicates.

2.3.5 Next Generation Impactor (NGI)

To simulate the use of the powders in an inhaler and to calculate the aerodynamic particle
diameter (AD) and the Fine Particle Dose (FPD) and Fraction (FPF), a Next Generation
Impactor was used by the manufacturer Copley (Figure 6.A).

The process included preparation of the capsules by weighing 20-30 mg of powder. For each
NGI, 5 capsules were filled. The inhaler used was the RSO1 monodose dry powder inhaler with
high resistance (blue colour) by the company Plastiape (Figure 6.B). In this specific model the
capsule spins laterally in the inhaler.
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Figure 6: A. Next Generation Impactor (NGI) by Copley (promosciences.com), B. RS01 monodose dry
powder inhaler with high resistance by Plastiape (www.berryglobal.com).

The impactor was prepared by setting the inspiratory flow rate at 62 L/min with the use of a
Trigger Box, which is necessary to produce an aerosol that will reach the dedicated area of the
lungs, at the required dose. The pressure drop that is reached with this flow rate is 4 kPa. This
was confirmed with a manometer.

After setting the flow rate and pressure, the plates were covered with a few drops of
Brij/glycerol mixture and spread out evenly onto the surface with a KIMTECH wipe. 15 mL
of distilled water was added to the pre-separator (P).

The Brij/glycerol mixture was provided by Emmace Consulting AB and was made by
dissolving 15 gr of Brij in 100 ml Ethanol and then mixing 10 ml of this solution with 40 ml
glycerol (85%).

The capsule is placed in the inhaler and pierced by pressing the blue side buttons. The RS01
inhaler was fitted to the throat (T) of the NGI and the start button was pressed on the Trigger
Box. The successful inhalation of the powder was indicated by a rattling noise. Each capsule was
used twice to ensure that all powder was deposited into the NGI system. All five capsules used
were collected after the measurements and each batch was repeated twice.

After the experimental procedure, 15 mL of water was added to each disk, to dissolve the powder.
These were set on a rocking platform for 15 mins at a speed of 60 rpm. At the same time, 15 mL
was added to the throat and pre-separator of the system. Table 6 indicates the batches and the
naming system used to store the samples from each batch.

Table 6: Dry powders used in NGI and their equivalent names.

Batch Sample NGI Name
1 Trehalose BSA 01 é g} IIIII;
2 Trehalose Leucine BSA 02 i gg Ei
3 Trehalose Leucine BSA 03 Z gg Eg
4 Trehalose Leucine 02 ; gj E;
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https://promosciences.com.tn/product/next-generation-impactor-ngi/
https://www.berryglobal.com/en/product/product-item/412mm-563mm-capsule-based-rs01-size-3-capsule-12709911

Depending on which stage each sample came from, they were cataloged with a number or letter
in Table 7.

Table 7: Numbering system for powders found in different NGI stages.

Stage 1 BN 1
Stage 2 BN2
Stage 3 BN3
Stage 4 BN4
Stage 5 BNS5
Stage 6 BN6
Stage 7 BN 7
Stage 8 BN 8
Capsules BNC
Throat BNT
Pre-separator BNP
Capsules Blank (5 capsules dissolved in 15 ml water) CB

2.3.5.1 Fluorescamine assay

To quantify the amount of BSA in each sample from the 11 NGI stages, a fluorescamine assay
was used, based on the protocol by AAT Bioquest, Sunnyval, CA (Amplite® fluorescamine
protein assay). Fluorescamine is a non-fluorescent heterocyclic dione that reacts with primary
amines of amino acids and proteins and produces a fluorescent product. It has an excitation
wavelength of 365 nm and an emission wavelength at 470 nm.

A fluorescence plate reader (FLUOROSKAN, by Thermo Scientific) was used to detect the
fluorescence signal of each sample with a 96-well black microplate. The process for the
fluorescence assay can be seen below in Figure 7.

For each batch of powder, a standard curve was made using serial dilution, from a stock
solution of 1 mg/mL BSA or L-leucine or the equivalent BSA/leucine ratio for Batch 2 and 3
(Table 5).

Firstly, fluorescamine was dissolved in dimethyl sulfoxide (DMSO), at a concentration of 3
mg/ml. It was stored in an amber vial, to protect from light.

Each sample was added in a well in the microplate, at a volume of 75 pL and mixed with 25
uL Fluorescamine. The plate was protected from light and left to react for 10 minutes. The
fluorescence was read at excitation wavelength 350 nm and emission wavelength 460 nm.
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Figure 7: Fluorescamine assay, based on the protocol by AAT Bioquest, for the quantification of BSA
in the NGI stages (Image made with BioRender).

2.3.6 Aerodynamic Particle Sizing (APS)

Another method used to measure the aecrodynamic particle size was with the Aerodynamic
Particle Sizer Model 3321, which was modified by Emmace Consulting AB with an additional
5L tube to achieve the needed volume, in combination with a Trigger Box (Figure 8).

Figure 8: Aerodynamic particle size, fitted with a 5L tube, by Emmace Consulting AB.
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The powders used in the analysis were Trehalose BSA 01, Trehalose Leucine BSA 02,
Trehalose Leucine BSA 03, Trehalose Leucine 02 and Trehalose 02.

Samples were prepared by weighing 20-30 mg of powders in capsules and kept in a desiccator.
The same inhaler used for the NGI was used here (RS01 high resistance by Plastiape).

Each sample was sprayed into the device for 2 seconds, at a flowrate of 62 1/min and each
measurement lasted for 30 seconds. The system was cleaned of any powder residues in between
samples and all powders were measured in duplicates. The experiment was performed a second

time for all samples, where each one was sprayed into the device for 1 second and with a
flowrate of 120 I/min.
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3 RESULTS

Spray-dried powders were produced successfully with the Mini Spray Dryer B-290. The
powders produced in the pre-study and the main study were characterized based on their size,
morphology, and aerodynamic properties.

For powders containing L-leucine and BSA the yield was calculated by weighing the spray
dryer’s collection vessel before and after the production process. The resulting yields can be
seen in Table 8.

Table 8: Production yields of spray-dried powders.

Batch Yield (%)
Trehalose BSA 01 78.6
Trehalose Leucine BSA 02 85.0
Trehalose Leucine BSA 03 81.8
Trehalose Leucine BSA 03 A 82.2
Trehalose Leucine BSA 03 B 77.4

Typically, the spray drying yields on this scale reach values above 75%, which is considered a
very successful process (Sosnik & Seremeta, 2015). In the main study the values for all spray
drying processes were above 70%, which indicates that the spray drying of trehalose dihydrate
powders under these conditions is highly efficient.

3.1 Pre-study
The results from the pre-study were used to determine the most efficient spray drying
conditions for the sugars used.

3.1.1 Light microscopy
Light microscopy was used to initially view the shape and size of the spray-dried particles.
Below, images are presented of the powders produced with different magnifications.

3.1.1.1 Spray-dried Lactose

Lactose formulations were spray dried under three different conditions (Table 2). All three
powders had similar shape viewed under light microscopy. Powder Lactose 03 can be seen in
Figure 9, at magnifications x20 and x50. The particles are spherical with polydisperse sizes,
many particles have a dark ring inside which indicates the presence of vacuoles.
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Figure 9: Light microscopy image of spray-dried Lactose 03 at magnification x20 (left) and x50
(right).

