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Introduction

1. Introduction

1.1 Overview of the subject of inhaled medicinal products

The pulmonary route of administration is an important area of research that has
attracted growing interest in recent years. Treating a patient with an orally or
intravenously administered drug that targets the lungs results in undefined therapy
because, after the drug enters the bloodstream, it can travel to different organs and
areas. This can lead to insufficient efficacy of the therapy, increased side effects, and
thus lower patient adherence. Therefore, therapy with inhalers and formulations
targeting the respiratory tract is of increasing interest because the site of action is
targeted. This results in a rapid onset of action while reducing the dose of drug that
must be administered to fulfill the therapeutic goal and thus reduces systemic side
effects [1]. Currently, most delivery systems approved and commercially available for
pulmonary therapy are directed toward the treatment of traditional respiratory diseases
such as asthma or chronic obstructive pulmonary disease (COPD) and include active
pharmaceutical ingredients (APIs) from the classes of inhaled corticosteroids (ICS),
long-acting B-agonists (LABA), or long-acting muscarinic antagonists (LAMA) [2,3].
Regardless of the device and drug used for pulmonary therapy, the aerodynamic
particle diameter is crucial for the deposition of the drug in the lungs and thus for the

success of the therapy.

Particles larger than 10 um are deposited in the mouth and throat, with a diameter of
> 5 um leading to impaction in the trachea and main bronchi. To achieve powder
deposition in the lower airways, e.g. the alveoli, the particle size should be 1 - 5 um,
with the deposition mechanism based on sedimentation. In addition, to reach the
alveoli in the broadest sense, a particle size of 1 - 3 um should be delivered. In contrast,
an aerodynamic diameter of less than 0.5 um is characterized by Brownian motion,
and the particles are exhaled more frequently by the patient's expiratory flow after
inhalation, so this deposition mechanism can be neglected [4,5]. Apart from these
requirements for aerosolized formulations, and in addition to the traditional treatment
of lung disease, there is growing interest in the delivery of antibiotics and other agents
to lung. Formulations of tobramycin, colistin, or aztreonam are marketed for cystic

fibrosis (CF) and bronchiectasis without CF. Injectable gentamicin, tobramycin,
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amikacin, ceftazidime, and amphotericin formulations, although not FDA-approved,
are also currently nebulized for the treatment of noncystic fibrosis bronchiectasis, drug-
resistant non tuberculous mycobacterial infections, ventilator-associated pneumonia,
and post-transplant respiratory infections [6]. Although the mechanism is not known, it
has been shown that administration of mannitol with a dry powder inhaler could help

clear secretions from the airways of patients with cystic fibrosis [7].

In addition to the aforementioned local therapy at the site of action, there is also
growing interest in the possibility of administering various agents for systemic
therapies, since the respiratory tract of an adult has a surface area of 80 to 100 m?,
much larger than the skin (1.5 - 2 m?) [5,8]. Despite setbacks in recent years, e.g., in
insulin delivery via the lungs (Exubera, Afreza), this delivery method is proving to be
advantageous compared to other delivery application routs. Due to the highly
permeable membrane and numerous capillaries, a fast absorption rate is achieved and
the absorbed drug can directly enter the bloodstream, avoiding elimination by first-pass
metabolism in the liver. As a result, the necessary loading dose can be reduced, which
is also associated with minimized side effects. The harsh conditions of the
gastrointestinal tract and the influences of fasting and diet are also unimportant.
Furthermore, when thinking of a diabetic patient, the pain which comes with the
application by the needles falls away which could increase patient comfort and result
in higher treatment adherent [8,9]. Innovative device and formulation technologies
enable patients to treat their diseases with just one breath. Examples include the
administration of iloprost for the treatment of pulmonary arterial hypertension using the
Breelib® nebulizer (Vectura Group plc) or the Staccato® system from Alexza
Pharmaceuticals, in which a thin film of the pure drug (loxapine) is vaporized on a metal
substrate in a channel for inhalation air [10,11].

1.2 Pharmaceutical aerosols and their requirements

For a drug to be administered via the lungs, it must be in the form of an aerosoal, i.e.,
liquid or solid particles dispersed in a gas phase, depending on the type of formulation
and inhaler used. When an aerosol reaches the respiratory tract, it separates by
several mechanisms that depend on the aerodynamic particle size at the various

8
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deposition sites. In inhalation therapy, the aerosol should have a systemic or local
effect at the target site, the lungs. As described in the previous section, it is generally
assumed that particles with an aerodynamic diameter between 1 and 5 um can be
deposited in the lower airways. The aerodynamic diameter (dae) is defined as the
diameter of a spherical particle with density 1 g/cm? that has the same sinking velocity
as the particle under consideration. Equation 1 shows the relation between dae and the

geometric diameter (dgeo):

PpCp
Xpae Cae

dge = geo

Equation 1 shows the most general case of the relationship between the aerodynamic
diameter (dae) and the geometric diameter (dgeo), the particle density (p,) and the
reference particle density (pae), the Cunningham slip correction factors for the particle
diameters of the sample (C,), the reference particles (C4.), and a shape correction
factor (X) [12]. Equation 1 states that dae Of a particle can be effectively manipulated
by changing its geometric diameter, density, or shape. The aerodynamic particle size
reflects the behavior of a particle in the air stream and need not correspond to the
actual particle size, since larger particles with a low density can behave comparably to

small solid particles. In general, three deposition mechanisms can be distinguished
(Fig. 1).
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Impaction
d,.>5um

Sedimentation
Diffusion
d,, < 5um

Figure 1: Schematic representation of the different deposition mechanism occurred

during inhalation.

1.

Impaction of particles occurs due to their mass inertia. When the direction of the
airflow changes, they are unable to follow it and maintain at least part of their
original direction of motion. They separate by impacting the obstacle. Large
particles or those with a high kinetic energy in the aerosol often deposite as they
pass through the throat. Particles that can follow the airflow into the lungs are
classified as fine particles and are usually smaller than 5 um.

Sedimentation describes the behavior of those particles in a size range of 0.5 -
5 um which, after reaching the lower regions of the lungs, follow gravity and
settle. This step is time-dependent, which explains the recommendation to
patients to pause for breath after inhalation to achieve as complete deposition
as possible.

Particles below a size of 0.5 um are increasingly subject to diffusion. It is caused
by Brownian molecular motion. Particle separation by diffusion is also
dependent on time [13-15].

1.3 Delivery systems: From problems with pMDIs to solutions with DPIs

Inhaled administration is a form of therapy with a long tradition and is considered the

best method of delivering medications to the lungs for the treatment of conditions such
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as asthma, chronic obstructive pulmonary disease, and bacterial infections [16,17]. It
began in the early 1900s with handheld nebulizers to administer epinephrine chloride
as a bronchodilator, then electric and ultrasonic nebulizers were developed in the

twentieth century [16,18].

It became interesting for industry after the development of the first pressured metered
dose inhaler (pMDI) in 1956 by Riker Laboratories. This type of device quickly gained
popularity because pMDIs are small, portable, inexpensive, silent compared to
nebulizers, fast, and theoretically easy to use because the patient only has to inhale
during actuation. In reality, pMDIs showed inadequate therapeutic outcomes because
patients had difficulty coordinating actuation and respiratory maneuvers. In addition,
since the drug is formulated as a solution or suspension, problems such as chemical
instability of the active pharmaceutical ingredient (API) [19], instability of the
suspension [20], low solubility of the API, or crystal growth phenomena [21] may occur.
In addition, concerns were raised in the 1970s because chlorofluorocarbon (CFC)
propellants were believed to lead to ozone depletion in the stratosphere [22]. The result
was the Montreal Protocol on substances that deplete the Ozone Layer, signed in
September 1987 [23,24].

Since then, major efforts have been made to overcome these limitations. CFCs have
been replaced by less harmful hydrofluorocarbon (HFC) propellants [21]. The set-up
of this class of devices has been increasingly optimized to produce aerosols with
sufficient particle size for targeted deposition in the lungs. Ultimately, such a delivery
system consists of 5 main components (container, propellant, formulation, metering
valve, and actuator) that must be perfectly matched for therapeutic success. Aspects
affecting the aerosol include type, mixture of propellants and resulting vapor pressure,
the use of a drug solution or suspension, and the presence of other ingredients. The
size and shape of the expansion chamber and the nozzle (actuator), which influence
the spraying velocity, must also be chosen correctly [25]. This redesign of pMDIs and
the use of the novel propellants resulted in a reduction in one of the reported inhalation
problems, namely high oropharyngeal deposition, which in the case of
glucocorticosteroids resulted in localized adverse effects. This high oropharyngeal

deposition is largely due to the high velocity at which the aerosol leaves the device and
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to the so-called cold Freon effect (Freon is DuPont's registered trademark for CFCs).
Here, the patient has difficulty coordinating actuation and inhalation, so the formulation
hits the back of the patient's throat, causing the cold, liquid propellant to deposit in this
area as well, often startling the patient and forcing him or her to stop inhalation, as this
is perceived as uncomfortable [25,26]. Although the modification of pMDIs led to better
therapeutic success, the disadvantages of this class of devices could not be overcome.

In addition, only a small amount of medication can be inhaled with such a device.

However, to counteract this and solve the problems of this class, a great deal of effort
was required to overcome these limitations, which led to the development of some of
the first dry powder inhalers (DPIs) in 1950-1980 [27]. The availability of capsule fill
machines and the growing knowledge in dry powder formulations of potent drugs made
a simple development with an inexpensive cost possible [28]. From the initial market
entry to today, there has been steady progress, but the success of therapy with this
type of delivery system then and now consists of three main areas, namely formulation
development, powder deagglomeration concepts for DPIs, and patient safety. Only a
coordinated interaction can lead to an ideal DPI, which is why such a device does not

yet exist today, as the individual areas are known to varying degrees.

1.4 Formulation aspects for the use of DPIs

In the use of DPIs, the focus was always on the development and optimization of the
respective formulation, with aspects such as solubility or suspension stability not
playing a role. Since the production of dry powder formulations that aerosolize
sufficiently without supporting propellants or further blowing agents is complex, this
topic is of great interest and efforts in DPI development. Independent of the device
used, it is known that the particles should have an aerodynamic parameter < 5 um to
achieve a suitable powder deposition in the lower airways [29]. In order to produce
particles in the micrometer range, constructive (e.g., spray-drying) or destructive (e.g.,
milling) processes can be used. For destructive processes, as micrometer particles are
created from larger crystals by pressure, friction, impact, shear or abrasion in this basic
surgical technique, various mechanical treatments can be applied. In addition, this

formulation method works economically and solvent-free. Despite this ease of
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handling, the high energy input during grinding can lead to less controllable conditions
in terms of particle size distribution, surface properties, morphology and electrostatic
charging effects. This can lead to heterogeneity of the particles. However, in the
pharmaceutical industry, the active ingredient is traditionally micronized using various
technologies (e.g. ball mill, jet mill) [30-32]. Although this formulation method can
produce particles in the inhalable size range that provide high storage stability of the
crystalline drug, minimizing the particle size resulted in an increase in total surface
area, leading to cohesive particles [33]. The problem with these particle formulations
is their inadequate flowability and aerosolization during actuation, so the active
ingredient is usually mixed with larger carrier particles. In these interactive blends the
micronized active pharmaceutical ingredients are adsorbed on the carriers surface
(e.g., lactose) [30,31]. These systems face the challenge that, on the one hand, the
adhesive forces for the active ingredient-lactose must be high enough to allow
homogeneous mixing and also dosing within the device, but on the other hand, they
must also be weak enough to allow the active ingredient to detach from the carrier
when actuated. Commercially available interactive mixtures are usually ternary
mixtures consisting of the drug, larger carrier particles, and also a fine fraction of these
carrier particles in a specific mixing ratio, since the addition of these fine particles
results in increased fine particle fraction (FPF) [34—36]. Currently, there are two main
hypotheses which try to explain this phenomenon. The first is the active site
mechanism. The idea is that on the coarse carrier particles there is an active or also
called high energy site, which is bounded by the fine particles, so that the active
ingredient, which is mixed in a final step after the preparation of the coarse/fine mixture,
can be adsorbed on the low surface energy side and detach during inhalation. For the
development of the interactive blends, this means that the larger carrier lactose should
be saturated with the fines so that sufficient aerosolization properties can be achieved.
In contrast, the agglomerate hypothesis assumes that the active ingredient is
distributed between large and fine carrier particles during mixing, resulting in

agglomerates of low stability that are easily dispersed [37].

However, the addition of carrier particles seems to solve the problems of insufficient
flowability and powder aerosolization compared to the deagglomeration behavior of

the pure milled drug particles, also other disadvantages are added with this formulation
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strategy. As mentioned earlier, destructive methods such as milling lead to
uncontrollable conditions of drug properties such as overall particle size distribution,
shape and also surface texture. It is precisely these properties that influence the overall
deagglomeration behavior of the final formulation and lead to the fact that currently
marketed formulations produced as interactive mixtures have a fine particle content of
20-30% with a high powder deposition in the oropharyngeal region, which is indicative
of insufficient release of the active ingredient from the carrier [38]. Since the carrier
particles are also produced by milling and sieving, more undefined and unknown
variables come together in the development of the interactive blends, which ultimately
led to this low powder deposition in the lungs.

It has been shown that the particle shape and the roughness have a great influence
on the powder adhesion and also on the deagglomeration forces. When using
spherical carrier particles, the number of contact points for the drug is lower compared
to non-spherical particles. Surface texture also affects these adhesion forces, as this
leads to an increase in the effective contact area for small drug particles, but also a
decrease in the effective contact area for large drug patrticles, as they have only a few
small contact points with the rough surface and cannot fit between the rough textures.
Since milled drug and carrier particles with undefined surface shape and texture are
present in the formulations on the market, a strong interaction between these two
components would explain the insufficient release of the drug when the formulation is
actuated. A spherical carrier shape would allow the drug particles to detach from the
surface, while non-spherical carriers would allow the drug particles to hide in the voids
and thus resist the detachment forces. In addition, the scale of roughness appears to
be important, as a micron-scale texture could lead to the phenomena described, since
the drug for pulmonary use also has a micron-scale size. However, increasing the
surface roughness down to the nanometer range could lead to a reduction in the
contact points and thus to lower adhesion strength [39,40]. Regardless of which case
occurs, pulmonary delivery systems ultimately track three main components: a)
delivery of a high emitted fraction (EF) and FPF, b) aerosolization efficiency

independent of the flow profile, and c) high physical stability of the product.
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A modern approach for the development of aerosolizable particle formulations is to
design the particles by the method of spray-drying, which is now a well-established
technology and is used in a wide range of applications. Spray-drying became popular
during World War Il as a way to reduce the weight of food in transit [41]. From then on,
new and innovative applications for this method were found again and again. Besides
the field of formulation of amorphous solid dispersions or spray-drying of
biopharmaceuticals (e.g. proteins), this constructive method is also suitable for the
development of dry powders for pulmonary applications [42]. Spray-drying is a single-
stage continuous process that, with few exceptions, can produce spherical particles,
where the particle size obtained can be described by the geometric diameter [43,44].
Since it allows manipulation and control of particle size distribution, particle density,
shape, moisture content, flowability and crystallinity this formulation method was been
approved as particle engineered approach [45]. In terms of particle design options, the
appropriate formulation properties can be achieved by combining the right process
parameters during spray-drying. Again, since small particles in a similar size range to
milled drug particles can be achieved, these particles also tend to agglomerate due to
the large surface area provided by the small particle size. However, because these
particles are generally spherical, fewer contact points are available for particle-particle
interactions, so that during inhalation, the inhalation force is sufficient to overcome
these cohesive interactions. Therefore, this type of formulation can be more easily
deagglomerated and impresses with easily accessible FPFs. Since the particle density
iIs much lower compared to milled crystalline particles, this formulation strategy is
convincing with particles that have better aerodynamic behavior, so these particles can
follow the airflow even if the geometric particle size is above 5 um. The advantages
over the traditional formulation technique are clearly visible, so that instead of the
mentioned fine particle fractions of 20-30% achieved with the interactive blends, FPFs
of about 60% are possible [38,44].

During the process, the liquid feed, which can be a solution, suspension or even
emulsion, is fed to the respective nozzle and sprayed into a hot medium to convert the
liquid into a solid state. The principle of this process is the atomization of the liquid into
small droplets and the subsequent evaporation of the solvent by the drying gas [46].

Overall, this process technology results from the following individual steps: a)
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concentration of the liquid feedstock; b) atomization of the feedstock through the
nozzle and contact of the droplets with the drying medium; c) droplet drying by
evaporation of the solvent; d) separation of the dry powder from the gas stream by a

cyclone (Fig. 2).

Figure 2: Schematic set-up of the spray-dryer used for the experiments.

In terms of desired product properties, there are some key elements for spray-drying

those are critical for particle design.

1. The choice and installation of the right atomizer which is the core element of the
entire process is crucial. Important functions of this element are the atomization
of the feed material in droplets which are small enough to get dried without
exhausting by the air flow. To enable a wide range of desired particle properties,
different nozzle types are available (e.g., two-fluid, rotary, ultrasonic, pressure
nozzles). In addition, the flow rate fed into the spray-dryer is also set and
controlled at this point, so that the atomization acts like a metering system.

2. The air flow which is used to dry the spray which entering the drying chamber
can be in a co-current flow (spray and air flow passed the chamber in the same

direction), counter-current flow (spray and air flow enter the chamber on the
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opposite side) and the mixed flow (combination of co-current and counter-
current flow).

. The spray-drying chamber influences the introduced air flow in such a way that
a stable flow pattern is created which prevents the particles from being
deposited in this component. Also in this area, the spray mist and the drying gas
come into contact and the droplets are dried in a two-stage mechanism. In the
first stage, this means that there is enough moisture inside the droplet so that
the evaporated amount on the surface (liquid-air) can be constantly replaced. In
the second phase, when moisture is insufficient to maintain saturated conditions
on the surface, a dried shell forms on the surface. The final evaporation of the
remaining solvent is a diffusion process through the shell. It follows that the inlet
temperature of the air is important for the properties of the final product.

In the last step, the dry powder is separated from the air stream. Bag filters,
electrostatic filters or cyclones are usually used for this purpose. It has been
shown that when cyclones are used, the dimensions of their geometries are
important for product recovery. Specifically with regard to particle formulations
for lung therapy, improved cyclones have been developed in which the yield has
been increased by tighter dimensioning of the airflow channel. During the
process, centrifugal forces are exerted on the particles so that they can be
collected in a final step [43,44] (Fig. 2).

1.5 Dry powder inhaler: past-present
A look at the past shows that the starting point was Abbott's Aerohaler, which was

launched in 1948 and served as a prototype for several capsule-based DPIs developed

during those years. Each DPI contained an interactive blend formulation of the

respective drug. The Fisons Spinhaler®, the first device to be marketed during this

period, in 1967, consisted of a drug dose of 20 mg of cromoglycate sodium, which was

too high for the administration of pMDIs, so the advantages of this class of devices

quickly became apparent [16,47,48]. Although many DPIs came on the market in the

following years, they all had the same basic design, a gelatin capsule as the dosage

storage and lactose as the carrier particle. Differences were only found in the piercing
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and opening of the capsule and in the movement of the capsule during actuation. The
use of hard gelatin capsules as filling containers was due to the fact that filling
equipment for this dosage form was also available and did not need to be developed
[49]. Some of the now well-known DPIs developed during this pioneering period were
the Rotahaler® (Allen & Hanbury's) in 1969 or the Cycohaler® (Pharmachemie)
introduced in the early 1990s [28]. In the following years, a major focus was on studying
the adhesion effect of micronized particles to larger carrier particles occurring in
interactive mixtures, as the required aerodynamic particle size fraction of the first
capsule-based DPIs was quite low, with the carrier-free formulation of Turbohaler
(AstraZeneca) resulting in much higher fine particle fractions [50]. These strong carrier-
drug interactions, combined with the lack of effective deagglomeration concepts in the
early DPIs, resulted in inadequate FPFs. Since the 1990s, when the importance of
adhesive interactive mixtures and the goal of detaching the drug from the carriers came
to the fore, multi-dose reservoir systems (DPI) with different dosing systems were
introduced to the market. Representative examples were the Novolizer® (Meda
Pharma), the Easyhaler (Orion Pharma) or the Twisthaler® (Merck,Sharp & Dohme
Ltd) [28]. A trend has emerged: All DPI devices developed before 2010 were passive
or breath-controlled. Despite the great advantage of being able to administer different
agents and eliminating the coordination problem for patients, it should not be ignored
that not every patient is able to generate a sufficient flow rate across the DPI to
deagglomerate the powder [51,52]. One approach to overcoming this limitation has
been the development of active DPIs that use the additional energy of a battery-
powered rotating impeller (Spiros®, Dura Pharmaceuticals) or compressed ambient air
from a pump handle (Exubera®, Pfizer) to aerosolize the powder [53,54]. The
advantage of such delivery systems is that simultaneous actuation of the DPI and
patient inhalation can be neglected, and the device also provides a fine particle fraction
independent of the actuation flow profile [55]. Despite this breakthrough in powder
delivery, the setup of these devices was so complicated that they were not user-friendly
due to the various steps the patient must complete prior to inhalation and prone to error
due to the partially installed technology. This resulted in both DPIs not being
successfully marketed.

18
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Ultimately, this led to many DPI designs being optimized today to increase the powder
deagglomeration of the device for formulation. To ensure successful therapy and
minimize the potential sources of error, the DPI and the corresponding formulation are

developed and marketed in a fixed combination [56,57].

Currently, there are more than 20 different devices commercial available which are
developed by different manufactures whereby several expected to be proofed in
clinical trials [27,58]. Overall, it can be said that this type of delivery system consists of
three major components, namely (a) the device, (b) the formulation, and (c) the

metering system. Moreover, DPIs can be divided in three classes, nhamely

e the single-dose devices
e the multi-dose devices

e the multi-unit dose device

Since single-dose devices were the first representatives of DPIs, they are often
referred to as first-generation DPIs because the patient must insert and pierce a
capsule before inhalation, while the powder vehicle must be removed after the
breathing maneuver is completed. The Handihaler® or the Aerolizer® are examples of
this class of devices. The multi-dose and multi-unit dose DPI represent the second
generation of DPIs, as the formulation in the device is premeasured and uniform. In
the Turbohaler® (multi-dose) DPI, the dose is measured from a reservoir, while in the
multi-unit dose (e.g., Diskus®) the individual doses are premeasured by the
manufacturers in blisters, discs, dimples, tubes and strips. The third generation of DPIs
is represented by Exubera® and Airmax®, for example, as they have supporting tools

such as compressed gas or motor-driven impellers installed [59].

Except the third generation and as mentioned earlier, the passive or even breath-
actuated DPIs are currently the main representatives of this class of devices, so the
inhalation flow profile generated by the patient is the only source of energy and is very
important to sufficiently deagglomerate the powder and deliver the active ingredient to
the site of action [60]. Inhalation performed with insufficient respiratory force and
duration results in an unintentionally low emitted dose with insufficient powder

deagglomeration and thus insufficient therapeutic success [61,62]. It follows that the
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DPI should be designed to achieve constant powder aerosolization regardless of the
flow rate applied. Based on this criterion, different DPIs with different geometries and
resistance to airflow (low - medium - high) have been developed and tested [63—-65].
While the airflow paths are usually short, an additional grid or classifier is often installed
to increase the deagglomeration efficiency of the DPI for the powder [66,67]. Since
each component has characteristic dimensions, the flow profile within the entire device
is complex and often not fully known. Therefore, computational fluid dynamic (CFD)

analysis is often used to identify critical DPI parts for powder deagglomeration.

