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1. INTRODUCTION

Inhalation therapy dates back a long time [1], but research and product development for
pulmonary drug delivery (PDD) has been focused on the last two to three decades at least.
Accordingly, several companies and research groups have specialized in this field. The products
and research available on the market are still typically focused on local therapy (e.g. asthma, cystic
fibrosis (CF), tuberculosis, etc.). In particular, the use of antibiotics [2] in inhalation therapy has a
lot of potentials, as bacterial infections typical of many lung diseases can be treated locally with a
remarkable reduction in systemic side effects compared to oral administration. There are not yet
many inhaled products containing antibiotics on the market, but several promising formulations
have been published. There is great potential for the inhaled use of ciprofloxacin hydrochloride
(CIP) as a broad-spectrum fluoroquinolone antibiotic.

There are four main categories of PDD implementation: nebulizers, soft mist inhalers (SMIs),
pressurized metered-dose inhalers (pMDIs), and dry powder inhalers (DPIs). Among these, the
development of DPI systems has recently received the greatest focus due to its many advantageous
features. On the one hand, in the case of DPIs, traditional carrier-based systems are distinguished,
where micronized drug particles create an interactive physical mixture with large carrier particles.
The micronized drug particles are then swept off from the surface of the large carrier during
inhalation. The other group consists of carrier-free DPIs, where different manufacturing methods
and applied excipients allow good aerodynamic properties. Both groups of DPIs mentioned above
have advantageous properties and development potential, but the combination of their beneficial
properties indicates a new development line that is still unexploited.

The efficiency of DPI products is influenced — in addition to the DPI formulation — by the
applied DPI device, since the design and characteristics of the delivery system, the adhesion
between the DPI formulation and the device also contributes to the achievement of the appropriate
aerodynamic result. Nevertheless, the properties of DPI capsules can also influence the
aerosolization, aerodynamics and stability of inhalation powders, and are therefore not only used
for packaging of formulations. Patients also play a major role in the aerosolization and lung
deposition outcome of DPI powders, for example in terms of breathing maneuver and breath-
holding time. Overall, the development of DPI dosage forms is challenging, but there are many

untapped opportunities.



2. AIMS OF THE WORK

The goal of the Ph.D. work was to develop and investigate a novel formulated DPI

microcomposite containing CIP as an antibiotic agent, which combines the advantages of

traditional, carrier-based, and carrier-free formulations and provides adequate stability. The

ultimate aim was to create a well-adapted DPI drug formulation for the treatment of cystic fibrosis

and chronic bronchitis. The main steps of the work were as follows:

Literature review of the benefits of PDD compared to the oral administration route.
Exploration of the similar pathophysiological course of CF and chronic bronchitis and the
potential for antibiotic therapy intervention in this progressive process. Identification of PDD
options and collection of inhaled antibiotic formulations on the market. Furthermore, to collect
factors influencing the effectiveness of the delivery of DPI systems and to explore their
potential.

Development of a carrier-based CIP-containing DPI system where the carrier particles are
surface-treated with magnesium stearate (MgSt) and the drug particles were blended on the
surface of these particles are prepared by prior spray drying (spd). In this way, a sample with
better in vitro lung deposition results than the traditional carrier-based DPI formulations on
the market can be expected.

To study how different solvent proportions used in the stock solution during the preparation
of CIP-containing carrier-free DPI samples, influences the habit of these powders and
consequently their in vitro aerodynamic results. The purpose is to apply the results to select
the optimal solvent composition for this drug. This segment seeks to shed a new perspective
on published experience, using new numerical concepts, and contexts to provide new
explanations and expand knowledge on the subject. In addition, preparation, physicochemical,
and in vitro lung deposition studies of co-spd DPI formulations containing the active
ingredient CIP and sodium stearate (NaSt) as an excipient in different concentrations using
the optimal solvent mixture described above. Thereby further development of the carrier-free
DPI direction.

Development, physical / in vitro lung deposition / in silico lung simulation investigations, and
short-term stability testing of novel formulated DPI microcomposite containing CIP, through
the integration of the experience gained from the improvement of traditional carrier-based and
carrier-free DPI formulations described above. Furthermore, the development of the final
dosage form of this above-mentioned DPI sample, which involves testing in different DPI
capsule types and a more extended 6-month stability study according to the ICH (The
International Council for Harmonisation of Technical Requirements for Pharmaceuticals for

Human Use) guideline.



3. LITERATURE BACKGROUND OF THE RESEARCH WORK
3.1. Importance of PDD in the therapies for lung diseases

The properties of the lungs - highly absorbable tissue, large surface area, thin adsorption
membrane, and excellent blood supply - make them particularly suitable for use as drug delivery
gates [3,4]. The pulmonary drug administration allows the medical treatment of local illnesses
such as CF, chronic obstructive pulmonary disease (COPD), etc., and systemic diseases e.g.
diabetes mellitus, agitation associated with schizophrenia, etc [5,6]. The advantages of this
administration way of active pharmaceutical ingredient (API) delivery are that it is not an invasive
treatment, and the applied drug can reach the Cmax value in a few minutes [7]. Furthermore, a more
favorable side effect profile is expected than with oral administration because approximately one-
tenth of the oral dose is enough to trigger the identical therapeutic effect [8]. The reason is that the
API bypasses the gastrointestinal tract, that is, so that not exposed to intestinal and hepatic first-
pass metabolism [9]. Many APIs have thus been tested and several of them have been marketed
from the edge of PDD [10-12].

CF is a slowly progressive — autosomal recessive — inherited disease, which is a
pathophysiological process resulting from a mutation affecting the cystic fibrosis transmembrane
conductance regulator (CFTR) gene [13]. Fundamentally, a molecular defect affecting a gene can
be classified into 6 classes [14], so the severity of the disease can vary greatly from individual to
individual [15]. The disorder affects the exocrine glands of the body, causing particularly severe
problems in the lungs (lung infections, shortness of breath, decreased respiratory function, frequent
cough, etc.) and pancreas (obstruction, poor nutrition, etc.) [16,17]. Since ion transport is regulated
by CFTR protein through several mechanisms, so the pathophysiological process is very difficult
and complex [18]. In terms of the lungs, the process is summarized as follows (Figure 1.), due to
mutation in the CFTR gene, the influenced Na* and CI- transport (osmosis, dehydration) result in
mucociliary dysfunction and airway mucus plugging [19,20], which lead to hypoxia followed by
sterile inflammation and bacterial infection [21]. In turn, influencing HCO3 transport results in a
decrease in HCO3™ concentration on the apical side compared to physiology (decreased pH of the
airway surface liquid), which also contributes to bacterial infection [22,23]. The presence of
inflammation and bacterial infection induces a pathophysiological cycle since inflammation leads
to mucin hypersecretion (obstruction), which favors bacterial growth and bacterial infection
induces inflammation [24,25]. Respiratory failure is the end result of a process that leads to the
death of patients [26]. According to the current state of science, this disease cannot be cured [27],

but it can materially slow down the course of the disease with appropriate therapy [28].



COPD is a collective name applied to describing progressive pulmonary illnesses, which
include chronic bronchitis, emphysema, refractory (irreversible) asthma, and various types of
bronchiectasis [29]. Especially chronic bronchitis has similar pathological manifestations to CF
[30]. More than 90% of people with this disease have a background of smoking [31]. Cigarette
smoke has been found to degrade CFTR expression beyond the induction of inflammation, thereby
causing an "acquired"” dysfunction of CFTR [19]. This may lead to a similar process as shown in

Figure 1. also in patients with chronic bronchitis and CF.
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Figure 1. A visualization of similar pathophysiological progression in CF and chronic
bronchitis.

The pathophysiological cycle mentioned above is characterized by polymicrobial infection,
i.e. a patient is infected with several different organisms at a given time. For example, in CF, many
studies support that Haemophilus influenzae and Staphylococcus aureus cause respiratory tract
infections in younger CF patients, followed by Pseudomonas aeruginosa becoming the most
important pathogen in adulthood, but with the presence of multiple pathogens [32]. In addition,
the continuous presence of bacterial infection in small flare-ups also promotes biofilm formation,
which further enhances disease progression. Therapy with antibiotics can slow down this
pathophysiological progression [33]. On one side, by acting directly on the bacterial infection and
biofilm formation, and on the other hand, by indirectly reducing inflammation and mucin
hypersecretion. For these reasons, besides a large number of marketed oral antibiotic formulations
for patients with these diseases, there is an increasing focus on the production of formulations for
the inhalation administration of antibiotics, which is also becoming necessary as local therapy is

beneficial for these patients.



3.2. Classification of inhalation products

Concerning PDD, four main categories of inhalation products can be distinguished. In the case
of nebulizers, the inhalation device is an electrically powered machine that converts the liquid
medicine (e.g. Berodual® Inhalation Solution — Boehringer Ingelheim, Ingelheim, Germany ) into
a continuous nebulization mist so that it can be inhaled directly into the lungs through a face mask
or mouthpiece [34]. Soft mist inhalers (SMIs) (e.g. Respimat® Soft Mist™ Inhaler — Boehringer
Ingelheim, Ingelheim, Germany —) also produce mist, but they create a slow and prolonged aerosol
mist that is induced by mechanical force via a spring. They have the advantage that inhalation can
be easily matched to aerosol flow for patients, in addition to not having to reach a threshold for
inhalation flow for the drug to be properly aerosolized and inhaled. They are a relatively new group
and their application is not yet widespread on the market [35,36]. Pressurized metered-dose
inhalers (pMDIs) (e.g. Ventolin — GlaxoSmithKline, Brentford, United Kingdom ) are also liquid-
based systems, where inhalation products incorporating one or more propellants within a
pressurized delivery device. Although this type has a long and considerable presence on the
market, a major drawback is that among the four PDD solutions, it requires the greatest
coordination between product activation and patient inhalation, and thus effective drug intake
depends to a large extent on good inhalation technique. Most pMDI products have high
oropharyngeal and low lung deposition. However, for pMDls, it is challenging to administer high
doses of APIs to the lungs [37]. The DPIs (e.g. Incruse Ellipta® — GlaxoSmithKline, Brentford,
United Kingdom —) are breath-activated inhalation products that aerosolize a given dose of
micronized API in a solid-state on the airflow. The DPIs offer advantages in terms of drug stability,
ease of management, and the range of possible doses that can be administered. As the API is
processed, dosed, and packaged in powder form, the risk of degradation, disintegration and
microbiological contamination is minimized concerning wet formulations [38,39]. With regard to
antibiotic drugs, a number of inhalation formulation developments have already taken place and
several products containing antibiotic are already on the market (Table 1.), but there is no

inhalation formulation containing CIP on the market yet.



Table 1. Marketed inhalation products containing antibiotics [40-43].

Product/ Company | Drug material PDD option type Indication
NTM lung infections
. ® . . caused by MAC in adults
Arikayce ™ (Insmed i Nebulizer (Liposome up™ liited treatment
Incorporated) inhalation suspension) .
options who do not have
CF
Cayston® (Cayston Suppressive therapy of
ay \Lay CPIl due to P.ae. in patients
Gilead Sciences Aztreonam DPI )
with CF aged 6 years and
Ireland UC)
older
Colobreathe® (Forest Colistimethate Management of CPI due to
Laboratories UK DPI P.ae. in patients with CF

Ltd.)

sodium

aged 6 years and older

Promixin® (Forest
Laboratories UK
Ltd.)

Colistimethate
sodium

Nebulizer (Lyophilized
powder for inhalation
solution)

Paediatric of CPI due to
P.ae. in patients with CF

Quinsair® (Chiesi
Farmaceutici S.p.A.)

Levofloxacin
hemihydrate

Nebulizer (Solution)

CPI due to P.ae. in adult
patients with CF

Bethkis® (Chiesi

Management of CF

Farmaceutici S.p.A.) Tobramycin Nebulizer (Solution) patients with P.ae.

CF patients aged 6 years
TOBI® (Novartis : . . and older for long-term
International AG) Tobramycin Nebulizer (Solution) management of CPI due to

P.ae.

Suppressive therapy of
TOBI® Podhaler® :
(Novartis Tobramycin DPI CPI due to P.ae. in adults

International AG)

and children aged 6 years
and older with CF

Abbreviations in the table: Cystic fibrosis (CF), Chronic pulmonary infections (CPI), Dry powder inhaler (DPI),
Mycobacterium avium complex (MAC), Non-tuberculous mycobacterial (NTM), Pseudomonas aeruginosa (P.ae.),
Pulmonary drug delivery (PDD)



3.3. Optimal DPI product delivery

As our research team is exclusively dedicated to the development of DPIs due to the
advantageous properties of this group [44]. For this reason, in the following sections, DPI systems
will be discussed, whose efficiency is considerably influenced not only by the characteristics of
the DPI formulations but also by the applied DPI devices used and the patients (Figure 2.). These
influencing factors and their potential for improvement are discussed in detail below.