3.1.1.2 Spray-dried Trehalose dihydrate

Formulations containing trehalose dihydrate were spray dried under two different conditions
presented in Table 3. Trehalose 01 and Trehalose 02 were examined under light microscopy
and were similar in shape and size. The images taken at magnifications x20 and x50 for
Trehalose 01 can be seen in Figure 10. Trehalose particles are spherical with sizes below 10
um, with very few vacuoles present.

Figure 10: Light microscopy image of spray-dried Trehalose_01 at magnification x20 (left) and x50
(right).

3.1.2 Laser diffraction

3.1.2.1 Spray-dried Lactose

The three lactose powders produced had similar sizes around 4.5 um, with Lactose 01 being
slightly larger in size close to 5 um with weighted residuals below 1%. Lactose 02 and
Lactose 03 had smaller sizes with average particle size (d50) closer to 4.5 pm and weighted
residuals 0.9%. The size distribution for Lactose 02 can be seen in Figure 11, using Mie theory,
for obscuration 5%. Figure 12 depicts the particle size distribution of Lactose 02 using
Fraunhofer theory, which calculated average particle size of 3.8 um and weighted residuals
below 1%.
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Figure 11: Particle size distribution of sample Lactose 02 with 5% obscuration (Mie theory).
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Figure 12: Particle size distribution of sample Lactose 02 with 5% obscuration (Fraunhofer theory).

3.1.2.2 Spray-dried Trehalose dihydrate

Spray-dried trehalose dihydrate samples (Trehalose 01 and Trehalose 02) were examined
under light microscopy. For Trehalose 01 the average particle size d50 was 4.4 um, with
weighted residuals close to 1% for Mie theory and 3.8 um with 0.4% weighted residuals for
Fraunhofer theory. The size distribution can be seen in Figure 13 with Mie theory and Figure
14 with Fraunhofer theory. Similar size distributions were seen for sample Trehalose 02.
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Figure 13: Particle size distribution of sample Trehalose_01 with 10% obscuration (Mie theory).
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Figure 14: Particle size distribution of sample Trehalose_01 with 10% obscuration (Fraunhofer
theory).

3.2 Main study
Based on the results in the pre-study, new formulations were made with trehalose dihydrate as
the main excipient shown in Tables 4 and 5 in section 2.2.2. These spray-dried powders

contained L-leucine and BSA, and were characterized by light microscopy, laser diffraction,
SEM, bulk density, NGI, and APS.

3.2.1 Light microscopy

3.2.1.1 Spray-dried Trehalose and L-leucine

L-leucine containing powders were produced under different conditions presented in Table 4.
Three powders were produced: Trehalose Leucine 01, Trehalose Leucine 02 and
Trehalose Leucine 03. Light microscopy images of the three powders, at magnifications x20
and x50, are shown in Figure 15. The particles for all three powders deviated from sphericity
and had a raisin-like shape. There were multiple vacuoles present in the particles, distinguished
by the darker shapes inside, which also deviated from sphericity and were irregularly shaped.
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Figure 15: Light microscopy images of Trehalose Leucine 01 (A), Trehalose Leucine 02 (B) and
Trehalose Leucine 03 (C), at magnifications x20 (left column) and x50 (right column).

3.2.1.2 Spray dried Trehalose dihydrate and Bovine Serum Albumin

Following spray drying formulations containing leucine, the conditions chosen to produce BSA
containing formulations were similar to batch Trehalose Leucine 02 and more specifically Tin
=150 °C, Tout = 80 °C, aspirator = 80%, pump = 10%.

The first spray-dried powder containing the protein BSA can be seen in the light microscopy
images in Figure 16. The percentage of protein in the formulation was 10% w/v. The particles
were raisin-like with a range of sizes. They had a limited number of round vacuoles inside
some particles, which can be seen as a smaller darker ring.
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Figure 16: Light microscopy images of Trehalose_BSA_01 at magnifications x20 (top row A) and x50
(bottom row B).

3.2.1.3 Spray dried Trehalose dihydrate, L-leucine and Bovine Serum Albumin

Two formulations containing BSA were spray-dried under the same conditions but with
different ratios of L-leucine and BSA. Light microscopy images of powders
Trehalose Leucine BSA 02 and Trehalose Leucine BSA 03 can be seen below (Figure 17
and Figure 18). These particles deviated from sphericity, with raisin-like shapes and a larger
number of vacuoles. The vacuoles in powder Trehalose Leucine BSA 02 were irregularly
shaped, whereas in Trehalose Leucine BSA 03 they were rounder.
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Figure 17: Light microscopy images of Trehalose_Leucine BSA 02 at magnifications x20 (top row A)
and x50 (bottom row B).

Figure 18: Light microscopy images of Trehalose Leucine BSA 03 at magnifications x20 (top row A)
and x50 (bottom row B).
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Light microscopy images of the replicates of batch 3 (Trehalose Leucine BSA 03 A and
Trehalose Leucine BSA 03 B) are similar to that in Figure 18 (Appendix 7.3).

3.2.2 Laser diffraction

3.2.2.1 Spray-dried Trehalose and L-leucine

Three powders with the same formulation Trehalose dihydrate and L-leucine (27% w/v) were
produced with different spray drying conditions. All three powders had similar size distribution
with a d50 in the range of 5-6 um with Mie theory and 4-5 pm with Fraunhofer theory. Figures
19 and 20 portray the typical size distribution found with these samples, with 5% obscuration.

For all three samples, the weighted residuals were below 1%, and more specifically between
0.5 - 0.9% for Mie theory and 0.3 - 0.7% for Fraunhofer theory.
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Figure 19: Particle size distribution of sample Trehalose Leucine 02 with 5% obscuration (Mie

theory).
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Figure 20: Particle size distribution of sample Trehalose Leucine 02 with 5% obscuration
(Fraunhofer theory).
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3.2.2.2 Spray dried Trehalose dihydrate and Bovine Serum Albumin

Samples containing BSA were produced with the following conditions: Tin = 175 °C, Tout =
73 °C, aspirator = 80%, pump = 20%. For the first sample containing BSA
(Trehalose BSA 01) the average particle size (d50) was 5.5 um (Mie theory), with a size
distribution presented in Figure 21. The weighted residuals were 0.8% for Mie theory and 0.4%
for Fraunhofer theory (Figure 22) with a mean particle size of 4.7 um.
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Figure 21: Particle size distribution of sample Trehalose BSA_ 01 with 5% obscuration (Mie theory).
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Figure 22: Particle size distribution of sample Trehalose BSA_ 01 with 5% obscuration (Fraunhofer
theory).

3.2.2.3 Spray dried Trehalose dihydrate, L-leucine and Bovine Serum Albumin

Two powders were spray-dried with different ratios of BSA and L-leucine, under the same
conditions. Sample Trehalose Leucine BSA 02 had 27% w/v L-leucine and 10% w/v BSA,
as presented in Table 5. The particle size distribution based on both Mie and Fraunhofer
theories can be seen in Figure 23 and 24. The average particle size was 5.5 pum based on Mie
theory, and 4.6 pm based on Fraunhofer theory. Weighted residuals were below 1% for both
methods of measurement.
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Figure 23: Particle size distribution of sample Trehalose_Leucine BSA_ 02 with 5% obscuration (Mie

theory).
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Figure 24: Particle size distribution of sample Trehalose Leucine_ BSA_02 with 5% obscuration
(Fraunhofer theory).

Sample Trehalose Leucine BSA 03 contained 10% w/v L-leucine and BSA (1:1 ratio). The
resulting size distribution of this powder is shown in the two figures below (Figure 25 and 26).
The average particle size is 6.2 um for Mie theory and 4.9 um for Fraunhofer theory which in
both cases are slightly larger than their counterparts in the previous sample
Trehalose Leucine BSA 02. At the same time, weighted residuals were below 1%.