DPIs on the market are mostly made of plastic, while certain components must be
made of metal, as special requirements are imposed here. The needles with their
associated springs for piercing the capsule before inhalation are examples; the rest of
the DPI is made of various plastics. The reasons for this include the favorable material
costs and the possibility of producing the developed device geometry in large
guantities using injection molding [68—72]. Injection molding is a primary molding
process used mainly in plastics processing. In this process, the respective material is
liquefied (plasticized) with the aid of an injection molding machine and injected under
pressure into a mold. In the mold, the material returns to its solid state through cooling
or a crosslinking reaction and is removed as a finished part. The cavity of the mold
determines the shape and surface structure of the finished part. DPIs developed using
this processing method are of consistent quality and have a smooth surface when the
correct processing parameters are selected [73,74]. Although this process offers many
advantages, developing the final molding process can be difficult and expensive. Since
the plastic has a complex thermo viscoelastic property, it is a challenge to set the right
molding conditions to achieve the desired product quality. In practice, therefore, the
setting of process parameters relies mainly on the experience of the plastics engineer,
or the process parameters are often selected from manuals and then adjusted by the
trial-and-error method. It turns out that the trial-and-error method is costly and time-

consuming [75,76].

In addition, a new strategy is gaining interest in recent years, as this method offers
many advantages for simple prototyping. 3D printing is a processing tool that enables

cost-effective production of the desired part regardless of the structural geometry. In
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several studies, the rapid modification of DPI components or the production of add-on
parts has been sufficiently carried out [77—79]. While this process has not yet been
used to produce a complete DPI, possibly due to limited research and knowledge in
this area, individual parts such as the mouth piece, mesh, or capsule chamber have
been successfully printed to a high quality, although the surface texture of the resulting
plastic part is not as smooth as after injection molding [80]. Since this method allows
simple geometric modifications of the original DPI to evaluate such modifications on
the emitted fraction and fine particle fraction, this research topic seems to be interesting
in the future to challenge the issue of developing an ideal DPI.

1.6 In-vitro characterization of formulations for the pulmonary application

To classify the powder deagglomeration behavior of the device for formulation and to
evaluate the aerodynamic properties of the fine particles, the European
Pharmacopoeia currently describes four devices (Tab. 1). These apparatuses share
the basic principle of separation from the air stream. Particles, but also droplets, are

separated along curved paths due to their inertia (Fig. 3).

Table 1: Apparatus for characterization of the aerodynamic particle properties.

Apparatus Naming Abbreviation
Device A Inhalation tester made of Glass TSI
Device C Multi-stage Liquid Impactor MSLI
Device D AndersenCascade Impactor ACI
Device E Next Generation Pharmaceutical | NGI
Impactor
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Interstage passage Interstage passage

g to previous stage to next stage
Li

Multi-nozzle stage

Bottom frame Collection cup

Figure 3: Schematic representation of the principle of operation of cascade impactors.

Currently, the Next Generation Impactor (NGI) is the state of the art for aerosol
classification. Therefore, the NG| was used for all experiments on the aerosolization

behavior of powders (Fig. 4).
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Impactor body
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1 hole 24 holes 152 holes 630 holes

Figure 4: Schematic representation of the NGI and the Nozzle openings [81].
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When analyzing devices with the NGI, the dry powder inhaler to be tested is connected
airtight to the throat (induction port (IP)) via an adapter. The defined number of
actuations then takes place at an applied air volume flow (L/min) (£ 5%) into the NGI.
The delivered aerosol must first pass through the 90° angle of the induction port
followed by the preseparator. In the body of the NGI, the aerosol is then deposited in
seven stages and the final micro-opening collector (MOC). In order to achieve a size
distribution according to the principle of mass separation, the diameter of the nozzle
openings becomes smaller and smaller as the number increases, which locally
increases the flow velocity. In addition, the distance between the nozzle and the
surface of the collection cup decreases, so that finer and finer particles are separated
from stage to stage. The NGI also makes it possible to work with different flow rates
as required, which shifts the diameter of the separator on the separation stages. The

cutoff diameters of each stage for the tested flow rate(Dso, ) can be calculated as

shown in equation 2:

Dso,Q = DSO,Qn(Qn/Q)x

Q is the air flow used during the test, n refers to the nominal values determined when

Q, equals 60 L/min. For that, Ds, o and x can be found in the table 2 [81].

Table 2: Cutoff Aerodynamic Diameter for the stages of the NGI.

Parameter to calculate Ds , in the calibrated area of the NGI from 30 — 100 L/min
with Q,, = 60 L/min

Stage Dso 0, X

1 8.06 0.54

2 4.46 0.52

3 2.82 0.50

4 1.66 0.47

5 0.94 0.53

6 0.55 0.60

7 0.34 0.67
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For the analysis of aerosol properties and deagglomeration behavior of DPIs for
pulmonary formulations, several parameters can be calculated after release. In total,
the mass of the powder separated in the different fractions (capsule, DPI, inlet, pre-
separator, stage 1 - MOC) is determined. From this, the emitted fraction (EF) can be
calculated. The emitted fraction represents the amount of particles of the loaded doses
which leaved during actuation the capsule and the device. This mass is available for
lung treatment. The median mass aerodynamic diameter (MMAD) represents the
average size of a particle in the aerosol, 50% of the particle mass has a diameter
smaller than the MMAD. The MMAD is calculated from the particle size distribution.
The class lower limits of the individual separation stages are plotted logarithmically
against the cumulative frequency converted to probit. From this plot, the MMAD is
calculated as 50% by interpolation. The fine particle fraction (FPF) described the
percentage amount of particles which have an aerodynamic diameter <5 pum and are
so able to potentially reach the lungs. The FPF can be related to the emitted fraction
or the total dose (TD) loaded inside the device. The FPF and MMAD represent the
degree of powder deagglomeration where a higher FPF in combination with a low

MMAD represents a good formulation aerosolization [82—84].

1.7 Factor patient

While the aerosolization efficiency of the respective formulation and the
deagglomeration concept of the device can be determined and controlled by the
manufacturing process, so that the pharmaceutical industry has a significant influence
on these two factors, the last parameter, the influence of the patient on the inhalation
result, is a more or less unknown quantity. Unfortunately, the development of a
beneficial DPI with an easy-to-inhale formulation does not guarantee successful
therapy, because of all three factors mentioned, the patient has the greatest influence
on the outcome of therapy. In general, DPIs are delivery systems that on the one hand
offer many options for drug delivery, but on the other hand are highly prone to errors
due to the patient and their influence on the inhalation process, which repeatedly leads
to innovative delivery systems not being approved for the market. Although the point

of coordinating actuation and inhalation maneuvers for inhalation is eliminated for
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DPIs, since this class of device is mostly breath-controlled, many different potential
sources of error can occur. In various studies, it has been shown that up to 89% of
patients are unable to operate their device properly, regardless of whether it is a pMDI
or a DPI [85-87]. In general, pMDIs are the class with the highest potential for error,
with reported error rates high enough to cause ineffective therapy, lower patient
adherence, wasted medications, and unnecessary costs. There are numerous
publications that point out the most common mistakes patients make and list the hidden
requirements for an ideal device. In general, inhalation errors can be divided into
patient-independent and patient-dependent errors. While factors such as gender, age,
or type and severity of disease can be assigned in the first class, patient-dependent
factors can be more or less minimized and overcome by sufficient training and
education. Since the influence of factors that are independent of the patient cannot
really be changed, the pharmaceutical industry has focused on the formulation and
device side aspect. Since the success of inhalation, as described, depends on many
factors, the delivery systems on the market are designed as combination products
consisting of the formulation and the DPI to minimize the number of possible sources
of error. The formulation and the device are designed to work together to achieve a
satisfactory therapeutic effect [56,57]. This is due to the fact that different inhalers
result in different deagglomeration of the same powder, making the development and
marketing of a generic product ultimately challenging. This means that a patient has to
relearn how to use another device when changing medication, which in the worst case
can lead to inadequate therapeutic effect and reduced adherence. In addition, the
physiological conditions of the patients responsible for the inhalation profile produced
during actuation may influence powder aerosolization. A COPD patient cannot achieve
the same inhalation profile as a healthy person, which can result in minimal powder
deagglomeration and therefore inadequate therapeutic effect. To focus on and
overcome this problem, high intrinsic resistance devices are currently being developed
that are designed to deliver the same amount of aerosol regardless of airway
resistance and applied inhalation flow rate [65,88,89]. While this class of devices can
increase the amount of drugs reaching the target region of the lung, it also cannot avoid
the characteristic sources of error. Various studies have pointed out these critical

errors. It has been shown that many patients do not exhale before inhalation or exhale
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through the mouth piece. Unfortunately, there are a large number of users who do not
properly prepare the DPI before inhalation (remove cap, insert and pierce the capsule
or hold the device in the correct position for inhalation). One critical factor is also an
inhalation performed with insufficient force and duration followed by no breath hold. It
becomes particularly critical when not only one mistake, but a series of mistakes are
made during the inhalation maneuver, which can thus influence the effect of the
therapy [85,86]. It has also been shown that as the number of inhalers used for
pulmonary therapy increases, the error rate increases [87]. Ultimately, this leads to the
question of whether every patient is able to use different devices equally well.
Currently, patients are unable to assess their own inhalation due to a lack of
appropriate feedback mechanisms. When it comes to asking a patient with lung
disease what is really needed for administration, device aspects such as ease of use,
knowing that the dose has been taken, a dose counter or a small device are the most
important values [90]. On the other hand, from the developers' point of view, accurate
and consistent effective drug delivery, ease and convenience of use, ease of learning
correct use, ability to deliver a range of drugs, accurate dose counter, patient feedback
on the dose taken, ease and robustness of use are important requirements [51,91].
Even if the claims sound simple and trivial, the ideal device has not been developed to
date. Since the outcome of inhalation is influenced by many factors and too many
aspects are not well understood, the goal of developing the ideal device is not currently
possible. Attempting to combine and meet all requirements in one device could result
in the production of a complex and geometrically restrictive device that leads to a lack
of ease of use and thus lower patient compliance. To assist the patient in this complex
administration process, small windows can be used to verify the correct position of the
capsule in the device, or transparent capsules can be used to provide feedback that
the powder has been ejected during actuation. The most commonly used approach for
multi-dose devices is a dose counter integrated into the device, which on the one hand
provides the information that the loaded dose has been delivered and on the other
hand displays the remaining doses. This system is designed to help patients better
control their disease. Another approach aims to improve treatment adherence. To this
end, the entire inhalation process was recorded for each actuation during the treatment

interval to determine whether inhalation was performed with sufficient energy and
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regularly. Analysis of audio fills allows to identify the duration of inhalation and the error
of exhalation into the device immediately after inhalation. This could be used for
supportive control of traditional training and for error detection by the physician, as this
system reanalyzes each inhalation [92]. In addition, a 3D-printed device with acoustic
recording was developed and a correlation between the airflow over the device and
the frequency of the acoustic signals was calculated to evaluate the inhalation process
[93]. Taking an outlook, the era of digitalism seems interesting for future device
development and optimization. Currently, there is a great interest in equipping the
devices with customized sensors to feedback the inhalation process and thus increase
the therapeutic effect. These can be add-on sensors or sensors integrated directly into
the device. A connection to the cell phone with the corresponding app is used to remind
the patient of the next inhalation, to record the date and time of use or to record the

airflow or the inhalation acoustics [94].
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2. Aim and scope
Based on the situations described and the state of the art in the areas of formulation

development, DPI concepts for powder deagglomeration, and patient safety, the goal
of this work was to identify options for the above issues to overcome current drawbacks
and improve pulmonary therapy. Since formulation development has always played an
important role, the first study compared the traditional formulation process, in which
the drug is milled and further mixed to form interactive mixtures, with a modern and
common approach, namely spray-drying. Here, the active ingredient rivaroxaban was
selected and both formulation techniques were compared with respect to the
aerodynamic behavior of the developed formulations. Since, as previously reported,
many drugs are available for asthma and COPD, this antithrombotic agent was used
as an example to demonstrate new possibilities for pulmonary application and to use
the lung area as an absorption pathway. This chapter explores the question of whether
pulmonary embolism can be targeted through the use of a dry powder inhaler and a
developed anticoagulant drug formulation. First, different batches were prepared and
tested in-vitro to analyze the amount of particles that can potential enter the lungs. In
the second step, a dry powder inhaler for the application of the formulations in rats was
developed and 3D printed. Different formulations were tested in in-vivo experiments,
and plasma concentrations over time were determined after application. It should be
investigated whether rivaroxaban can be administered by this route so that a rapid

onset and effect can be observed.

Besides the formulation side, where it was shown that formulation development by
spray-drying is a promising way to develop easily aerosolizable formulations in the
future, the second focus was on the comparison of DPIs with respect to their respective
deagglomeration concept. Unfortunately, since many DPIs are available and marketed
in a fixed combination with their respective formulations, little is known about which
DPI works with which type of formulation, and developing a generic DPI is challenging.
To this end, a prototype of a novel capsule-based DPI was developed for the
application of various drug formulations. This DPI should have advantages over
commercial capsule-based DPIs such that high FPF can be achieved regardless of the
flow rate applied or the formulation used. The DPI should be able to deagglomerate

interactive mixtures or formulations developed using particle-based methods such as
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spray-drying. This chapter will also provide an overview of the state of the art in
capsule-based dry powder inhalers. The novel DPI will be presented and compared
with two marketed and commercially available DPIs that have been described in detail
in the literature. Since they exhibit suitable deagglomeration behavior for their
respective formulations, they are ideal candidates for comparing the novel DPI to the
standard. Beside a commercial interactive blend formulation of albuterol sulfate —
lactose two antibiotic formulations of amoxicillin and rifampicin were developed using
the technology of spray-drying and tested. In this way, the deagglomeration behavior
of a formulation on the market can be compared with the other two formulations, and
statements can also be made about the powder aerosolization of formulations
developed with particle-based approaches. Since each device tested in the study has
a different geometry, intrinsic resistance to airflow and capsule motion, different
deagglomeration concepts can be found. This study was intended to show which
deagglomeration concept works with which type of formulation.

As mentioned before, most parts of the DPI are injection molded, and each part that is
developed and integrated into the overall device has an impact on powder
deagglomeration. Much research has been done, for example, on the dimensions of
the air ducts, vortex breakers or classifiers, which together can be considered as a
deagglomeration concept. Nevertheless, the critical factor of powder retention within
the DPI is not yet known, so that when the device is actuated, a quantifiable amount
of drug is not available for pulmonary treatment because it hangs within the DPI. While
device geometries and the influence on powder deagglomeration are comparably
better understood, the influence of surface properties (chemistry, texture) on powder
ejection and deagglomeration is neglected. Since injection molding results in a smooth
surface texture, this surface property was critically examined to determine whether the
standard conditions for DPI development are contemporary or outdated, such that in
addition to formulation development and device geometry, the device surface could be
a critical adjusting screw to improve inhalation therapy. Therefore, the focus was on
surface modification of the inside of this novel DPI to influence the interaction between
the device surface and the formulation. To analyze the influence of chemical and also
structural surface properties on powder deposition and deagglomeration, the devices

were modified by cold plasma treatment. In this study, the activated/hydrophilic and
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inert/hydrophobic surface properties produced by oxygen or octafluorocyaclobutane
plasma represent the chemical change of the surface. To analyze the influence of
surface texture, rough or smooth surfaces were generated by plasma etching or
coating with different monomers. Since the novel DPI used for this study can be
decomposed into four main parts, the influence of individual plasma-modified surfaces

on powder retention at the respective surface can be analyzed.

Finally, the most critical factor, the patient's influence on the inhalation maneuver, was
focused on. Since currently there is a lack in providing feedback to the patient after the
inhalation process a prototype of a novel feedback mechanism for capsule-based DPIs
is presented. Since the movement of the capsule is also decisive for powder
deagglomeration in this class of device, and the speed of the respective capsule
movement depends on the force and duration of the inhalation maneuver performed
by the patient, this component seems to be ideal for feedback to evaluate inhalation.
To evaluate the feedback mechanism, a Lupihaler device was chosen as a DPI device
in which the capsule undergoes a rotational movement during inhalation due to the

device geometry.

31



Fast onset of thrombolytic effect of efficiently inhalable spray-dried rivaroxaban
powder formulations

3. Fast onset of thrombolytic effect of efficiently inhalable spray-dried
rivaroxaban powder formulations

3.1 Introduction
Rivaroxaban, marketed as Xarelto® and a class Il BCS drug, is a direct Factor Xa

inhibitor that limits thromboembolism by selectively inhibiting Factor Xa without the
need for cofactors such as antithrombin [95,96]. With a high oral bioavailability of 80 -
100%, the product is approved in the EU and North America for the treatment and
prevention of deep vein thrombosis and pulmonary embolism in adults [97,98]. Since
currently only tablets of rivaroxaban are marketed, systemic drug availability
subsequently leads to the elimination of emboli in the lungs, however also involving
the known adverse effects such as acute renal failure [99]. In addition, the standard
dose at the first treatment interval is two tablets of 15 mg per day, which may affect
patient compliance and minimize the therapeutic effect. Since the clinical profile of
pulmonary embolism requires emergency treatment, otherwise it can lead to
cardiovascular arrest and death, oral medications in tablet form are not the appropriate
option where a rapid onset of action is required.

A desirable alternative could be the drug administration via inhalation with the goal of
reaching the lungs for a local and systemic effect [1,4]. The large surface area of the
lungs and numerous capillaries result in a rapid absorption rate, and the absorbed drug
can enter the bloodstream directly and avoid elimination by first-pass metabolism in
the liver. Since the drug is delivered directly to the conducting zone of the lung, the
required drug dose can be adjusted allowing for a reduction of adverse effects, too [8].
Due to the poor water solubility of rivaroxaban, formulating it as a dry powder for
inhalation would be among the most suitable options [100,101]. To achieve adequate
deposition in the lungs, drug particles usually micronized by a milling step, in order to
reach an aerodynamic diameter < 5 um [29]. However, this method has numerous
shortcomings, including the production of cohesive particles that result in poor
flowability and aerosolization efficiency due to the increase in total surface area and
insufficient control of particle size, shape and morphology. In addition, grinding has

been shown to affect the crystallinity of the material. Amorphous regions can form on
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the surface of the crystals. Since such amorphous regions are thermodynamically
unstable, recrystallization occurs, leading to crystal growth on the surface of the milled
particles and the formation of solid bridges between the particles [31,102]. Another
option for producing aerosolizable formulations is the method of spray-drying, which is
used with the aim of optimizing particle properties for inhalation. While this method of
formulation development has the disadvantage of low product yield as particles are
exhausted by airflow during manufacture, the main advantages are products with a
narrow particle size distribution, high purity, and easy scale up for commercial
production [102-104]. However, also spray-dried particles tend to form agglomerates
[105]. To partially overcome these problems and to produce flowable and
deagglomerable formulations, the micronized active ingredient is usually mixed with
larger carrier particles (e.g., lactose alpha-monohydrate) so that the active ingredient
Is adsorbed to the surface of these carriers and detaches from them during inhalation
[34,106].

A first objective of this study was to design rivaroxaban particles by spray-drying and
characterize for their physicochemical and inhalation properties. Such spray-dried
particles were then investigated for their bioavailability after intrapulmonary
administration in rats with a dry powder insufflator (DP Insufflator). Blood samples were
collected over a 24-hour period after administration in order to obtain pharmacokinetic
key parameter after pulmonary administration. In a final step, spray-dried particles
were formulated as a binary mixture, using lactose particles with different particle size
distribution (Inhalac® 70/251/400) to overcome the disadvantage of high powder

retention in the capsule and/or inhaler using exemplarily the Breezhaler® DPI.

3.2 Materials & Methods

3.2.1 Materials

Rivaroxaban (riva) was purchased from Swapnroop Drugs & Pharmaceuticals
(Maharashtra, India). To develop the coal suspension, Kohle-Compretten® (Klinge
Pharma GmbH, Holzkirchen, Germany) were crushed before use. With the exception

of water, which was purified in-house (Merck-Millipore Biocel A10, Burlington, MA,
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USA), all solvents were HPLC grade. The Breezhaler® DPIs were a gift from Novartis
Pharma GmbH (Nirnberg, Germany). The Inhalac® samples (70/251/400) were a kind
gift from MEGGLE GmbH & Co. KG (Wasserburg am Inn, Germany) (Tab. S1).

3.2.2 Determination of the saturation solubility of the API in the different
solvents
Saturation solubility of rivaroxaban was determined in various solvents. For this

purpose the active ingredient was added in excess to the solvent. The samples were
stirred at a constant temperature of 25°C for 24 h. Before analysis, the samples were
filtered through 0.22 pm polytetrafluoroethylene syringe filter (VWR International
GmbH, Darmstadt, Germany). 10 yL of the filtrate was analyzed and the APl was
guantified by HPLC analysis (section High-performance liquid chromatography

analysis).

3.2.3 Spray-drying process for the different rivaroxaban formulations
Saturated solutions for the respective solvent were used for spray-drying different

formulations of rivaroxaban. A B-290 spray-dryer equipped with a high-performance
cyclone, a B-295 inert loop, a B-296 dehumidification unit (all Bichi, Flawil,
Switzerland), and an anemometer (AF89-AD1AA13CO0AA, Fluid components Intl. San
Marcos, CA, USA) were used for spray-drying under inert atmosphere (N2). For
atomization each solution a modified three-fluid nozzle with a blocked internal channel
(Buchi) was used. To develop spray-dried particles in different size ranges, either the

feed rate or the atomization pressure of the gas were changed (Tab. 3).
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Table 3: Parameters for the different spray-drying processes used (rivaroxaban = riva).

Riva001 Riva002 Riva003 Riva004
Solvent [V/V (%)] | DCM:MeOH | DCM:MeOH | DCM:MeOH | DCM:MeOH
[50:50] [50:50] [80:20] [80:20]
Feed rate API
, : 7.4 2 7.4 7.4
solution [mL/min]
Spray gas flow
brayg 601 601 601 246
[L/h]
Outlet temperature
°l 40 40 40 40

3.2.4 Developing the interactive blends
To manufacture the binary blends, the API (raw (milled) or spray-dried) was mixed with

the carrier lactose alpha monohydrate (Inhalac® 70/251/400) in a ratio of 1:99. For this,
both materials were mixed in a sequential mixing process using a Turbula Mixer (Willy
A. Bachofen, Muttenz, Schweiz) at 46 rpm for 5 min per mixing step until the mentioned

mixing ratio was achieved.

3.2.5 3D printing settings for the development and printing of the dry powder
insufflator
The device was drawn with Autodesk Inventor 2023 (Autodesk, Inc., California, USA).