Usability

Effectiveness of DPI
product

Figure 2. Influencing factors of the efficiency of DPI product [45].

3.3.1. DPI formulations

The effectiveness of DPI products is basically influenced by the properties of DPI
formulations [45]. There is still a wide range of in vitro (and in vivo) lung deposition results of
marketed and published DPI formulations, not to mention inhalers and patients as influencing
factors. The manufacturing of DPI formulations has a lot of potentials, as the number of active
ingredients, excipients, preparation methods, and parameters used is huge [46,47]. Basically, 2
main groups of formulations are distinguished in the literature for DPIs: traditional carrier-based
and carrier-free composites. In the former, the micronized drug (usually by milling or sieving to
an appropriate particle size range) by a top-down process is on large carrier particles from whose
surface of which the API particles are swept off during inhalation. In the latter case, different
manufacturing methods and applied excipients allow good aerodynamic properties (even without
the use of large carrier particles) [48,49]. There are already a number of products on the market
for the main groups, but both have advantages and disadvantages, which are summarized in Table
2. and their development possibilities are described in the following sections.



Table 2. Advantages and disadvantages of carrier-based and carrier-free DPIs [50].

Traditional, carrier-based DPI
formulations

Carrier-free DPI formulations

Advantages

Sweet aftertaste during inhalation
(most sugar-based compositions):
confirms to the patient that
inhalation was successful
Dispensing small amounts of API
can be accurate

Improved aerosolization and
dispersion due to carrier particles
Better moisture protection

Production typically in a single
step

A large number of excipients and
processing options (production
methods, nanoparticle
engineering, etc.) can be used in
the formulation

Favorable morphology

Improved aerodynamic behavior

Disadvantages

Inhomogeneity

Relatively low FPF value (for
marketed products)
High adhesion
untreated carrier
particles

between the
and drug

Instability for
particles

Risk of strong cohesion between
drug particles

Electrostatic charging

Poor powder flow properties

amorphous

e High adhesion between the DPI
capsule wall and drug particles

3.3.1.1. Development opportunities for carrier-based DPIs formulations

Traditional carrier-based DPI systems were the first to appear on the market for powder
inhalation products. Representatives of this major group are still predominantly present on the
market, typically commercially available formulations contain untreated carrier particles. There is
great potential for the development of this main group, considering the advantages summarized in
Table 2. On the one hand, those companies that produce carrier particles specifically for use in
DPI formulations are rapidly expanding the number of carrier types available, e.g. MEGGLE's
InhaLac® series [51], DFE Pharma's Respitose® and Lactohale® product lines [52], which differ
most in their manufacturing method (milled, sieved) and particle size distribution. On the other
hand, besides a-lactose monohydrate, which is currently the most dominant carrier for
commercialized carrier-based DPIs, other carrier candidates have come to the fore due to their
favorable properties and test results e.g. mannitol, glucose monohydrate, sorbitol, etc [46]. In
addition, a number of developments have in recent years been made in the field of surface

treatment of carrier particles, which are summarized in Figure 3.



One of these solutions is the recrystallization of carrier particles. Positive experiences have
been described with the filtration of supersaturated aqueous solutions of a-lactose monohydrate
and recrystallization using various antisolvents (ethanol (EtOH), butanol, acetone), antisolvent
mixtures (EtOH-acetone, EtOH-butanol, acetone-butanol) or carbopol gels, as improved in vitro
lung deposition values were measured for samples containing recrystallized carrier. The next
effective surface treatment option is surface dissolution. The surface properties of a-lactose
monohydrate are favorably altered when it is stirred in EtOH, methanol, or propanol for a short
time (e.g. 5-20 min) and then filtered. The surface properties of the carriers are also beneficially
modified (e.g. reduced roughness) by coating with fluidization (e.g. a-lactose monohydrate carrier
hydroxypropyl methylcellulose (HPMC), distilled water, and lactose-containing coating fluid),
which has been reported to lead to enhanced in vitro lung deposition results [46].

* From acetone / butanol / EtOH
- From acetone-butanol mixture

* From acetone-EtOH mixture
* From butanol-EtOH mixture

Recrystallization
* From Carbopol gel
Surface dissolution *+ With HPMC
Coating by fluidization » With EtOH / methanol / propanol

» Turbula® mixer
* MechanoFusion®
* Hybridizer®
* Theta-composer®
t . With MgSt
» With sucrose tristearate
» With fine carrier particles

Mechanical dry coating

Figure 3. Surface modification possibilities of traditional DPI carrier particles, with examples.

Besides the wet surface modification methods described so far, the fourth option is the
mechanical dry coating of the carrier particles, which is also aimed at improving lung deposition
results. The coating particles are in close contact with the large carrier particles due to mechanical
forces. The coating can be discontinuous or continuous (porous/single layer or film coating). It can
be created with a Turbula mixer or intensive mechanical dry coating equipment such as
MechanoFusion®, Hybridizer®, Theta-composer®, etc. Mechanical dry coating of classical large
carriers is also possible with fine carrier particles, which are also called "secondary carriers”. The
average size of these particles is smaller compared to that of the classic large carriers, but their
optimal diameter for DPI systems has not yet been agreed upon, with some studies suggesting a

particle size of around 5-8 um as an ideal range [46].



3.3.1.2. Development of carrier-free DPI formulations

The development of carrier-free DPI formulations came into focus later, when advanced
bottom-up technologies (spd/nano spd, spray-freeze drying, supercritical-fluid technology)
allowed to create drug particles with different morphologies compared to the previous top-down
technologies [4]. In addition, by choosing the right excipients, favorable physicochemical
properties can be achieved. The resulting composites alone gave good lung deposition results thus,
the use of large carrier particles can be eliminated [47]. The most common bottom-up DPI
production technology is spd, which based on its advantages and disadvantages, proves to be the
most favorable method of production [53]. Formulations prepared by this technology are
categorized in the literature according to their habit, with some overlap. Basically, two main groups
of spd particles are distinguished: dense and non-dense particles (Figure 4.).

A common feature of the former group is that they typically have an average geometric
diameter (D [0.5]) of 1-5 pum per particle and a denser structure than the other main group. In the
case of conventional spd DPI microparticles, different morphologies are observed (spherical-
smooth, spherical-dimpled). PulmoSol® formulations are a subtype of the group of dimpled
particles, where a solution of human recombinant insulin is co-spd using excipients (mannitol,
glycerol, sodium citrate) to give the characteristic shape. Coated particles with a layered structure
also belong to the main group of dense particles (they can have both smooth and dimpled surfaces),
which are most often manufactured using amino acids such as L-leucine [54,55], etc., which have
a favorable effect on density, flow properties, and hygroscopicity, among other things. Spheroids,
on the other hand, are formulations resulting from the aggregation of spd particles up to half a
millimeter in size, of 1-5 um with dense structure, which are broken down into individual
microcomposites during inhalation. The large size favors interparticle interactions during the
resting bed of particles. In the case of nano-embedded microparticles (NEMs), the nano-sized API
particles are incorporated into a matrix (e.g. lactose, mannitol, maltodextrin, trehalose, etc.),
making the particles in the sample micron-sized. They are also known as "nano-in-micro"
formulations. This eliminates the problem that nano-sized particles are often exhaled. These
composites then break down into nanoparticles in the lower airways after deposition, as the matrix
dissolves in the lung lining fluid. The matrix material used may be present in a few percent or
much larger amounts relative to the dry solids content of the formulation (Figure 4.) [47,56,57].
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Figure 4. Types of carrier-free (co-)spd DPI formulations.
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Types belonging to the non-dense main group are characterized by the presence of cavities,
an average geometric particle size of 5-30 um and a lower density compared to the dense main
group. Within this major group, porous particles and hollow particles are distinguished. The porous
particles contain a frame inside, and depending on the size of the pores specific to the particle,
subgroups Large Porous Particles (LPPs), Small Porous Particles (SPPs) and Nanoporous
Microparticles (NPMPs) are distinguished. LPPs are formulations prepared by spd complex
emulsions, where often polymers (e.g. PLGA, PEG) are used to stabilize the remaining pores. The
SPPs subgroup includes PulmoSphere® composites, which are made from O/W emulsions. In their
case, the active ingredient and the emulsion-stabilizing excipient (e.g. phosphatidylcholine) are
soluble in the aqueous phase. In the oily phase, a pore-forming perfluorocarbon derivative is used
to form the characteristic shape of the particle. Different solvent mixtures are used in the
production of NPNPs e.g. EtOH/water, methanol/water, water/methanol/butyl acetate,
methanol/butyl acetate, etc. NPNPs can be prepared using solvent mixtures without the use of
other excipients, but also by using, for example, ammonium carbonate, NPMP samples have been
successfully generated. Typically, the resulting particles are 3 um (D [0.5]) in size [57-59].

In the case of hollow composites, they no longer have an internal frame, a spongy structure,
but only a shell. The shell can consist of continuous shell material, but depending on whether the
shell is intact or disrupted, several subgroups can be distinguished: non-broken shell, non-uniform
shell disruption and uniform shell disruption. There are also hollow micron-sized particles in
which the shell is aggregated from nano-sized particles (even in several layers), which are also
called Trojan particles because of their structure, in association with the Trojan wooden horse.
Although they also belong to the group "Hollow particles”, they are also referred to in the literature
as PNAPs (Porous Nanoparticle Aggregate Particles), where the shell can be intact or cracked.
This latter is also described in the literature as Large Porous Nanoparticles (LPNPs) [57,60,61].

Among the carrier-free DPI formulation types detailed above, several examples of successful
development using antibiotics as active ingredients can be found (Table 3.). A number of these are
already on the market or in the clinical phase. The preparation of dimpled particles for antibiotics

is also very common.

12



Table 3. Published examples of antiobiotic containing carrier-free (co-)spd DPI formulations.

Carrier-free (co-)spd DPI Drug material Excipient Ref.
formulation type
Spherical- G
=3 smooth Netilmicin - [62]
S8 CIP - [63]
= g _ CIP monohydrate - [64]
= o | Spherical- Aztreonam - [65]
S .Q dimpled :
O'E CIP, Doxycycline, i [66]
CIP & Doxycycline
Lipids: Cholesterol,
8 8 | Spherical- : Phospholipon 90H or
R = smooth Tobramycin Hydrogenated soy [67]
S| 88 lecithin
® | O L . Netilmicin L-leucine [62]
@ L Spherical- — -
L = dimoled Gentamicin sulphate L-leucine [68]
al P CIP L-leucine [63]
Spheroids N/A N/A N/A
. . D-Mannitol & L-
Ciprofloxacin Leucine matrix [69]
PEG-g-PHCs
NEMs Ciprofloxacin copolymer, sodium [70]
alginate solution
. Chitosan-Alginate/
Tobramycin PVA-Alginate [71]
LPPs Capreomycin sulfate L-leucine [72]
. . . DSPC, Calcium
2 Ciprofloxacin betaine chloride [73]
w | B Perflubron, DSPC,
@ . ; :
£ < SPPs Tobramycin Calcium ghlor!de, [74]
B % Sulphuric acid
= 2 Perflubron, Egg
§ a Gentamicin sulfate phosphatidylcholine, [75]
S Sodium oleate
2 NPMPs N/A N/A N/A
S .
Z | _ | Sontinuous “ o yoifioxacin HCI /L-leucine/DPPC [76]
2 L shell material
= PNAPs
g (Trojan Rifampicin PLGA/L-leucine [77]
particles)

Abbreviations in the table: Ciprofloxacin hydrochloride (CIP), 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine
(DPPC), Distearoylphosphatidylcholine (DSPC), Large Porous Particles (LPPs), nano-embedded microparticles
(NEMs), Nanoporous Microparticles (NPMPs), Phthaloyl chitosan (PHCs),Poly (lactide-co-glycolide) (PLGA),
Porous Nanoparticle Aggregate Particles (PNAPs), poly(vinyl alcohol) (PVA), Reference (Ref.), Small Porous
Particles (SPPs)
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3.3.1.3. Combining the advantageous features of traditional, carrier-based and carrier-free DPI
systems

The development possibilities of traditional carrier-based and carrier-free DPI formulations
have been categorically described above, however, there are countless possibilities for developers
in terms of the number of excipients that can be used in the lungs and the preparation parameters,
and it is not in vain that there have been plenty of publications on this subject. However, there are
only a few examples in the literature of combined formulations that exploit the advantages of
traditional carrier-based and carrier-free DPIs. In the beginning, Adi et al. [78] prepared a mixture
of treatment-free carrier and spd API, Hazare et al [79] performed manual mixing as a surface
treatment between lactose carrier and MgSt and then mixed them with spd API. Faulhammer et al.
[80] blended decanted modified lactose and spd drug material, and Moénckedieck et al [81] applied
spd API particles and mannitol to the surface of the larger spd mannitol (~ 60 um), etc. Combined
formulated DPIs hide even more possibilities that result in the emergence of a new category [48].