Similar results were found for repetition batches Trehalose Leucine BSA 03 A and
Trehalose Leucine BSA 03 B.
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Figure 25: Particle size distribution of sample Trehalose_Leucine BSA_03 with 5% obscuration (Mie

theory).
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Figure 26: Particle size distribution of sample Trehalose Leucine BSA 03 with 5% obscuration
(Fraunhofer theory).

3.2.3 Scanning electron microscopy

3.2.3.1 Spray-dried Trehalose and L-leucine

Samples Trehalose 02 and Trehalose Leucine 02 which contained 27% w/v L-leucine, were
examined with SEM, to compare with BSA containing samples that were produced under the
same spray-drying conditions (Tin = 175 °C, Tout = 73 °C, aspirator = 80%, pump = 20%.).

Images from these samples can be seen in Figures 27 and 28 at magnifications x250, x1000
and x10000. Trehalose 02 had spherical particles with smooth surfaces, whereas
Trehalose Leucine 02 had corrugated particles compared to just trehalose. They have a coffee
bean-like shape, with deeper dents and thicker ridges, as well as shrivels on the surfaces
(indicated with arrows in Figure 28). Smaller particles have smaller dents and thinner ridges;
therefore, they are described as wrinkled.
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Figure 28: SEM images of Trehalose Leucine 02 at magnifications x250, x1000, x10000.
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3.2.3.2 Spray dried Trehalose dihydrate and Bovine Serum Albumin

The first powder containing BSA (Trehalose BSA 01) with no leucine, was examined under
SEM. Figure 29 presents the particles with magnifications x250, x1000 and x10000. The
particles had a raisin-like shape, with dents and thick ridges on the larger particles. The smaller
particles were heavily wrinkled with sharper ridges.

100kV X250 100gm WD 8.0mm 10.0kV  X1,000 10pm WD 82mm

&

LEI 10.0kV X10,000 1um WD 82mm 10.0kV X10,000 1um

Figure 29: SEM images of Trehalose_BSA_01 at magnifications x250, x1000, x10000.

3.2.3.3 Spray dried Trehalose dihydrate, L-leucine and Bovine Serum Albumin

SEM images of powders containing both BSA and L-leucine, Trehalose Leucine BSA 02 and
Trehalose Leucine BSA 03, at different ratios can be found below (Figure 30, Figure 31).
Batch 03 was repeated twice and SEM images were captured of the first repetition batch
Trehalose Leucine BSA 03 A (Figure 32). Both powders contained corrugated particles with
dents, thick ridges and shrivels on their surface. Trehalose Leucine BSA 02 was more flake-
like compared to Trehalose Leucine BSA 03. Both contained smaller wrinkled particles, with
batch 03 having sharper ridges compared to batch 02.
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Figure 31
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: SEM images of Trehalose_Leucine BSA_03 at magnifications x250, x1000, x10000.
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Figure 32: SEM images of Trehalose Leucine BSA 03 A at magnifications x250, x1000, x10000.

3.2.4 Bulk density measurements
Bulk density results can be seen in Table 9. Standard deviation was calculated for each sample
to determine the variation of the measurements.

Table 9: Bulk density measurements of spray-dried powders for inhalation.

Weight Bulk densit Average Bulk
Samples (grg) (gr/cm®) ' densityg(gr/cm3) STDEV

1.564 0.301

Trehalose BSA 01 1.590 0.306 0.306 0.005
1.615 0.311
1.170 0.225

Trehalose Leucine 02 1.152 0.222 0.222 0.002
1.145 0.220
2.001 0.385

Trehalose Leucine BSA 02 1.968 0.378 0.377 0.008
1.917 0.369
1.511 0.291

Trehalose Leucine BSA 03 1.502 0.289 0.287 0.006
1.457 0.280
1.548 0.298

Trehalose Leucine BSA 03 A 1.515 0.291 0.291 0.007
1.479 0.284
1.480 0.285

Trehalose Leucine BSA 03 B 1.498 0.288 0.287 0.002
1.493 0.287
1.253 0.241

Trehalose 02 1.303 0.251 0.253 0.013
1.385 0.266
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In the graph in Figure 33, a comparison can be made between the different spray-dried
powders and their bulk densities.
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Figure 33: Graph depicting the bulk density values with the standard deviation of the spray-dried
powders.

3.2.5 Next Generation Impactor (NGI)

The aerodynamic characteristics of the powders were determined with the Next Generation
Impactor. Four powders were used with the RS01 inhaler (high resistance) and by performing
the fluorescamine assay the BSA/L-leucine quantity was determined on each NGI stage. A
summary of the results can be found in the Appendix section 7.4 and an example image of the
pattern of powder on the NGI stages can be found in Figure 34.

During the calculations in the Fluorescamine assay, it was assumed that the fluorescence
signals from BSA and L-leucine were of equal strength.

Also, it should be noted that there were variations between blank measurements of
fluorescamine in water. This could be due to fluorescamine’s sensitivity to light during the
procedure. Despite adequate covering, the experiment should be conducted in a dark room with
minimal light exposure. Additionally, the time between dissolving fluorescamine in DMSO and
conducting the measurement in the fluorescence plate reader should be minimized to ensure
accuracy. To avoid inconsistencies, the blank measurements and the standard curve were
prepared separately for each powder and each individual NGI (Appendix 7.4.1).
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Figure 34: NGI stages after using Trehalose_Leucine_BSA_02 with RS01 inhaler.

The Fine particle dose (FPD), Fine particle fraction (FPF), Mass median aerodynamic diameter
(MMAD) and the delivered dose were calculated for the four powders Trehalose BSA 01,
Trehalose Leucine BSA 02, Trehalose Leucine BSA 03 and Trehalose Leucine 02. The
results are presented in the figures below (Figures 35, 36, 37, 38).
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Figure 35: Fine particle dose (ug/dose < 5 um) of four powders in NGI analysis.
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Figure 37: Mass median aerodynamic diameter (um) of four powders in NGI analysis.
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Figure 38: Delivered dose (ug/dose) of four powders in NGI analysis.

Finally, the aecrodynamic size distribution for the four powders can be seen below (Figure 39).
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Figure 39: Aerodynamic size distribution (ug/dose) of four powders in NGI analysis.

3.2.6 Aerodynamic Particle Sizing (APS)

Aerodynamic particle sizing was an analysis used to examine the aerodynamic particle size of
the inhalation powders. Figure 40 depicts the median aerodynamic diameter of powders
containing BSA, L-leucine and Trehalose 02, which was spray dried under the same conditions
as the rest.
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Figure 40: Median aerodynamic diameter of powders in APS analysis with 62 [/min flow rate.

Below is the normalized concentration distribution versus aerodynamic size of the particles of
powder Trehalose BSA 01. Samples were taken every 30 seconds, with a total of 6 samples
collected (Figure 41). The normalized concentration is symbolized with dM/dlogDp, where dM
is the particle concentration and dlogDp is the midpoint particle diameter. The distribution was
consistent across all samples analyzed in the APS system (Appendix 7.5).
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Figure 41: Normalized concentration vs aerodynamic particle size of powder Trehalose BSA 01
sprayed with 62 l/min flow rate.

The total concentration of each powder over time in the APS system is seen in Figure 42.