For printing a transparent model of the dry powder insufflator a masked
stereolithography printer (SL1, Prusa, Partyzanska, Czech Republic) was used. A layer
height of 50 um was set for the printed geometry. After printing, post-processing steps
were performed, which included cleaning the printed surface of excess resin with
isopropanol and water, and then drying and curing the surface at 25 °C under UV
conditions (CW1S, Prusa, Partyzanska, Czech Republic). The dry powder insufflator
can be divided into three main components, the bottom part (loading chamber), the top
part (connector) and the delivery pipe. A commercial syringe can be attached to the

end of the loading chamber to inflate the powder with a defined volume of air during
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dispensing. The delivery pipe is made of rigid stainless steel hollow tube with rounded
tip and 120 degree bend. The pipe is hollow throughout with an inner diameter of 1

mm.

3.2.6 Test procedure for the aerosol classification with the Next Generation
Impactor (NGI)
While 5 mg of the spray-dried rivaroxaban formulation was actuated, 30 mg of the

binary blends were used. For the actuation with the Breezhaler, the formulations were
filled in gelatin capsules size 3. To characterize the aerosol properties of the different
formulations a Next Generation Impactor connected with two vacuum pumps (HCP 5)
(all Copley Scientific Limited, Nottingham, United Kingdom) was used. Prior to the
experiments, 15 mL of the dissolution medium was added to the preseparator, and
each cup was coated with 1% glycerol-methanol solution (m/v). For quantification of
the drug at different stages (cps - MOC), rivaroxaban particles were dissolved in
acetone, except in DPI, which was rinsed with methanol. For each experiment, an
actuation volume of 4 liters was used in combination with a flow rate of 100 L/min for
the Breezhaler DPI, corresponding as closely as possible to USP conditions at a
pressure drop of 4 kPa [81].

3.2.7 High-performance liquid chromatography analysis (HPLC)
The quantification of rivaroxaban deposited in the different NG| stages was performed

by high-performance liquid chromatography analysis (Shimadzu, LC-2030C 3D Plus,
Kyoto, Japan) using an RP18 column (Lichrospher 100 RP 18-5u EC, 250 x 4.6 mm).
For this, the photodiode array detector was set to 247 nm. The mobile phase of
acetonitrile — water (45:55 v/v (%)) was set to a flow rate of 1.4 mL/min and the API
was quantified by a column temperature of 40°C. To calculate the limit of detection
(LOD) and the limit of quantification (LOQ) the values of the intercepts and the slope
of the calibration curve were used. The LOD and LOQ were determined to be 1.21
pg/mL and 3.67 pg/mL [107].
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3.2.8 Analysis of residual solvents using gas chromatography
Solvent residue analysis was performed using a Focus GC with TriPlus headspace

autosampler (Thermo Scientific, Waltham, MA, USA). Chromatography was performed
on a FS-CS-624 (CS Chromatographie service GmbH, Langerwehe, Germany) quartz
capillary column (inner diameter = 0.32 mm, length = 30 m) coated with 6%
poly(cyanopropyl)phenylsiloxane and 94% poly(dimethyl)siloxane. The parameters of
the gradient program were set as follows: 1) 1 min isothermal elution at 50 °C, 2) ramp
to 140 °C at 10 °C/min, and 3) 4 min at 140 °C. The temperature of the headspace
incubator was set at 220 °C, and the incubation time before sampling was 14 min. The

sampling volume was 1 mL and the split ratio was 1:5.

To investigate whether the amount of residual solvent in the prepared particles could
be reduced below the required limits of 3000 ppm (MeOH) and 600 ppm (DCM) by
drying, the formulations were post-treated in a vacuum-heated drying chamber (Binder

VDL series, Tuttlingen, Germany) at 40 °C for 48 hours.

3.2.9 X-ray powder diffractometry
XRD was performed in transmission mode using the X'Pert MRD Pro from PANalytical

(Almelo, The Netherlands) equipped with an X'Celerator detector. Nickel-filtered
CuKa1 radiation was generated at 45 kV and 40 mA. Scanning was performed in a
range from 10° to 30° 20 containing the most prominent reflection peaks, with a step
size of 0.017°.

3.2.10 Scanning electron microscopy (SEM)
The samples were fixed with carbonaceous conductive paste on an aluminum sample

holder and then coated with gold for two cycles of two minutes each. Subsequent
imaging was performed in high vacuum using a Hitachi SU-3500 SEM (Hitachi Ltd.,
Tokyo, Japan). While the accelerating voltage for imaging the spray-dried particle
batches was 5 kV, the binary blends were imaged at 10 kV. The magnification and

working distance were adjusted as needed and are indicated on the SEM images.
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3.2.11 Laser diffractometry (LD)
The geometric particle size distribution of the samples was determined with a LA-940

laser scattering particle size distribution analyzer (Horiba Itd., Kyoto, Japan) using
following procedure: Rivaroxaban was suspended in a solution of 0.1 w/w (%) Span
80 in n-hexane in an amount that resulted in suitable attenuation of the laser beams.

The suspension was stirred in a quartz cuvette during analysis (n = 5).

3.2.12 In-vivo experiment procedure
All animal experiments were performed in accordance with the EU Directive

2010/63/EU on the protection of animals used for scientific purposes. In-vivo
experiments were performed at the animal facilty of the University of
Burgundy/Franche-Comté (Besancon, France) in compliance with French legislation
on animal experimentation within the framework of the Exp An N2 EA4267 2015-2020
project, previously approved by the CEBEA 58 ethics committee. 450 g male Sprague-
Dawley albino rats were acclimated to laboratory conditions in a ventilated room at 22
°C and 45% relative humidity with a 12:12 hour light-dark cycle for one week prior to

the start of the experiment. Rats were given free access to food and water.

Rivaroxaban blood concentrations after administration of the selected formulations
were determined as follows: The rats were kept fasting for one hour before the start of
the experiment. Each formulation was loaded at 2 mg/kg body weight into the

insufflator and delivered (n = 4).

After loading and preparing the pulmonary insufflator, a charcoal suspension was
applied to the anesthetized rat. The cannula of the insufflator was inserted into the
trachea just proximal to the carina until the cannula arch rested against the incisors.
After removing the speculum, the loaded dose was delivered by pressing on the
syringe plunger so that the powder was delivered from the insufflator. The delivered

dose was determined by differential weighing of the insufflator.

Blood samples were taken from the tail vein at specific time intervals (0, 5, 20, 40, 60,

120, 240, 480, 1440 minutes after administration), mixed with citrate and centrifuged
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at 1500g immediately. Plasma samples were frozen and stored at -20°C until further
analyses. The respective rivaroxaban concentrations were determined using Coamatic

Heparin kit Factor Xa inhibitor assay (Haemochrom Diagnostica, Essen, Germany).

The analytical procedure was performed according to the kit - manufacturer's
instructions. The calibration curve was constructed using 5 calibration standard
concentrations in plasma (0, 28.4, 77.3, 113.1, 157.4 ng/mL), also obtained from
Haemochrome Diagnostica. Plasma samples were pipetted into 96-well plates, and
after application of the heamochrome reagent media, absorbance was measured at
405 nm using an EnSpire® multimode plate reader (Perkin Elmer, Massachusetts,

United States). Plasma concentrations were calculated from the calibration curve.

3.2.13 Data processing
The NGI plots show the relative powder deposition of rivaroxaban on the different

stages (capsule — MOC). Error bars indicate one standard deviation. Cumulative
undersize plots from S1 to MOC were created and linearized by log transformation of
the stage boundaries and probit transformation of the relative abundances. For
calculating the fine particle fraction (FPFroer (fraction of particles with an aerodynamic
diameter < 5 um of the total dose/emitted fraction)), a linear regression model was
used, as described in USP <601> [81]. All experiments were performed in triplicate,
unless otherwise reported. To determine statistically significant differences in the
relative powder deposition for the different formulations in the different stages of the
NGI (capsule - MOC) after actuation with the Breezhaler DPI, results were compared
using Kruskal-Wallis test followed by Dunn's test (p < 0.05) [108,109]. A two-tailed,
unpaired t-test was performed to analyze the in-vivo data for statistically significant
differences (p < 0.05), (Prism 8.0.2, GraphPad software).

3.3 Results

3.3.1 Determination of the solubility
The results of the saturation solubility study show that rivaroxaban is poorly soluble in
mostly all common solvents. While it is known that rivaroxaban is soluble in dimethyl

sulfoxide the high boiling points limits a potential use for spray-drying [110]. While the
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solubility of this drug was poor in the pure solvents methanol (MeOH) or
dichloromethane (DCM), a mixture of both at a mixing ratio of 50:50 v/v (%) or 20:80
viv (%) resulted in improved solubility of rivaroxaban, so these two mixed solvents were

used to develop the spray-dried batches (Tab. 4).

Table 4: Determination of the saturated solubility of rivaroxaban in various solvents.

Solvent Solubility [mg/mL]
H20 (pH 7) 0.01 + 0.00
Methanol (MeOH) 0.40 £ 0.00
Acetonitrile (ACN) 1.17+£0.01
Acetone 1.10+0.03
Dichloromethane (DCM) 2.90 +0.09
MeOH:DCM (75:25 viv (%)) 2.07 £0.04
MeOH:DCM (50:50 v/v (%)) 9.62 + 0.23
MeOH:DCM (20:80 v/v (%)) 23.34 +0.78
Acetone:MeOH (90:10 v/v (%)) 1.50 £ 0.01

3.3.2 Characterization of the different spray-dried particle formulations
Four formulations of pure rivaroxaban were prepared by spray-drying using different

process parameters. The milled material had an undefined and irregular particle shape

and all cases spray-drying enabled to transform into spherical particles (Fig. 5).
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Figure 5: SEM images of the milled rivaroxaban material (A, B) and the different
batches of rivaroxaban manufactured by spray-drying (rivaO01 = C; riva002 = D;
riva003 = E; riva004 = F).

While riva004 was composed of larger particles, particles of one micron in diameter
and even below were found in the other batches (Tab. 5). Accordingly, laser diffraction
data indicated that all formulations had a Dso in the lower micrometer range. Primary

particles in the upper nanometer range were also observed for the milled material
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rivaroxaban. While the narrowest particle size distribution was found for the riva002
formulation, the distribution of riva004 was wider. Since the particle size distribution
was similar for the two batches rivaO01 and riva002, the influence of the feed rate on
the obtained particle size was not as crucial as the spray gas flow parameter, since a
decrease in atomization pressure resulted in the formulation with the largest particle

size.

Table 5: Particle size distribution of the milled material and the manufactured

formulations.

Milled _ _ ) _
_ Riva001 Riva002 Riva003 Riva004
material
Dio [um] 0.08+0.00 |0.55+0.20 | 0.16+0.00 |0.95+0.26 |1.96+0.43
Dso [um] 0.72+0.03 |1.10+£0.08 | 0.47+0.02 |1.46+0.03 |5.90+0.47
Doo [um] 211+£0.17 |1.93+0.15 |1.09+£0.03 |3.56+0.23 |10.62 +1.49

Spray-drying of the various batches yielded either particles with a quantifiable residual
amount of methanol that did not exceed 850 ppm or particles that contained no
guantifiable residual amount. Vacuum drying allowed the remaining solvent to be
completely removed. While the batches with smaller particle diameters had a
maximum DCM content of 1% immediately after the spraying process, the formulation
riva004 had a residual DCM solvent content of about 3%. After drying, the residual
DCM content of formulation riva001-003 had fallen below the limit of 600 ppm. For
formulation riva004, 48 hours was not sufficient to reduce the DCM content below the
limit and 2700 ppm was detected (Tab. S2). The X-ray diffractograms of the different
formulations show that the spray-dried batches with the small and similar particle size
distribution (riva0O01 - 003) were amorphous, while the milled material and batch

riva004 with the largest particle size were at least partially crystalline (Fig. S1).
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3.3.3 Characterization of the in-vitro aerosolization behavior of the different
formulations manufactured
Aerosolization of the milled material or the binary blends of rivaroxaban milled material

with the various lactose carrier particles (Inhalac® 70/251/400) resulted in high powder
deposition in the induction port (IP) or in the preseparator (Fig. S2). Although the use
of carrier particles increased the emitted fraction, the FPF was not affected and was

similar to that of the milled material (Tab. 6).

Actuating of the different batches of the pure spray-dried rivaroxaban resulted in a high
powder deposition within the DPI of approximately 20% in each case. While a low
amount of powder was quantified in the IP for the formulations riva001 - 003, 60% of
the active ingredient was deposited in this fraction for formulation riva004 (Fig. 6).
While riva003 showed the lowest powder deposition in the preseparator, this
formulation resulted in the highest amount of particles that could potentially reach the
lungs and leads to the highest FPFrper (Tab. 6). While for the milled material the
amount of deposited particles decreased from stage 1 to 4, an opposite effect was
observed for the pure spray-dried batches riva001-003, which have a similar particle
size distribution as the milled material, resulting in an increased deposition rate from

stage 1to 4).
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Figure 6: NGI results obtained with the Breezhaler when actuating the milled material
and the different spray-dried formulations (riva001 — 004), (capsule = cps; dry powder

inhaler = DPI; induction port = IP; preseparator = Pres), (*p < 0.05).

3.3.4 In-vivo testing of selected formulations
After intratracheal administration in-vivo in rats the spray-dried particle formulations

(rive003 and riva004) exhibited a very rapid onset within 5 minutes followed by a
plateau phase over about 4 hours (Fig. 7). After this sampling point, a decrease in
plasma concentration is observed up to the 24-hour time point. The riva003
formulation, which had amorphous particle properties and a smaller particle size,
resulted in a slightly higher blood concentration, which however was statistically not
significant. In addition, in both cases the highest concentration was detected within the
first hour after application (Fig. 7, Tab. 7).
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Figure 7: Rivaroxaban plasma concentration versus time profile over a 24-hour period

for the formulations riva003 and riva004, (*p < 0.05).

Table 7: Pharmacokinetic parameters determined for both formulations used, (*p <
0.05).

t
_ Dose Chax Tvsx | AUCot | AUCoin 12
Formulation .
(mg/kg) | (ng/mL) | (min) | (ug*h/mL) | (ug*h/mL) (h)
_ 83.9 + 0726+ | 0745+ | 4992%
Riva003 2 60 2 823
41.4 0.537 0.566 :
, 60.0 + 0479+ | 0492+ | 2368%
Riva004 2 40 4.709
39.8 0.347 0.342 :
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3.3.5 Riva003 binary mixtures using different carrier particles
Riva003 was subsequently formulated as binary mixtures using different lactose

carriers (Inhalac® 70/251/400) to increase the emitted fraction and also the FPFp.
SEM analyses revealed in all blends the spherical active ingredient being adsorbed on

the carrier surface (Fig. 8).
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Figure 8: SEM images of the different binary blends consisting of riva003 and the
different lactose batches in two different magnifications: (A, B) riva003 — Inhalac® 70;
(C, D) riva003 — Inhalac® 251; (E, F) riva003 — Inhalac® 400.

A trend of decreasing deposition of the active ingredient in the preseparator with
decreasing size of the carrier particles was observed for the different binary blends
prepared. While the binary mixture formulated with Inhalac® 70 resulted in a powder

deposition of about 70% in this fraction, only 20% of rivaroxaban was found in the
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formulation with Inhalac® 400. While riva003 exhibited high powder deposition within
the DPI, a higher emitted fraction was observed for all binary blends (Fig. 9). The
mixture riva0O03 - Inhalac® 400 reduced the deposition in the IP and also in the
preseparator and led in turn to the highest FPFp (Tab. 6).
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Figure 9: NGI results obtained with the Breezhaler when actuating the binary blends
consisting of the spray-dried batch riva003 + Inhalac® 70/251/400, (capsule = cps; dry
powder inhaler = DPI; induction port = IP; preseparator = Pres), (*p < 0.05).
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Table 6: Fine patrticle fraction of the total dose and emitted fraction for each formulation

tested using the Breezhaler DPI (rivaroxaban = riva).

Batch FPFer FPFp

Milled material 15.8+ 3.5 12.7+1.9
Raw material + Inhalac 70 11.1+4.1 10.2 + 3.8
Raw material + Inhalac 251 16.6 £ 0.6 149+ 2.0
Raw material + Inhalac 400 16.6+ 0.6 16.0+ 0.6
Riva001 67.4+3.1 47.0+2.2
Riva002 59.1+1.7 42.0+1.2
Riva003 79.7 £3.1 542 +2.1
Riva004 0 0

Riva003 + Inhalac 70 165+15 15.1+0.4
Riva003 + Inhalac 251 39.8+1.5 34.7+1.3
Riva003 + Inhalac 400 62.7+1.3 60.5+1.3

3.4 Discussion
The combination of rivaroxaban being a BCS class 2 drug with the fact that the

solubility in diverse common organic solvents is also rather limited, leads typically to
micronization via milling being the first choice for a dry powder formulation. Despite
this ease of handling, this method of formulation development has several drawbacks,
usually resulting in cohesive particles with poor flow properties, uncontrollable particle
size, shape and morphology, and unsuitable aerosolization behavior. For this reason
the particles were also prepared by spray-drying. Since this process allows
manipulation and control of particle size distribution, particle density, shape, moisture
content, flowability and crystallinity, this type of formulation can be more easily
deagglomerate and convince by easily accessible FPF’s [44]. The advantages over
the traditional formulation technique are clearly visible, so that instead of fine particle
fractions of 20-30% achieved with the binary blends, FPF’s of about 60% are possible
[38]. Here, sufficiently high solubilities of 9 and 23 mg/mL were achieved by the
respective solvent mixtures, allowing for stable spray-drying processes with an

acceptable feed concentration.

Impactor results when comparing the milled material with and without the different
lactose carriers showed that this formulation technique is seemingly not suitable, since

the high powder deposition in the IP or preseparator indicates insufficient powder
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deagglomeration. In the experiments performed, this could be due to the fact that the
cohesive or adhesive (drug-lactose) particle interactions are too large to be overcome

by a conventional DPI.

Considering the mentioned advantages of spray-drying, actuation of the spray-dried
particle formulations with the Breezhaler resulted in high FPFerp in the case of the
formulations riva001 - 003, with the best aerosolization characteristics found for batch
riva003. Nevertheless, the classical problems of this type of formulation occurred,
namely the retention of the powder in the capsule and in the DPI. Similar to the milled
material, these enhanced interactions could be due to the fact that a small particle size
associated with a larger particle surface area was also achieved after spray-drying, so
more particle-particle/ -capsule or -DPI interactions may occur [105]. This is
underscored by the fact that formulation riva004, which has the largest particle size
among the formulations prepared for this study, has the lowest powder retention in the
capsule and DPI, while batches riva001 - 003, which all have similar particle size, result

in similar retention in both compartments.

Since both formulation techniques have advantages, either the high emitted fraction
(traditional approach) or a suitable aerosolization behavior (spray-drying) achieved
during inhalation, a combination of both approaches was used to combine the different
advantages in a final formulation. Pure riva003 was the most efficient in terms of FPF,
as only a small amount of the powder deposited in the oropharyngeal area in-vitro, this
formulation was subject to further formulation steps aiming for increasing the fraction
delivered and also the FPFp. For this purpose, this batch was also formulated as
binary blends using the aforementioned lactose carriers. Impactor results of the
rivaroxaban Inhalac® formulations showed a similar trend in terms of deposition rate
as the milled material using the different batches of Inhalac®. The use of large carrier
particles for the drug in the nanometer range resulted in insufficient detachment of the
drug from the carriers, causing a large amount of the mixture to settle in the
preseparator. Matching the size of the carrier particles to that of the drug resulted in
improved aerosolization behavior, with Inhalac® 400 achieving the highest FPF with a

dio of about 1 um, which can be attributed to improved drug detachment and powder
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aerosolization. The effect of the improved deagglomeration behavior of the spray-dried
drug compared to that of the milled material is clearly seen in the increased amount of

particles having suitable aerodynamic properties to achieve the lung in-vitro.

While it has been shown that the formulation of binary blends of spray-dried particles
formulated as an interactive mixture can result in a higher FPFp, at the same time, a
guantitatively smaller amount of drug can enter the lungs since the amount of carrier
limits the dose that can be used for a given capsule. Therefore, the influence of the
mixing ratio between the drug and the carrier should also be investigated in future
studies. In the experiments performed, the mixing ratio of 1:99 (drug:carrier) should
mask the properties of the manufactured drug particles in a higher amount than those

of the carrier, which is shown in the trend of powder deposition in the preseparator.

A rapid absorption rate of the drug in-vivo was also observed, reflected by high plasma
concentrations and a low Twax, indicating a significant deposition in the deep lung
followed by dissolution of the particles in the lungs. Although no significant differences
in plasma concentrations were observed between the two formulations, there is a
tendency for a smaller particle size and/or amorphous drug particles to result in a
comparatively higher Cwmax concentration. It should also kept in mind that the DP
Insufflator is only a simple delivery device that does not have a real deagglomeration
concept like the Breezhaler, so the drug was still rapidly bioavailable even when the
formulation was not deagglomerated as efficiently as with the commercial DPI. This
aspect of using an insufflator, combined with the potentially more difficult handling to
deposit the particles in the lungs of rats, may explain the plasma concentrations
measured in this study resulting in a comparatively lower inhibition of endogenous
factor Xa, as the IC50 in rat plasma of 126 ng/ml calculated in a previous study after
i.v. application was not reached [111]. Nevertheless, this route of administration can
be shown to result in plasma concentrations similar to those obtained in a previous
study in rats following oral administration by gavage. Since a similar plasma profile was
obtained, it can be concluded that the particles dissipate rapidly after deposition in the
lungs, otherwise a higher Tmax would be expected without a plateau concentration over
4 hours [112].
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Comparison of the pharmacokinetic parameter Twmax from the experiments performed
in this study with values obtained after oral administration of a tablet containing various
concentrations of rivaroxaban in humans and found in the literature suggests that a
rapid onset of action could be achieved by this route of administration. Since the Twmax
after pulmonary administration is lower at 40-60 min compared with tablet
administration (120-240 min), and blood concentrations were measurable as early as
5 min, the rivaroxaban dry powder formulation could be used as emergency therapy
for the treatment of pulmonary embolism [100,113-115]. This becomes important, for
example, in COVID-19 patients who are at increased risk of developing pulmonary
embolism, so this type of formulation could be an option for acute treatment or
thromboprophylaxis in COVID-19 patients [116,117].

The question of whether the dissolution behavior and initial absorption rate of
rivaroxaban are comparatively more likely to be high or low because rivaroxaban is a
BCS Il agent could be answered by comparing the plasma profile achieved with that
of another BCS Il agent also administered by inhalation. In previous studies reported
in the literature, budesonide was inhaled by adults suffering from asthma. Since a Cwmax
of about 1.7 ng/ml was measured here after inhalation of a dose of 800-1000 ug of the
active ingredient, it can be assumed that the plasma concentrations of 84 ng/ml of
rivaroxaban achieved in this study after pulmonary administration are to be regarded
as high [118,119].

Ultimately, this study suggests a novel therapeutic approach for the treatment of
pulmonary embolism, in terms of the application of the formulation. The development
of a potential formulation and the associated in-vivo results open up new possibilities
for the treatment of the aforementioned disease. Further studies need to confirm
whether pulmonary administration of rivaroxaban actually allows for higher local doses

with lower systemic doses that also limit subsequent side effects such as renal failure.