3.3.2. Inhalers
3.3.2.1. DPI devices

In addition to the role of DPI formulations, the second pillar (Figure 2.) that influences the
efficiency of DPI systems is the DPI devices (structure, features of the dosing system).
Compatibility is an important factor, i.e. the wide applicability of the devices for different API
formulations and doses, furthermore, minimal adhesion between the DPI formulation and the
device. The ideal DPI inhalers are cost-effective, easy to use, portable, aerodynamically favorable
and adequately protect the microcomposites from moisture so that they remain sufficiently stable.
They are required to have dose indicators for multiple-dose storage, as well as provide accurate
and uniform dosing over a wide range of inspiratory flow rates and until the end of the indicated

expiration date [45].

DPI devices

Number of doses Energy source Formulation type
¢ Sitiale-doie * Active * Carrier-based
. ] * Passive * Carrier-free
- Disposable
- Reusable
Generations Resistance
* Multiple-dose: :
- Multiple-unit-dose * First * Low
- Reservoir * Second * Medium
- Third . ngh

Figure 5. Classification of DPI devices according to different aspects.
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For DPI devices, several groupings are known (Figure 5.). According to the number of doses,
a distinction is made between single-dose (first generation) and multiple-dose (second generation)
inhalers. In the former case, some devices are applied once, e.g. ICOone (Iconovo AB, Lund,
Sweden), and those that involve patients placing a new capsule in the device each time they inhale,
e.g. Breezhaler® (Novartis International AG, Basel, Switzerland). Two types of multiple-dose DPI
inhalers are distinguished: multiple-unit-dose inhalers — the inhalers provided with factory-dosed
and individually, usually using a blister disc or blister strip, sealed doses e.g. Diskus® (GSK,
Brentford, United Kingdom) —, and reservoir DPI devices, which contain multiple doses in a single
container, with a safe built-in mechanism to ensure unit dose delivery during inhalation e.g.
NEXThaler® (Chiesi Farmaceutici S.p.A., Parma, Italy) c. DPI devices can also be classified as
passive or active (third-generation) depending on whether they utilize the patient's inhalation
airflow as an energy source during inhalation e.g. Ellipta® (GSK, Brentford, United Kingdom) or
whether they also use another energy source e.g. Exubera® (Pfizer Inc., New York, United States),
DPI inhalers may even be differentiated by the fact that they are developed or marketed for the
application of a traditional carrier-based or carrier-free formulation [45].

Table 4. Classification of DPI devices according to their internal resistance and pressure drop
across the device [82].

Grouping of DPI
devices based on PIESEIITE Elie)2 t.h el Example
. ) a DPI device
their resistance
Low resistance <5 Mbar 1/2 L/min * Breezhaler® (Novartis International AG)
Medium resistance 5-10 Mbar 1/2 L/min "t Turbohaler® (AstraZeneca UK Ltd)
High resistance >10 Mbar 1/2 L/min "t Handihaler® (Boehringer Ingelheim Ltd)

The last grouping aspect can be based on the resistance of DPI devices to airflow, which is a
key parameter for both API de-aggregation and lung deposition effectiveness, thus affecting the
outcome of aerosol pharmacological therapy. The flow resistance of currently marketed devices is
in the range of approximately 0.02-0.2 (cmH20!/ 2/(L/min)) and the higher the resistance of a
device, then the lower the flow rate will be for given patient inhalation, as the pressure drop across
the device is high. The literature basically distinguishes between low, medium, and high resistance
devices, but in other cases, their classification is related to the pressure drop through the DPI
inhalers (Table 4.). High-resistance inhalers may produce more turbulence (aiding de-aggregation
of the DPI formulation), but the patient will realize a lower volume flow rate on a high-resistance
inhaler than on a low-resistance device. Each patient's case requires individual consideration by
the doctor as to which inhaler is preferred in cases of respiratory difficulties so that a balance
between inhaler resistance and flow rate is achieved to allow optimal de-aggregation and proper

lung deposition [45].
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Lately, several DPI inhalers with new structures have been commercialized or published, e.g.
applying high-frequency piezoelectric vibrator, microstructured carrier tape, reverse cyclone
technology, sublimation, etc. In particular, the proliferation of carrier-free DPI formulations and
the use of high doses of antibiotics are the main triggers for these innovations. Nevertheless, they
should remain simple enough to be used appropriately by patients. They also need to have low
manufacturing overheads to reach a broad range of potential customers. Furthermore, e-Health is
also gaining ground, thanks to the opportunities offered by fast-developing digital technology. The
most recent advancements include so-called smart inhalers. Their use allows, for instance, clinical

researchers to screen lifestyle and environmental factors that influence respiratory diseases [83].

3.3.2.2. DPI capsules

As mentioned earlier, capsule-based DPI products are very common in the market. However,
in their case, in addition to inhaler structure, the DPI capsules also play an important role in the
appropriate delivery of DPI microcomposites, thereby achieving the required therapeutic efficacy.
While capsules applied for per os drug delivery are mainly used for packaging of formulations, in
addition, they play a role in the liberation of the API, too. In the case of DPI capsules, it should be
highlighted that the characteristics of the capsule wall (internal surface properties, staticity,
residual solvent content — RSC) and its stability (appearance of fragility) can affect the
aerosolization, aerodynamics, and stability of the inhalation powders. Furthermore, in the case of
carrier-based systems, the dispersion of the API particles from large carrier particles may also be
influenced. DPI capsules are separated by manufacturers as a specific portfolio because, on the
one hand, they have to meet more stringent microbiological requirements than oral capsules and,
on the other hand, developments are ongoing to optimize the previously mentioned properties of
the capsule walls for inhalation applications [84].

Three types of capsules are currently marketed as DPI capsules. Gelatine (GEL) capsules were
the earliest to appear and are still used in a considerable part of capsule-based DPI products on the
market. It should be noted that this type is incompatible with certain drug materials, e.g. hydrolysis
agents and that the capsule wall becomes brittle after losing 10% of its RSC. Gelatine-
polyethylene glycol (GEL-PEG) capsules have a favorable capsule wall property because they are
less susceptible to fragmentation, but their use in inhaled pharmaceutical products has not become
as widespread as that of the GEL type. HPMC DPI capsules are the third category, which are
incompatible with fewer materials and have a relatively low optimum RSC (3-7%) so they are
even less prone to fragmentation than the two types discussed above. This type is gaining ground
on the market. The characteristics of the two main DPI capsule types (GEL, HPMC) are
summarized in Table 5. The impact of DPI capsules on formulations has only recently come into

focus, which has been extensively discussed in a few publications. However, it is still an area for
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further development, as there is potential for improving the properties of capsule types for
inhalation use as well as in the case of DPI formulations, there should be an increasing focus on
the selection of the ideal DPI capsule [84,85].

Table 5. Characteristics of GEL and HPMC DPI capsule types.

DPI capsule types GEL HPMC
Origin Animal Plant
Structure Protein Cellulose

RSC 13-16 % 3-8%
Becoming fragile <10% <1%
Brittleness at low RH* Yes Barely characteristic
Glass transition temperature 50-60 °C 170-180 °C
Deformation > 60 °C >80 °C
Static charge Large Small
Example Con(iéir;izzgg)laﬁn Vcaps® (Capsugel®)
Applied in the marketed product Onbrez® Breezhaler® TOBI™ Podhaler™

*RH: Relative humidity
3.3.3. Role of the patients

The third pillar (Figure 2.) that influences the effectiveness of DPI systems is the patient. On
the one hand, in the case of respiratory disease, the type (e.g. CF), phase, severity, age and
socioeconomic status of the patient all influence the success of inhalation therapy. However, it is
essential that patients accept inhalation therapy, use the device correctly and inhale the formulation
as desired, i.e. for the right duration, preferably as evenly as possible, and hold their breath for the
required time to ensure proper efficacy. Unfortunately, in many cases, patients do not use inhalers
correctly and the inhalation technique is not always carried out properly. To improve these, they
should be trained to perform the correct exercise. It is also important because the correct inhalation
flow can vary due to the different resistances of DPI devices. For this reason, there are inhaler-
specific training devices, e.g. for those using Turbuhaler® (AstraZeneca UK Ltd., Cambridge,
United Kingdom), and also devices for teaching the use of several inhalers, e.g. In-Check DIAL
G16 (Clement Clarke International Ltd., Harlow, United Kingdom), where the patient selects the
resistance of the inhaler they are using based on a scale and sets the training device to the
appropriate pictogram. This allows the patient to learn the correct inhalation flow specific to the
DPI device. Monitoring patient adherence is also very important for the effectiveness of DPI
systems, as the correct timing and number of daily applications of the API is essential for the

success of therapy [45,86].
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4. MATERIALS AND METHODS
4.1. Materials

4.1.1. Active Pharmaceutical Ingredient

CIP (D [0.5]: 10.51 um) is the hydrochloride salt form of ciprofloxacin, which was received
by TEVA Pharmaceutical Industries Ltd. (Debrecen, Hungary). This API is a second-generation
fluoroquinolone antibiotic, whose primary mechanism of action is the inhibition of bacterial DNA
gyrase — topoisomerase Il — and topoisomerase 1V enzymes, thereby blocking the uncoiling and
duplication of bacterial DNA, which leads to cell death. It possesses strong and effective activity
towards a wide range of Gram-positive bacteria (e.g. Staphylococcus, Bacillus species) and most
Gram-negative microorganisms (e.g. Pseudomonas species), often used in the treatment of lung
infections [63]. It can also be a good therapeutic solution for CF and chronic bronchitis against the
bacteria that occur during the course of the disease [87-91]. Further information on the API is
given in Table 6.

Table 6. Information about CIP [92,93].

Drug material CIP

O O

. F [ oH
Chemical structure N N
N A HCI

1-cyclopropyl-6-fluoro-4-oxo-7-(piperazin-1-yl)-1,4-

*
IUPAC* Name dihydroquinoline-3-carboxylic acid hydrochloride
Physical characteristics Crystalline substance, Colour: from pale yellow to light yellow
Dose Oraltaplets: 100 — 750 mg

*IUPAC: International Union of Pure and Applied Chemistry

4.1.2. Excipients

For the carrier-based samples, a-lactose monohydrate was used as the carrier particle, which
is included in most commercial carrier-based DPI products. Its usefulness is supported by its long
history of use as an excipient in oral formulations, so it has a safe and adequate stability profile
[94-96]. When administered by inhalation, it is deposited in the oral cavity and throat in the highest
percentage due to its large carrier nature. It is hydrolyzed by bacterial enzymes present in normal
saliva or metabolized by intestinal enzymes when ingested. Lactose particles that reach the lungs
are rapidly absorbed, then metabolized, and finally excreted in the urine [97]. There are many
types of a-lactose monohydrate available for inhalation [51,52]. For the formulations detailed
below, InhaLac® 70 (IH70) (D [0.5]: 215.00 um; Meggle Group GmbH., Wasserburg am Inn,
Germany) has been used, which is the lactose type for inhalation with the best flowability value in

the manufacturer's portfolio [51].
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Magnesium stearate (MgSt) (D [0.5]: 6.92 um; Sigma Aldrich, Budapest, Hungary) was
applied for the surface treatment of the aforementioned carrier particles. In carrier-based DPI
products, it contributes to improved powder flow, favors interparticle interactions, and promotes
the sweeping and dispersion of API particles from the surface of the large carrier. Furthermore, it
has also been shown to improve the moisture resistance of the DPI formulation in high humidity
conditions [98]. Only negligible amounts of MgSt are deposited in the deeper segments of the
lung, with no adverse effects [99]. Due to the above-mentioned favorable properties, the use of
MgSt as an excipient has been approved for use in inhalation [100]. Among the commercially
available DPI products, e.g. Foster® NEXThaler® (Chiesi Farmaceutici, Parma, Italy), Seebri® and
Ultibro® Breezhaler® (Novartis International AG, Basel, Switzerland), etc. also contain MgSt
[101].

Sodium stearate (NaSt) (Alfa Aesar, Heysham, United Kingdom) was used in the co-spd of
the CIP drug material. NaSt is the sodium salt of stearic acid [102] and its role has been
investigated for a few APIs [103,104] in carrier-free DPI development by spd. For formulations
prepared with its application, changes in particle habit have been reported. It may change
depending on its concentration, where it is located in the particles for a given spd formulation. It
may also influence the morphology of the particles in a sample and the level of interparticle
(cohesive) interaction between the particles. In the presence of NaSt, a decrease in cohesive
interactions was typically reported. The beneficial change in particle habit for the published
samples also had a positive effect on in vitro aerodynamic properties. The optimal NaSt
concentration for a given API requires individual assessment. For example, Zhu et al. for
theophylline [103] and Parlati et al. for tobramycin [104] both found the use of 1.0% (w/w%) NaSt
to be ideal for aerodynamic results. Concerning the toxicity of NaSt, Parlati et al. found that its
effect on A549 lines (tested at up to 2 w/w%) did not affect cell viability to a greater degree than
pure tobramycin [104]. The development with NaSt has not been published before for DPIs
containing CIP, so in our study, we used the range of 0-2 w/w% NaSt concentrations tested for
other APIs.