35



Total Concentration (mg/m?3)

250

o
g ®
200
E, ®
= L
2
= 150
= ® ]
=
R
100
S ®
T‘E [ ]
o
= 50 i
o [ ]
0 50 100 150
Time (s)
® Trehalose ® Trehalose_Leucine_02

@ Trehalose Leucine BSA 02 @ Trehalose Leucine BSA 03

Figure 42: Total concentration of powders over time in the APS system for flow rate 62 l/min.
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For comparison reasons, the samples were sprayed with a flow rate of 120 1/min. The median
aerodynamic size of all powders was similar (Figure 43), as well as the normalized
concentration distribution versus the aerodynamic size of the particles (Figure 44).
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Figure 43: Median aerodynamic diameter of powders in APS analysis with 120 l/min flow rate.
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Figure 44: Normalized concentration vs aerodynamic particle size of powder Trehalose BSA 01,
sprayed with 120 l/min flow rate.
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4 DISCUSSION
4.1 Pre-study

Lactose and trehalose formulations were spray dried under different conditions (Tables 3 and
4) to determine which were ideal to produce powders for inhalation. These were examined with
light microscopy and laser diffraction.

All lactose powders (Lactose 01, 02, 03) had similar shape and size. From light microscopy
they have a spherical shape, with many vacuoles (Figure 9). Lactose 01 had slightly larger size
compared to Lactose 02 and Lactose 03, but all were below 5 pm and had weighted residuals
below 1%.

Similarly, Trehalose 01 and Trehalose 02 powders contained spherical particles with a smaller
number of round vacuoles (Figure 10), and an average particle size of 4.4 um with weighted
residuals below 1% (Mie theory).

It should be noted that when using Fraunhofer theory for size calculation in laser diffraction,
the particle sizes for all powders appeared smaller compared to those calculated using Mie
theory. Additionally, the Fraunhofer theory results exhibited lower weighted residuals,
indicating a better fit.

Due to the similarities of the resulting powders, all three spray drying conditions seemed viable
and were used to produce three trehalose-leucine powders in the main study.

4.2 Main study

4.2.1 Comparison of Trehalose Leucine powders

In the main study, trehalose was initially spray dried with L-leucine (27%) under three different
settings (Table 5). Light microscopy images revealed that the powders Trehalose Leucine 01,
Trehalose Leucine 02 and Trehalose Leucine 03 contained spherical-like particles with
irregular, cup-like shapes and vacuoles that deviated from sphericity (Figure 15). The irregular
shaped vacuoles could be due to the crystallization of Ileucine. Furthermore,
Trehalose Leucine 03 particles deviated more from the spherical shape and had a higher
number of vacuoles. This could be attributed to the combination of lower inlet and higher outlet
temperatures, which led to more deformed and wrinkled particles (Ameri & Maa, 2007;
Lechanteur & Evrard, 2020). Notably, all batches contained smaller spherical particles, many
of which also had vacuoles.

Regarding the size distribution of the three batches, the average size was between 5-6 pm for
Mie theory and between 4-5 pm for Fraunhofer theory, with weighted residuals below 1%. The
size distribution curve with Mie theory (Figure 19) shows a noticeable smaller peak in the size
ranges below 1 um, which suggests the presence of smaller particles. This is also confirmed by
light microscopy and indicates that the powders have a high degree of polydispersity. The size
distribution curve with Fraunhofer theory (Figure 20) lacks the smaller peak, although there is
a noticeable tilt to the curve for smaller particle sizes. This indicates a better fit when using
Fraunhofer theory, which will therefore be used for the complex powders. On the other hand,
Mie theory could have a degree of inaccuracy because the index of the complex powders is
unknown.
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4.2.2 Comparison of powders containing BSA

Following the main study, three powders containing BSA were produced using the same spray
drying settings as Trehalose 02 and Trehalose Leucine 02 (Tin = 175 °C, Tout = 73 °C,
aspirator = 80%, pump = 20%). Based on the results in the pre-study, all three conditions
appeared viable. However, based on the literature mentioned in the introduction, the second
condition with a higher inlet temperature ensures lower moisture content in the final powder,
which is crucial for the powder's stability (Ameri & Maa, 2007). The increased pump speed
did not affect the particle size, as the sizes were similar for all trehalose-leucine samples.

The powders produced were Trehalose BSA 01, Trehalose Leucine BSA 02,
Trehalose Leucine BSA 03, with two  replicates for the third powder
(Trehalose Leucine BSA 03 A and Trehalose Leucine BSA 03 B). All powders contained
10% w/v BSA, and additionally Trehalose Leucine BSA 02 contained 27% w/v L-leucine
and Trehalose Leucine BSA 03 had 10% w/v L-leucine.

Microscopy images of Trehalose BSA 01 revealed wrinkled, raisin-like particles with a small
number of circular vacuoles (Figure 16). Trehalose Leucine BSA 02 (Figure 17) exhibited
more spherical-like wrinkled particles compared to Trehalose BSA 01, with irregularly
shaped vacuoles. The difference could be due to the crystalline structures of L-leucine. On the
other hand, Trehalose Leucine BSA 03 (Figure 18) appeared more cup-like than
Trehalose Leucine BSA 02, with round vacuoles. This could be related to the lower amount
of L-leucine (10% w/v) in Trehalose Leucine BSA 03 compared to the second batch, which
contains 27% w/v leucine. Additionally, all samples contained noticeably smaller wrinkled
spherical particles.

For all three batches the average particle size was between 4.5 and 5 um with weighted
residuals below 1% (Fraunhofer theory), with similar size distributions.

4.2.3 Comparison of morphology (SEM images)

Six powders were analyzed using SEM imaging to examine their shape and surface
morphology. All the powders were produced with the same spray drying conditions (settings
02).

e Trehalose 02 (Figure 27): The particles were spherical with smooth surfaces and sizes
ranging from 1 pm to below 10 pm.

e Trehalose Leucine 02 (Figure 28): The addition of L-leucine resulted in particles
collapsing and becoming corrugated. They had a coffee bean-like shape, with dents and
thick ridges. A fine graininess on the surface (shrivels) is likely due to the crystallization
of L-leucine, making the surface more flake-like. Smaller particles were wrinkled
(smaller dents and thinner ridges).

e Trehalose BSA 01 (Figure 29): Containing only trehalose and BSA, the larger
particles were corrugated with raisin-like shape. They had dents and thick ridges, but
with smoother surfaces compared to powders with L-leucine. Smaller particles had
sharper ridges and smooth wrinkles, appearing as if they have collapsed inward.

e Trehalose Leucine BSA 02 (Figure 30): Powders containing both protein and amino
acid resembled both the previous two samples due to both BSA and L-leucine
determining the shape. Trehalose Leucine BSA 02 had particles with dents, ridges
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and shrivels on the ridges. The surface was more flake-like due to the higher amount of
crystallized L-leucine.

e Trehalose Leucine BSA 03 (Figure 31): This batch was more coffee bean-shaped than
batch 02, with larger dents. The surface graininess was less pronounced due to the lower
amount of crystallized L-leucine.

For all powders, the sizes ranged from 1 to 10 um. The larger sized particles were heavily
corrugated with dents and thick ridges, whereas the smaller particles were heavily wrinkled.
These results suggest that the presence of L-leucine leads to the formation of shrivels on the
surface of the particles ridges, due its crystalline structure. At the same time larger particles,
possibly due to slower drying times, developed larger and deeper grooves, resulting in raisin
or coffee bean-like shapes. Whereas smaller particles are coated with protein at an early stage
and due to the amorphous nature of BSA, these particles do not dry in a specific direction, but
rather maintain their shape and become wrinkled.