3.5 Conclusion
This study suggests that administration of rivaroxaban by inhalation may be a potential

future option to increase drug levels in the therapeutic range of interest for pulmonary
embolism. Despite the poor solubility of this active ingredient, the preparation of

52



Fast onset of thrombolytic effect of efficiently inhalable spray-dried rivaroxaban
powder formulations

aerosolizable powder formulations by spray-drying could be an option. This study
demonstrated that high FPF and measurable blood concentrations after deposition in
the lung were achieved with different formulations. A rapid onset of action could lead
to therapy in which only a minimal dose of the drug is inhaled, resulting in minimal side
effects such as renal failure because only the lungs are affected. Future studies need
to provide a differential picture of the local and systemic drug concentration available
after inhalation of rivaroxaban and then analyze the potential pharmacological effects
on inhibition of Factor Xa to limit thromboembolism, particularly in the lung.
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4. Interim summary
The study conducted was able to show that the selected method for formulation

development has a significant influence on the aerodynamic behavior of the respective
particle formulations and thus on the lung targeting. The spay-drying method as a
modern manufacturing process allows the production of formulations that
deagglomerate more easily than conventional interactive mixtures, so that instead of a
high powder deposition in the oropharynx, this amount can reach the lungs. Although
milling is currently the method of choice, spray-dried particles have also been shown
to be suitable for mixing with carrier particles to overcome cohesive particle
interactions. Since this type of formulation resulted in increased FPF compared to the
interactive mixtures of milled particles with lactose, it can be said that the adhesion
forces between the drug and lactose might have been reduced due to the minimized
contact points of spray-dried spherical particles.

Apart from this, inhalation of a formulation with suitable aerodynamic properties, but
with a DPI that does not have a true deagglomeration concept, also results in
inadequate powder aerosolization. Although many DPIs are currently available, there
is still a lack of knowledge about which type of device achieves adequate results with
which type of formulation because delivery systems are marketed in a fixed
combination. Therefore, the studies performed only analyze the lung deposition of a
formulation with the respective DPI and no comparative studies are performed to show
how the deagglomeration concepts work for different formulations developed with
different manufacturing processes. The aim of the following study was to highlight the
state of the art on this topic in general and to show advantages and disadvantages of

selected DPIs.
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5.1 Overview of the work
The aim of this work was to analyze the market situation of capsule-based dry powder

inhalers and the formulations actuated, and to compare the influence of the
development technique used on the overall aerosolization behavior of the individual
formulations. Since the therapeutic success depends on many factors and the patient
has a major influence on the output of the inhalation maneuver, pulmonary delivery
systems are marketed in a fixed combination of device and the particular formulation.
In addition, changing the DPI when actuating the same formulation would result in
altered powder deagglomeration and thus altered FPF. Since many DPIs with different
device geometries, air channels, capsule motions, and intrinsic resistances to air flow
are available today, the question arose as to which deagglomeration concept would

provide suitable aerosolization for which type of powder formulation.

To this, the study aimed to compare three capsule-based DPIs in terms of their in-vitro
deagglomeration behavior for different formulations. Since the devices have different
geometry and structure, different capsule movements occurred during actuation, which
ultimately led to different deagglomeration concepts. While the Lupihaler (rotating
capsule movement) and the Handihaler (axial capsule movement) are already on the
market, a novel DPI with an oscillating capsule movement during actuation was tested.
To evaluate the different deagglomeration concepts, a commercial interactive mixture
of albuterol sulfate, an in-house developed spray-dried particle formulation of
rifampicin, and also amoxicillin were tested, the latter being further formulated as a
binary mixture in a second step. To analyze the influence of inspiratory air flow on
powder deagglomeration, a low (50 L/min) and a high (100 L/min) flow rate were tested
and the relative powder deposition in each stage and the FPF were determined.

Measurement of the airflow across the devices at a pressure drop of O - 8 kPa shows
that the Handihaler and the novel DPI, with 0.046 and 0.044 kPa®® L/min, respectively,
can be classified as high intrinsic resistance DPIs, while the Lupihaler, with an intrinsic
resistance of 0.018 kPa%° L/min, represents the low intrinsic resistance class of

devices.
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Testing the albuterol sulfate formulation with the different DPIs resulted in high powder
deposition in the preseparator in each case. While at 50 L/min this powder deposition
was similar for the three devices, at 100 L/min the lowest amount of powder was found
in the aforementioned stage for the novel DPI, resulting in the highest FPFer of 41.3 +
2.4 here. When the binary mixture of amoxicillin - lactose was actuated with the
different DPIs, it was found that the oscillatory motion of the capsule resulted in the
highest powder ejection, so regardless of the flow rate tested, this DPI achieved the
highest FPF. While 40% or more of the drug settled in the preseparator with the
interactive albuterol sulfate mixture, the self-developed amoxicillin formulation appears
to deagglomerate more readily, as a lower mass was quantified in this section. This is
also underlined by the fact that a decrease in powder deposition was observed at the

higher flow rate, regardless of the equipment used.

The last formulation (rifampicin) tested in this study resulted in comparatively high
powder retention in the capsule, possibly due to the fact that the particle size of the
spray-dried drug without carrier particles is in the lower micron range, which allows
more capsule-particle interactions due to the larger particle surface area available. Of
all the DPIs tested, the highest powder retention in the capsule was observed for the
novel DPI with approximately 10% quantified drug, which was independent of the
airflow tested. Despite this hereby reduced amount of drug available for pulmonary
treatment, the novel DPI achieved the highest FPFer when actuated at 50 or 100 L/min.
Since a large amount of drug was found in the induction part after actuation with the
Handihaler, this DPI resulted in the lowest amount of particles having suitable

aerodynamic properties to reach the lungs.

From the device side, it can be concluded that the oscillating capsule motion in the
novel DPI leads to low powder retention in this compartment in the case of interactive
mixtures, since the powder can be easily shaken out. Moreover, under the conditions
tested in the study, the deagglomeration concept of this DPI resulted in the best powder
aerosolization described by the FPF, regardless of what type of formulation was used.
It has been shown that the development of dry powder inhalers with a suitable

deagglomeration concept may result in a greater amount of drug being delivered to the
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lungs, which could improve therapy compared to DPIs, which are currently the state of

the art.

Apart from the device side, it has been shown that the formulations developed for this
study using the method of spray-drying with or without the use of lactose in a second
step resulted in formulations with better aerosolization behavior compared to the
standard formulations manufactured in the industry. While grinding the active
ingredient and making interactive mixtures resulted in FPFs around 30%, designing
the particles in a way that matches the particle properties to those required for

inhalation seems to be more promising, as FPFs of at least 50% were achieved.
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6. Interim summary
It was shown that in addition to formulation properties, a suitable deagglomeration

concept is also crucial for successful lung targeting with the particular formulation.
Thus, it was demonstrated that DPI manufacturing should focus more on this delivery
tool in the future, as DPIs are not only a piece of plastic, but can also play a major role
in increasing the amount of particles that have the right aerodynamic properties to
reach the lungs. Although the complexity of the interaction between such devices and
formulation has been demonstrated, these DPIs could improve therapy by not only
increasing drug delivery but also allowing drug delivery independent of inspiratory flow
rate through tools such as a classifier and a vortex breaker combined with a suitable
capsular motion during actuation. However, it has also been shown that the critical
factor of powder retention within the DPI could not be overcome with the
aforementioned equipment modifications. Here, the problem might be more in the
properties of the DPI surface and the resulting interactions with the formulation. Since
there is currently no commercial surface coating for DPIs and these phenomena are
not yet fully understood, the next step was to investigate the DPI surface properties
and make various chemical and structural modifications, as well as analyzing the

effects on powder retention on the modified surface and overall powder aerosolization.
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7. Effect of texture and surface chemistry on deagglomeration and
powder retention in capsule-based dry powder inhaler

This work was published as:

Grol3, R.; Berkenfeld, K.; Schulte, C.; Ebert, A.; Sule, S.; Sule, A.; Lamprecht, A. Effect
of Texture and Surface Chemistry on Deagglomeration and Powder Retention in
Capsule-Based Dry Powder Inhaler. AAPS PharmSciTech 2022, 23, 281,
doi:10.1208/s12249-022-02436-0.
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7.1 Overview of the work
This study focused on the influence of texture and chemistry of DPI surfaces on powder

retention in the device and deagglomeration behavior. Today, many devices are
marketed in a fixed combination with the intended formulation to minimize potential
sources of error. Despite the progress and optimization achieved, the development
and realization of an ideal DPI is challenging, as many mechanisms are not yet fully
understood and require further investigation. While one focus has always been on
increasing powder deagglomeration and thus FPF, which can be influenced by DPI
geometry and additionally installed classifiers or vortex breakers, the important point
of minimizing powder retention within DPI has gained in importance over the last
decade. Retention of powder in inhalation devices can significantly compromise
therapeutic outcomes due to mechanical anchoring of the powder to the device surface
and/or electrostatic charge generated during dispersion of the powder. To overcome
these problems, various methods such as “dry powder” or “polytetrafluoroethylene
(PTFE)” coating have been developed and tested. Despite promising and interesting
results, the critical factor of powder adhesion to the inhaler wall is still not fully
understood, so there is no commercially approved surface modification for DPIs to

reduce powder retention.

Based on this, the surface of the novel DPI presented in the previous study was
modified with a low-pressure plasma system. Since this DPI can be divided into four
main parts, it is easier to see which surface modifications affect the powder deposition,

as the DPI components can be plasma treated separately.

The species generated during the plasma process, such as ions, radicals, etc., which
have a temperature close to room temperature, can interact with the surface of the
starting material, resulting in altered surface properties, which can be chemical or
structural. On this basis, oxygen plasma was used to generate hydrophilic surfaces,
while an octafluorocyclobutane (OFCB) process was intended to generate hydrophobic
surfaces. Both processes also cause the surface topography to become irregular and
the roughness to increase. To estimate not only the effects of a plasma-induced rough
surface, but also the extent of a smooth and non-adherent surface produced by plasma

coating, the monomer hexamethyldisilioxane (HMDSO) was used for in situ
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polymerization. To analyze the changes in aerosolization and retention of the powder,
a spray-dried particle formulation of rifampicin was tested. For this in-vitro
characterization, the DPI was connected to an NGI and a flow rate of 50 L/min was set

until a volume of 4 liters was reached.

Visual comparison with a scanning electron microscope of the mesh of the DPI showed
that similar and smooth surfaces were found for the untreated surface and after plasma
treatment with HMDSO, while oxygen and OFCB resulted in roughened surface

textures, with nanotexturing being more dominant after oxygen plasma treatment.

Measurement of the contact angle with deionized water on the untreated surfaces and
after plasma treatment with oxygen or OFCB resulted in different values for the
wettability. While oxygen increased the wettability compared to the untreated material
(from 60° to 30°), the OFCB plasma treatment resulted in a higher contact angle of
about 120°. This hydrophobic coating remained constant over time, in contrast to the
hydrophilic surface modification.

Treatment of the upper unit (mesh, classifier, mouth piece) of the novel DPI with the
different plasma processes partially resulted in altered deagglomeration behavior of
the device for the tested formulation compared to the untreated DPI. While similar
powder deposition was observed when using the untreated DPI and the DPI treated
with HMDSO plasma, oxygen and OFCB plasma resulted in increased powder
deposition in the IP and preseparator. In addition to this increased powder deposition
in the above stages, lower powder deposition was also observed in the treated mouth
piece. While under the conditions tested in this study, the plasma treatment of the
upper unit has a significant effect on powder aerosolization, the treatment of the
capsule chamber with the different plasma processes showed no differences in powder

deagglomeration.

To determine whether the lower powder deposition in the mouth piece or the increased
amount of powder in the IP and preseparator was a combination effect of all the parts
treated in the upper unit of the DPI, or depended only on the influence of one part

modified with plasma, the following experiment was conducted to determine the
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component that could have a decisive influence on powder deagglomeration after
surface treatment. Therefore, the focus was on the oxygen process, and for each
experiment only one treated part was installed and tested, while the rest of the DPI
remained untreated. The results show that an oxygen plasma treated mouth piece
resulted in lower powder deposition on the treated surface without changing the
deagglomeration behavior for the powder, so that no differences in powder deposition
were observed in the IP and preseparator compared to the untreated device. In
contrast, a modified classifier or even a mesh resulted in more drugs being detected
at the above stages, but not as much as when the entire upper unit was treated with

plasma.

In summary, this study has shown that the DPI surface properties influence the powder
retention in the device and also the deagglomeration behavior. Since similar
aerosolization behavior was obtained for the powder when the surface was plasma
treated with oxygen (hydrophilic surface) or OFCB (hydrophobic surface), the chemical
properties seem to have less influence than the texture. This is also underlined by the
fact that both experiments with smooth surfaces resulted in similar deagglomeration of

the powder, which was different from the two processes with rough surface texture.
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8. Interim summary
In summary, these three chapters have shown that not only aspects of formulation and

equipment design affect powder aerosolization, but also surface properties have a
major impact on powder deagglomeration and retention in the DPI. It can be concluded
that this issue has been underestimated so far and should be further investigated, as
the change in surface texture has a significant impact on micron-scale particles and
can both improve and worsen powder deagglomeration, so that the selection of the
right surface texture seems to be essential for the generation of an ideal DPI. As
mentioned earlier, a delivery system consisting of a slightly deagglomerated
formulation and a DPI with an excellent deagglomeration concept has no therapeutic

benefit if the patient does not use the device as described by the manufacturer.

Given the current lack of applications and capabilities related to patient safety and
inhalation maneuver assessment, a prototype feedback mechanism for capsule-based
DPI is presented in the next chapter. Since the movement of the capsule during
actuation is directly related to the inhalation maneuver, this component was focused

on and recorded to evaluate inhalation.
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9. Improving capsule-based dry powder inhalers: A new in-vitro method
of assessing inhalation success conditions by tracking capsule
rotation during actuation

9.1 Introduction
According to the World Health Organization, approximately 235 million patients suffer

from asthma and 65 million patients suffer from COPD [120]. Due to the low systemic
effects, the inhalation therapy is mainly used to treat these diseases [121]. Although
there are many different DPIs with different functions for powder deagglomeration on
the market, a successful inhalation process depends on more factors than the
formulation and device attributes [27]. One critical issue is adherence to treatment,
which depends primarily on the patient's physiological conditions and ability to use the
device [122,123]. Therefore, a reason for inadequately controlled asthma is poor
inhalation technique. This may include several factors, such as improper preparation
technique or performing an inhalation with inadequate force and length, resulting not
only in poor clinical outcomes but also in higher healthcare costs and wasted
medications [124-126]. A previous study indicated a fundamental problem with
inhalation using this class of device. Although they used a different device
(Turbohaler®) for their study compared to ours, they indicated that actuation of a
formulation with a DPI and a low flow rate of 30 L/min or less resulted in a reduced
therapeutical success. They postulated that optimal medication with this class of
device is achieved with an airflow greater than 30 L/min or, in the best case, greater
than 60 L/min, which resulted in an increased amount of respirable powder particles
[127]. Because of these potential causes of error leading to uncontrolled fluctuations
in therapeutic success, a meaningful feedback mechanism is needed to assess
whether the inhalation maneuver was successful. In recent years, several different
approaches to feed back the inhalation have been developed to improve the
therapeutical success. The most commonly used approach for multidose devices is a
dose counter integrated into the device, which on the one hand provides information
that the loaded dose has been delivered and on the other hand shows the remaining
doses. This system is designed to help the patient to achieve better disease control

[128]. In the last years another approach has been established with the aim of
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recording the biological noise of the chest and the trachea during bronchoconstriction
to recognized pathophysiological changes [129,130]. Since the patient would always
have to carry a microphone with analyzer for this purpose and the system can thus
only be used to detect emergency and acute medication, this is not feasible for a
patient in real life. Therefore, other strategies such as feedback the inhalation with
acoustic recordings were developed. In a recent study, the Discus® device was used
to develop an acoustic method that includes the determination of changes in acoustic
features during inhalation as markers of bronchoconstriction and exacerbation of
disease progression [131]. Another approach aims to improve treatment adherence.
For this purpose, the entire inhalation process was recorded for each actuation during
the treatment interval to determine whether inhalation was performed with sufficient
energy and on a regular basis. Analysis of audio fills allows to identify the duration of
inhalation as well as the error of exhalation into the device immediately after inhalation.
This could be used for supportive control of traditional training and for error detection
by the physician, as this system reanalyzes each inhalation [92]. In addition, an
acoustic capsule-based 3D printed device was developed and a correlation between
the air flow over the device and the frequency of acoustic signals was calculated to
assess the inhalation process [93]. Despite the feedback of force and duration of
actuation, there is one drawback that could be critical for this approach. Since only the
frequency of the sound generated by the airflow through the modified inhaler geometry
during inhalation is controlled and the movement of the capsule is neglected,
spontaneous sticking of the capsule in the inhaler during actuation would not be

assessed.

Hence, to overcome this disadvantage and to verify the actuation conditions and detect
inadequate inhalation profiles in-vitro, the central aim of this study was to demonstrate
an approach to develop a feedback mechanism for a capsule-based DPI (Lupihaler®)
to determine the flow rate and duration of the inhalation performed. Therefore, the
possibility of follow-up should facilitate the evaluation of inhalation and could be used
in future attempts to increase the success of therapy. Since the deagglomeration of
the powder in this class of device depends mainly on the strength and duration of

inhalation and the resulting capsule movement, as well as the collisions of capsule and

66



Improving capsule-based dry powder inhalers: A new in-vitro method of assessing
inhalation success conditions by tracking capsule rotation during actuation

powder with the inhaler wall, the number of capsule rotations during inhalation was
recorded and the capsule rotation frequency was calculated. Since a longer inhalation
time leads to more such collisions, this measurement was hypothesized to be a
surrogate parameter for these interactions, since only capsule movement was defined
as a response parameter for inhalation assessment [57,72]. For this purpose, a small
neodymium magnet was inserted into a 3D printed holder and the entire assembly was
placed into a capsule. The voltage generated during rotation was induced in a coll
placed on the DPI and could be readout via a connected oscilloscope. To verify the
new readout system, three different formulations were tested and in-vitro correlations
were made between the actuation volume and the number of capsule rotations, as well
as the rotation frequency and the applied flow rate. In addition to two marketed binary
salbutamol sulfate mixtures (Cyclocaps®, Ventilastin®), a self-developed spray-dried
rifampicin formulation for inhaled therapy was also tested and classified. To determine
the limits of the feedback system for different inhalation conditions, different actuation
volumes (O - 4 liters) and flow rates (50/80/100 L/min) were tested in-vitro with the NGI.
In addition, to evaluate the inhalation process in terms of the amount of respirable
particles, the above interactions were correlated with the FPFer (fraction of the emitted

mass with an aerodynamic diameter < 5 um) obtained from the NGI experiments.

9.2 Materials and Methods

9.2.1 Materials

The Cyclocaps® (PB Pharma GmbH, Meerbusch, Germany) and Ventilastin® (MEDA
Pharma GmbH & Co. KG, Bad Homburg, Germany) formulations were purchased from
a pharmacy, for spray-drying, the rifampicin was ordered from TCI (Tokyo, Japan).
Sodium dihydrogen phosphate monohydrate (Carl Roth GmbH, Karlsruhe, Germany),
di-sodium hydrogen phosphate dihydrate, orthophosphoric acid 85% and triethylamine
99% (TH. Geyer GmbH & Co0.KG, Chemsolute, Renningen, Germany) were obtained
from VWR. The ascorbic acid was obtained from Sigma Aldrich (St. Louis, MO, USA).

The water used was purified internally with a purification system (Merck-Millipore
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Biocel A10, Burlington, MA, USA), and all other solvents were HPLC grade. The

Lupihaler® device was purchased from Lupin Limited (Mumbai, India).

9.2.2 Spay-drying of the rifampicin particles
Rifampicin was spray dried as reported [132]. Briefly summarized, 10 g of the drug was

suspended in a given volume of 798 mL isopropanol and sonicated in an ultrasonic
bath (Typ DT 106, Bandelin electronic, Berlin, Germany) under controlled temperature
conditions (25°C) for 10 min. To obtain a constant temperature a thermostat (DC 10,
Haake Technik GmbH, Vreden, Germany) was used for the water exchange. The
suspension was spray-dried under inert atmosphere (N2) using a Buchi B-290 (Flawil,
Switzerland) equipped with a high-performance cyclone, a dehumidifier unit B-296
(Buchi), an inert loop B-295 (Buchi) and an anemometer (AF89-AD1AA13CO0AA, Fluid
components Intl. San Marcos, CA, USA). For atomizing the suspension, a three-fluid
nozzle (Buchi) was used where the inner channel was blocked. During the whole

manufacturing process the suspension was stirred constantly.

9.2.3 3D printing settings for the development and printing of the magnet holder
prototypes and the Lupihaler DPI
To obtain the geometry for printing the Lupihaler DPI, a computed tomography scan of

the injection molded device was performed. For printing both, a transparent Lupihaler
device and the magnet holders, a masked stereolithography printer (SL1, Prusa,
Partyzanska, Czech Republic) was used. A layer height of 50 um was set for each
printed geometry. After printing, post-processing steps were performed, which included
cleaning the printed surface of excess resin with isopropanol and water, and then
drying and curing the surface at 25 °C under UV conditions. Three different magnet
holder prototypes were designed and printed to investigate the influence of geometry
on the deagglomeration behavior of a spray-dried rifampicin formulation (Fig. 10). To
guarantee a fix position of these set up in the middle of the capsule during inhalation
the holder has small feet, which keep the distance to the bottom of the capsule.
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Magnet
holder 1
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holder 2
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holder 3

Figure 10: Geometry of the different magnet holders.

9.2.4 Test procedure
10 mg of the rifampicin formulation (5 mg per capsule half), 60 mg of a Ventilastin® or

Cyclocaps® formulation (30 mg per capsule half) were filled into size 3 gelatine
capsules and actuated with a RS01 equivalent DPI (Lupihaler). For recording the
number of rotations, a neodymium magnet (Magnet experts, England, Tuxford, 3mm
dia x 2mm thick) was inserted into a 3D printed magnet holder and this set up was
placed in the middle of the capsule (Figs. 10, 11). To characterize the aerosol
properties of the formulations, a Next Generation Pharmaceutical Impactor (NGI)
(Copley Scientific Limited, United Kingdom, Nottingham) was used. Each cup was
coated with a 1% glycerol-methanol (m/v) solution to minimize rebound effects of the
impacted powder particles. Prior to the experiment, 15 mL of the recovery medium was
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placed in the preseparator (pres). To characterize the deagglomeration behavior of the
inhaler for the powder with and without the magnet system, we dissolved the powder
particles from each compartment (capsule - MOC) obtained from the full NGI
experiments in the case of rifampicin with a methanol-ascorbic acid (0.5 % m/v)
solution and for the salbutamol formulations with a methanol-miliQ water mixture (1:1
% v/v). To evaluate the feedback system with counting the capsule rotations and
calculating the frequency during actuation, flow rates of 100, 80 and 50 L/min and
actuation volumes of 0 - 4 L were applied. The FPFer was set as the response
parameter to compare the powder deagglomeration of the respective formulation at

different inhalation conditions.