The 96% ethanol (EtOH, AppliChem GmbH, Darmstadt, Germany) was used to modify the
physical properties of the produced microcomposites. In most publications, it has been applied as
a classical co-solvent in the preparation of DPI powders in starting solutions. Its applied
concentration in the stock solution prepared prior to spd (similar to other organic solvents) is often
reported without explanation. Its effect on the habit of DPI formulations has been poorly studied
and reported to have a major influence on the micrometric properties of DPI formulations. The
residual EtOH content must not exceed 0.5% in the final DPI formulation according to ICH Q3C
(R6) [105].
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4.2. Methods

4.2.1. Preparation of the samples

The following describes how traditional carrier-based, carrier-free and novel formulated DPI
samples were produced. Since the carrier-free samples are in many cases also components of
carrier-based formulations, their preparation is presented earlier.
4.2.1.1. Formulation of carrier-free composites

The DPI samples were made up from aqueous solutions of CIP. The CIP concentration in the
stock solutions was 0.015 g/mL in all cases. In one of the samples, the stock solution did not
include EtOH, in the other cases EtOH was used as a liquid excipient at various concentrations
(5%, 10%, 20% and 30%) near distilled water and the used temperature was 65 °C. Samples
containing NaSt were also applied with the same amount of API as described above, which was
first solubilized in distilled water. In parallel, the corresponding amount of NaSt — Table 7. — was
solved in EtOH. Then, the two above-mentioned solutions were mixed in a ratio of 7:3 (for NaSt-
containing samples, in the stock solution 30% EtOH concentration was used in all cases). The
solubility of CIP was studied in the used solvent/solvent mixtures before the fabrication of the
formulations. The solubility values of CIP were 0.094 g/mL in distilled water and 0.072 g/mL in a
7:3 mixture of distilled water and EtOH at 65 °C with stirring at 200 rpm for 2 hours [53].

T:130°C
T, 78°C
Asp. 75%
Pump: 5%
Air flow:
600L/h

Stock solution

(Co-)spd CIP
formulations

Figure 6. Schematic illustration of the spd equipment and the process of the (co-)spd.
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The (co-)spd process was carried out using a Biichi B-191 (Mini Spray Dryer, Biichi,
Switzerland) and the parameters were as follows: inlet heating temperature 130 °C, outlet
temperature about 80 °C, drying air flow rate 75%, sample pump speed 5% and compressed air
flow rate 600 L/h (Figure 6.) [106]. The spd yields were between 70 and 80 % for each DPI
composite, which can be considered satisfactory with this technique [107—109]. The formulations

were named according to the applied EtOH and NaSt concentrations in the stock solutions.

Table 7. Samples for carrier-free formulation development with CIP content.

Samples CIP (g9) NaSt (g) EtOH () H20 (g)
CIPspdEtOH® 3.0 - - ad 200
CIPspdEtOH® 3.0 - 10.0 ad 200
CIPspdEtOH™ 3.0 - 20.0 ad 200
CIPspdEtOH? 3.0 - 40.0 ad 200
CIPspdEtOH*° 3.0 - 60.0 ad 200
CIPspqEtOH®NaSto® 3.0 0.0151 60.0 ad 200
CIPspaEtOH®NaSt!? 3.0 0.0303 60.0 ad 200
CIPspaEtOH®NaSt?? 3.0 0.0606 60.0 ad 200

4.2.1.2. Preparation of the carrier-based formulations

The raw CIP (D [0.5]: 10.51 pum) particle size was reduced by sieving (mesh size: 25um) to
allow the production of traditional carrier-based formulations as a reference, by reducing the
applied API particles to a size range relevant for inhalation therapy. The carrier-based DPI
formulations were prepared using ClPsieved Or CIPspg particles and carrier/surface-modified carrier,
blended in a 1:10 [110] mass ratio by Turbula mixing (T2F Turbula System Schatz; Willy A.
Bachofen AG Maschinenfabrik, Basel, Switzerland) with a 30 min mixing time at 60 rpm [98].
The powder mixtures were prepared according to the rules of powder blending before Turbula
mixing. The surface modification of the carrier (IH70) was completed by using 2.0 w/w% of MgSt
relative to the final formulations [84,111-113] — Table 8. — with Turbula blending for 4 h [114].
Thus, MgSt can form a thin film coating the surface of the IH, which can modify its surface
properties [112]. Basically, all freshly prepared samples were stored in a desiccator containing
lumps of silica gel until the tests, but for the stability studies, the storage of the formulations was

as described in subsubsection 4.2.3.
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Table 8. Samples for carrier-based DPI development with CIP content.

Samples ClPsieved CIPspdEtOH?Y CIPspdEtOH IH 70 MgSt
P (Wiw %) (Wiw %) NaSt®S(wiw %)  (W/w %)  (w/w %)

ClPsieveatIH70 9.09 - - 90.91 -
ClPsieveatIH70_MgSt 9.09 - - 88.91 2.00
CIPspaEtOHY+IH70 - 9.09 - 90.91
CIPgpgEtOHY+IH70_MgSt - 9.09 - 88.91 2.00
CIPgEtOHNaSt*S+IH70_MgSt
(novel formulated DPI) 9.09 88.91 2.00

4.2.2. Determination of blend uniformity and real API content

After the preparation of the carrier-based DPI formulations, homogeneity and real AP content
tests were carried out due to the implementation of mixing procedures. The real API content was
also investigated for carrier-free DPI microcomposites. The United States Pharmacopeia (USP)
prescribed that testing must be performed with DPI unit dose volumes [115] collected from ten
random sites [116]. These were dissolved in distilled water and the CIP content was calculated
using a UV/VIS spectrophotometer (ATIUNICAM UV/VIS spectrophotometer, Cambridge,
United Kingdom) at a wavelength of 276 nm. The linearity of the CIP in this medium at the above-
mentioned wavelengths was determined in advance. The linearity of the calibration curve was 'y =
0.0736x. The unit of the slope was mL/ug. In all cases, samples were loaded into DPI capsules
(prior to stability and in vitro aerodynamic testing) in a mass per sample that contained the amount
of API corresponding to the applied inhalation dose for CIP (10 mg), knowing the real API content
of the formulations.

4.2.3. Stability tests

Stability experiments were carried out in a Binder KBF 240 device (Binder GmbH, Tuttlingen,
Germany) with a constant climate chamber. An electronically operated APT.line™ line preheating
chamber and cooling system provided temperature precision and repeatability of results over a
temperature range of 10 to 70 °C and an RH range of 10 to 80 %. Two types of stability tests were
performed (Table 9.) [84,113].

In the case of the short-term stability study, ClPsievea+IH70, CIPspqEtOH*°NaSt*®, and
CIPspqEtOH®NaSt*®+I1H70_MgSt samples were loaded after preparation into Coni-Snap® hard
GEL (Capsugel®/Lonza Pharma & Biotech, Basel, Switzerland) capsules (size 3) and stored in
open containers; the duration of storage was 1 month, under room conditions at 25 + 2 °C, 50 +
5% RH. Investigations of the samples were performed after production, 10 days, and 1 month
[113].
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A long-term stability study was performed according to ICH guideline at 40 + 2 °C with 75 +
5 % RH for 6 months also using the formulations CIPsEtOH*NaSt>® and
CIPspqEtOH®NaSt*®+IH70_MgSt. To perform this stability study, the above-mentioned
formulations were filled into 3 different DPI capsule types after their preparation. The Coni-Snap®
hard GEL capsule mentioned in the previous stability test, as well as Ezeefit™ GEL-PEG (ACG-
Associated Capsules Pvt. Ltd., Mumbai, India) and Ezeeflo™ HPMC (ACG-Associated Capsules
Pvt. Ltd., Mumbai, India) capsules were utilized to store DPI microcomposites throughout the
stability assay, thus yielding 6 samples. Hereafter, these capsule types will be referred to as GEL,
GEL-PEG, HPMC. The samples were blistered before starting the stability test. Sampling took
place after 1 month, 3 months and 6 months. In the same environment, the capsule types used were
stored empty and blistered for 6 months for the study [84].

Table 9. Details of the stability tests.

Conditions for the Duration of the Investigated Applied DPI capsule
stability test stability test formulations types
CIPsieved+|H7O
T:25+2°C 1 month CIPspqEtOH®Nast?® GEL
RH: 50 + 5% (short-term)

CIPspqEtOH®Nast?®
+IH70_MgSt

30 0.5
T:40+2°C 6 months CIPspgEOH"NaSt GEL, GEL-PEG,

RH: 75+ 5 % (long-term) CIPspdEtOH*°NaSt?® HPMC
+IH70 MgsSt

4.2.4. Characterization using Light Microscope (LM)

The holes created by punching the capsules were recorded in shape and area using a Leica
image analyzer (Leica Q500MC, LEICA Cambridge Ltd., Cambridge, United Kingdom) at 4x
magnification. For each capsule type, ten repeats were carried out in all cases.

4.2.5. Thermogravimetry measurements

The Mettler Toledo STARe (Mettler Inc., Schwerzenbach, Switzerland) was applied to
determine the RSC of DPI capsule types and DPI formulations. Regarding thermogravimetric tests,
3-5 mg of sample per capsule was weighed into 40 pl aluminum crucibles, and the temperature
dependence of the mass change of the samples was observed between 25-350 °C at a heating rate
of 10 °C / min under nitrogen gas flow. The weight loss up to 110 °C was due to the water leaving

the sample.

23



4.2.6. X-ray powder diffraction (XRPD)

The structural identification of the samples was detected with a BRUKER D8 Advance X-ray
powder diffractometer (Bruker AXS GmbH, Karlsruhe, Germany). Cu K Al radiation (A = 1.5406
A) was the radiation source. The investigated solid-state samples were monitored at 40 kV and 40
mA, with an angular range of 3°-40° 2-Theta, a step time of 0.1 s/step, and a step size of 0.01°. X-
ray scattering was carried out with a silicon disc. The DIFFRACT plus EVA software (Bruker,
Brussels, Belgium) was utilized to assess the results. The diffractograms were corrected by Ka2,

smoothed, and analyzed after the elimination of the background.

4.2.7. Particle size distribution

For the determination of the particle size distribution of the samples, laser diffraction was
applied (Malvern Mastersizer Scirocco 2000, Malvern Instruments Ltd., Worcestershire, United
Kingdom). About 0.5 g of the samples were filled into a measuring pan. A dry analytical test
method was applied and the air was the dispersion medium for the particles under study. The
dispersion air pressure was adjusted to 2.0 bar to establish whether particle attrition had taken
place. Three measurements were carried out in repetition. The particle size distribution was
characterized by the values D [0.1], D [0.5], and D [0.9].

4.2.8. Morphology by Scanning Electron Microscope (SEM)

The shape, surface features and estimated size of the raw materials/formulations were studied
by SEM (Scanning Electron Microscope — Hitachi S4700, Hitachi Scientific Ltd., Tokyo, Japan).
A sputter coating machine (Bio-Rad SC 502, VG Microtech, Uckfield, United Kingdom) was
utilized to induce electrical conductivity on the surface of the composites. The range of air pressure
used was 1.3-13.0 MPa. Samples were coated with gold-palladium (90 s) in an argon atmosphere

with the use of a gold sputtering module within a high vacuum evaporator.

4.2.9. Topology by Atomic Force Microscope (AFM), and the expressed values

Before AFM mapping, particles were spread out carefully on a two-sided adhesive strip so
that they were fixed during the analysis. The imaging was performed with a FLexAFM atomic
force microscope supported by C3000 control software (Nanosurf AG, Liestal, Switzerland). To
extend the dynamic force measurement mode, uncoated TAP-300-Al-G cantilevers
(BudgetSensors, Sofia, Bulgaria) with a nominal resonance frequency of 300 kHz were applied in
phase-contrast mode. Data were processed and interpreted via Gwyddion 2.55 software (Czech
Metrology Institute, Brno, Czech Republic). Root means square roughness (Rrms) was determined
according to Equation 1. by running the Gwyddion software. In the case of each sample, at least
five particles and an area of 0.5 um x 0.5 um per individual particle were analyzed at least at three

separate locations.
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(1)

In this equation, ‘n’ is the number of data points in the topographic profile and ‘y;’ is the distance
of the asperities (i) from the midline.