4.2.4 Comparison of bulk density

The bulk density of the samples measured were below 0.40 gr/cm® (Figure 33), with standard
deviations below 0.01 g/cm®. Trehalose Leucine BSA 02 (27% leucine) had the highest bulk
density at 0.377 £ 0.008 g/cm®  followed by Trehalose BSA 01 and
Trehalose Leucine BSA 03 (10% leucine). The last two powders could have lower bulk
densities compared to Trehalose Leucine BSA 02, due to their open coffee bean-like shape.

The lowest bulk density was recorded for sample Trehalose Leucine 02 (27% leucine) at 0.222
+0.002 g/cm?®, which similarly could be due to the open coffee bean-like particle shapes.

As mentioned in section 2.3.4, powders ideal for deposition in the deeper part of the lungs have
a bulk density smaller than 0.4 g/cm® (Chaurasiya & Zhao, 2020).

4.2.5 Comparison of NGI and APS

4.2.5.1 NGI analysis

From the NGI analysis of the powders containing BSA, Trehalose Leucine BSA 02 had the
highest Fine Particle Dose (FPD) at 1243.8 ng/dose, followed by Trehalose BSA 01 and
Trehalose Leucine BSA 03 (Figure 35). This suggests that Trehalose Leucine BSA 02,
which contained 27% leucine and 10% BSA, had the largest amount of particles within the
ideal size range (1-5 pm) for reaching the lungs.

Regarding the Fine Particle Fraction (FPF) wvalues (Figure 36), sample
Trehalose Leucine BSA 02 achieved the highest FPF at 49.3%, followed by
Trehalose BSA 01 (35.7%) and Trehalose Leucine BSA 03 (29.6%). Higher FPF values
indicate more efficient drug delivery, as they represent the percentage of particles with the
optimal size range to deposit in the lungs and have a therapeutic effect.

The Mass Median Aerodynamic Diameter (MMAD) for all samples was below 5 pm (Figure
37), which is necessary for deep lung deposition. Trehalose Leucine BSA 02 had the smallest
MMAD at 2.90 um, though with a high %RSD (Relative Standard Deviation). The other
samples were in the range of 4-4.7 pm, with Trehalose Leucine 02 exhibiting the largest
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MMAD overall. Amongst samples containing BSA, Trehalose Leucine BSA 03 had the
largest aecrodynamic diameter.

It should be noted that SEM images showed particles in the 10 um range, as well as smaller
sized particles below 5 um. This is consistent with Figure 39, where the distribution of the
powders in the NGI stages was broad, indicating that the powders are polydisperse.

The highest delivered dose of BSA was achieved with the powder Trehalose Leucine BSA 02
(27% leucine), followed by Trehalose BSA 01 and Trehalose Leucine BSA 03. In these
calculations, the leucine amount was not included in the delivered dose of BSA. Since
Trehalose Leucine 02 contains only leucine (27%), the delivered dose was calculated
specifically for leucine.

All NGI parameters taken together indicate that Trehalose Leucine BSA 02 is the most
efficient powder for delivery of BSA to the deeper parts of the lungs, compared to
Trehalose BSA 01 and Trehalose Leucine BSA 03. Despite all three powders having an
ideal aerodynamic size, the higher percentage of L-leucine (27% w/v) in
Trehalose Leucine BSA 02 appears to enhance aerosol performance. This is further
supported by literature, where studies have shown that L-leucine enhances flowability,
dispersibility and FPF of the powder (Chang & Chan, 2022; Pinto et al., 2021). However, this
was not observed with Trehalose Leucine BSA 03, which had a lower FPF compared to
Trehalose BSA 01. This could be due to the differences in the surface chemistry of the
particles. Despite having similar morphological features and aerodynamic size, the surface
interactions likely influenced the aerosolization performance.

4.2.5.2 APS analysis

The aerodynamic size of the powders was determined using APS analysis. The powders
analyzed included the same samples as in the NGI analysis, as well as Trehalose 02. For all
powders examined, the aerodynamic size ranged from 7.9 to 9.0 um (Figure 40), which is above
the ideal size for inhalation powders (less than 5 pm). The small differences between samples
in this analysis is quite surprising.

The figure depicting the normalized concentration distribution versus the aerodynamic size of
the particles was similar for all samples (Figure 41). There is a noticeable peak around 10 pm
representing the size of most particles in the powder. For samples taken after 60 seconds
(samples 3-6), an additional peak appears in the size ranges below 5 um (3-4 um), indicating
the presence of smaller particles in the powder within the ideal inhalation size.

Similar results were found when the samples were sprayed with a flow rate of 120 1/min
(Figures 43 and 44).

The unexpectedly large aerodynamic size calculated with APS could be attributed to moisture
uptake by the powders due to high relative humidity in the laboratory, causing particle
aggregation.
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S CONCLUSIONS

The project aimed to produce spray dried powders suitable for inhalation and to characterize
their aerosolization performance. Using BSA as the model API, the necessary excipients were
used to ensure the powders had ideal characteristics for inhalation, such as good flowability,
dispersibility and an aerodynamic diameter below 5 um.

The powders produced in the main study had a yield above 75%, indicating a highly successful
spray drying process. Light microscopy images revealed wrinkled, raisin-like particles, with
vacuoles. Powders containing a higher amount of L-leucine (27% w/v) had irregularly shaped
vacuoles, compared to the rounder vacuoles in other samples without L-leucine or with lower
concentration (10% w/v). This difference is likely due to the higher amount of crystalline
structure present, which is formed by L-leucine.

The Fraunhofer theory was selected to compare particle size due to better fit, compared to Mie
theory. The pure powders produced in the pre-study (lactose and trehalose dihydrate) were
between 3.5 and 4 um in size, smaller than the more complex powders containing BSA and L-
leucine, which ranged from 4 to 5 pum. Notably, the powders had a high degree of
polydispersity, indicated by the light microscopy images and the size distribution.

Comparing SEM images of the samples, powders containing pure lactose or trehalose
dehydrate were spherical with smooth surfaces, as expected. In contrast, powders containing
BSA and L-leucine, deviated from the spherical shape and smooth surface. The addition of
BSA resulted in highly corrugated particles with thick ridges and dents on the surface. The
addition of L-leucine led to the formation of particles with more flake-like surfaces due to the
crystallization of L-leucine on the surface.

All powders had bulk density below 0.4 g/cm?, which is considered optimal for inhalation
powders. Lower bulk densities amongst BSA-containing powders were observed for powders
with open coffee bean-like shapes. These powders contained BSA and low concentrations of
L-leucine.

The aerodynamic size of the particles was calculated using NGI and APS analysis. The results
from both methods do not correlate due to insufficient deaggregation of the particles in the APS
system, resulting in an inaccurately high MMAD of 8 um.

NGI results showed that the samples had an MMAD below 5 um, which is ideal for inhalation
powders. Trehalose Leucine BSA 02 had the smallest MMAD and the highest FPF (49.3%)
which suggests that the addition of 27% w/v L-leucine gives the best powder dispersibility.

Overall, the produced powders were suitable for inhalation as they had an ideal MMAD, a
corrugated shape that increases aerosol performance and a good shelf life when stored in
desiccators below 10% RH. The spray drying method used was time efficient, cost effective,
reproducible, and robust.