On the outside of the inhaler, a coil (470 pH and 0.28 A, Conrad electronic stores
GmbH & Co.KG, Bonn, Germany) connected to the oscilloscope (PicoScope 2000,
2204 A, 2 chanel, Pico technology, Cambridgeshire, England, PC connected, 10 MHz)
was placed directly in the center of the extended side of the capsule compartment to
record capsule rotations during inhalation (Fig.11). All experiments were performed as

triplicates, unless reported otherwise.

RSO1 equivalent
side view

=

back view

Figure 11: Schematic representation of the experimental setup.
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9.2.5 Frequency measurement and evaluation of the feedback mechanism
The feedback system consisted of a neodymium magnet, the 3D printed magnet

holder, a coil and an oscilloscope connected with a PC. For counting and evaluating
the signals obtained, a self-made program (Microsoft Visual Studio 2019, 16.8;
programming language: C#) was established, which counted each peak and calculated
also the rotations per minute (rpm) and the resulting frequency. To set the experimental
conditions, a fixed threshold was defined for each flow rate, above which the signal

was counted as a peak.

To verify the hypothesis that this set up can record the rotations of the spinning magnet,
and to validate the analysis program so that the maxima and minima of voltage peaks
from the set threshold are counted, the magnet was placed on a stirring rod and set to
a fixed number of rotations and compared with the counted results of the analysis

program.

To analyze the voltage peaks received from the oscilloscope and to cross-validate our
programed counting system, a transparent and modified 3D printed Lupihaler (the
bottom part has a flat surface, the recess in which the capsule is pierced has been
omitted) was used to record the capsule rotations with a camera of a mobile phone
(Samsung Galaxy s20, 960 fps). A frame-by-frame analysis was performed to count
the rotations of the capsule and compare them with the number of respective induction

voltage peaks recorded by our feedback system.

9.2.6 Scanning electron microscopy
Samples were prepared by fixing with carbonaceous conductive paste on an aluminum

sample holder and coated with gold by sputtering for two cycles of two minutes each.
Subsequent imaging of the different formulations was performed in high vacuum using
a Hitachi SU - 3500 SEM (Hitachi Ltd., Tokyo, Japan). While the accelerating voltage
was set at 10 kV, the magnification and working distance for each sample were

adjusted as needed and can be found on the SEM images.

71



Improving capsule-based dry powder inhalers: A new in-vitro method of assessing
inhalation success conditions by tracking capsule rotation during actuation

9.2.7 HPLC analysis
For all formulations the quantification of the active ingredient was carried out with high-

performance liquid chromatography (HPLC) (Waters 2695 Separations Module) using
a RP18 column (Lichrospher 100 RP 18-5u EC, 250 x 4.6 mm). To detect the APIs, a
Waters 996 photodiode array detector was used and set to 337 nm in the case of
rifampicin, whereas salbutamol was detected at a wavelength of 275 nm. While the
column temperature for rifampicin was hold by 25 °C, the salbutamol sulphate was
analyzed at 40°C.

Although for rifampicin the mobile phase was a mixture of phosphate buffer pH
5.2/methanol/acetonitrile (33/50/17 % v/viv) and set to a flow rate of 1 mL/min [132],
the mobile phase for salbutamol consisted of a phosphate buffer pH 3.0/methanol
(80:20 v/v (%)) and was set to an isocratic flow rate of 1.4 mL/min. For salbutamol, the
limit of detection (LOD) and limit of quantification (LOQ) were calculated using the
values of the intercepts and the slope of the calibration curve. The LOD was calculated
to be 0.10 pg/mL, while the LOQ was found to be 0.32 pg/mL.

9.2.8 Statistics
To show statistically significant differences in relative powder deposition between the

magnet holder system and normal use of the instrument without the holder setup, the
results were compared using a one-way ANOVA (p < 0.05) (Prism 8.0.2, GraphPad

Software).

9.3 Results

9.3.1 SEMimaging of the tested formulations

While the Cyclocaps® and Ventilastin® formulations are formulated as binary mixture,
a spray-dried, carrier free rifampicin formulation was also tested with the new feedback
system. SEM pictures (Fig. 12a — c) show the shape and particle size of the three

formulations. For the rifampicin, micro particles are recognizable.
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30.0um

('
Rifampicin 10.0kV 5.5mm x2.00k SE 20.0um  Rifampicin 10.0kV 5.5mm x3.50k SE 10.0um

Figure 12: Scanning electron microscope images of the tested formulations: a =
Cyclocaps®, b = Ventilastin®, ¢ = spray-dried rifampicin for two different magnifications.

9.3.2 Establishing the new feedback mechanism
Figure S3 shows the alternating voltage induced in a coil by a neodymium magnet

rotating nearby, either on a stirring rod (a: 8 Hz) or after placement inside a capsule (b:
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40 Hz). The results confirm the idea that, first, the modified capsule rotates during
actuation despite the weight increase from 47.5 + 0.3 mg for an empty capsule to 206.8
+ 1.3 mg for the modified capsule and, second, with the experimental setup it is
possible to detect the voltage induced in a coil by the rotation of the magnet. The
transition from the maximum to the minimum voltage indicates the spin of the magnet
from the north to the south pole and reverse, where the magnitude of the amplitude
resulted from the speed of the rotating system. In comparison, the results show that
there were no differences in the considered waveform of the signals from these setups.
The time span between two maximum or minimum represents a full revolution of the
magnet, which would be equivalent to one full capsule turn in our following

experiments.

To verify the measuring principle that we detect the capsule rotation, a 3D printed
transparent Lupihaler equivalent was actuated and the capsule rotation during the
inhalation time was recorded for 6 experiments using the camera of a mobile phone.
Visual evaluation by counting the capsule rotations using single image analysis and
comparison with the number of peaks recorded by the oscilloscope in the same
experiments showed no differences (data not shown). Also, it could be seen that the
rotational velocity of the capsule slowed down somewhat after hitting the inhaler wall
and increased again due to the sustained flow rate, indicated in our recordings by a
randomly decreasing amplitude intensity combined with an increasing peak width.

9.3.3 Determination of the influence of the magnet holder geometry on the
deagglomeration of the rifampicin formulation using the Lupihaler device
The tested flow rate for this device of 100 L/min in figure 13 was chosen because it is

closest to actual European Pharmacopeia conditions at a pressure drop of 4 kPa (>
100 L/min) and is within the calibrated range of the NGI (30 - 100 L/min) [133]. The
NGI results indicate that a higher powder retention in the capsule is observed in the
case where the magnet holder was inserted. The FPFer for the different experiments
performed show that when the magnet holder was inserted, no differences are

observed compared to the experiment without the set up. Despite these similarities in
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the FPFer, differences in the powder deposition in the individual stages (cps — moc)
can be observed. Due to the greater similarities in the individual fractions compared to
the setup without the use of the magnet, magnet holder 1 was used for all of the

following tests.

no magnet_FPF-EF: 85.3 + 1.9%
MGH 1_FPF-EF: 84.3 + 1.8%

B MGH 2_FPF-EF: 85.1 +1.7%

B MGH 3_FPF-EF: 86.6 + 1.5% '

stages

Figure 13: NGI results with the Lupihaler device and the spray-dried rifampicin using
this setup normally (without magnet system) and with different magnet holders for an

air flow of 100 L/min and an actuation volume of 4 liter, (*p < 0.05, one-way ANOVA).

9.3.4 Correlation between capsule rotation/the rotating frequency, the actuation
volume and the FPFer
The results in figure 14a, b show that the feedback system works independently of the

formulation placed inside the capsule. The correlation coefficients indicate that it is
possible to detect any changes in airflow during inhalation, whether it is the duration or
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the applied flow rate of the actuation. Comparing the number of capsule rotations and
the calculated rotation frequency for the different formulations tested, it is noticeable
that despite a powder filling weight of 60 mg for the two binary mixtures and only 10

mg for the rifampicin, the same values are obtained for the given actuation volume.
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Figure 14. a: Correlation of the average of the capsule rotations and the actuation
volumes independent of the applied flow rate and b: Correlation of the average of the
calculated rotation frequency and the applied flow rate independent of the actuation

volume for the different formulations (A = Cyclocaps®; B = Ventilastin®; C = Rifampicin).

76



Improving capsule-based dry powder inhalers: A new in-vitro method of assessing
inhalation success conditions by tracking capsule rotation during actuation

Figure 15a shows, in addition to the tested air volume of 1 - 4 liters, a correlation
between the number of capsule rotations and the actuation volume over a range of O -
4 liters for the tested flow rates to verify the number of rotations at the beginning of an
inhalation. The results also show a linear relationship when smaller volumes than 1

liter are considered.

To analyze the change in the rotation frequency for each flow rate from the start of an
inhalation to the end of actuation, the frequency was calculated every 0.05 liters from
the starting point to a volume of 0.35 liters and then every 0.33 liters until the end of
inhalation after reaching 4 liters. The results show that the rotational speed of the
capsule increased in the first 0.35 liters, regardless of the applied flow rate, until the
maximum rotational speed for that flow rate was reached. Once the specified inhalation
volume was reached, the capsule rotated at a constant speed for the respective air

flow over the entire inhalation period (Fig. 15b).
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Figure 15: a: Correlation between the capsule rotations and the actuation volumes over
the area from O - 4 liter; b: Determination of the rotation frequency for a defined duration
interval for an inhalation volume of 4 liter and applied flow rates of 50, 80 and 100
L/min (n = 10).

The results in figure 16a for the Cyclocaps® formulation indicate that at an actuation
volume of 2 liter, the powder deagglomeration behavior was disturbed and resulted in
a higher powder deposition in the pres. Comparing this with the results obtained after
actuating the device at 80 L/min, similar powder aerosolization characteristics are
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observed at an actuation volume of 4 liters (Fig. S4). At the lowest flow rate of 50 L/min,
a high deposition of the powder in the pres of 50 - 60 % is observed depending on the
applied actuation volume (Fig. S5).

In the case of Ventilastin®, it should be noted that the deagglomeration of the powder
at a flow rate of 100 L/min was independent of the air volume actuated (Fig. 16b).
Comparing this with the results for 80 and 50 L/min, an increased powder deposition

in the pres from 60 to 80% is observed with decreasing flow rate (Figs. S6, S7).

For the rifampicin (Fig. 16c), higher powder deposition in the DPI is observed when the
actuation volume was reduced, which is reflected in a lower FPF (Fig. 16f). Comparing
this to the results for the other two flow rates, a higher deposition in the DPI and also
in the pres at 80 and 50 L/min can be seen, regardless of actuation volume (Figs. S8,
S9). In addition, higher powder retention in the capsule is shown when the magnet

holder assembly was placed in the capsule.

The results in figure 16d - f indicate that the device deagglomerated the powder
similarly at an air flow of 100 and 80 L/min in the case of the rifampicin or Cyclocaps®
formulation, respectively. Linear correlations are observed between the number of
capsule rotations and the FPFer for the respective flow rates, with larger correlation
coefficients calculated for formulations with good aerosolization properties reflected in
a high FPF.
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Figure 16: NGl results of the different formulations (a = Cyclocaps®; b = Ventilastin®; ¢
= rifampicin) by using the Lupihaler device for different actuation volumes (2 - 4 liter)
and a tested flow rate of 100 L/min; Correlation between the FPFer and the number of
capsule rotations obtained from the NGI experiments (d = Cyclocaps®; e = Ventilastin®;

f = rifampicin) for the actuation volumes tested at different flow rates.
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The results in figure 17 show that the FPFer depends on the flow profile generated. It
was found that inhalation with a higher number of capsule rotations combined with a
high rotation frequency resulted in increased FPFer and is represented by colored
arrows. Using the Cyclocaps® formulation as an example to compare the influence of
the number of capsule rotations or frequency on the FPFer obtained, the rotation
frequency had a greater influence, as the FPFer increases from 14% at the lowest
frequency tested to 26% at the highest frequency. When considering one frequency
and observing the influence of the number of capsule rotations on the FPFer, no
significant differences were found (Figs. 16d, 17a). Also, two different aerosolization
profiles are recognizable. The first one is represented by the higher flow rates of 80
and 100 L/min, resulting in a FPFeF around 24%. The second shows the trend of the

low flow rate leading to a FPFer of 16% as the maximum.
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Figure 17: 3D correlation between the FPFer [%], number of capsule rotations and the

resulting frequency [Hz] for the different formulations (a = Cyclocaps®; b= Ventilastin®;
¢ = rifampicin) obtained from the experimental set.
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9.4 Discussion
To increase the therapeutical success for inhaled therapy, a new feedback mechanism

for capsule-based DPI was developed due to insufficient possibilities for patients to
monitor the inhalation performed with marketed devices [134,135]. Considering that
the deagglomeration of the powder in this class of devices depends mainly on the
inhalation profile and the associated movement of the capsule, the aim of this study
was to determine the number of capsule rotations and the rotation frequency as

surrogate parameters for the flow profile applied.

Since both, the number of capsule rotations and the frequency were similar for all
tested formulations, the rotation was not influenced by the powder filling weight in the
capsule. Since the modified capsule had a higher weight compared to an empty
capsule, this resulted in a reduced rotation speed and frequency of the capsule during
actuation, but this had no influence on the deagglomeration behavior of the device for
the powder. It follows that a rotational frequency of 70 Hz, measured with an
unmodified capsule when actuated with an RS01-equivalent device at 100 L/min, is
not required to achieve a high FPF for the formulation in question [136]. On the
contrary, it can be argued that satisfactory in vitro results can be obtained with
inhalation resulting in a capsule rotation frequency of 40 Hz, which was measured with
the setup shown. Although no differences were observed for the FPFer obtained from
the NGI experiments performed with and without the modified capsules, all holders
used have in common that a higher powder retention in the capsule in the case of
rifampicin was detectable. This could be explained by the additional surface of the 3D
printed geometries. Nevertheless, the NGI results for the different flow rates in
combination with the actuation volumes performed with all formulations underlines that
the geometry of the inserts can be designed in a way that does not influence the
emptying behavior significantly. Since the holder system was placed in the center of
the capsule and the powder was filled into the recesses of the two halves of the
capsule, it can be concluded from the unaffected powder deagglomeration and the low
retention inside the capsule, that the powder leaves the capsule at the respective

insertion points and does not have to cross the capsule during powder ejection.
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The results of the experiments are consistent with the observations of a previous study,
which postulated that when using a DPI, the powder retention in a capsule during
actuation decreases with increasing flow rate, and furthermore, that no significant
differences in powder deagglomeration are observed at flow rates of 75 L/min or higher
[137].

It was shown that the capsule does not rotate at maximum speed for the entire
duration, but an increase in speed was observed in the first milliseconds, which is due
to the dead volume of the NGI of about 2 liters [138]. Because NGI results for actuation
volumes less than 1 liter would not be meaningful due to dead volume and would
confound the observed correlations between FPF and capsule rotations, these data

were not presented.

Based on the determined linear relationships between the number of capsule rotations
and the actuation volume, as well as the frequency and the applied flow rate, the
sticking of the capsule in the inhaler during inhalation would be detected and could be
taken into account during the evaluation, so that an assessment of the actuation
conditions and furthermore a statement about the quality of the inhalation process in

vitro performed could be made.

For a formulation that has been characterized for different actuation volumes and flow
rates, and for which the variables (number of capsule rotations, frequency and FPFegr)
have been correlated for the in-vitro tests, this system offers the possibility to show at
what point a therapeutic success can be expected. For this purpose, a threshold value
can be set for the respective parameters based on the determined correlations, as
indicated by the colored dashed line for the frequency in figure 16. For all formulations
tested under the mentioned conditions a minimum frequency for the capsule rotation
of approximately 25 Hz is needed to achieve therapeutical success, since the FPF
does not change dramatically above this threshold value. The threshold was set so
that the actuated volume is not critical to achieving the target FPF values. Although
this system is suitable for in-vitro studies, the therapeutic effect would need to be re-
evaluated under in-vivo conditions, as linear correlations between critical parameters

cannot be established in patients based on their respiratory profile, as the patient does
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not inhale constantly with the same airflow over a defined time interval, but reaches a
maximum inhalation followed by a flattening of the airflow. The interactions of the
above parameters would need to be determined for the particular respiratory profile in
order to define thresholds at which inhalation should be considered successful. Instead
of FPF, which was chosen as the response parameter in this experimental setup, the
extent of bronchoconstriction or disease exacerbation would be a more realistic

parameter under in-vivo conditions to analyze the relevance for pulmonary treatment.

Nevertheless, this feedback system should be more optimized as it is a cost-effective
tool and for a marketed system, a formulation dependent threshold for the flow rate
and the capsule rotations could be set from which an inhalation can be assess as
successful. Such an electronic device, in combination with a suitable cell phone app,
could provide feedback to the patient immediately after actuation as to whether the
inhalation was successful or whether a further dose needs to be administered. In the
longer term, this would increase patient adherence and promote patient health by
allowing better control of lung disease therapy. By recording the capsule rotations and
automatically evaluating the inhalation, the physician's personal training to detect
patient errors can be reduced. By connecting to the cell phone, all inhalation
applications for a treatment interval can be stored, making it easy for the clinician to
check the patient's compliance with the treatment and track the patient's inhalation
progress, whether the patient is inhaling with increasing and sufficient duration and
force. Whether the patient is properly medicated could be assessed by the frequency
of capsule rotations and the inhalation time per inhalation for an interval. Deterioration
in disease progression would be reflected in a lower number of capsule rotations or a
lower frequency of rotations during an inhalation because the patient would not be able

to produce the same flow rate over the inhaler as at a time in better health.

9.5 Conclusion
A new feedback mechanism for a capsule-based DPI has been introduced. Based on

the correlations determined in the experiments for the critical parameters, it was shown

that the velocity and duration of capsule rotation can be favorable surrogate
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parameters for evaluating the success and quality of an inhalation performed. Since
the experimental setup evaluates the feedback measurement principle, industrial
approaches could use this feedback method. A modified capsule, in which one half of
the capsule has a magnetic dipole moment, would not only replace the installation of
the magnet holder system in the capsule, but also lead to a lower capsule weight and
thus to higher rotational frequencies. This would eliminate the additional interactions
between the powder and the magnet holder system that occurs with the prototype
used, and would not affect powder retention in the capsule. It would also be
conceivable to have an inhaler on a two-capsule basis, in which the magnet unit is
installed in one capsule and the revolutions are counted here during inhalation, while
a second capsule contains only the powder formulation for treatment. This could also

avoid the additional powder retention in the capsule.
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10. Conclusions and future perspectives
In general, this work has shown that there are several innovative methods to improve

the pulmonary delivery system that could improve pulmonary therapy. Starting from
the topic of DPI formulations, it has become apparent that novel options are available
for the development of powder formulations that could result in particles with suitable
aerodynamic properties and, when commercialized, result in higher pulmonary
targeting compared to the state of the art. It is well known, and has also been shown
in this work, that while interactive mixtures of milled drug and carrier particles result in
high emitted fractions, a large portion of the formulation also settles in the preseparator
and is thus not available for therapy and may also increase the potential for side
effects. This shows that despite the advantages of easy preparation or high storage
stability, this type of formulation technique is not ideal from the patient's point of view
to achieve high powder deposition in the lungs. On the basis of this, novel formulation

strategies should be used in industry.

First, it was shown that the spray-drying method seems to be suitable to produce a
particle formulation with excellent aerosolization behavior when different DPIs are
used, and that it is advantageous over milled particles. Since particle properties such
as size, shape, density, and moisture can be controlled, the particles can be designed
to meet the requirements for suitable aerodynamic behavior. Since these formulations
result in low powder deposition in the IP or preseparator in-vitro, they should
theoretically minimize the potential risk of side effects that could occur due to powder
deposition in the oropharyngeal region. Despite the higher powder retention in the
capsule or device compared to commercially available mixtures, this type of
formulation should be used in future delivery systems brought to market. Although
more powder sticks in the mentioned compartments, it also has the advantage that the
powder hangs there and not in the IP and preseparator area, which would lead to less
side effects in-vivo, too. The high powder retention in the device and in the capsule
can be explained by the similar geometric particle size as after milling, so that cohesive
interactions also occur here. Since the particle size can be controlled, resulting in a
narrow size distribution, and the particles produced by spray-drying mostly have a
spherical particle shape, these cohesive interactions between these particles could be

weaker, since the number of possible contact points between round particles should
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be as small as possible. Thus, these formulations appear to deagglomerate more
readily because these weaker cohesive interactions can be overcome by the DPI upon
release, allowing large quantities of particles with the correct aerodynamic particle size
to enter the lungs and more drug to be available at the site of action. Ultimately, this
leads to a reduction in the dose of drug that must be administered to achieve
therapeutic effects. For all active ingredients spray-dried in the various studies, it was
found that, in contrast to standard and commercial formulations, a higher fine particle

fraction of well over 30% was achieved.

Comparison of the two formulation development methods indicates that the formulation
using spray-dried particles reaches the lungs in-vitro better than the formulations
developed using the traditional approach. Since there is the disadvantage of high
powder retention in the device and capsule, the idea arose to combine both methods.
Testing of the formulation of amoxicillin mixed with the lactose carriers showed
improved powder ejection when actuated with different DPIs. Tests of interactive
mixtures consisting of either milled or spray-dried rivaroxaban with lactose showed that
the spray-dried drug carrier formulation resulted in a higher FPF when both
formulations were actuated with the mentioned DPI. Accordingly, an important
parameter could be the spherical particle shape of the spray-dried particles, making
them easier to detach from the carrier particles due to the lower number of contact
points associated with a spherical shape. Since the milled particles have a more
undefined and heterogeneous surface, there may also be more mechanical anchoring
with the carrier particles, which also increases adhesive particle interactions. The
deagglomeration behavior of the device is therefore only sufficient to separate the
spray-dried active ingredient in large quantities from the lactose, which can thus enter
the stages. Further studies should therefore investigate the properties of the spray-
dried particles that influence the aerosolization behavior of such interactive blends.
The mixing ratio between the active ingredient and the carrier should also be
investigated in the future, since only a fixed mixing ratio without modification was
selected in the experiments carried out. This should influence the overall aerosolization
behavior of the formulation. While at a mixing ratio of 1:99 (drug:carrier) the properties
of the carrier should predominate, so that, for example, a large amount of powder

would settle in the preseparator, since this is the area where the large carriers normally
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deposit, a quantitatively increased amount of drug should also affect the aerosolization

behavior of the final formulation.

However, the flowability of this type of formulation is worse when small particles are
used, so a suitable method for powder filling into the capsule needs to be developed,
which may be a challenge for the future. Another aspect is the storage stability of the
drug, as spray-drying often results in amorphous particle properties instead of
crystalline active ingredients. Depending on the mechanism of action in the lung,
altered modification of the active ingredient could result in an adverse therapeutic

effect or no therapeutic effect at all.

When considering the drugs used in the various chapters of this thesis, it is apparent
that instead of the classic agents used for classic lung diseases, emphasis was placed
on novel strategies. Since most formulations currently on the market contain drugs for
asthma or COPD therapy, there is growing interest in delivering antibiotics or using the
lung as an absorption route due to its large surface area for delivery of various drugs

not directly intended for these types of diseases.

For this purpose, rifampicin and amoxicillin were integrated as antibiotics, whereas
rivaroxaban was chosen as an antithrombotic for pulmonary embolism, as oral therapy

Is currently the state of the art.