The roughness (%) value for the particle size was obtained from the average Rrms (Rrwvs
@average)) and the average diameter (d) — the average of 10 diameters in various orientations — for a
given particle, using the following equation:

RRMS (average)

d
Moreover, the above-mentioned software makes it possible to measure only the single

Roughness % = x 100 (2)

depressions/dimples of the particle surface. In the case of each particle, a minimum of three
dimples was used as the basis for determining the average values (depth and width of the
dimples (average)). By obtaining these values, and also knowing the value of d for the particle
as discussed above, the depth and width of the dimples relative to the particle size were

calculated (Equations 3 and 4). For each sample, analyses were carried out for at least five

particles.
Depth of the dimples
Depth of the dimples % = pth of - P average) o 100 3
Width of the dimples
Width of the dimples % = f p P (average) x 100 4)

4.2.10. Studying the interparticle interactions

To investigate the interparticle interactions between the components of the samples, pastilles
were created using 100 mg of each substance and 1 tonne of compressive force (Perkin Elmer
hydraulic press, Waltham, United States). The contact angle (®) was established using a
Dataphysics OCA 20 instrument (Dataphysics Inc. GmbH, Germany). Three pastilles per sample
were dropped with a polar liquid medium (distilled water) and the other three pastilles were
dropped with a dispersion liquid medium (diiodomethane) to perform parallel measurements.
Simultaneously with the dripping, the instrument was set to record at a time interval of 1-25 s; this
allowed the change in contact angle to be detected and determined. In this way, the contact angle
of the two different applied liquids was obtained, determined always in relation to the same second.
Surface free energy (ys) of the components, which is made up of two parts: a disperse (y%) and a

polar part (y2), that is (ys = y¢ + ), was calculated using the Wu formula. The surface tensions

of the applied fluids are given in the literature (y, = yld + y{’): distilled water yP=50.2 mN/m, y4=

22.6 mN/m; and diiodomethane yP= 1.8 mN/m, y4= 49 mN/m [117]. In Wu's formula (equation
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5) [118], only the disperse (y¢) and the polar component (y) of the investigated substances are
unknowns, which can be expressed from the equation:

40D 45D

(14 cos®)y, =
Ya+yd o vE 4y

(5)

where ® = contact angle; y = surface free energy; s = solid phase; 1 = liquid phase; d = dispersion
component; and p = polar component

The cohesion work (W¢) is defined as twice the surface free energy [119]:

W, = 2 X yq (6)

The adhesion work (Wagn) can be established between two different substances (denoted by
the numbers 1 and 2) and is obtained from the value of the disperse (y¢) and the polar component
(v?) of the substance, in this formula y9 and yP. The Waan can be calculated in the following way
[119]:

W L v
Wadh =4 d d p p (7)
Yitv: vity;
The Derjaguin approach was used to determine the adhesion force (Fadn) [118]:
RARp
Fogn =2 (—) W,
adh = 2\ =g~ ) Wadh 8

where Ra and Rg are the radii of the particles A and B, respectively, between which the adhesion
interaction is studied. The size R is defined as half of the value D [0.5] determined in the particle
size analysis for each applied substance.

The spreading coefficient (S12) —a dimensionless value — shows the probability of one material
(1) on the surface of the second component (2). It is used to characterize the distribution in binary
systems. The spread is favorable if it has a positive value and a high number. In this case, the API
particle spreading over the surface of either a carrier or a surface-modified carrier is investigated.

The spreading coefficient or the inverse case can be given by the following expressions [118,119]:

gl vivi w o
12 = d d " P P o ©)
YitYz YitV;
d,,d p,, P
Y1Y2 Y1Y Y2
521:4I d. a7t 101 ZP_? (10)
Yitvyz vity,

where y4 is the disperse part of surface-free energy, y? is the polar part of surface free energy, and
y is the total surface free energy of the components spread on the other component [119]. In our

work, equation (10) was used for all relevant cases.
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4.2.11. In vitro aerodynamic test

The Andersen Cascade Impactor (ACI) (Copley Scientific Ltd., Nottingham, United
Kingdom) was used as an in vitro testing tool to characterize the aerodynamic particle size
distribution (APSD) of the formulations (Figure 7.). This instrument is approved for testing APSD
by the United States Pharmacopeia /Test Chapter <601>/, the European Pharmacopoeia 2.9.18
/Method Chapter/ and by the Chinese Pharmacopoeia /Chapter <0951>/ [120]. Discs of the
impactor were coated with a mixture of Span® 80 and cyclohexane (1:99) and left to dry. The
applied flow rate (28.3 £ 1 L/min or 60 = 1 L/min) for the measurements was generated using a
vacuum pump (High-capacity Pump Model HCPS, Critical Flow Controller Model TPK, Copley
Scientific Ltd., Nottingham, United Kingdom), and monitored with a mass flow meter (Flow Meter
Model DFM 2000, Copley Scientific Ltd., Nottingham, United Kingdom) [84]. Fresh formulations
were basically filled into GEL capsules prior to the study, however, already encapsulated samples
were stored as detailed in subsubsection 4.2.3. were used in the ACI inhalation studies. In the in
vitro assay, three capsules [121] from a studied sample were applied in a single measurement,
using the Breezhaler® (Novartis, Basel, Switzerland) as a low-resistance inhaler, which may thus
benefit patients with lung diseases due to the aerosolization and deaggregation of particles and
their aerodynamic properties. For each single used capsule, the inhalation time was set as related
to the flow rate (28.3 L/min or 60 L/min) so that the inhaled volume was always 4 L [120].
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Figure 7. Structure of ACI and illustration of the flow.
After each in vitro examination, the inhaler, the applied DPI capsules, and the components of
the impactor (mouthpiece, throat, eight disks, the used filter) were rinsed with distilled water. The
quantity of API deposited on these objects was detected using an ultraviolet-visible

spectrophotometer (ATI-UNICAM UV/VIS spectrophotometer, Cambridge, United Kingdom)
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with a 276 nm wavelength. The linearity of the CIP calibration curve in distilled water was y =
0,0736x at 276 nm (unit of slope: mL/ug). From the above data, the terms describing the in vitro
aerodynamic behavior of the samples can be calculated: emitted fraction (EF), fine particle fraction
(FPF), and mass median aerodynamic diameter (MMAD). The EF is the percentage of the amount
of API detected from the impactor (mouthpiece to filter), which is essentially the same mass as the
emitted dose, compared to the total amount of API recovered [84]. The cumulative percentage less
than the size range versus the effective cut-off diameter [120] was plotted in the KaleidaGraph 4.0
program (Synergy Software, Reading, PA, United States) on the log probability scale. If the
abscissa value of the 5 um ordinate value is known, mass less than 5 pum in diameter can be
specified. The percentage of this mass relative to the ED gives the FPF. The MMAD is defined as
the diameter at which 50% of the aerosol particles are larger by mass and 50% are smaller [122].
This is expressed as the ordinate value for the 50% abscissa value. It should be noted that the
calculations must also consider the number of DPI capsules applied per in vitro test [84].

4.2.12. In silico assessment

Quantification of inhaled API deposition in the airways was carried out with the help of the
stochastic lung model (SLM). The SLM is a full airway particle deposition model that was first
developed in 1990 by Koblinger and Hofmann [123], which has been under continuous
development since then. In this study, the most recent version of the model was used and it was
validated for medical aerosols. The efficiency of particle deposition in the upper airways (oral
cavity, pharynx and larynx) was evaluated using empirical deposition formulas derived by Cheng
[124] and embedded in the SLM model. Bronchial and bronchiolar geometries are constructed
from distributions based on a random selection of branching tube morphometric parameters
(length, branching diameter and angle of gravity) and taken from measurements on airway castings
(Raabe et al. 1976) [125]. The digitized reproduction of the acinar airways is inspired by a detailed
anatomical description from Haefeli-Bleuer and Weibel [126]. Particles are monitored in this
stochastic intrathoracic airway structure until they are either deposited or exhaled. Determination
of the deposition of particles is performed from analytical deposition equations inferred for this
part of the respiratory tract on straight and curved tubes and hemispheres. Inertial impaction and
gravitational settling are the two dominant deposition mechanisms. The Brownian diffusion does
not substantially affect the deposition of aerosol APIs on account of their size distribution. Patients'
respiratory data and the APSD values of the studied formulations were the key inputs to the
deposition model. Parameters typical of patient breathing during DPI formulation inhalation were
taken from the work of Colthorpe and colleagues [127]. The respiratory profile of patients inhaling
via Breezhaler® inhaler was recorded by them. The APSD was determined by applying an impactor

technique.
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4.2.13. Statistical analyses
Statistical analysis was performed using t-test computations with a significance level of 0.05
and one-tailed hypothesis using Social Science Statistics [128] available online. All reported data

represent the & standard deviation of three replicate tests (n = 3).

5.RESULTS

5.1. Development of CIP containing traditional carrier-based DPI samples

The first line of improvement was the development of traditional carrier-based systems. For
the experimental series, a ClPsieved With a particle size suitable for inhalation and the spd CIP
(CIPspqEtOH??), which was previously manufactured by our research group [63], were used as API
particles. These particles have a relatively high W¢ value, on the one hand, the ClPsieveq particles
are not spherical and thus have a large surface area in contact, on the other hand, the CIPspsEtOH°
sample particles, although spherical, promote strong cohesion due to the interlocking of the
approximately identical dimpled particle shapes (Table 10.). In the case of the carrier-based
samples, the SEM images show that the ClPsieves and CIPspaEtOH particles are uniformly
distributed on the surface of the untreated carrier IH70 (ClPsievea+IH70; CIPspdEtOHY+1H70).
However, in the case of the MgSt surface-treated carrier, the API particles were not uniformly
embedded in the carrier and were present in higher concentrations in some places
(CIPsievea+1H70_MgSt; CIPspqEtOH+IH70_MgSt) (Table 11.). It can be concluded that MgSt, by
occupying the active sites of the carrier, modifies the spreading of the API on the surface of the
large carrier particles. Without surface modification, the surface of the carrier used is presumably
microporous (pore diameter 1-10 um), in the case of surface treatment, it is macroporous (pore
diameter above 10 pum). This also explains the different API-spreading phenomena observed
[46,111].

Table 10. The specificities of sieved and spd API particles.

API samples

SEM

Schematic
pictures

D [0.5] (um) 5.09+0.23 3.52 +0.04
W, (MN/m) 161.60 155.40
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The Wadn and Fadn of the carrier-based samples and their specific spreading coefficient — Sp1 —
values were determined (Table 11.). It is observed that the Fagsh of the samples containing spd API
(CIPspqEtOH?) is substantially lower, approximately one-third than that of the samples containing
ClPsieved. It can be concluded that MgSt reduced the Wadh and Fagn values (antiadhesive excipient).
Furthermore, the negative numerical value results — S21 — in a more unfavorable spreading of the
drug material on the carrier surface, which was confirmed by SEM images of
ClPsievedEtOH+1H70_MgSt and CIPspqEtOH+IH70_ MgSt [111].

Table 11. The SEM recording and interparticle interactions of carrier-based DPI samples.

Carrier-based CIPsieved CIPsieved CIPspdEtOH? CIPspaEtOH?0

samples +1H70 +IH70_MqgSt +IH70 +IH70_MqgSt

o A G g i ; ‘s‘g
SEM

Schematic

pictures
Woadh (MN/m) 108.26 78.27 98.72 73.23

Fadh (MN) 1.690*10° 1.216*10° 0.596*10°3 0.440*10°3

S21 1.64 -45.59 16.67 -18.36

In terms of pulmonary deposition (FPF), formulations containing spd APl (CIPseEtOH)
performed remarkably better than those containing sieved drug particles (ClPsieved). This was due
to the aerodynamically favorable properties of the former API particles, and the formulation of the
carrier, especially the MgSt surface treated carrier particles (CIPspsEtOHX+IH70_MgSt), further
improved the FPF result. In contrast, in the case of ClPsieved, the presence of IH70/IH70_MgSt did
not result in the improvement predicted by the large adhesion values (most of the factory
formulations are similar to these samples, i.e. particle size optimized but not containing spd API
particles on large carrier/surface treated carrier particles). Concerning MMAD, it can be noted that
an inverse proportionality between the in vitro aerodynamic size of the drug particles and the
deposition efficiency is observed. For EF, it can be seen that for carrier-based systems, less drug
is retained in the capsule during inhalation (Table 12.). Thus, the conclusions based on the physical
studies and their anticipated trends in lung deposition were confirmed by the results of the ACI

measurements [111].
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Table 12. In vitro aerodynamic results of samples of the carrier-based development line
measured at 60 L/min flow rate.

Formulations FPF (%) MMAD (pm) EF (%)
ClPsieved 32.19+0.45 6.93 + 0.02 99.38 = 0.14
ClPsieved+IH70 33.00 +£0.12 5.66 + 0.08 99.99 + 0.01
ClPsievea+IH70_MgSt 32.87 + 0.09 4.91+0.05 99.75 + 0.03
CIPspaEtOH™Y 58.96 + 0.81 3.47+0.11 97.39+0.26
CIPspEtOHM+IH70 62.42 +0.28 3.23+0.07 99.87 + 0.09
CIPspaEtOHY+IH70_MgSt 74.40 + 0.33 2.45 + 0.08 99.41 +0.34

Beyond the previous experiments described in section 3.3.1 of the literature background, an
innovative formulation sample with improved in vitro aerodynamic (FPF) performance has been
prepared, to our knowledge not yet reported, which already contains a mechanical dry coated
carrier with MgSt and spd API on its surface (CIPspEtOH+IH70_MgSt). This is the initial
improvement of the development line described in this thesis, which can be considered as the
starting point for the combination of the two systems in our case, which still belongs to the
development of traditional carrier-based DPI systems. Moreover, through the study of interparticle
interactions, a correlation was found between the physical properties and in vitro lung deposition
results of interactive physical mixtures [111]. In the case of meloxicam potassium (MXP), this
development was similarly carried out (only the API was changed in the manufacturing process,
and the production and testing methods were the same), and the in vitro aerodynamic results of the

samples showed the same trend, which is described in a separate publication [48].