Future studies should examine the effect of protein concentration on the size, shape and aerosol
characteristics of the particles. Additionally, the effect of L-leucine concentration should be
studied further, to determine the concentration range at which it enhances aerosolization
performance of the powders. Regarding the analysis methods, further optimization is also
needed for protein quantification, due to the unstable nature of fluorescamine. Similarly, the
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APS analysis should be repeated to confirm the aerodynamic diameter of the particles, while
ensuring there is no risk of moisture uptake during the experiment.
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7 APPENDIX

7.1 Conversion tables for spray drying parameters
e Peristaltic pump

35

30

\
\

\

Feed flow [ml/min]
o

\

J

\

0 10 20 30 40 50 60 70 80 90 100
Pump rate [%)]

Figure A: Pump settings (%) vs actual feed flow (ml/min) (B-290 Mini Spray Dryer Operation
Manual, 2018)

e Aspirator

45
40
35
30
25
20
15
10

Volume flow (m®/h)

50 60 70 80 90 100
Aspirator rate

Figure B: Aspirator settings (%) vs actual volumetric flow (m’/h) (B-290 Mini Spray Dryer Operation
Manual, 2018).
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e Spray gas flow (rotameter)

Height (mm) Liters/hour Pressure drop (bar) Actual volume flow (at standard

temperature and pressure)
in liters/mour

5 84

10 138

15 192

20 246 0.15 283
25 301 0.18 355
30 357 0.23 439
35 414 0.3 538
40 473 0.41 667
45 536 0.55 831
50 601 0.75 1052
55 670 1.05 1374
60 742 1.35 1744
65 819 1.8 2293

Figure C: Indicated height (mm) and volume throughput (L/h) (B-290 Mini Spray Dryer
Operation Manual, 2018).



7.2 Production masters of spray-dried powders

7.2.1 Trehalose BSA 01

Production masier for prosuction of

ay e powders o slation”

master- { version

2 “Npray i
Division of Food Technology

master- £ version
2A6)

l Spray drying conditions

r4 Diviston of Food Technology 16)
Producton masice o M-Jvervon nr
Spray dried powder for Inhalation | Teehatse -8B854 (3:1)
Auiv —— e
Ell M Kewsoole... 1103134,
Special information
Production of spray dried powder for inhalation with the purpose of using it in a dry powder inhaler (DPI). The spray dryer used is the BUCHI
290(B-290).
Formulation Ingredients Supplier Lot/Batch
eelaloe  Dhylvnso Symo Aledvely VOs£30336 % 332

oy

Boura  Sovin  Albussn MJIA“‘\_ Advech 00009838
Production master for production of * Spray dricd powders for inhalation”; masier- [ version
Batchnumber () /. Date of production  /3/04/7 X6

[ Product name: Toelal Batch number ol

3¢ =B5A  powdan

| Date o production /57931 4
| Sigrature 3 L = -
e
o N Signature Comments )
Weighing of ingredients

Ingredient: T-habse gikydinie
Weigh the container .= 7. and zcro the balance.

e T . A —

Ingredient: 55 A
Weigh the containerC.2 2 7 3 and zero the balance. I
[Weigh £,85 amountor 524 . Actualm = £,85C 3

Weigh the container ____ and zcro the balance.

Weigh amountof . Actualm =

Production master for production of ™ Speay dricd powders for inhalation™; master- / version

Comments

[ Ikt Tomperature ( To) 178 Noomng tasng = 174, 3%C
| Outlet Temperature (Toe) 76°C Aroroge +umpz 33°C
] Foed rate 90/ G el ] ia

Aspirator rale 307, 32 r-’/l-

Spray g flow 4S rm 0,234 m¥hr

Nozzle cleaner

Room temperature
Room relative humidity (%RH)

o inl

Production masier for preln Speny st o master- | version

pstwction 2810324 He)
I

Batch number >4

General comments:

Add S5 mi deionized water in beaker (vol

Add weighted powder. B J
Mix unul dissols od using magnetic stirring and heating (if necessary) [ 4 Mo damtiny
Add the rest of weighted ingredients and mix unt | ' ot
Monitor pH: €., 8 I |
. ] {
Gemeral comments: 7 54 refaws  Stmmeen? At pll o-9.0

lir sabl wt pH=7.0

Production master for production of * Spruy dricd powders for inhalation™;

Batchnumber _____ of Datc of production 2 8/03/7 4 560 Batch number o Date of production B o
- o . When feed solution is finished. switeh to distilled water and start shut down procedure of | L7 o
Signatre | Comments | spray dryer as described in mans (k«— =) .
Spray drying steps. | General comments: gy At peduced - 58496 3 Note: Yooy el wesidue jo Cyelons
= . — - — ; : 7
G o Doz | Yield : Fety
N i in the start of
Y
pIS Signature Comments
Aspirsior rate = 35/ Storing of product
Spray gas flow = ¢/Snn ”
Nozzie cleaner = ¢ Store product in glass container. i Uir  [Toehslsse—854-0L
When itions are stcady, start spray drying the feed solution (V = 100 mL) : : 2 40 Place in dessicators for one week for equilibraiton (%RH less than 25-30% and room :
Moni inlet and = General comments:
r = Td T ey
LZ23%¢ FLX
L2L € 2s=¢
77 € 72 °C
1 L2y ¢ 27X = =
LZs°€C 77« -
i123%¢ 27¢
| 127C Z8°¢
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7.2.2 Trehalose Leucine BSA 02

/ Production master for production of “Spray dricd powders for inhalation™; ‘master-2).version
Division of Food Technology 16)
Producti production of S, - 2. version
B = . m-;ﬁ“:r’;’mmtm1 e G o Bpalaion == 26)
Spray dried powder for [ Techoless - dersens - 27-10)
jo——— —~ o — = Spray drying conditions I Comments
Ll Kawsand 1812312, Inlet Temporature (Tio) Ve Aovones 174
Outlet Temperature (Toe) 7¢ ¢ Avomnna: 745 °C
Special information Feedate 90/ Erifrn
Aspirator rate 307, 38w}
ion of spray dri for inhalation with the purpose of using it in a dry powder inhaler (DPI). The spray dryer used is the BUCHI A
290(B-290). Spray gas flow Yoy 0832w
Formulation Ingredients Supplier LovBatch Nozzle cleaner (3
Teehalse Dhydvote Sy - Aldwiein V0230236 % 332 ot empencn 21,8°C
d-deusing. Siyon = Aldciet cooczgIazs oo etaveumidey 00| 0 5 1
Mo (651 Siama- Aldvicl 0000 227518

Production master for production of ™ Spray dried powders for inhalation” master-.version Spray dricd powders for inhatation”; mosierOiveriin
Batch number o2 Dac of production 1 8/03R24 . X Date of production 1€ /53 11 )
[P oo Lovviims A ponian [RS8 - 1 |
Dateof production L&/ 03/74 = = —— —

R T — I . 3

| Signature . — Signanrs Comments

S— Preparing feed solution

. Sigmtare Comments —
Weighing of ingredients | £ I

Ingredient: 7o ooy _dih yvote A | Add £5. mL deionized water in beaker (volume size 409" 2

Weigh the conainer 2 240 yand 2610 the balance. S _ 1 A

2.5 - Actualm = /2,

Weigh 552y amount of Ziek Dok Actual m = 12,3629 k. o= s = = 5

[ ingredient: > 1iconz {

Weigh the container 2 4/ yand zero the balance. S iw 'Add the rest of weighted ingredients and mix until dissolved.

| Weigh 373 amount of Loy (2 Actual m = 4,997 Sd— Monitor pH: £,43 L

| & ]
Ingredient: 2 A ] General comments:

Weigh the container <, 2 3y and zero the balance. Yl
( eigh 1,22 amountof SEA_ Actalm = L35y L7 B o = =

| wastion st o production of”*Spray dricd powdersfor inhalaion”; master-7 version