As discussed in chapter three, the administration of anticoagulant drugs via the lungs
appears to be of interest for the future. Since a rapid onset of action can be expected
within 5 minutes after application, it seems logical to use this type of therapy in
pulmonary embolism rescue. An example of this is the scenario of Covid-19 patients
who are at increased risk for developing pulmonary embolism; inhaled rivaroxaban
may be a future option to directly address efficacy and minimize adverse side effects.
Another advantage of this administration routine is that it is painless for patients
compared to commercially available anticoagulants, where the formulation is often
administered with a pen and needle, leaving many patients unable to self-administer
the necessary medication due to anxiety about the actual application. Therefore, it
seems logical that taking the drug by deep inhalation might be a more patient-friendly
method that could lead to better treatment adherence.
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Also of interest is the manner in which the pulmonary formulation can be tested in-vivo
and was demonstrated in this work. Since a rat does not inhale the formulation as
humans do in a clinical trial, the development of the DP insufflator is a step in the right
direction to test such formulations in preclinical studies in the future to estimate the in-
vivo dissolution and bioavailability of the drug after deposition in the lung. In this way,
initial data could be obtained to show whether the particular formulation could lead to
therapeutic success or failure. With such a tool, in addition to the classical formulation
tests in-vitro with an NGlI, which evaluate the aerodynamic behavior in a first step, more

realistic statements can be made about the possible extent of therapy.

Apart from the development aspect of the formulations, there are currently many drugs
for the treatment of classical lung diseases, but all formulations have more or less the
same problem, namely insufficient powder deagglomeration by the device. In reviewing
DPIs from the past to the present, this work has shown that while there has long been
a plateau in novel DPI technologies and developments, progress has generally been
made in recent years in delivering comparable higher amounts of drugs to the lungs or
in improving patient safety. With respect to DPI and deagglomeration concepts, it has
been shown in the various chapters that there are several ways to overcome this
problem and produce fine particle fractions above 30%, which are normally obtained
with these insufficiently aerosolizable interactive blends. Although many aspects
influence the process of powder aerosolization, it seems clear that simple DPIs with
no suitable deagglomeration concept are not sufficient to achieve suitable therapeutic
success. This is reflected, on the one hand, in the idea of adding external sources for
powder deagglomeration and, on the other hand, in the concept and structure of the
novel DPI presented in the various chapters, which can be decomposed into four main
parts showing the complexity of future DPI designs for generating forces for powder
aerosolization. Rather, the thinking should move away from the stand that the DPI is
just a piece of plastic for delivering the powder and the focus is thus only on formulation
optimization. The development of high performance equipment could be a challenge

for the future, which also offers opportunities for better powder delivery.

It has been shown that novel deagglomeration concepts that deviate from the known

and previously described concepts can lead to increased deposition of particles in the
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lungs. While in the past DPIs had more or less the same basic design and the focus
was on developing the formulation, today one focus is on optimizing the device, which
inevitably leads to a better understanding of how the device works and how it interacts
with the formulation. This led to the fact that each component used throughout the DPI
makes a specific contribution to improving the inhalation process. The movement of
the capsule, the airflow within the unit, the dimensions of the mesh and the air ducts
are now of growing interest. Sometimes an additional classifier is also installed to
increase the interactions between the particles or the particles and the device. During
equipment development, flow simulations are carried out to evaluate the device
aspects in relation to powder delivery. Since it has been shown that devices with a high
intrinsic resistance to the air flow result in powder deagglomeration and delivering that
is more independent of the flow rate applied, compared to devices with a low
resistance, the future development of this type of device seems logical. Delivering a
constant and consistent amount of the drug could minimize the influence of the patients
and their diseases on the therapeutic outcome, so that a person suffering from COPD,
who is not able to generate the same inspiratory force as a healthy person, receives
the needed drug in an appropriate amount. Increasing the intrinsic resistance of the
DPI could also be a way to increase turbulent flow and deagglomeration forces within
the device, as intrinsic resistance results from device geometry, air channel thickness,
and the use of different tools that could further interact with the particular formulation.
This could be one reason why high intrinsic resistance devices result in fine particle
fractions that are independent of the flow rate applied.

On the other hand, it has been shown that, in addition to the tools installed in the novel
DPI to improve powder deagglomeration, the surface properties of the DPI have a
significant influence on powder retention in the device and powder deagglomeration.
While various mechanisms are described in the literature that could lead to retention
of the powder in the device, there is as yet no way to overcome this problem and thus
no commercially available coating for DPI surfaces. In the last decade, different
approaches have been taken to increase the emitted fraction. In light of the results
described in chapter 7, the overall manufacturing process should be reconsidered for
future device development. Since surface texture has been shown to have a major

influence on powder retention, future studies should focus on this topic to answer the
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guestion of which dimensions of surface roughness affect powder deposition and
which method is suitable to meet the set goals. Although nanometer-scale surface
roughness affects powder aerosolization, micrometer-scale surface roughness could
have a greater impact on powder deposition, considering that commercial formulations
have micrometer-scale particle size. Since it has been demonstrated that proper
surface texture can minimize powder retention, a higher emitted fraction could be
achieved, making a greater amount of drug available for pulmonary therapy. For an
industrial approach, a process should be used and evaluated where only the surface
texture is changed, not the chemical properties, so that different size ranges of the
texture can be tested. An interesting approach is also whether the particle size has an
influence when working with a DPI with rough surface properties. Whether there is an
ideal scale of the surface texture or whether it has to be adapted to the particle size of
the respective formulation should be clarified in the future. A device that results in
comparatively lower powder retention due to the surface structure could make the use
of carrier particles unnecessary, since adhesion of the powder inside the device and a
simultaneous poor flowability due to cohesive powder properties can be overcome.
Thus, the drug particles do not have to detach from the carriers during actuation, and
a poor deagglomeration concept of the device would not lead to a high drug deposition

in the oropharyngeal region.

While the described benefits for formulation and device development only address the
options and opportunities for the pharmaceutical industry to improve pulmonary
treatment, marketing a device with a suitable deagglomeration concept in a fixed
combination with an easily aerosolized formulation does not guarantee successful
therapy. Therefore, DPIs currently marketed and in development are vulnerable and
dependent on the inspiratory flow profile that the patient can achieve during inhalation.
Until there is a solution to control the patient factor, the development of an ideal device

will not be possible.

While in the early days of pulmonary powder delivery, the focus was on the formulation
and the device as a simple delivery tool, it is now known that the patient has a major
influence on the success of therapy. Therefore, delivery systems should be designed

so that the patient knows that he or she has taken the required dose. Supportive
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feedback mechanisms in the age of digitalization are of growing interest here. The
prototype for feedback the capsule movement and also the inhalation maneuver could
be a step to improve patient safety. The development of an intelligent DPI using this
feedback system with the magnetic capsule system and the connected oscilloscope,
presented in chapter 9, has shown that progress can also be made on the subject of
patient safety. Since only the movement of the capsule is detected and this depends
on the actuation process of the patient, this system is not disturbed and affected by
ambient noise or the sticking of the capsule in the inhaler during inhalation, which
would lead to deteriorated powder deagglomeration. It can be concluded that inhalation
therapy can be influenced independently of the selected feedback mechanism, as the
patient's influence on powder aerosolization can be controlled to a certain extent, since
the inhalation maneuver can be evaluated as a whole. Ultimately, the use of smart
devices involves the patient to a large extent in the actual inhalation process and also
in the handling, as all information is directly available to the patient.

In summary, progress has generally been made on the three main factors affecting
lung therapy. Different approaches have been demonstrated for each topic, indicating
that a new era of powder delivery to the lung has been initiated. Since this topic is of
increasing interest today, several innovative delivery systems may be approved in the
future, whether the device, formulation, or specific additives are critical. While in the
past the goal was to deliver the drug to the lungs, which initially resulted in low powder
deposition, the requirements to treat more disease areas via the lungs and the aspect
of patient safety are forcing the pharmaceutical industry to bring highly efficient delivery

systems to the market.
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13.1 Graphical abstract
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13.2 Abstract
Commercially available dry powder inhalers (DPIs) are usually devices in a fixed

combination with the intended formulation, and a change in medication by the
physician often forces the patient to use a different device, requiring the patient to
relearn how to use it, resulting in lower adherence and inadequate therapy. To
investigate whether DPIs can achieve successful outcomes regardless of the
formulation and flow rate used, a novel DPI and two commercially available devices
were compared in vitro for their deagglomeration behavior for different binary blends
and a spray-dried particle formulation. The results demonstrate that the novel device
achieved the highest fine particle fraction (FPF) regardless of the formulations tested.
In the binary mixtures tested, the highest emitted fraction was obtained by shaking out
the powder due to the oscillating motion of the capsule in the novel device during
actuation. For DPIs with high intrinsic resistance to airflow, similar FPFs were obtained
with the respective DPI and formulation, regardless of the applied flow rate.

Additionally, the development and use of binary blends of spray-dried APIs and carrier
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particles may result in high FPF and overcome disadvantages of spray-dried patrticles,

such as high powder retention in the capsule.

13.3 Introduction
Dry powder inhalers (DPIs) are widely used for the therapy of lung diseases such as

asthma, chronic obstructive pulmonary disease (COPD), or bacterial infections
[88,133]. To achieve a sufficient therapeutic effect by deposition of the powder in the
lower respiratory tract, the powder particles should have an aerodynamic diameter of
<5 um [29]. For this purpose, special manufacturing processes such as jet-milling of
the active pharmaceutical ingredient (API) are used in the pharmaceutical industry to
produce micronized particles in the inhalable size range [30,31,139]. However,
increasing the total particle surface area by this technology often results in very
cohesive particles that have poor aerosolization efficiency and flowability [33]. To
overcome this problem and produce flowable and deagglomerable powder
formulations, various formulation techniques are used, such as mixing the jet-milled
particles with large carrier particles (e.g., lactose) to form interactive blends [34,106].
This method of formulation is preferred in the pharmaceutical industry due to the
resulting high storage stability of the crystalline APIs [32]. In the case of particle
engineered approaches, such as spray-dried particle formulations, the device should
overcome the cohesive particle interactions during inhalation [103]. Apart from the
formulation’s characteristics, it is known that the success of therapy with passive
breath-actuated DPIs depends mainly on the physiological conditions of the patient
and the inhalation profiles generated [60]. Inhalation performed with insufficient
respiratory force and duration results in an unintentionally low emitted dose with
insufficient powder deagglomeration and thus insufficient therapeutic success [61,62].
Since a COPD patient cannot achieve the same inspirational flow profile as a healthy
person, this leads to decreased deposition of the powder in the lungs. To counteract
this problem, high intrinsic resistance devices are being developed that should deliver
the same amount of aerosol regardless of airway resistance and applied inhalation
flow rate [65,88,89]. In addition to the aforementioned inhalation properties of the

patient, the delivered powder fraction and the resulting aerodynamic properties of the
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aerosol are also related to the device properties, which include the opening mechanism
of the capsule being used, the movement of the capsule (vibration, rotation, shaking),
and the interaction between the powder, the capsule, and the inhaler wall [140]. The
size and position of the holes pierced in the capsule also influence the aerosol
properties [141].

Since the success of inhalation depends on many factors, as described, marketed
delivery systems are designed as combination products consisting of the formulation
and the DPI to minimize the number of potential sources of error. The formulation and
the device are designed to work together to achieve a satisfactory therapeutic effect
[56,57]. This results in a marketed formulation being prescribed by the physician only
with the inhaler intended for it and patients having to relearn how to use a different
inhaler when they change medications, which could affect treatment adherence [124].
Since different inhalers result in different deagglomeration of the same powder,

developing and marketing a generic device is challenging.

To investigate what the current market looks like, the study compared three capsule-
based DPIs. Due to geometry and airflow, each unit has a different capsule motion and
consequently a different mechanism for deagglomerating the powder. The study was
designed to show which deagglomeration unit provides the highest fine particle fraction
(FPFroer = fraction of particles with an aerodynamic diameter < 5 um of the total
dose/emitted fraction) regardless of the formulation tested and actuation conditions
used. To determine the influence of capsule movement on powder ejection and the
number of particles that can potentially reach the lungs, devices with axial capsule
vibration (Handihaler® (Boehringer Ingelheim, Ingelheim am Rhein, Germany)),
capsule rotation (Lupihaler® (Lupin Limited, Mumbai, India) = RS01 equivalent device),
and oscillating capsule movement (Presspart prototype DPI = PP-DPI) were compared
(Fig. 18) [63,64]. While the Handihaler® and Lupihaler® DPI are marketed devices that
are well-known and extensively described, the Presspart prototype DPI is a novel
capsule-based device. In order to analyze the “applicability of the devices for different
formulations”, a series of drug formulations developed with different formulation

techniques were tested. While the marketed formulation Cyclocaps® (PB Pharma
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GmbH, Meerbusch, Germany) is an interactive blend of micronized albuterol sulfate
and alpha lactose monohydrate, a spray-dried rifampicin formulation was also tested
[132,133]. To demonstrate the potential use of carrier particles for spray-dried API
particles, a spray-dried batch of amoxicillin was mixed with Inhalac 251® (MEGGLE
GmbH & Co. KG, Wasserburg am Inn, Germany) (ratio 1:24) in a further step to form
a binary mixture, which was aerosolized using the above inhalers. To demonstrate the
potentially flow-profile-independent deagglomeration behavior of the selected DPIs for
the tested formulations, 50 L/min was selected as the low flow rate and 100 L/min as
the high flow rate. These settings were also chosen because they closely approximate
the actual flow rates of the low (Lupihaler) or high intrinsic resistance (PP-DPI,
Handihaler) devices used in this study at a pressure drop of 4. To analyze the
deagglomeration behavior of the devices for each formulation, in addition to the relative

powder deposition in each stage, the FPFtp/er was compared.
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Figure 18: Schematic representation of the tested dry powder inhalers (DPIs) and the
possible capsule movements that can be achieved in the various DPIs during
inhalation. Modified from [22, 23].

13.4 Materials and Methods

13.4.1 Materials

The albuterol sulfate—alpha lactose monohydrate formulation (Cyclocaps®) (PB
Pharma GmbH, Meerbusch, Germany) was purchased from a pharmacy. For spray-
drying, rifampicin and amoxicillin were ordered from TCI (Tokyo, Japan). Except for
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water, which was purified in-house (Merck-Millipore Biocel A10, Burlington, MA, USA),
all other solvents were HPLC grade. Inhalac 251® was a kind gift from MEGGLE GmbH
& Co. KG (Wasserburg am Inn, Germany). The Lupihaler® devices (Lupin Limited,
Mumbai, India) were purchased from a pharmacy in India. The Handihaler® and
Presspart prototype DPI inhalers were gifts from Boehringer Ingelheim (Ingelheim am

Rhein, Germany) and H&T Presspart (Blackburn, United Kingdom), respectively.

13.4.2 Spray-Drying of the Rifampicin and Amoxicillin APIs
Rifampicin was spray-dried as described in [132]. Briefly summarized, the drug was

suspended in ethanol (38 mg/mL) and sonicated in an ultrasonic bath (Typ DT 106,
Bandelin electronic, Berlin, Germany) under controlled temperature conditions (25 °C)
for 10 min. To keep the temperature constant during the water change, a thermostat
(DC 10, Haake Technik GmbH, Vreden, Germany) was used. A B-290 spray-dryer
equipped with a high-performance cyclone, a B-296 dehumidification unit, a B-295 (all
Buchi, Flawil, Switzerland) inert loop, and an anemometer (AF89-AD1AA13COAA,
Fluid components Intl. San Marcos, CA, USA) was used for spray-drying under inert
atmosphere (N2). A modified three-fluid nozzle (Buchi, inner channel blocked) was
used to atomize the suspension. During the entire manufacturing process, the

suspension was constantly stirred.

For spray-drying of amoxicillin, the same spray-drying equipment was used. Prior to
the spray process, 2 g of the APl was dissolved in 185 mL MeOH, and the solution
obtained was spray-dried (Tab. S3).

13.4.3 Mixing the Amoxicillin—Lactose Binary Blend
To generate the binary mixture, the spray-dried active ingredient was mixed with the

carrier lactose monohydrate (Inhalac 251) in a ratio of 1:24. For this purpose, both
materials were mixed in a sequential mixing process using a Turbula Mixer (Willy A.
Bachofen, Muttenz, Schweiz) at 46 rpm for 5 min per mixing step until the mentioned

mixing ratio was achieved.
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13.4.4 Airflow Resistance of the Various DPIs
In order to measure the pressure drop across the devices and calculate the intrinsic

resistance to airflow, each DPI was connected with a suitable adapter to a Dosage Unit
Sampling Apparatus (DUSA), and that was connected with a flow meter (DFM 2000),
a critical flow controller (CFC) (TPK 2100-R) and two vacuum pumps (HCP 5, all
Copley Scientific Limited, Nottingham, United Kingdom). The pressure port of the
DUSA was connected to the pressure port of the CFC. Measurements were made with
a pressure drop from 1 to 8 kPa, and the specific resistance to airflow was calculated
from the linear relationship between the square root of the pressure drop and the

resulting flow rate (Fig. S10).

13.4.5 Test Procedure for the Aerosol Classification with the Next-Generation
Impactor
While the Cyclocaps® capsules (albuterol sulfate—lactose) were purchased ready

dosed, 5 mg of the rifampicin formulation and 30 mg of the amoxicillin—-lactose blend
formulation was filled into size 3 gelatine capsules. A Next-Generation Impactor (NGI)
(Copley Scientific Limited, Nottingham, United Kingdom) was used to characterize the
aerosol properties of the different formulations actuated with the different devices. Prior
to the experiments, each cup was coated with a 1% glycerol-methanol (m/v) solution,
and 15 mL of the diluent was placed in the preseparator unit. For analyzing the powder
de-agglomeration behavior of the DPIs, the particles were dissolved from each stage
(capsule—-MOC). While a water—-methanol mixture (1:1% v/v) was used for albuterol
sulfate and amoxicillin, rifampicin was dissolved in a solution of ascorbic acid in
methanol (0.5% m/v). Flow rates of 50 and 100 L/min and an actuation volume of 4 L
were used to compare the different devices in terms of aerosolization properties for the
respective formulation. Unless otherwise reported, all experiments were performed in

triplicate.
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13.4.6 Scanning Electron Microscopy (SEM)
The samples were sputter-coated with gold for two cycles of two minutes each after

being fixed with carbonaceous conductive paste on an aluminum sample holder. Sub-
sequent imaging of the different formulations was performed in a high vacuum using a
Hitachi SU-3500 SEM (Hitachi Ltd., Tokyo, Japan). While the magnification and
working distance for each sample were set as needed and are reported in the SEM

images, the accelerating voltage was set to 5 kV for all samples.

13.4.7 High-Performance Liquid Chromatography Analysis
Quantification of the active compounds deposited in the different NGI stages was

performed by high-performance liquid chromatography (HPLC) analysis (Shimadzu,
LC-2030C 3D Plus, Kyoto, Japan) using an RP18 column (Lichrospher 100 RP 18-5u
EC, 250 x 4.6 mm). To detect the APIs, the photodiode array detector was set to 337
nm for rifampicin, 275 nm for albuterol sulfate, and amoxicillin was detected at a
wavelength of 230 nm. The mobile phase for both binary mixtures consisted of
phosphate buffer/methanol (80:20 v/v (%)), and the buffer was adjusted to pH 3.0 in
the case of albuterol sulfate and pH 4.0 for the amoxicillin. An isocratic flow of 1.4
mL/min (albuterol sulfate) or 1.0 mL/min (amoxicillin) was applied. For rifampicin, a
flow rate of 1 mL/min of a mixture of a phosphate buffer pH 5.2/methanol/acetonitrile
(33/50/17% v/viv) was set. With the exception of rifampicin, which had a column
temperature of 25 °C during quantification, the other active ingredients were analyzed
at 40 °C. The limit of detection (LOD) and limit of quantification (LOQ) were calculated
using the values of the intercepts and the slope of the calibration curve. For albuterol
sulfate, the LOD and LOQ were determined to be 0.36 pg/mL and 1.08 pg/mL,
whereas, for amoxicillin, the LOD and LOQ were calculated to be 0.97 pg/mL and 2.94
pg/mL. For rifampicin, the LOD was 0.30 pg/mL, and the LOQ was 0.90 pg/mL [132].

13.4.8 Statistics and Data Processing
To determine statistically significant differences in relative powder deposition in the

different stages of the NGI (capsule—MOC) after actuation with different DPIs, results
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were compared using rank-sum ANOVA followed by Dunn’s test (p < 0.05) (Prism
8.0.2, GraphPad software). The choice of a hon-parametric test was mainly based on
the rather limited sample size of n = 3 in order to increase the robustness of the
statistical decision, although all data were normally distributed. The NGI plots show the
relative powder deposition in the different stages. The error bars indicate one standard
deviation. Cumulative undersize plots from S1 to MOC were created and linearized by
log transformation of the stage boundaries and probit transformation of the relative
abundances. For calculating the fine particle fraction, a linear regression model was
used (FPFroer (fraction of particles with an aerodynamic diameter < 5 um of the total
dose/emitted fraction)), as described in USP <601> [81].

13.5 Results
The Presspart prototype DPI can be classified into a top and a bottom unit. While the

upper unit consists of a mouthpiece, a mesh, and a classifier, the lower unit is
composed of the capsule chamber, the air inlet, and two buttons, each with a needle
for piercing the capsule and the housing. Similar to the RS01 equivalent device, the
capsule is placed horizontally in the capsule chamber and pierced from both sides,
creating centered holes at the top and bottom of the capsule body. The air inlet is
located below the capsule chamber, and a separator in the center of the inlet divides
the airflow into two separate flow paths that flow past the top of the capsule or the side
of the body. This results in an oscillating movement of the capsule with an axial rotation
and vibration during actuation, which causes the powder to exit the capsule. After
passing the classifier inlet, which sets the powder and the air stream into a cyclonic,
dynamic airflow, a straight flow behavior is achieved by a subsequent mesh in

combination with a vortex breaker in the mouthpiece until it exits the device (Fig. S11).

To classify the new device as having low or high intrinsic resistance, the specific re-
sistance to airflow was calculated from the linear relationship between Ap and the re-
sulting flow rate (L/min). The inspiratory resistance of the novel DPI was determined
as 0.044 kPal® L/min; the inspiratory flow rate at a pressure drop of 4 kPa was 45
L/min. The device can be categorized as a DPI with medium-high intrinsic resistance
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to airflow. The intrinsic resistance of 0.018 kPa®> L/min and the flow rate of 111 L/min
at a pressure drop of 4 kPa, which was determined for the RS01 equivalent DPI, are
in agreement with values found in the literature. This DPI is a low intrinsic resistance
device. Due to the intrinsic resistance of 0.046 kPa%° L/min, the Handihaler can be

classified as DPI with high intrinsic resistance to airflow (Fig. 19) [65].

PP-DPI | Handihaler | Lupihaler
R square | 0.9994 | 0.9987 0.9993

@

Q-

‘©

ol

=

o

=

o

@ 2

>

(7))

n

= -e- PP-DP|

o

o1 = Handihaler
@)

2 Lupihaler
>

@©

20— — — :
v 0 50 100 150

air flow [L/min]

Figure 19: Relationship between the square root of pressure drop and the flow rate
(L/min) across the novel (Presspart prototype dry powder inhaler (PP-DPI)) and both
marketed DPIs (n = 3, mean = SD).