5.2. Development of CIP containing carrier-free DPI formulations

5.2.1. EtOH concentration optimization in the stock solution

While for carrier-based development the EtOH concentration in the spd starting solution was
10% based on preliminary experience [63], the first step in carrier-free development was to
optimize the EtOH concentration in the starting solution for CIP. The effect of varying the EtOH
concentration in the stock solution on the habit and in vitro aerodynamic results of the prepared
samples was studied. According to the XRPD patterns (Figure 8.), the distinctive peaks of raw CIP
were observed at 8.23, 9.25, 19.22, 26.39 and 29.16 2-Theta degree, which indicates a crystalline
structure. In the spd samples, it can be noticed that the characteristic peaks are found with very
low intensity, indicating that the amorphous feature dominates in these spd formulations. The
structure of the samples influences their morphology, which can modify, for example, the
interactions between particles [53].
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Figure 8. XRPD pattern of the raw CIP and the spd samples prepared in the presence of various
EtOH concentrations in stock solutions.

In terms of the W, values of the composites, it can be observed that the value for the case of
CIPspqEtOHC is comparatively high, which can be due to the spherical nature of the particles and
the almost devoid of depressions on their surface — spherical-smooth/spherical-dimpled particles
— (Table 13.). In the case of CIPsEtOH® and CIPspqEtOH, the W, is even higher, with almost
equal values. This can be best understood from schematic figures, since the particles may contact
over a larger surface area because of their dimpled nature and nearly similar surface morphology
(inc. roughness, depth, and width of the dimples) (Table 13.). This context has been previously
referred to in Lechanteur et al [129] publication [53]. Nevertheless, for CIPsqEtOH? and
CIPspqEtOH® samples, a notable decrease in W, is observed, which can be explained as
morphological differences of individual particles shown in the SEM records, as also indicated by
the larger variation in the AFM-detected dimples. As a consequence, the particles are more
difficult to bond together and resulting in a reduction in the W, values. However, the literature
generally describes the occurrence of dimples as a positive factor for aerodynamic results [78], but
they provide higher connectivity for particles with similar morphology. Hence, it is assumed that
the larger (wide and deep) dimples, the somewhat variable morphology of particles, and thus the
more beneficial W values imply comparatively improved in vitro aerodynamic results for
CIPspdEtOH? and CIPspgEtOH® formulations [53]. The different morphologies and D [0.5] values
of the samples are due to the different evaporation rates of water and EtOH. The EtOH diffuses
from the droplet first, bringing dissolved CIP to the surface, which immediately solidifies and
forms a shell on the surface, followed by the water. 30 % EtOH brings more CIP to the surface,
hardens the crust and can leave a large cavity (hollow particles). At higher EtOH concentrations,

the higher internal pressure may cause the particles to swell and crack more [130]. Thus, mixtures
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of these solvents in different proportions in the stock solution will lead to different morphologies
during the spd process under the same conditions [53].

Table 13. Characteristics of samples with different EtOH concentrations in the stock
solution.

Cl Pspd EtOHO Cl Pspd EtOH5 Cl Pspd EtOH 1 Cl Pspd EtO H20 Cl Pspd EtOH30
D(ES] 3.168+0.06 4.197+008 3521004 3.753£0.09 4317+0.11
h i n .i .i .
Rou(go/t)‘)”ess 0854009  237+0.11  266+0.16 410+0.18  4.46+036
Depthofthel 03, 004  281+0.19 2934021 5734051  836=0.71
dimples (%)
Widthofthel ) 00 017 2256+152 22854154 25944208 28344232
dimples (%)
W (mN/m)|  149.68 156.64 155.40 135.72 128.34
Schematic V
pictures

Concerning the performance of in vitro aerodynamic tests, it became possible from this sub-
point to carry out measurements of samples already at 28.3 L/min flow rate instead of 60 L/min
(flow rate corresponding to healthy lungs). That is, to determine the APSD of samples by modeling
reduced airflow in lung diseases. Basically, a flow rate of 28.3 L/min is considered a standard
measurement based on the pharmacopeia, although both 60 L/min (healthy lung) and 90 L/min
(forced expiratory modeling) are also applied and accepted [120,131]. In the case of antibiotics
intended for local use, thereby the aerodynamic properties and lung deposition of the samples can
be more accurately characterized, therefore in vitro aerodynamic results obtained using a flow rate
of 28.3 L/min are presented below.

The FPF results changed inversely with the MMAD values. For the CIPsgEtOH® and
CIPspqEtOH™ formulations, the FPF values were notably lower, about half of the values of the
CIPspqEtOHO sample. In comparison, considerable enhancement in in vitro lung deposition results
is shown for CIPspaEtOH? and CIPsp,dEtOH. The latter reached the highest FPF result (34.39%).
The EF value must be between 85% and 115% for in vitro APSD tests [132]. Among the tested

samples, CIPspaEtOH?, CIPspaEtOH® and CIPspaEtOH® fulfilled this requirement (Table 14.) [53].
33



Table 14. In vitro aerodynamic properties of the formulations at 28.3 L/min flow rate.

Samples FPF (%) MMAD (pm) EF (%)
CIPspdEtOH® 23.58 +0.73 7.62+0.13 86.26 + 0.44
CIPspdEtOH?® 11.96 +0.16 12.03 + 0.08 89.57 +0.31
CIPspdEtOH™ 13.05+0.25 10.18 £ 0.16 78.13 +0.83
CIPspqEtOH? 28.51 +0.43 5.83 +0.03 75.80 + 0.65
CIPspdEtOH° 34.39 + (.54 521+0.11 87.12 +0.39

A more detailed explanation of the in vitro aerodynamic results is shown in Figure 9. The
analysis of the particle habit has already discussed how different EtOH concentrations affect the
D [0.5] values and lead to morphological changes. The morphology of the particles of the samples
has a major impact on the W results. Fig. 9. illustrates the relationship between W and MMAD/D
[0.5] trends [53].
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W, =@ MMAD/D [0.5]
Figure 9. Relationship between the trends of W. and MMAD/D [0.5] values.

This confirmed how many times per formula the MMAD value of the D [0.5] result became
a function of the W values. Consequently, it is understandable that D [0.5] values were not directly
correlated with FPF results, however, for example, the relatively low D [0.5] value (3.168 um) and
the high W value (149. 68 mN/m) for CIPs,qEtOH? resulted in an MMAD value of 7.62 um (2.41
times the D [0.5] value), and for CIPspqEtOH? the higher D [0.5] value (4.197 um) and also high
W value (156.64 mN/m) were reflected in the higher MMAD result (12.03 um). Furthermore, for
CIPspqEtOH®, although it has the highest D [0.5] value (4.317 um) of all the formulations tested,
the substantially lower W, value (128.34 mN/m) gives the most favorable MMAD result (only
1.21 times the D [0.5] value) [53].
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This work introduces new expressions for particle size-related roughness, depth and width of
dimples, and correlation of MMAD/D [0.5] ratio with W¢, which to the best of our knowledge
have not been published before, resulting in gap-filling findings. As a result, different ratios of
solvent mixtures can be put into a new perspective as different EtOH concentrations affect the
habit of the DPI formulations and therefore their in vitro aerodynamic performance. Based on
these findings, it became clear why the stock solution of the tested DPI formulation containing
30% EtOH (CIPsp,dEtOH®) achieved the best FPF result [53].

5.2.2. Optimization of NaSt concentration

However, the results are presented in subsection 5.2.1. are very remarkable in terms of both
development and observed correlations, but in the modeling of the diseased lung, a very low lung
deposition - FPF — value was measured (Table 14.). For NaSt, it is described in subsection 4.1.2
that its beneficial effect on DPIs has already been demonstrated for several drug materials. Thus,
samples were prepared to contain different concentrations of Nast (0.5%, 1.0%, 2.0% on the dry
weight basis) and a 30% EtOH concentration in the stock solution during co-spd
(CIPspaEtOH®NaSt?®, CIPspaEtOH*NaSt?, CIPspqEtOH*°NaSt??) to be compared with the results
of CIPspqEtOH®® sample — containing optimized EtOH concentration in the stock solution, reported
in 5.2.1. subsubsection — for habit and in vitro aerodynamic performance. XRPD measurements of
samples and raw materials were performed. NaSt was characterized by the following peaks: 4.0
and 6.0 2-Theta degree. NaSt has a semicrystalline structure. For the (co-)spd samples, it can be
clearly seen that the characteristic peaks for CIP and NaSt are present with very low intensity,

indicating that the amorphous property is dominant in these samples (Figure 10.).
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Figure 10. XRPD patterns of raw CIP, NaSt and (co-)spd samples with different NaSt
concentrations.

35



In terms of habit, the use of NaSt resulted in a considerably smaller particle size D [0.5]
compared to the CIPsqEtOH®® sample (and indeed compared to all samples described in
subsubsection 5.2.1). Nevertheless, the effect of EtOH on the morphology is well observed in the
case of CIPsp,EtOH¥NaSt?®, i.e. particles with typically different particle shapes are produced,
and the somewhat larger deviation in particle size also means that the particles do not typically
interlock. With increasing NaSt concentration, the W, decreased for the tested samples, which is
due to the material property of NaSt, but for CIPs,EtOH®NaSt!° and CIPspdEtOH*°NaSt??, the D
[0.5] values are slightly larger and with smaller variance than for CIPs;qEtOH3NaSt??, as well as
the surface of the individual particles is quite similar, which can thus be more easily interconnected
(Table 15.).

Table 15. The habit of (co-)spd DPI formulations with different NaSt concentrations.

Cl Pspd EtOH30 Cl Pspd EtO H30 Cl Pspd EtO H30 Cl Pspd EtOH3O

NaSto-> NaSt!0 NaSt20
D [0.5] (um) | 4.317+0.11 2.364£0.11 2.432 £ 0.04 2.550 + 0.07
& P - K Y A > B O Lo

SEM
Schematic g {
pictures -
W (mN/m) 128.34 123.26 121.67 118.98

The best in vitro aerodynamic result (FPF) among the samples discussed in this subsection
was obtained by CIPs,qEtOH¥NaSt?® (Table 16.), which is in agreement with the statements made
about the habit of the samples. Although CIPsqEtOH®NaSt?? has the lowest W, value, but the
aerosolization (FPF, MMAD, and EF values) is less good due to presumably similar particle shapes
than for CIPs,aEtOH®NaSt®®, where the effect of NaSt (cohesion and particle size) is already
present, but the different particle shape is more supportive for aerosolization. Although it is a
requirement for DPIs that the EF value should be between 85 and 115% for APSD testing [132],
it can be considered as a successful carrier-free development. Remarkably, the FPF result of
CIPspgEtOH®NaSt®® is more than four times better than the FPF result of CIPspeEtOH (measured
at a flow rate of 28.3 L/min).
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Table 16. Aerodynamic properties of (co-)spd samples with different NaSt concentrations
measured at 28.3 L/min flow rate.

Samples FPF (%) MMAD (pm) EF (%)
CIPspdEtOH° 3439+ 0.54 521+0.11 87.12 +0.39
CIPspgEtOH®NaSt 54.27+2.75 4.14+0.18 76.99 + 3.32
CIPspqEtOH®*Nast!? 45.94 +1.12 4.62 +0.07 77.82+0.71
CIPspqEtOH®NaSt?? 4023 +1.44 493+0.17 80.64 + 0.36

For meloxicam potassium (MXP), this development was similarly carried out (only the API
was changed in the preparation, the manufacturing and testing methods were the same), where the
in vitro aerodynamic results of the samples were also improved by the use of NaSt, but in the case
of the above mentioned API, the best in vitro aerodynamic results were obtained by using 2.0%
NaSt. The findings are presented in a separate publication [133].