Date of production 1 8/ 93/ 7 4 o6

for inhalation”; master-Z version

for production of * Spray .
- on itch
Bachnumber 920 Date of production 28/03/84 Si6y spray dryer as described in manual.

o T [Signature | Comments _— Yiedd = 857. |
Spray drying steps.
Set up spray dryer as instructod in the manual and stat with distilled water. I Z | o .
Set Q(r':_\l drying conditions referred in the start of the production masier: [ - } Storing of product
To= J73¢
HRevo | Teehalose - 854 - bbucing 02

‘ | Store product in glass container.

o7 T dessh Siibrai Tows than 25-30% and.
PE,

I~
|

s | R

Nz cleanct = « General comments:
When conditi start ying ion (V= 100 mL) 48 Stat . 1402 | —1
Monitor the conditions and take note of inlet and outlet temperature:
Ta | Teu ]

438 "¢ | 26 v¢ I

174 C | 77 *C
[ Lza~c { 29 < C
L 1zcC 728 "¢ e
[ Lz2 ¢ I 73°C S :
f— szs%C ]] Chid Yheoo | Lod y:l0
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7.2.3 Trehalose Leucine BSA 03

for " “Spray inhalation”, master- verson y
Division of Fowd Tevhnology e o master for pedaction of “Speay dned powders for inhalation”; ;
W Divison of Fond Tevhnology
l TR L
Spray dried powder for Inhalation Trohdse - Lovema -8SA - 3 1. L Spray drying conditions Comments
e = - Inket Temperature (T..) 13s-C Aewne: IRSC ]
aeloX2y. Outlet Temperature (T 26°¢ Qe oo Z8,45 «
Foed rate. w0/ Codlmin
Special information Aspirtor e 201, 3927l — |
= 3/}
ion of spray dri inhalation wit powder (DP1). The spray dryer used is the BUCHI Spray gas flow YSmmn 093! n¥fkr
290 (8-290). Naze cleaner 6
Formulation Ingredients Supplier LovBatch | Roven temperature 59°¢C
Trabadose  dihudrots Smm- Advich VOoI3089c76 33% Room relative humidity (%RH) 34
>
JETIIYS Siyma Mdvicls SLEB-A0IRY covoigseds
Roms Soown Mbomin | Styen  4ldvcly ococo 287318
for “ Speay din o inhalation”. 3 version »
- e . Production masier for prosduction o Speay dried powders for inhalation”” master- 3 version
Batch number 03 Date of product y 24 ey
- thon 20/ 24 Batch number 03 Date of production 2010317 406
e % A I Baich number () 3 :
| I el I General comments; =
Date of production 901931+
Signature__ % / . . = —
3 Signature Comments
Signature Comments g Preparing feed solution
W eighing of ingredients =
— _— Dissolving ingredients for 7.4_%w/y total solids. {h
Ingredient:  Trehalse  dihydvog = S —
it — Add S35 mL deionized beaker (volume si i
Weigh the container 2,2/63_and zero the balance. [ S ot Gk (yobiuo tos ) Y7
S amount of bt Actusl m = 16, Y54y Sk Add weighted powder

Bl x B - Mix
Ingredient: /o ucng. —

Weigh the container g 3¢ 5 and zero the balance. — e tharcdicats sad el

Weigh L 3%, amount of {puiing. Actual m= 1 3533 e Monitor pH: £,6.0 i

3sA — -
General comments:

| Weigh the container ¢_ 23 3y and zero the balance. [

Vi s S N

| weigh amount of_£SA . Acual m= 13 5%y ﬁ) .

gE— T tction master for production o Spray dricd powders for inialation”. mastee-3 vervon
roduct 100 08 Spery drncd powdders for inhalation”; master-2 verson atch number 03 Date of produ Losl
3 of production 9.6 /05/ 211 el
Batch number o N
3 Date of peoduction 90524/ s [ When fe solltion is inished. switch to distilled warter and stant shat down procedure of —~
{ Izn» et as deseribed in manual = |
Generai comments: Vo rtonle suthit Compintine, Hod to dosons nk
. e ' s, Had 1o dsonne pdit » g vrr

Shondiiyior Signature | Comment | |Eoctine bod no: wasilicen. TRE midicei simss wer M «yc,g,u, CFadd

Setup speay drveras instructod in the manual and siart with distilled waer, b | —

Sect spray drving conditions referred in the start of the production masicr: 27 7 :«vh

? 2 of product

To= 4357

Ta= 6% f}v\,7
or | Store product in glass container.

[ Place for one week. ilibrai Tess th

temperature)

[Conerat commensss

or mperatur S wrze
| T Tow —
23 % 7#8°¢ -
75 °C 73 = ——
L7LC 78'¢
132°¢ g0 . S
J210C g0 °C e RPN
121%C C Liksr  Lopriad t2 £, v
L oz Erea el
134 #8°C
172 37°C
134 < 78
172%C 28°C rised
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7.2.4 Trehalose Leucine BSA 03 A

Production masier fo productio
Division of Fawd Technology

awders for sni

Y

Prdaction masicr

Spray dried powder for Inhal

Tzl

Elle M. Ke

Spe

nformation

Production
200 (5

R B R R Y,

o spray dricd powder for inhalation with the purpose of using it in a dry powder inhaler (DP1). The spray deyer uscd 1 the BLCHI
0

Formulation Ingredicnts

LovBarch

sie Dibudina

YO2302% 7 530

ke

onoo 2873 %

| Bois Zoome Wbumy B8

ccoQisinlg

OO MASIET For proskucion of ~ Spray i powdces fos i

ton™

Bachnumber 0 5 A Dot ofproduction 25 /0572 U

Product name: Tompof e pcinr - G5AL 02 A

Hach

Dat

production ¢/

Teebiatosg Dibjdets |
£.221 320 scro the balance.

|
=

Shgachal m= 5,295,

Ingredient: s cns .
ot 2 48 and zero the balance.

Weigh the cor

e —

amoun of Lpyuene Acualm= {_t14e, .

\ TE

Ingredicnt: 1324

Weigh the comtsiner 2ok gfand sero the balance,

Weigh 4_4? amount of S50 Actuatm= 1‘1143

Troduction master for produstion of * Spray drict porwdors for il

Batehnumber 03 4

Date o prodduction 2 50342 Y

Set

P dsing conditions referred in the start of the production master:
Ten 1757

T.- 7

Fodrue = 2o,
Aspiraiar rae = 407,
Spray gas flows = YSems

Nozzle cleaner = g

Wien conditions are steady, start spray drying the feed soltion (¥ = 100 mL)

Monitor the conditions and Lake note of inlet and outlet lemperature:

Tew

e

r

Bateh number

PRITION st for prask
Drvision of o Te

il Sy il o dis Tor

Spray drying condit

Tkt Vempseratur (1,0

i‘ Outler Terporature | Lead

Food fate

Ay

o 2 ot |
‘Speay gac flaw YSimpm 0,350 m¥la
Noale cleancr &
Room temperatare 30,5 °C
Room relative humidity (YeRH) o7

rendistion s for o

03_A

Spey dned posders for i

e s Date of prodwction 25 103/ 24

|
General comments:

Preparing feed solution

Dissalsing ingredients for 7§ Taw/s total solids.
ALl L55 ml deioniasd water in beaker (volume size yourh
Add weighiod powder.

Mix until dissolvod using magnetic stirring and heating (if necessary)

Sigmature

e,

Comments

\

224 the rest of weighted ingredicnts and mix until dissolved.