SEM pictures in figure 20 show the size and shape of the particles of the formulations
used. In the case of rifampicin, flocculent, platelet-shaped microparticles were seen. In
the amoxicillin—lactose mixture, the spray-dried active ingredient, which had a
spherical shape with a particle size in the lower micrometer range, was adsorbed onto
the larger lactose carriers.
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Figure 20: Scanning electron microscopy (SEM) images of the different formulations
in different magnifications. (A, B) Cyclocaps [albuterol sulfate—Ilactose blend]; (C)

amoxicillin; (D) amoxicillin—lactose blend; (E, F): rifampicin.

Testing the albuterol sulfate formulation with the different devices at 50 L/min re-sulted
in a high powder deposition in the preseparator in every case (Fig. 21a). While powder
retention in the capsule was not affected by the different flow rates, there was less
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deposition in the device at the higher flow rate, regardless of the DPI used. The lower
powder retention in the Handihaler, as well as the lower powder deposition in the
induction port (IP) after using the Presspart prototype DPI, resulted in a higher FPF
than with the Lupihaler (Tab. 8). While powder deposition in the preseparator was
similar for each DPI used when operated at 50 L/min, operation at 100 L/min for the
Presspart prototype DPI resulted in a lower deposition in the preseparator compared
to the other two DPIs (Fig. 21b).

Table 8: Fine particle fraction of the emitted (FPFeF) or total dose (FPFmp) for the
different formulations (AS * = albuterol sulfate —lactose binary blend; amoxi — lactose

blend * = amoxicillin — lactose blend; rifampicin) tested with various devices.

Formu-

Flow ratelation PP-DPI Lupihaler Handihaler
[L/min] FPFer[%] FPFp[%] FPFer[%] FPFmw[%] FPFer[%] FPFm[%]
AS* 347+21 305+18 251+16 206+13 27.2+13 252+1.2
50 grcr:][(c)))s(le . 664+21 5721850320 424+17 452+18 393+16
Rifampicin 73.0+3.2 56.9+25 66.3+55 584+4.8 47.8+42 441+38
AS* 413+24 374+22 273+16 239+14 296+20 276+109
100 g?tg)s"e* 688+12 603+11552+11 481+10 525+1.0 46.1+0.9

Rifampicin 63.5+4.2 55.2+3.6 53.7+4.2 49.2+38 466+4.1 444+39
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Figure 21: NGI results of the albuterol sulfate formulation actuated with different
devices at different flow rates. (a) 50 L/min; (b) 100 L/min, (capsule = cps; dry powder

inhaler = DPI; induction port = IP; preseparator = Pres), (* p < 0.05).
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For the binary amoxicillin blend, the lowest powder retention in the capsule combined
with the lowest powder deposition in the IP was observed after actuation with the
Presspart prototype DPI, regardless of the flow rate applied (Fig. 22). Comparing the
influence of the inhalation airflow (50, 100 L/min) on the aerosolization of the powder
actuated with the same device, no differences could be observed in the stages
(capsule to preseparator). These resulted in similar FPFs of the emitted- or the total
dose for both flow rates. While the Handihaler and the Lupihaler showed similar
deagglomeration behavior for this formulation, with the exception of powder deposition
within the capsule, the device, and the IP, the Presspart prototype DPI achieved the

highest fine particle fraction (Tab. 8).
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Figure 22: NGI results of the amoxicillin — lactose formulation actuated with different
devices at different flow rates. (a) 50 L/min; (b) 100 L/min, (capsule = cps; dry powder

inhaler = DPI; induction port = IP; preseparator = Pres), (* p < 0.05).
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The results in figure 23 show that rifampicin powder retention in the capsule was the
highest when using the Presspart prototype DPI. This powder retention was
independent of the flow rate applied. Of all the devices tested, the Handihaler had the
lowest powder deposition in the DPI but also the highest powder deposition in the IP.
Compared to the other units tested, this DPI exhibited similar powder deposition in the
various stages of the NGI at both flow rates. This is underpinned by the consistent
FPFermo (Tab. 8). Due to the high powder deposition in the IP, a lower FPF was
achieved compared to that of the Lupihaler or Presspart prototype DPI.

While the Handihaler and Lupihaler showed similar deagglomeration behavior for the
binary mixtures tested, resulting in similar powder deposition on S1 — MOC, differences
were evident for rifampicin between all devices tested. When comparing the powder
deposition on the mentioned stages for the tested flow rate of 50 L/min, it is noticeable
that with the Handihaler, the highest powder deposition was observed in stages S2 —
S3. While a high amount of APl was deposited on S2 — S4 when using the Lupihaler
device, the Presspart Prototype DPI achieved a high powder deposition on the stages
S4 and S5 (Fig. 23a). At 100 L/min, a high amount of powder was deposited on S2 —
S4 for each DPI used (Fig. 23b). Instead of the high powder deposition in the
preseparator observed for both binary mixtures, regardless of the device used and the
flow rate applied, a higher powder deposition in the IP was observed when actuating

the rifampicin formulation.
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Figure 23: NGI results of the spray-dried rifampicin formulation actuated with different
devices at different flow rates. (a) 50 L/min; (b) 100 L/min, (capsule = cps; dry powder

inhaler = DPI; induction port = IP; preseparator = Pres), (* p < 0.05).
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At the tested flow rate of 50 L/min, the highest FPFermp was achieved with the
rifampicin formulation, regardless of the DPI used. Due to the high powder retention in
the capsule when using the Presspart prototype DPI, the FPFtp was similar to that of
the Lupihaler. The results of the 100 L/min data set showed a decrease in FPF for this
formulation, which is due to the higher powder deposition in the IP, so the amoxicillin

— lactose mixture had the best deagglomeration properties (Tab. 8).

13.6 Discussion
Since there are currently insufficient data on different DPIs and their ability to

aerosolize different formulations not developed for the particular DPI, the idea arose
to conduct a comparative study showing the advantages and disadvantages of
selected DPIs in terms of deagglomeration and aerosolization of different drug
formulations developed using different manufacturing techniques. These results could
be used to derive state of the art in DPI development and indicate which
deagglomeration mechanism offers potential for future development. This knowledge
could be used for future commercialization of generic DPIs. To compare the different
deagglomeration mechanisms, which are also influenced by the different movements
of the capsule, a new capsule-based DPI with oscillating capsule movement was
tested in addition to the two known commercially available DPIs (Handihaler,
Lupihaler).

Classifying the novel device as a DPI with low or high intrinsic resistance to airflow and
determining the pressure drop as a function of flow rate is an important parameter for
verifying test conditions for conducting future studies. Due to the designed geometry
resulting in intrinsic resistance of 0.044 kPa®® L/min and a flow rate of 45 L/min at a
pressure drop of 4 kPa, the new capsule-based DPI can be classified as a device with
medium — high intrinsic resistance to airflow. Based on the studies described in the
introduction and the published results for this class of DPIs, the novel device should
deliver the loaded powder uniformly to the patient regardless of the inhalation
conditions, which could lead to higher treatment adherence in vivo [142]. With regard
to the design of the novel DPI, a new approach was developed to eject the powder
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from the capsule by an oscillating movement. Considering that the capsule was pierced
by two needles in each device tested, the influence of the number of needles and the
resulting holes on powder output and deagglomeration was not part of this study.
Nevertheless, previous studies have shown that the number and diameter of the
needles, as well as the opening mechanism of the capsule, could have an influence
on the aerosolization of the powder [63,141]. However, the current study focused on
the influence of the device geometry, the resulting airflow through the DPI, and the

resulting capsule movement.

For both binary mixtures, oscillatory capsule motion was shown to result in a higher
emitted fraction than axial capsule vibration (Handihaler) or capsule rotation
(Lupihaler), regardless of the flow rate applied. It can be concluded that for well-flowing
binary blend formulations, the powder can be easily shaken out [30,31]. In the case of
the rifampicin formulation, the inhalation force does not seem to be sufficient to eject
the powder from the capsule, which could be due to the small particle size and the
resulting increase in total surface area after spray-drying, leading to greater adhesion
and cohesion forces of the powder and consequently greater adherence to the inside
of the capsule wall or formation of aggregates [31]. In a previous study, it was also
found that a platelet shape of particles reduces the flowability of the powder due to the
resulting strong interactions between the individual particles [143]. Therefore, the
oscillating motion of the capsule is not sufficient to overcome these interactions.
Comparing the results of the albuterol sulfate or amoxicillin formulation obtained with
the Lupihaler and the Handihaler device, it could be seen that similar powder
deposition in the preseparator was observed in both cases. In addition, a higher API
deposition in the IP was observed with the Handihaler compared to that of the
Lupihaler. Both tendencies indicate that the deagglomeration of the powder and the
detachment of the active ingredient from the carrier particles are insufficient, leading
to the deposition of the mixture in the mentioned fractions. While for the albuterol
sulfate formulation, the amount of drug deposited was independent of the flow rate
applied, for the amoxicillin mixture, higher airflow resulted in less powder deposition in
the preseparator, suggesting that this formulation was easier to deagglomerate.

Comparing these observations with the results of these two formulations obtained with
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the Presspart prototype DPI, it was found that the amount of active ingredient
decreased more in the two fractions mentioned, indicating a better deagglomeration
behavior and possibly due to the high circulation speed in the classifier, which leads to
a better detachment of the active ingredient from the carrier particles [67]. While no
differences in powder deposition in the preseparator were observed for the albuterol
sulfate formulation when the Lupihaler or Handihaler were used at different flow rates,
a lower amount of drug was found using the Presspart prototype device when the flow
rate was increased, which also reflects the better deagglomeration behavior of the new
DPI for binary blends.

Despite the higher powder retention of the rifampicin formulation in the capsule, better
deagglomeration of the emitted powder was observed with the Presspart prototype DPI
than with the other two DPIs. The capsule movement described above, in combination
with the device design, geometry, and airflow within the DPI, promotes powder
deagglomeration so that the weak powder output from the capsule can be

compensated.

Comparing the FPFp, the Presspart prototype DPI achieved the highest FPF
regardless of the formulation tested, and the flow rate applied, highlighting the
functionality of the deagglomeration behavior for binary blends and spray-dried particle
formulations. Since there were differences in powder deposition in the capsule—
preseparator compartments, this resulted in differences in FPFer when comparing the
two flow rates for a device and the respective formulation. While whether the powder
remains in the capsule or DPI after inhalation is not important for therapeutic success,
FPFmo appears to be better suited to assess the independence of powder
deagglomeration from inhalation conditions, as it describes the amount of powder of
the loaded dose that can be adequately deagglomerated by the device and delivered
to the lung in vitro, regardless of the inhalation conditions applied. Comparing the
FPF1p obtained for a formulation with the DPIs, it is noticeable that the two DPIs with
high intrinsic resistance to the airflow achieved identical values at both flow rates,

indicating that powder deagglomeration was not affected by the airflow.
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From the device side, it can be summarized that the deagglomeration mechanism of
the new DPI appears to offer an advantage over the known devices tested here in
terms of powder deagglomeration, regardless of whether the formulation is a binary
mixture or a particle engineered formulation. Although a high FPF was always
achieved under the tested conditions, further development of the oscillating capsule
movement mechanism could lead to increased powder ejection, especially for spray-

dried particles.

13.7 Conclusions
From this study, firstly, it can be concluded that progress is being made in the de-

velopment of DPIs with respect to the aerosolization behavior of various formulations
not designed for the specific device and that, for this reason, the DPI could be marketed
in the future regardless of the formulation. The development of DPIs with device
geometry that provides high intrinsic resistance to airflow could lead to powder
aerosolization that is much more independent of inhalation conditions than is currently
the case. Second, the development of binary mixtures consisting of spray-dried active
ingredients and carrier particles could be an interesting approach for future
formulations, as the advantages of both formulation techniques can be combined to
increase the number of particles that have suitable aerodynamic particle properties to

reach the lungs.

139



Effect of texture and surface chemistry on deagglomeration and powder retention in
capsule-based dry powder inhaler

14. Effect of texture and surface chemistry on deagglomeration and
powder retention in capsule-based dry powder inhaler

This work was published as:

Grol3, R.; Berkenfeld, K.; Schulte, C.; Ebert, A.; Sule, S.; Sule, A.; Lamprecht, A. Effect
of Texture and Surface Chemistry on Deagglomeration and Powder Retention in
Capsule-Based Dry Powder Inhaler. AAPS PharmSciTech 2022, 23, 281,
doi:10.1208/s12249-022-02436-0.

140



Effect of texture and surface chemistry on deagglomeration and powder retention in
capsule-based dry powder inhaler

14.1 Graphical abstract

Plasma treatment

HMDSO 0, OFCB

W untreated

AN MIESN NN NN N NN
3 o = M top unit O, plasma treated
—P | top unit: OFCB plasma treated
5 | top unit HMDSO plasma treated
. i
£ |

rel. mass

&

l Surfacelenergy | stages

14.2 Abstract
Pulmonary delivery systems should administer a high dose of the required formulation

with the designated dry powder inhaler (DPI) to achieve therapeutic success. While
the effects of device geometry and individual components used on powder dispersion
are described in literature, potential effects of DPI surface properties on powder
retention within the device and deagglomeration have not been adequately studied,
but could impact inhalation therapy by modifying the available dose. For this, inner
parts of a model DPI were modified by plasma treatment using various processes.
Since both, the hydrophilic-hydrophobic and structural properties of the surface were
altered, conclusions can be drawn for future optimization of devices. The results show
that surface topography has a greater influence on powder deposition and
deagglomeration than hydrophilic or hydrophobic surface modification. The most
important modification was observed with an increased rough surface texture in the
mouth piece, resulting in lower powder deposition in this part (from 5 % to 1 %
qguantified amount of powder), without any change in powder deagglomeration

compared to an untreated device. In summary, increasing the surface roughness of

141



Effect of texture and surface chemistry on deagglomeration and powder retention in
capsule-based dry powder inhaler

DPI components in the size range of a few nanometers could be an approach for future

optimization of DPIs to increase the delivered dose.

14.3 Introduction
Capsule-based dry powder inhalers (DPIs) are devices commonly used to treat

respiratory diseases [144]. In general, the therapeutic success is linked to adequate
deposition of the powder in the lower respiratory tract. Therefore, the device should be
able to deagglomerate the formulation during inhalation so that the powder particles
have an aerodynamic diameter of < 5 um [29]. Despite the progress and optimization
achieved, the development and realization of an "ideal DPI" is challenging, as many
mechanisms are not yet fully understood and require further investigation [29,91].
However, to minimize potential sources of error (e.g., insufficient inspiratory air flow,
duration) and to ensure sufficient powder deposition in the lungs, delivery systems are
marketed in a fixed combination of the DPI and formulation [56,57].

In order to identify the impact of device layout or components on powder retention in
the DPI and also for the subsequent deagglomeration, numerous studies have been
carried out. For capsule-based DPIs, the opening mechanism (e.g., size, number and
position of holes in pin-based systems) prior to actuation, as well as the capsule
material, size and movement during actuation (rotation, vibration, shaking) can affect
the deagglomeration and ejection of the powder [63,136,141,145]. The grid, which
primarily separates the capsule chamber from the mouth piece, is intended to prevent
fragments of the opened capsule from entering the patient's oropharynx during the
inhalation flow and causing local irritation or aborting inhalation. In addition, the grid
can straighten the passing air flow, which reduces the tangential flow behavior in the
mouth piece and results in reduced powder deposition in this area and thus increasing
the fine particle fraction (FPF) [146]. While modifying the mouth piece by reducing its
length from the original geometry had no effect on powder retention within the DPI or
powder deagglomeration, increasing the diameter of the circular mouth piece exit
resulted in lesser powder deposition in the induction port (IP) due to a lower air flow
and particle exit velocity [72,147].
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In addition to the general device geometry and the specifically dedicated components
(e.g. classifier, vortex breaker) for improving powder aerosolization, minimizing powder
retention in the device is an issue that has become increasingly important in recent
years. Powder retention in inhalation devices can significantly affect therapeutic
outcomes due to mechanical anchoring of the powder to the device surface and/or
electrostatic charge generated during powder dispersion. Triboelectrification is an
unavoidable consequence of contact or friction between particles and devices during
actuation [148]. One focus for overcoming this problem is the "dry powder coating"
method through the use of force control agents such as amino acids or metal stearates.
As the safety profile is well known, magnesium stearate and leucine are widely used
and numerous studies have been conducted to improve device retention and
aerosolization performance by coating drugs and/or carrier particles with these
pharmaceutical lubricants [149,150]. In the last decade, an alternative strategy has
been pursued, aimed at lower powder retention, by coating the inner surface of the DPI
and also of the capsule with lubricants. It has been shown that, depending on the
concentration of the magnesium stearate suspension used for surface modification,
significant differences in powder retention can be achieved in both compartments
[151]. In addition to the use of classic lubricants, the coating of DPI plastic with a
polytetrafluoroethylene (PTFE) film has also been tested in recent years to create a
hydrophobic surface characterized by a high water contact angle and low surface
energy. In previous studies, the capsule and device were coated with a commercial
PTFE suspension (LUTM 708; SprayonTM Products, Ohio) [152-154]. It was shown
that this surface modification resulted in a higher emitted fraction without affecting the
FPF.

Despite these findings, the critical factor of reducing powder adhesion to the inhaler
wall is still not fully understood, so there is no commercially approved surface
modification for DPIs to reduce powder adhesion. The present study aimed to
investigate the influence of a modified inner DPI surface firstly on the powder
deposition within the device and secondly on the deagglomeration behavior for the
tested formulation. For the surface modifications described above, it is not clear

whether the low surface energy or the surface texture achieved by the deposited
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magnesium stearate particles or the PTFE suspension is the important parameter for
reducing powder retention within the DPI, so this study aimed to investigate the
influence of both surface modifications on powder ejection and also powder

aerosolization.

In order to modify the chemical surface properties as well as the nanotexture of the
DPI surface, various cold-plasma processes were developed and applied to the DPI
surface using a low-pressure plasma unit. In general, the species generated during the
process, such as ions, radicals, neutrals or metastables, which have a temperature
close to room temperature, can interact with the surface of the starting material. For
this reason, this modification method is generally preferred for thermolabile materials
in industry [155]. Since the modified materials are only changed at a depth of a few
nanometers, only the outer layer is affected, while the bulk properties are not changed.
This allows in the ability to produce desired surface properties depending on factors
such as gas type, pressure in the chamber, gas ignition power, treatment time and the
type of starting material used. In general, four basic processes can be distinguished.
Surface activation is intended to create new functional groups on the material surface,
leading to a different surface energy and usually preparing the surface for a
subsequent plasma polymerization step by coating the surface through polymerization
of a monomer. While surface cleaning by plasma aims to remove contaminants from
the substrate surface, surface etching aims to remove and degrade material from the
treated surface by physical and chemical reactions, producing volatile products [156—
158].

For oxygen, numerous effects are described in the literature, including the mentioned
surface activation, -cleaning and —etching [159,160]. On this basis, oxygen plasma was
used to create hydrophilic surfaces, while an octafluorocyclobutane (OFCB) process
was intended to create hydrophobic surfaces. Both processes also cause the surface
topography to become irregular and the roughness to increase [161-165]. In order to
estimate not only the effects of a plasma-induced rough surface, but also the extent of
a smooth and non-sticking surface produced by the plasma coating, the monomer

hexamethyldisiloxane (HMDSO) was used for in situ polymerization [166—168]. The
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results obtained were compared with those of untreated DPIs, which also have a
smooth surface due to the injection molding process used during manufacturing. The
study here was run with a DPI type composed of individual components which allows
for a clearer identification of which surface modifications may have an impact on
powder deposition, as DPI components can be plasma treated separately. To
demonstrate differences in powder retention within the DPI or in deagglomeration
behavior, an unmodified device was used as control and an in-house developed spray-
dried particle formulation of the active pharmaceutical ingredient rifampicin was
actuated. Since therapy with classical asthma and chronic obstructive pulmonary
disease (COPD) drugs is well known and there is a growing interest in the pulmonary
use of antibiotics, this formulation was focused on [133,169,170]. While it was initially
assumed that the hydrophilic or hydrophobic surface properties produced by plasma
treated could reduce powder deposition within the DPI, the surface topography of the

inhaler revealed its impact on the aerosolization of the drug powder.

14.4 Materials & Methods

14.4.1 Materials

Rifampicin (> 98.0%, lot number: 6K4AF-RO) was ordered from TCI (Tokyo, Japan).
With the exception of water, which was purified in-house (Merck-Millipore Biocel A10,
Burlington, MA, USA), all solvents were HPLC grade. Oxygen- (99.99%), the
octafluorocyclobutane- (OFCB) (99.99%) and nitrogen (N2) (99.99%) gases were
purchased from Air Liquide (Paris, France), hexamethlydisiloxane (HMDSO) was order
from Sigma-Aldrich (St. Louis, Missouri, USA). Polyamide (PA) plastic material used
to develop the plasma processes was kindly provided by Hadi-Plast (Hadi-Plast GmbH
& Co. KG, Hovelhof, Germany). The Presspart prototype DPI (PP DPI) tested was
provided by Heitkamp & Thumann Itd (Blackburn, United Kingdom). The set-up of this

novel DPI was described and explained in a previous study [108].

145



Effect of texture and surface chemistry on deagglomeration and powder retention in
capsule-based dry powder inhaler

14.4.2 Spray-drying process for the rifampicin formulation
Rifampicin was spray-dried as described in [108,132]. The powder was dispersed in a

predefined amount of ethanol (38 mg/ml) and the suspension was sonicated with an
ultrasonic bath (type DT 106, Bandelin electronic, Berlin, Germany) under controlled
temperature conditions (25°C) to homogeneously disperse the particles. A thermostat
(DC 10, Haake Technik GmbH, Vreden, Germany) was used to keep the temperature
constant during the water exchange. For spray-drying under inert atmosphere (N2) a
B-290 spray-dryer equipped with a high-performance cyclone, a B-295 inert loop, a B-
296 dehumidification unit (all Buchi, Flawil, Switzerland), and an anemometer (AF89-
AD1AA13COAA, Fluid components Intl. San Marcos, CA, USA) were used. Throughout
the manufacturing process, the suspension was continuously stirred until atomization

using a modified three-fluid nozzle with a blocked inner channel (Buchi).

14.4.3 Test procedure for the aerosol classification with the Next Generation
Impactor
5 mg of the rifampicin formulation was filled into size 3 gelatine capsules. A Next

Generation Impactor (NGI) connected with two vacuum pumps (HCP 5) (all Copley
Scientific Limited, Nottingham, United Kingdom) was used to characterize the aerosol
properties obtained with the untreated and the plasma treated devices. Prior to the
experiments, 15 mL of the diluent was added to the preseparator, and each cup was
coated with 1% glycerol-methanol solution (m/v). To analyze the powder
deagglomeration behavior of unmodified and different modified DPIs by quantifying the
active ingredient at the different stages (capsule — MOC), the rifampicin particles were
dissolved in a solution of ascorbic acid in methanol (0.5 % m/v). For each experiment,
an actuation volume of 4 liters was used in combination with a flow rate of 50 L/min,

corresponding to USP conditions at a pressure drop of 4 kPa [81,171].