In conclusion, the use of NaSt in co-spd manufacturing of DPIs affects the size and shape of
the particles, thereby having a positive effect on the in vitro aerodynamic results. This has been
confirmed for two drug materials (CIP and MXP) in our cases, however, it depends on the API in
which NaSt concentration is applied to achieve the best in vitro aerodynamic results. In the case
of CIP, the use of 0.5% NaSt (CIPs,EtOH®NaSt*® sample) is optimal based on the investigations

of our studies.
5.3. Development of a pulmonary dosage form of the novel formulated DPI
microcomposite

5.3.1. Comparison of a novel formulated DPI formulation with traditional carrier-based and
developed carrier-free DPI samples

Already the traditional carrier-based and carrier-free DPI developments discussed earlier are
very remarkable, both in terms of product development and the correlations explored. However, a
novel formulated DPI sample (CIPspqEtOH**NaSt*®>+IH70_MgSt) combining our previous
developments has been developed. That is, an interactive physical mixture of MgSt surface-treated
carrier particles and CIPs,aEtOH®NaSt>® was prepared. The physical properties and in vitro
aerodynamic results of this sample were compared with the sample ClPsievea+IH70, which is
suitable for most commercial DPI products (micronized but not spd APl on the surface of the
untreated DPI carrier), as discussed earlier in section 5.1, and with the CIPsqEtOH®NaSt?s
formulation, which achieved the best FPF results in the carrier-free development line (Table 17.)
[112].

37



It was found that also in the case of the novel formulated DPI, the application of surface-
treated carrier considerably reduced Woadh and Fagn values compared to ClPsieved+IH70. The
negative value of the spreading coefficient — Sz1 — indicates that the spreading of the API on the
carrier surface is unfavorable, which is confirmed by the SEM recording of the
CIPspgEtOH®NaSt*>+IH70_MgSt sample. Regarding the in vitro aerodynamic results (Table 17.),
it can be concluded that the novel formulated DPI also has the best FPF result (measured at a flow
rate of 28.3 L/min) compared to the samples described in the previous sections, which combined
the advantageous features of our traditional carrier-based and carrier-free developments. That is,
the use of a surface-treated carrier enhances aerosolization, which is also related to the EF value,
as the sample is more easily swept out of the DPI capsule (less API adherence to the capsule wall).
Furthermore, the development of the drug particle CIPs,aEtOH*NaSt®® allowed for achieving an
outstanding FPF result [112].

Table 17. Characterization of the CIPsieved+I1H70, CIPsqEtOH*NaSt®® and
CIPspaEtOH®NaSt*>+I1H70_MgSt formulations.

_ CIPspdEtOH?0 CIPspdEtOH*NaSt?>
CIPsieved+I1H70 NaSt0s + H70_MgSt
D [0.5] (um) 156.03 +£1.85 2.240+0.18 128.76 = 0.78
sy A I @ Ta I ' o
SEM
100 pm
Schematic
pictures
W, (mN/m) - 123.26 -
Wadh (MN/m) 108.26 - 7257
Fadh (MN) 1.690 x 1073 - 0.504 % 102
St 1.64 - —-19.06
FPF (%) 23.30+0.23 5427 £2.75 63.75+1.21
MMAD (pm) 7.98+0.10 4.14+0.18 3.47+0.02
EF (%) 96.92 £ 0.11 76.99 + 3.32 90.45 + 1.80

For the three samples mentioned above, in silico simulations were also performed with the
following parameter values: inhaled volume - 1.7 L, inhalation time - 3.2 s, and breath-hold time
-5, 10 s. These values correspond to an average inspiratory flow rate of 31.9 L/min. The results
of the in silico deposition simulations are illustrated in Figure 11. For the carrier-free

(CIPspqEtOHNaSt>®) sample, the deposition in the lungs was already much more favorable
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(~48%), as in the case of ClPsieveat+IH70. However, the in silico modeling also showed even higher
deposition in the lungs (~55%) for the novel formulated DPI (CIPs,aEtOH®NaSt?>+IH70_MgSt).
To evaluate the duration of breath-holding after inhalation of the samples, regionally deposited
dose fractions were also calculated for 10 s breath-hold time. Figure 11. shows that longer breath-
hold time results in higher lung deposition and lower exhaled doses for all samples. This implies
that the specific inhalation technique can further improve API exposure and keep exhaled API
volumes to a minimum, especially for CIPs,aEtOH*NaSt?® and CIPsp,dEtOH*NaSt?>+IH70_MgSt
samples [112].
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Figure 11. Comparison of three formulation methods by in silico simulation using different
breath-hold times (BHs) (ET: extrathoracic airways, LUNG: bronchial and acinar parts, EXH:
exhalation fraction).

To summarize, by combining the advantages of traditional carrier-based and carrier-free DPI
improvements, the novel formulated DPI (CIPspEtOH®NaSt**>+IH70_MgSt) was a successful
development, since the cohesive-adhesive balance can be attained by particle engineering of the
API and applied of excipients, and therefore has the best in vitro aerodynamic performance of all
our developments, further confirmed by in silico simulation. In addition, this formulation
embodies a new/third category of DPIs besides the traditional carrier-based and carrier-free
formulations, which is a novelty in the literature. Moreover, in silico simulation has shown that

the patient can further improve lung deposition results with appropriate inhalation technique [112].
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5.3.2. Short-term stability results of the novel formulated DPI sample

For the three samples described in the previous section, i.e. a traditional carrier-based
(CIPsievea+1H70), the best in vitro lung deposition performance carrier-free (CIPspaEtOH*NaSt’®)
and a novel formulated DPI (CIPspqEtOH®*NaSt>*+I1H70_MgSt), short term stability testing was
performed at room temperature under the conditions detailed in section 4.2.3. As before, Coni-
Snap® hard GEL capsules were also used to store these formulations. After storage, the novel
formulated DPI had the best MMAD and FPF results after 1 month, followed by
CIPspqEtOH®NaSt?®, and the worst results were achieved by ClPsievea+IH70. This is consistent
with the findings presented in section 5.3.1. Based on the results of physical studies, it can be
concluded that the novel formulated DPI formulation does not show any remarkable crystal
structure changes on XRPD. In terms of interparticle interactions, the Wadh Of ClPsjeved+IH70
remained high during the stability study, while the W¢ of CIPsgEtOH*NaSt®® increased
considerably, suggesting that the latter formulation aggregates more easily (as confirmed by SEM
images, recrystallization is visible). The results show that CIPsEtOH®NaSt>*+IH70_MgSt has
better stability than the carrier-free formulation (although the used API particles were produced in
the same way), so the use of a carrier surface-treated with MgSt improved not only the lung
deposition results but also the stability compared to CIPspEtOH®*NaSt?® (Table 18.) [113].

Table 18. SEM records and in vitro aerodynamic results at 28.3 L/min flow rate of the carrier-
free (CIPspaEtOH¥NaSt?®) and novel formulated (CIPspaEtOH3NaSt?>+
IH70_MgSt) DPI formulations before storage and after 1-month short-term stability test.
CIPspdEtOH3NaSto® CIPspadEtOH3°NaSt?5+IH70_MgSt

Before storage 1 month Before storage 1 month
B = — — < i ¥ S M = o 5T

SEM
FPF (%) 54.27+2.75 30.22 +£1.82 63.75+1.21 47.12£0.78
MMAD (um) 4.14£0.18 6.54 +£0.05 3.47+0.02 547+0.35
EF (%) 76.99 £3.32 92.32+0.19 90.45 £ 1.80 89.46 +1.12

In silico lung modeling was performed for the novel formulated DPI, which correlated with
the in vitro aerodynamic results. It should be highlighted that the ET dose fraction value of this
sample was still below 30% after one month, while the other two samples showed worse results
when freshly prepared. Finally, it can be concluded that the novel formulated DPI achieved better
in vitro-in silico aerodynamic results than the traditional carrier-based ClPsievea+IH70 and carrier-
free CIPspaEtOH*NaSt?® formulations even after 1 month of storage due to its favorable properties
[113].
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5.3.3. Long-term stability results of the novel formulated DPI sample in different capsule
types

As a follow-up to the stability study described in section 5.3.2, and as the final step in the
development of the dosage form, CIPsdEtOH3NaSt?® and CIPsdEtOHNaSt®>+IH70_MgSt (for
further formulation designations: 1 and 2), a 6-month stability study was performed according to
the ICH guideline at 40 = 2 °C, 75 £ 5 % RH, and for all formulations also in GEL, GEL-PEG,
HPMC DPI capsules to analyze the effect of DPI capsule types on their stability. The stability of
the applied DPI capsules was also separately investigated under the above-mentioned conditions
(Table 19., Figure 12.) [84].

Table 19. LM recordings of different DPI capsule types during the stability test period.

GEL-PEG HPMC

Capsule type

LM imagines
Before storage

0.5 mm

Area of capsule puncture (mm?)

0.60 +0.28 0.54+£0.10
Before storage

LM imagines
1 month

Area of capsule puncture (mm?)
1 month

0.74 +£0.11 0.84 +0.12

LM imagines
3 month

Area of capsule puncture (mm?)

1.01 £0.16 0.89+0.14 0.88 £ 0.08
3 month

LM imagines
6 month

Sl

0.5 mm 0.5 mm

Area of capsule puncture (mm?)

1.14 £ 0.38 0.92+0.07 0.88 +£0.03
6 month
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Table 19. shows that GEL and GEL-PEG capsules started to fragment after 1 month,
especially the GEL capsules, where irregularly shaped holes were formed. For HPMC capsules,
no significant change in the shape of the perforated area was observed and their shape remained
approximately regular even after 6 months. Capsule perforated area and the rate of fragmentation
during perforation increased the most for GEL and GEL-PEG capsules during the stability study.
The initial values of the perforated area for these DPI capsules increased more than one and a half
times after 6 months. The increase in area was smaller for HPMC capsules. The RSC of the capsule
walls was also determined after 1, 3 and 6 months of storage (Figure 12.). It can be observed that
the RSC of GEL capsules fell below the optimal range (13-16%) after the first month, and the 3-
month results showed that this was also the case for GEL-PEG capsules (optimal range: 10-12%),
while the measured values for HPMC capsules remained within the optimal range of 3-8% after 6
months [84].
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Figure 12. RSC values of the capsule walls during the long term stability test.

The RSC value of the samples play an important role in the stability since at increasing values,
recrystallization of the amorphous drug particles and thus structural and morphological changes
are expected. Furthermore, it may contribute to adverse changes in the interactions between
particles and therefore affect the aerosolization and dispersion of particles and hence the lung
deposition results. Based on the RSC results of the samples determined during the stability study
(Figure 13.), it can be concluded that the values of formulation (1) increased more than formulation
(2) in all three DPI capsules. In the latter case, the initial RSC value of around 5% corresponds to
that already published for a-lactose monohydrate [134], as it is present in approximately 90% of
the formulation; however, the values also reflect the effect of MgSt moisture resistance [135].
Furthermore, for both microcomposites, it was observed that the HPMC capsule had the lowest
RSC value measured after 6 months, which is consistent with the values described for the capsules.
It was found that the HPMC DPI capsule had the lowest decrease in RSC value during the stability

test, thus less moisture could be transferred from the capsule to the DPI powders [84].
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Figure 13. RSC values of formulation (1) and (2) during the long term stability test, stored in
different DPI capsule types.

The SEM images were also correlated with the laser diffraction results. Regarding the
morphology, it can be observed that there is a remarkable difference between the samples stored
in different capsule types (Table 20.). In the case of CIPs,aEtOH®NaSt>® (1), recrystallization is
visible in GEL capsules after 1 month, which correlates well with the results of the short-term
stability study detailed in section 5.3.2. [113]. This formulation in this capsule type agglomerated
most with the progress of the stability study. For the GEL-PEG capsule type, recrystallization
started later, so the sample remained more stable in this one. In the HPMC capsules, the particles
remained the most stable after 6 months [84].

Table 20. SEM records and D [0.5] values of the carrier-free CIPs,qEtOH*°NaSt®® formulation
(1) before storage and after 6 months long-term stability test in different DPI capsule types.

6 months
1 GEL-PEG 1 HPMC

-

Before storage

1_GEL

SEM records

D [0.5] (um) 2.167+0.10 3.615+0.17 3.452+0.05 3.460 £ 0.15

For the novel formulated formulation (2), 6-months stability study demonstrated, based on
morphological data and particle size analysis (Table 21.), that the composite stored in HPMC
capsules remained the most stable and the least aggregated or recrystallized. For a more accurate
analysis, since the samples contained formulation (1) on the IH70_MgSt surface-treated carrier
particles, the values of D [0.5] were determined for both the API particles and the surface-treated
carrier particles using bimodal distribution curves. Based on these results, the D [0.5] value of the
API particle increased from 2.280 um before storage to 6.129 um in GEL capsules, 3.004 pm in
PEG-GEL capsules, and 2.712 pm in HPMC capsules after 6 months. For the surface-treated
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carrier, the following values were obtained after 6 months: 189.313 um in GEL, 176.520 pm in
PEG-GEL, and 171.635 um in HPMC capsule. Thus, if we refine the values for each component,
the same trends can be observed. Also shown in Table 21. are the D [0.5] values for the whole
formulation (2) in the stability study [84].