Monitor pH: 5,68

General comments:

4 terts bt of fha

Haction masicr for production w * Spray dricd puwders for

0s-A

hation™

Dae ol proatiction 9 51 0.5/ 24
When fecd
spray d il
General comments:

Mhpedua = G,0508% =2 vicdd
Aot 1o 2hdecad in /Jdau

Storing of product

Store product i glass container,

Solution is finished, switsh to disillet watcr and start shut down progedure of
T s deseribed

RN

s

Signauee

| Comments.
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7.2.5 Trehalose Leucine BSA 03 B

P4 Producion e o pdaction o ey ded podes for o
Dvision ai oo Tochne

[Proim e =

Spray dried powder for Inhalation | Teehalose Loz vn i 3 >
| A e
Eile M Kosan RVEETEEN

Special information

spray dried powder for inhalation with the purpose of using it in a dry powder inhaler (DPI). The spray drver used is the BUCHI

(B39
Formulation Ingredients Supplier LovBaten
Tolabz Dihademts Sawo- Nt vo230256FE 33
J
dmstine s Al iely

2 Seme Mbyog (8 Sawee - Aldicl

" Production ma production of ~ Speay dried

Batch number 3-8 Date of production 25 /0 24 7 H.

[ Product nams: iy folase - [etitung  BoA-03- B ateh number o038

Date of production 3=/ 28/ 24

W eighing of ingredients P
Ingredient: T fi)sse ol ihodvete

 Weigh the comuainer 0 5y and zero the balanee.
Weigh 2 2475 amoum of Tehdhdcmal m= 3, 856 o

Sie

Ingredicat:

njhl!u:unmn:r ﬂszuﬂm‘Dﬁl:b-lﬂu
| wetgn £413 amoun of Zoge e Actusim= £, 1185

Ingredient: 25 A

Weigh the container § 39%fand aero the balance.

Weith £ LL g amouniof SSA_ Acuslm = L4 ¥

‘Production master for production of * Spriy dnied powaders for inhatation g o

Bachnumber O3 3

s/a52y st

| signaure Comments
Spray drying steps |

St up spray drver-as instructed in the manual and stan with

e stan of

0% = S Smn
Nocdle cleanee = ¢

When conditions are sicady, start spruy drying the feed solution (V = 100 mL)

Monitor the conditions and take note of inet and outlct temperature:

T
L ize’e Z2E7C
SER T
! = . wex
- 22°C
FiC
- I

, S peny dricdp o - pksicr
Division of Food Technology
Spray drying conditions o [ Comments
Inlet Temperature ¢Tioh Auos L72,8°C
Outlet Temperature ( Taud Avepn e FAL 4y
[ Feodvac Eurdfn.
\ S— 28 ply
L Spray gas flow o532/ b
‘ Nozzle cleaner L
| Room temperature |
[ Room oaive tumiginy ciey | 207,

Prosduction masier for production of ™ Spray driesd powders for inhalation
Bah mmber O - 5 Dane of prasuction 5S40 5 44 406y
I
| General comments:
Sinawre | Commenis
Preparing feed solution |
— |
Dissolving ingredients for LY %awiv total solids. |
kit e !
E ~p i | B
| Add u.,gmamau |
Tuie i Ju.nh«immgmz-w\w L= | Jeatin seic = ¥
e it i T .
- din
T e R—
JEr— es ‘igg |
s S -
General comments:
Production masier for produc Spray dried powders for inhalation”:
Batch ey D of production SS/03190 LY

When feod solution is finishod., w1 Gsiled waic and ar it down proccdurs of

{frm v s e i 2
General comment: ,@/w wt of Pe.de
St -

T Signawre Comments
Storing of product

< product in glass canainer. ,:jﬁ/ Trehibor-
Pmc for one week for equilibrai RH less than 25-30% and room

" e |

remp
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7.3 Light Microscopy images
7.3.1 Trehalose Leucine_ BSA 03_A

Figure D: Light microscopy images of Trehalose_Leucine BSA_03_A at magnifications x20 (left) and
x50 (right).

7.3.2 Trehalose_Leucine_BSA_03_B

Figure E: Light microscopy images of Trehalose_Leucine BSA_03_B at magnifications x20 (left) and
x50 (right).

53



7.4 Summary of NGI results

Summary of PS PS PS PS
Results RUN 1 used RUN 2 used RUN 3 used RUN 4 used
Comment T B 10% T L B 27:10 TLBI1:1 TL 27%
Flow rate in Vmin 62 62 62 62
1mpactor
No of inhalers 2 2 2 2
No of doses per
inhaler & label 5 5 5 5
claim
Mean RSD% Mean RSD% Mean RSD% Mean RSD%

Total dose ug/dose 2303.73 | 3.39 2430.15 21.85 | 157095 | 3.50 | 4482.54 | 6.76
Delivered dose ug/dose 2173.65 4.87 2372.29 25.83 1409.35 12.32 | 4482.54 6.76
Throat % of DD 23.99 0.85 15.53 26.63 26.52 1458 | 2941 2.09
MP % of total 551 141.42 2.82 14142 | 1004 | 14142 0.00
Total Retention pg/dose 130.08 141.42 57.85 141.42 161.61 141.42 0.00
Total Retention % of total 5.51 141.42 2.82 141.42 10.04 141.42 0.00
gme particle ng/dose 820.63 | 3.52 1243.80 5542 | 463.81 728 | 1189.57 | 6.78

ose <Sum
Fine particle vsspmof | g 66 1 690 49.26 3574 | 2958 | 1076 | 2654 | 0.02
fraction total
Fine particle vsspmof | gn 00 35 50.36 3187 | 33.01 506 | 2654 | 0.02
fraction DD
Fine particle Yo<3pm of 24.92 12.67 41.33 44.74 21.90 6.26 16.51 6.39
fraction DD
Fine particle Yo<lpm of 11.04 | 14.87 22.13 35.79 10.29 3.91 3.88 1.00
fraction DD
MMAD um 3.95 4.61 2.90 44.53 4.40 0.86 4.68 1.28
GSD 2.95 12.76 3.56 10.94 3.17 0.01 2.58 8.22
R-value 0.99 0.56 0.98 0.33 0.98 0.38 1.00 0.08

7.4.1 Standard curves for BSA/L-leucine ratios
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Figure F: Standard curve of BSA for sample Trehalose_BSA_01 in NGI analysis.
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Fluorescence signal {RFU)

=]

Trehalose_Leucine_BSA_27:10
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R =0.9973."
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Figure G: Standard curve of BSA:L-leucine ratio 27:10 for sample Trehalose BSA_02 in NGI

Fluorescence signal (RFU)

analysis.
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%
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Figure H: Standard curve of BSA:L-leucine ratio 1:10 for sample Trehalose BSA_ 03 in NGI analysis.

Fluorescence signal (RFU)
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Figure I: Standard curve of L-leucine for sample Trehalose BSA_ 02 in NGI analysis.
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7.5 APS graphs: Normalized concentration vs aerodynamic particle size of

powder

Trehalose 02
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Figure J: Normalized concentration vs aerodynamic particle size of powder Trehalose 02.
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Figure K: Normalized concentration vs aerodynamic particle size of powder Trehalose Leucine (2.
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Figure L: Normalized concentration vs aerodynamic particle size of powder
Trehalose Leucine BSA (2.
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Figure M: Normalized concentration vs aerodynamic particle size of powder
Trehalose Leucine_BSA_03.
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