14.4.4 Developing the plasma processes
To modify the surface of the plastic samples, a low-pressure system unit (Diener

Plasma GmbH & Co. KG, Ebhausen, Germany) with a radiofrequency generator (13.56
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MHz, 0 — 200 W) was used. For treating the surface, the samples were placed inside
a heatable vacuum chamber (rectangular, aluminum, H: 240mm x D: 600mm x W: 240
mm) at a specified position to obtain uniform and reproducible process conditions. The
development of the various plasma processes was carried out on PA material. In the
case of oxygen, a flow rate of 44 sccm, resulting in a pressure of 0.3 mbar, was ignited
with a generator power of 90% and a duration of 60 min. For OFCB, to obtain
hydrophobic surfaces, the CsFs gas was used as a Teflon film precursor after an
oxygen treatment step to polymerize the fluorocarbon units on the surface at a flow in

the chamber of 9 sccm, a pressure of 0.1 mbar and a generator power of 20%.

For the HMDSO process, the monomer was heated to 110°C to convert the liquid to
the gas state. For the plasma process, the monomer was mixed with oxygen in a ratio
of 1:4, resulting in an oxygen gas flow in the chamber of 21 - 25 sccm at a pressure of
0.3 mbar. To ignite the plasma, 80% of the generator power was used for a duration

of 5 minutes.

14.4.5 Contact angle measurements and surface energy calculation
In order to verify the applied surface modifications by the plasma treatment and to

analyze potential ageing effects of a generated hydrophobic (OFCB) or hydrophilic
(oxygen) surface as an extreme case under the plasma modifications tested here,
contact angles were determined at ambient conditions with deionized water using a
FM40 Easy Drop — drop shape analyzer (Kriss GmbH, Hamburg, Germany). The
sessile drop measurement principle was applied, and drops of 10 uL were analyzed.
The method of Owens, Wendt, Rabel and Kaelble (OWRK method) was used to
calculate the surface energy directly after plasma treatment and after storage times of
3 and 6 weeks [172]. Deionized water as the polar component and diiodomethane as
the lipophilic component were used as test fluids. Using the linearized equation of

Owens and Wendt, the surface energy was calculated as follows:
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os: Surface free energy of the solid surface [mJ/m?].
oi: Surface tension of the wetting medium [mN/m].

©: contact angle [°].

oPi: Dispersed fraction of the wetting medium [mN/m].
o1 Polar fraction of the wetting agent [mN/m].

o"s: Polar fraction of the wetting surface [mJ/m?].

oPs: Disperse fraction of the wetting surface [mJ/m?].

Equation 3: Calculation of the surface energy.

14.4.6 Measurement of the frequency of the capsule oscillation during actuation
To determine the oscillation frequency of the capsule during actuation within an

untreated and a plasma treated DPI, the capsule motion was recorded for one second
using the camera of a cell phone (Samsung Galaxy s20, 960 fps). For this purpose,
the DPI was connected to the NGI and a flow rate of 50 L/min was applied. A frame-

by-frame analysis was performed to count the oscillations of the capsule.

14.4.7 Scanning electron microscopy (SEM)
The samples were fixed with carbonaceous conductive paste on an aluminum sample

holder and then coated with gold for two cycles of two minutes each. Subsequent
imaging was performed in high vacuum using a Hitachi SU-3500 SEM (Hitachi Ltd.,
Tokyo, Japan). The accelerating voltage was 5 kV, the magnification and working

distance were adjusted as needed and are indicated on the SEM images.
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14.4.8 Laser diffractometry (LD)
The particle size distribution of the formulation was determined with a LA-940 laser

scattering particle size distribution analyzer (Horiba Itd., Kyoto, Japan) using following
procedure: Rifampicin was suspended in a solution of 0.1 w/w (%) Span 80 in n-hexane
in an amount that resulted in suitable attenuation of the laser beams. The suspension

was stirred in a quartz cuvette during analysis (n = 5) [132].

14.4.9 High performance liquid chromatography analysis
Quantification of the drug deposited in the different NGI stages was performed by high-

performance liquid chromatography (HPLC) analysis (Shimadzu, LC-2030C 3D Plus,
Kyoto, Japan) using an RP18 column (Lichrospher 100 RP 18-5u EC, 250 x 4.6 mm).
To detect the rifampicin, the photodiode array detector was set to 337 nm. The mobile
phase consisted of a mixture of a phosphate buffer pH 5.2/methanol/acetonitrile
(33/50/17 % viviv), and an isocratic flow rate of 1.0 mL/min was set in combination with
a column temperature of 25 °C [108]. The values of the intercepts and the slope of the
calibration curve were used to calculate the limit of detection (LOD) and limit of
guantification (LOQ). The LOD and LOQ for rifampicin were determined to be 0.30
pg/mL and 0.90 pg/mL.

14.4.10 Data processing and statistics
The NGI plots show the relative powder deposition of the drug on the different stages

(capsule — MOC). Error bars indicate one standard deviation. All experiments were
performed in triplicate, unless otherwise reported. To determine statistically significant
differences in the contact angle measurements, surface energy calculation and in
relative powder deposition in the different stages of the NGI (capsule - MOC) after
actuation with untreated and plasma treated DPIs, results were compared using
Kruskal-Wallis test followed by Dunn's test (p < 0.05) (Prism 8.0.2, GraphPad

software).
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14.5 Results

14.5.1 Characterization of the surface structures and chemical changes of the
surface obtained by plasma treatment
Comparison of the surfaces of the mesh in the initial state and after modification by the

various plasma treatments revealed differences in their nanostructures. The surface
texture of the untreated and HMDSO plasma treated surface is smoother compared to
the other two treated surfaces. For the untreated material, residues probably
originating from injection molding are characteristic [173—-175]. In the case of HMDSO,
a thin layer covered these residues and also the interstices, resulting in a flatter surface
structure. Increased roughness in the nanometer range is observed on the plastic
surfaces treated with oxygen and OFCB compared to the structure of the untreated
surface. This nanotexturing is more dominant in the case of the oxygen process than
for the OFCB treated surface (Fig. 24).
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Figure 24: Scanning electron microscopy (SEM) images of the untreated and the
plasma treated surfaces of the mesh after application of the above plasma

modifications (hexamethyldisiloxane = HMDSO; octafluorocyclobutane = OFCB).
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To characterize the change of the chemical surface properties due to plasma
modification, the contact angle was measured and the surface energy was calculated
over a storage period of 6 weeks after plasma treatment with measurement steps of 3
weeks (initial, 3 weeks, 6 weeks) (Fig. 25). In the case of the oxygen plasma treatment,
it was observed that the wettability of the surface increased, resulting in a lower contact
angle with water directly after surface modification. After 3 and 6 weeks, the wettability
decreased until the initial condition of the untreated material was regained after 6
weeks to a contact angle of about 60°, so that this effect was reversible. The OFCB
treated surfaces were found to be hydrophobic, characterized by a contact angle with
water of 120°, which remained constant over time, unlike the hydrophilic surface

modification (Fig. 25a).
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Figure 25: (A): Contact angle measurement with deionized water for untreated and
plasma treated polyamide (PA) samples; (B): calculation of the surface energy for the
defined time points, (octafluorocyclobutane = OFCB), (* p < 0.05).

To estimate the effect of a hydrophilic or hydrophobic surface created by plasma

treatment, as well as the effect of a nanotextured surface on the deagglomeration
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behavior of the device characterized with the NGlI, a storage time of the plasma treated
inhaler of 3 weeks after treatment was complied before the devices was tested. To
verify the condition that after plasma treatment of the device with the different
developed processes, there are no changes in the movement of the capsule during
actuation due to the changed surface energy, the oscillation frequency was measured
for modified and untreated devices. The results show that the oscillation frequency of
the capsule was about 45 Hz for the untreated and the plasma treated devices, so no
differences were found (Fig. S12).

14.5.2 Visual characterization and particle size distribution of the spray-dried
rifampicin formulation
The spray-dried rifampicin particles have a flake-like and flocculated shape in the lower

micrometer range with a d50 < 10 um (Fig. 26).

Rifampicin 5.00kV 5.5mm x1.50k SE
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Figure 26: Scanning electron microscopy (SEM) images (A) and particle size

distribution (B) of the rifampicin formulation.

14.5.3 Determination of the influence of a plasma modified upper or lower unit of
the DPI on powder aerosolization and retention within the device
Figure 27 shows the NGI results obtained after treating the upper unit (comprising

classifier, mesh, mouth piece) of the device with different plasma processes. Actuating
the spray-dried rifampicin formulation showed increased powder deposition in the IP
and also in the preseparator after surface modification with oxygen or OFCB plasma,
with  OFCB modification resulting in the highest deposition. For both plasma
treatments, less powder deposition was observed in the modified mouth piece, with a
rougher surface texture resulting in less powder deposition. A similar deagglomeration
of the powder was achieved with the DPI treated with HMDSO and the untreated
device. Despite a smooth surface, which was observed for both cases, the treatment
with HMDSO resulted in a slightly increased powder deposition on the corresponding

plastic parts (Fig. 27).
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Figure 27: Next Generation Impactor (NGI) results obtained with the rifampicin
formulation actuated with a dry powder inhaler (DPI) with untreated and plasma treated

upper unit, (capsule = cps; induction port = IP; preseparator = Pres), (* p < 0.05).

Plasma treatment of the capsule chamber showed no differences in aerosolization
properties when characterizing the deagglomeration behavior of these devices for the
rifampicin formulation compared to the untreated one, regardless of the surface
modification applied. For the two processes that produced a rough surface texture, a
decreased amount of powder was deposited in the capsule chamber shown as "lower
unit" in the NGI diagram. For the part treated with HMDSO plasma, the powder

deposition was similar to the original part (Fig. 28).

156



Effect of texture and surface chemistry on deagglomeration and powder retention in
capsule-based dry powder inhaler

B Untreated
0.31 @ Capsule chamber: Oxygen plasma treated

Capsule chamber: OFCB plasma treated
Capsule chamber: HMDSO plasma treated

stages

Figure 28: Next Generation Impactor (NGI) results obtained with the rifampicin
formulation actuated with an untreated dry powder inhaler (DPI) and after plasma
treatment of the capsule chamber (shown as lower unit), (capsule = cps; induction port

= |IP; preseparator = Pres).

14.5.4 Identification of the influence of the surface structure of the mouth piece
on powder retention
Since differences in powder retention in the mouth piece were evident after treatment

of the upper unit compared to the untreated unit, the DPIs were tested in a further
experiment in which only the mouth piece was treated with plasma. The results in figure
29 show that for both processes, where a nanotextured surface was created in the
mouth piece, less powder deposition was observed than for the untreated mouth piece.
Of all the modifications the lowest powder retention in this part was observed after

treating with oxygen plasma. While no changes were observed in the deagglomeration
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of the powder between the oxygen-, HMDSO treated and untreated DPI, an increased
power fraction was observed in the IP when using the OFCB coated device, but not as

high as shown in figure 27.

B Untreated

037 B Mouth piece: Oxygen plasma treated

Mouth piece: OFCB plasma treated
Mouth piece: HMDSO plasma treated =

mass

rel.

stages

Figure 29: Next Generation Impactor (NGI) results obtained with the rifampicin
formulation actuated with a dry powder inhaler (DPI) with untreated and plasma treated

mouth piece, (capsule = cps; induction port = IP; preseparator = Pres), (* p < 0.05).

14.5.5 Determination of the individual effect of each component after increasing
the surface roughness by plasma treatment on powder deagglomeration
Since higher powder deposition occurred after oxygen or OFCB plasma treatment of

the entire upper unit in the IP and preseparator, and oxygen gas was used in both
processes, which increased the surface roughness of the treated parts, the following
experiment was conducted to determine the components that could have a decisive

influence on powder deagglomeration after surface treatment. Therefore, the focus
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was on the oxygen process, and for each experiment only one treated part was
installed and tested, leaving the rest of the DPI untreated (Fig. 30). The results show
that an oxygen plasma treated mesh or classifier resulted in higher powder deposition
in the IP and also the preseparator, although in both cases the observed amount was
not as high as when the entire upper unit of the DPI was treated (Fig. 27). In addition,
with the exception of the mouth piece, no reduced powder deposition was observed

on the treated parts.
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Figure 30: Next Generation Impactor (NGI) results obtained with the rifampicin
formulation actuated with an untreated dry powder inhaler (DPI) and after plasma
treatment of the individual parts of the upper unit (classifier, mesh, mouth piece) with

oxygen plasma, (capsule = cps; induction port = IP; preseparator = Pres), (* p < 0.05).
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14.6 Discussion
This study clearly demonstrated the effect of various DPI surface modifications by

plasma treatment on powder deposition and deagglomeration. It was originally
hypothesized that the different surface chemical properties obtained by the various
plasma processes could minimize the hydrophilic-hydrophobic interactions between

the DPI surface and the drug, resulting in less powder retention.

For this purpose, an oxygen process was developed and used to produce hydrophilic
and activated surfaces, while the OFCB plasma process yielded inert-hydrophobic
surfaces. Since no differences in the oscillation frequency of the capsule were
observed in the experiment, the storage period of 3 weeks seems to have been
sufficient to counteract possible altered interactions between capsule and DPI due to
the increased surface energy (oxygen plasma process), since otherwise a decrease in
the oscillation frequency would have been found. It can be argued that a reduction in
surface energy (OFCB plasma process) does not result in minimized interaction
between the capsule and the inhaler wall during actuation, since a similar frequency of
oscillation was also observed with this modification.

The unaffected capsule oscillation confirmed the results of the NGI experiments
obtained after plasma treatment of the lower part of the DPI. Since no differences in
powder aerosolization were obtained after applying the different plasma modifications
to the capsule chamber, hydrophilic-hydrophobic interactions do not seem to affect the
deagglomeration of the powder during actuation in this DPI in the experiments

performed.

In addition to the chemical surface modifications, it was shown that the plasma
processes used in the experiments led to different surface structures with regard to
their nanotexture. While the HMDSO process resulted in a smooth surface structure
that was similar to the initial surface, the use of oxygen- with or without OFCB plasma

resulted in a nanotextured surface texture in two different size ranges of roughness.

The formulation of spray-dried rifampicin as model drug was chosen because a higher
amount of active ingredient was deposited in the DPI compared to commercially

available interactive blends. This made it easier to detect differences in powder
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deposition due to surface modification by the plasma treatment. Moreover, the
aerosolization of the powder by the device resulted in low drug deposition in the
preseparator but high deposition in the stages S1 - MOC. Thus, a changed
deagglomeration behavior of the device after surface modification can also be

observed directly.

Comparison of the NGI results obtained using devices with plasma treated parts of the
upper unit suggests that the surface properties affect powder deposition within the DPI
and also powder deagglomeration, since differences were observed in the
experiments. The use of an untreated DPI or a DPI treated with HMDSO plasma
resulted in similar deagglomeration of the powder, which was different from the results
obtained with the DPIs treated with oxygen or OFCB plasma, raising the possibility that
surface texture rather than hydrophilic or hydrophobic surface properties influenced
powder deposition within the DPI and deagglomeration behavior. This is also
underlined by the fact that similar powder deagglomeration and deposition were
obtained for the DPIs modified with oxygen or OFCB plasma, although a hydrophilic or
hydrophobic surface was created.

While increasing the surface roughness of the mouth piece or capsule chamber
resulted in lower powder deposition on the respective surfaces, modifying the classifier
or mesh seems to be critical, as this resulted in higher powder deposition in the IP or
preseparator. The observations can be compared with the results of previous studies,
where a device coated with a PTFE suspension spray resulted in a higher emitted
fraction, but also in a higher powder deposition in the IP or preseparator, since the fine
particle fraction was not increased compared to the untreated device [152—154]. Here,
it was found that a hydrophobic coating can increase the emitted fraction without
changing the aerosolization properties of the device for the powder. Similar trends for
a higher emitted fraction after surface modification were also observed after coating
the device and capsule with an ethanol-based magnesium stearate suspension [151].
Compared to these studies, the work described above focused only on the generated
surface properties of the device and not on the combined effect of a modified capsule

and the device. Furthermore, it should be investigated which modified DPI component
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could be responsible for lower powder retention and which part seems to be critical for
the surface modification. Since the DPI selected for this study can be decomposed into
four main parts, it was possible to identify the most important surfaces for plasma
modification. Unlike previous studies, this work did not focus exclusively on forcing
agents to achieve friction-reducing or antistatic coatings. Therefore, a more neutral
perspective was chosen for the study. Thus, in addition to a hydrophobic coating, the
influence of the surface texture was also investigated, which represents a significant
difference from the studies conducted so far. Since not only a hydrophobic surface in
the mouth piece created by plasma treatment resulted in lower powder retention in this
part, it seems logical that the chemical modification is not the main factor for the lower
powder retention. This underlines the results of the previous studies, so that a PTFE
and a magnesium stearate coating reduces powder deposition. Despite the low surface
energy or antistatic surface properties obtained with these methods, the fact that in all
cases a suspension was used so that the sprayed patrticles settled on the surface of
the inhaler supports the idea that surface texture, rather than chemical properties,

influences aerosolization behavior.

Since increasing the surface roughness of the mesh or classifier resulted in high
powder deposition in the IP, increased turbulent flow behavior could occur at these
generated nanotextured surfaces after plasma modification, which could not be
straightened in the mouth piece. This altered air flow could therefore cause the
particles to move differently, so that they could no longer follow the air flow. Compared
to the mesh and classifier, the modification of the mouth piece had no real influence
on the overall aerosolization behavior of the device for the powder, which could be
explained by the fact that for this component, the characteristic dimension of the air
flow channel is much larger than for the mentioned components. This results in the
overall flow profile being less affected by the near-wall turbulence created by the

surface roughness generated by the plasma treatment [72,147,176].

In summary, this study pointed out that surface properties affect the deagglomeration
and deposition of the powder in the DPI, and surface structure appears to have a

greater influence on aerosolization behavior than the created hydrophilic or
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hydrophobic surface properties. In the experiments carried out, the mouth piece proved
to be an interesting screw for these surface changes with regard to an unchanged
deagglomeration behavior of the DPI for the powder with simultaneously reduced
powder deposition. Modifying this component by increasing its roughness could be an
interesting point for future device optimization and development, as a higher amount
of drug could be available for pulmonary therapy. Increasing the amount of
therapeutically available drug surely would improve the therapeutic effect. In addition,
a decreased amount of drug formulation would need to be loaded into the device if
more powder exits the DPI during an inhalation procedure. This could increase efficacy

and patients’ compliance by reducing the number of inhalations required per day.

The use of a suitable method that only changes the surface topography could be an
interesting way to clarify what influence the dimensions of the surface profile and the
degree of roughness (height or width of the elevations) have on the powder deposition
in the device. Whether there is an optimum surface roughness or whether it depends
on formulation aspects like particle size, shape and the formulation technique used
(e.g., binary mixture, spray-dried) should be analyzed. In subsequent preliminary
experiments with another formulation, a binary blend of albuterol sulfate and lactose
monohydrate (Asthalin rotacaps®, Cipla Itd, Mumbai, India), we observed trends similar
to the results with rifampicin (data not shown) which indicated that the effects were
rather independent from the formulation but mainly depended on the modified DPI

surface.

However, the aspect of formulation properties and the interaction of different
formulations with rough surfaces of different size ranges surely needs to be clarified in
more detail in subsequent studies. Besides, numerous parameters such as the
potential influence of the DPI wall material, the dimensions of the airflow channel used
in the different DPI components need to be analyzed. This is in view of a potential
optimum dimension of the air flow channel for each component used in the respective
device, so that an increase in the surface roughness of this component leads to

reduced powder deposition without altered deagglomeration behavior.
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14.7 Conclusion
This study has shown that surface structure has a high impact on the deagglomeration

and retention of the powder in the device, which has not been sufficiently considered
so far and could be used for device optimization in the future. It has been shown that
a nanotextured surface of the mouth piece can reduce powder deposition inside the
inhaler, resulting in a higher emitted fraction. Since the development of pulmonary
delivery systems usually focuses on the aspect of formulation development and
optimization, this study has shown that the surface structure can have a major impact
on the overall deagglomeration behavior and offers another opportunity to improve this

form of therapy.
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15. Supplements

Table S1: Particle size distribution of the different Inhalac® samples used.

Inhalac® 70 Inhalac® 251 Inhalac® 400
Sieved lactose Sieved lactose Milled lactose
Do [m] 110 - 160 7-22 08-1.6
Dso [m] 180 - 250 40 - 70 4-11
Doo [Um] 270 - 340 80 - 120 15-35

Table S2: Determination of the residual solvents methanol (MeOH) and dichlomethane

(DCM) a) initial after the spray-drying process and b) after post-processing in the

vacuum chamber for 48 h and 40°C.

Initial MeOH DCM

ppm ppm
Riva001 839 + 13 6529 + 1479
Riva002 808 + 22 4081 + 441
Riva003 0 10649 + 348
Riva004 0 34586 + 4348

a)

48 h drying, 40°C MeOH DCM

ppm ppm
Riva001 0 80 + 39
Riva002 0 0
Riva003 0 236+ 6
Riva004 0 2700 + 98

b)
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Figure S1: Results of the XRPD analysis of the milled material and the different spray-

dried batches of rivaroxaban.
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Figure S2: NGI results obtained with the Breezhaler when actuating the binary blends

consisting of the milled rivaroxaban material and Inhalac® 70/251/400, (capsule = cps;

dry powder inhaler = DPI; induction port = IP; preseparator = Pres), (*p < 0.05).
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Figure S3: Comparing the voltage signals regarded from the magnet rotation at the

stirring rod (a = 8 Hz) and the capsule movement during inhalation (b = 40 Hz).
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Figure S4: NGl results of the Cyclocaps® formulation by using the Lupihaler device for

different actuation volumes (2 - 4 liter) and a tested flow rate of 80 L/min.
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Figure S5: NGl results of the Cyclocaps® formulation by using the Lupihaler device for

different actuation volumes (2 - 4 liter) and a tested flow rate of 50 L/min.
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Figure S6: NGl results of the Ventilastin® formulation by using the Lupihaler device for
different actuation volumes (2 - 4 liter) and a tested flow rate of 80 L/min.
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Figure S7: NGl results of the Ventilastin® formulation by using the Lupihaler device for

different actuation volumes (2 - 4 liter) and a tested flow rate of 50 L/min.
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Figure S8: NGI results of the spray-dried rifampicin by using the Lupihaler device for
different actuation volumes (2 - 4 liter) and a tested flow rate of 80 L/min.
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Figure S9: NGI results of the spray-dried rifampicin by using the Lupihaler device for

different actuation volumes (2 - 4 liter) and a tested flow rate of 50 L/min.

Table S3. Parameters used for spray-drying the rifampicin or amoxicillin particle

formulations.

Formulation Rifampicin Amoxicillin
Feed rate [mL/min] 7.4 7.4

Spray gas flow [L/h] 375 601

Outlet temperature [°C] 60 85
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Figure S10. Schematic diagram of the setup for determining the airflow resistance of

the various dry powder inhalers (DPIs), (P1 = Pressure Portl).
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Figure S11. Exploded-view drawing of the Presspart prototype dry powder inhaler (PP-
DPI).
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Figure S12: Measured oscillation frequency of the capsule during actuation using a

DPI with an untreated and plasma treated capsule chamber.
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