Table 21. SEM records and D [0.5] values of the novel formulated DPI
CIPspdEtOH®NaSt*®>+1H70_MgSt formulation (2) before storage and after 6 months long-term
stability test in different DPI capsule types.
6 months
2_GEL 2_GEL-PEG

Before storage

S

SEM records

D [0.5] (pm) 130.459 £ 0.18 172.772 £0.36 170.503 £ 0.37 168.635+0.89

Comparing formulation (1) and formulation (2) containing the same drug particles, it can be
seen that the change in D [0.5] was smaller in the novel formulated DPI composite than in the
carrier-free sample. The results detailed in this subsection are closely related to the changes in

RSC during stability testing of DPI capsules and powders [84].
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Figure 14. FPF results at 28.3 L/min flow rate of formulation (1) and (2) during the long term
stability test, stored in different DPI capsule types.

Based on RSC, structure and particle size analysis and SEM records, the composites (1, 2)
stored in HPMC capsules remained the most stable in terms of physical properties. For both
formulations, in vitro aerodynamic studies carried out before storage show that the FPF values
were not affected by the DPI capsule types, in both cases, the initial FPF values of samples 3-3
were almost identical (Figure 14.). After 6 months, for both composites tested, in GEL capsules
had the lowest FPF results, followed by GEL-PEG capsules and FPF values decreased the least
when formulations were stored in HPMC capsules. MMAD values at each measurement point
correlated with FPF values throughout the study period. For EF, the initial values showed that in
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case (1), the API was more easily swept out of the HPMC capsules, and in case (2), it was easily
swept out of all capsule types due to the nature of the formulation (Table 22.). EF values were also
most favorable when using HPMC capsules after 6 months, and in case (1), using only HPMC
capsules, the composite met the required range of 85-115% at all measurement times [84].

Table 22. MMAD and EF results at 28.3 L/min flow rate of formulation (1) and (2) during the
long term stability test, stored in different capsule types.

MMAD (pm)

Samples Before storage 1 month 3 months 6 months
1 GEL 3.98+0.15 4.43+0.14 4.86 +£0.17 5.02+0.22
1 GEL-PEG 3.81+£0.06 431+0.21 4.62+0.15 493+0.12
1 HPMC 3.78+£0.26 4.16+0.14 4.32+0.08 4.40+0.11
2_GEL 3.51+0.09 3.84+0.13 3.93 +0.07 4.10+0.16
2_GEL-PEG 3.45+0.12 3.72+0.05 3.87 +0.09 4.03+0.13
2_HPMC 3.47 £0.08 3.68+£0.21 3.84 +£0.04 3.91+0.15

EF (%)

Samples Before storage 1 month 3 months 6 months
1 GEL 77.04+1.03 85.75+0.16 86.14 + 0.81 87.70 £ 0.64
1 GEL-PEG 72.72 £0.76 86.54 + 0.54 86.85 + 0.85 87.80 £ 0.73
1 HPMC 86.44 + 0.99 86.96 + 0.36 87.55+0.49 90.16 £ 0.34
2 GEL 90.31 +0.95 91.15+0.12 91.27 +0.36 92.89 +0.41
2_GEL-PEG 90.21 +0.83 89.75+0.45 91.39+0.21 92.56 + 0.66
2 HPMC 89.55 +0.26 91.42 +£0.52 9439 +£0.74 96.98 +0.63

In subsection 5.3.3, the importance of final dosage form development was demonstrated by
studying the impact of DPI capsule types on the stability and aerodynamic properties of the
formulations. The same composite has different stability and thus aerodynamic properties in
different DPI capsule types. The RSC and LM results for DPI capsules supported the claim that
GEL and GEL-PEG capsules start to break when the RSC value falls below the optimum range.
Due to their fragmentation, the resulting holes became irregularly shaped and large, but the
deaggregation of the particles was less efficient, which in turn reduced the FPF values. The HPMC
capsules, however, retained their flexibility and after 6 months, the capsule wall fragments did not
break off during punching and the holes remained regular in shape. RSC and XRPD analysis and
SEM images also confirmed that the particles of DPI powders stored in GEL and GEL-PEG
capsules became irregularly shaped during stability testing due to recrystallization (it is assumed
that moisture was transferred to the DPI powders). The change in habit was least observed in
composites stored in HPMC capsules, and therefore FPF values decreased to a lower extent.
Overall, the initial, almost identical FPF values after 6 months for HPMC capsules were the most
favorable for both tested DPI formulations. The results of the novel formulated DPI after stability
testing were more favorable than the carrier-free composite for all DPI capsule types. Thus, it may

be worthwhile to focus on the investigation of DPI formulations in different capsules for
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pulmonary/DPIl development, as the same formulations have different stability and thus
aerodynamic properties in different DPI capsule types [84].

Nowadays, the study of the role of DPI capsules has been highly emphasized internationally,
this work has highlighted the importance of this topic, which has already inspired other research
groups to research and publish papers on this field [136-138]. The presented novel formulated
DPI applying CIP described may represent a new option for the therapy of lung diseases (treatment
of direct and indirect pathophysiological processes in the case of CF and chronic bronchitis)
instead of per os antibiotic products.

6. SUMMARY
In summary, the following observations can be drawn in line with the objectives of the

dissertation:

l. In the literature review, we found that CF and chronic bronchitis diseases have a similar
pathophysiological process, which can be alleviated/slowed down by antibiotic
treatment, both directly and indirectly. PDD provides the opportunity for the antibiotic
administered to act locally in lung disease, thereby achieving a smaller dose and quick effect
compared to oral drug administration. Several inhaled antibiotic-containing formulations
are already available on the market, typically nebulizers and DPIs, but many additional
inhaled antibiotic-containing DPI formulations have been published recently. Among the
four PDD implementation options, we consider the development of DPIs to be the most
promising based on their specificities, and this was the focus of the following. The
effectiveness of an inhalation powder depends on several factors:

e On the one hand, it is very important to develop a DPI formulation with excellent
physicochemical and stability properties. We have found that there is great potential
in the development of both traditional carrier-based and carrier-free DPI formulations,
but formulations combining the advantageous properties of these two approaches have
been published previously at a rather rudimentary, testing level.

e The second factor is the properties of the inhalers, including their frame design — the
DPI device — and the DPI capsules used, as people with lung disease may benefit from
a low-resistance inhaler due to the aerosolization and deaggregation of the particles
and their aerodynamic properties, and the DPI capsules marketed may also affect the
properties of the particles differently, which should be tested.

e The third influencing factor is the patient's compliance/adherence and specifically

how the patient uses the inhalation technique.
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Based on all this literature background knowledge and previous research group experience,
the development of traditional, carrier-based and carrier-free DPI formulations
containing ciprofloxacin hydrochloride (CIP) as fluoroquinolone antibiotic was carried
out. From these developments, the novel formulated DPI was created as the top
formulation of the Ph.D. work. For this formulation, physical investigations, in vitro - in
silico testing, stability studies, and pharmaceutical dosage form development have been
performed in comparison with traditional carrier-based and carrier-free formulations.
The results achieved at each stage of development are detailed in the following sections.

The traditional carrier-based DPI direction has been improved by an innovative
formulation, i.e. the application of spd CIP on MgSt surface-treated large IH carrier
(CIPspqEtOH+IH70_MgSt). The development resulted in better in vitro lung deposition
results than traditional carrier-based (formulated by the commercialized formulation
principle) DPIs or alone, for the spd samples used in the above formulation. This development
was supported by in vitro APSD test results for CIP and even for another API (meloxicam
potassium — MXP). In fact, in both cases, interparticle interactions were found to correlate
the physical properties of the interactive physical mixtures with in vitro lung deposition
outcomes.

As a first step in the development of carrier-free inhalation powders, it was studied
how changing the solvent composition in the starting solution used for spd of CIP,
specifically increasing the EtOH concentration (0-30%) in addition to distilled water, affects
the habit of the samples produced and thus the in vitro aerodynamic results. EtOH has a
major effect on the habit of the samples due to the different evaporation rates of water and
EtOH, mainly on the morphological properties, which also has a considerable impact on the
interparticle interactions and the in vitro aerodynamic behavior. We found that the
application of 30% EtOH concentration in the starting solution gave the best results
(CIPspqEtOH0). For the first time in the literature, the terms roughness, depth and width
of the dimples for particle size values were used in relation to AFM measurements, and
the relationship between the trends of W and MMAD/D [0.5] values was also found to
be novel, which can provide new insights to explain the inhalation behavior of the samples.

As a next step in the development of carrier-free formulations, co-spd CIP
formulations were prepared using different concentrations of NaSt (0-2 %). In the sample
preparations, 30% EtOH was already used in the starting solutions for spd in addition to
distilled water as described above. Based on the physical and in vitro aerodynamic results of
the samples, the co-spd formulation containing 0.5% NaSt (CIPspdEtOH*°NaSt’®) was

found to be optimal.
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V.

By combining the traditional carrier-based and carrier-free development results
(points I1-111), a novel formulated DPI formulation (CIPspadEtOH3NaSt?>*+I1H70_MgSt)
was developed, which thus contained CIP particles co-spd with NaSt (with 30% EtOH in the
starting aqueous solution) on the surface of a large IH carrier, which has been surface pre-
treated with MgSt. This composite embodies a new/third category in the preparation of
DPIs besides the traditional carrier-based and carrier-free formulations, which is still
new in the literature. In line with preliminary expectations, this formulation had excellent in
vitro aerodynamic performance of all the samples presented in the Ph.D. thesis, underlining
that both carrier-based and carrier-free developments are remarkable and can be considered
successful developments in their own right. In silico testing of the novel formulated DPI
sample as a top formulation was also performed, concluding that the patient can further
improve lung deposition results by using the appropriate inhalation technique (10 s breath-
hold time). Furthermore, short-term room temperature stability testing showed that after
1 month, this formulation still has favorable stability and better lung deposition results than
the traditional carrier-based reference sample (ClPsieveatIH70) and the carrier-free
development (CIPspgEtOH*NaSt??).

In the case of the novel formulated DPI sample, a 6-month stability study was
performed according to ICH guideline, testing in three different DPI capsule types, thus
developing the final dosage form of the formulation. For comparison, similar tests were also
performed on the CIPs,dEtOH**NaSt®® sample. The novel formulated DPI sample also showed
better lung deposition results than the carrier-free microcomposite after 6 months.
Furthermore, the use of HPMC DPI capsules provided the best stability for both composites.

New findings/practical relevance of the work:

e The literature review showed that there is great potential for the development of inhalation
formulations containing antibiotics because they can slow down the similar
pathophysiological progression in CF and chronic bronchitis in both direct and
indirect ways. Based on their advantageous specificities, we have targeted the
development of DPIs for ciprofloxacin hydrochloride (CIP). In the context of DPI
systems, it has become clear that three pillars (DPI formulations, DPI device and
capsules, role of the patient) need to be taken into account to maximize their
effectiveness. Our development is already moving towards a therapeutic approach.

e Within the scope of the Ph.D. work, an innovative carrier-based formulation was
developed, which contains an spd CIP on the surface of a large IH carrier surface treated
with MgSt by turbula mixing, whose justification for the development has been confirmed

by other API (meloxicam potassium — MXP). It is a solution that goes beyond the
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traditional carrier-based system and exceeds the lung deposition performance of spd API,
thus providing a stepping stone for the development of other carrier-based surface
treatment solutions. The work also highlights the importance of studying the
interparticle interactions between carrier-APl and API-API particles, both to aid
development and to provide an explanation for the behavior of specific formulations
during inhalation.

For drug particles developed for PDD by spd, it has been found that the starting solvent
ratios used in spd can have a remarkable impact on in vitro lung deposition results. In the
present case, using CIP, varying the amount of EtOH used in addition to distilled water
in the starting solution markedly affected the habit of the prepared particles, which
also influenced the in vitro aerodynamic properties. The result of our work was CIP
coupled solvent composition optimization. Furthermore, the Ph.D. work highlights
the role of pre-experiments with initial solvent mixtures used in spd in DPI
development.

During the Ph.D. work, new expressions have also been created concerning AFM
measurements (roughness, depth and width of the dimples for particle size values),
which, to our knowledge, have not yet been reported in the literature.

A new correlation has been found for CIP-containing DPI samples, MMAD/D [0.5]
ratio correlates with Wc results, which is also not yet reported in the literature. The
correlation provides an explanation for the in vitro lung deposition results from a novel
approach.

In the case of CIP and MXP, the preparation of NaSt co-spd carrier-free DPI
formulations was carried out for the first time on an international level and resulted
in successful development.

The development of a novel formulated DPI combining carrier-based and carrier-free
development results / CIP containing drug particles co-spd with NaSt (with 30% EtOH
in the starting aqueous solution) on the surface of a large IH carrier surface treated with
MgsSt /, will launch a new category of inhalation powders. Therefore, in the future,
the effective combination of traditional carrier-based and carrier-free formulations
could give a new impulse to the development of DPI systems at the international
level.

The development of a novel formulated DPI composite dosage form has shed light
on how different DPI capsule types can affect the habit, stability and in vitro

aerodynamic performance of the formulations.
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