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1 Introduction and Background 

1.1 Introduction 

Over one billion people suffer from fungal infections of the respiratory tract. These pathogens are 

the reason for more than 1.5 million deaths per year worldwide [1,2]. Most people who suffer from 

fungal infections of the respiratory tract are immunocompromised (such as HIV patients) or co-

morbid with lung diseases such as tuberculosis or cystic fibrosis [3,4]. These patients often show 

infections of their respiratory tract caused by e.g., Aspergillus spp. Infections with Aspergillus may 

manifest differently, depending on the immune status of the patients [1,5]. A hypersensitivity reac-

tion causes allergic bronchopulmonary aspergillosis (ABPA), whereas Aspergillus can also lead to 

life-threatening invasive pulmonary aspergillosis (IPA) [1,2]. The conidia of the fungal species have 

a particle size of 2-5 µm and are described to be able to reach the alveoli [6]. Itraconazole (ITZ) is 

considered as first-line therapy against ABPA and also used against IPA [6,7]. To date, only systemic 

treatments with ITZ exist, which are either orally or intravenously administered. This treatment is 

often associated with tolerability and safety issues such as side effects, high pharmacokinetic vari-

ability, or drug-drug interactions [6]. Therefore, local treatment of these infections is regarded ben-

eficial as it might reduce systemic side effects and other issues. One pulmonary ITZ formulation has 

been in clinical development (Pulmazole® by Pulmatrix against ABPA), but phase II has been dis-

continued due to Covid-19 [6]. 

As for many infectious diseases, medication with ITZ demands significantly higher doses compared 

to those applied in asthma or COPD therapy. As there is no clear definition of “high-dose” for res-

piratory treatment, it was suggested by Sibum et al. (2018) that an inhaled dose of more than 2.5 

mg active pharmaceutical ingredient (API) is considered as high-dose [8]. Drug delivery to the lower 

respiratory tract is conducted with devices for aerosolization such as pressurized metered dose 

inhalers (pMDIs), nebulizers or dry powder inhalers (DPIs). The focus will be on the DPI here as 

pMDIs are not able to deliver high doses and nebulizers often require extensive inhalation times 

[9]. High doses cannot be achieved by conventional powder formulations as they usually have very 

low drug loads (typically up to 2% [9]) and use coarse carrier excipients to facilitate the airborne 

release of the micronized API. In conventional dry powder formulations, the micronized API is typ-

ically formulated with so-called coarse carrier particles (e.g., lactose) to enable sufficient flowability 

and dispersibility. Carrier-based formulations show several disadvantages considering the dose lim-

itation as the most important one. In order to achieve a high dose with a carrier-based formulation 
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a large amount of powder would need to be inhaled because of the low drug loading. However, 

there is an upper limit, as high amounts of inhaled powder can cause local tolerability issues (e.g., 

coughing) [9]. 

Therefore, particle engineering with the aim of developing a carrier-free, high dose powder formu-

lation with excellent dispersibility is required [10]. Over the last years, particle engineering has 

gained increasing interest with some marketed high dose formulations such as Exubera® (insulin 

for systemic delivery, discontinued), TOBI®Podhaler® (tobramycin against infections with Pseudo-

monas aeruginosa), Bronchitol® (mannitol for cystic fibrosis patients) or Colobreathe® (colistin 

against infections with Pseudomonas aeruginosa) [11]. Various techniques can be applied for parti-

cle engineering, for instance nanoization, spray drying, freeze drying, high-pressure homogeniza-

tion or 3D-printing. Several authors have already published exhaustive reviews [11–16], so only 

some of these techniques will be presented in more detail. The Pulmosphere® technique enables 

the production of sponge-like, light porous, ultra-low-density particles with small diameters (< 5 

µm), so-called small porous particles [17]. An emulsion-based spray drying process is used for To-

bramycin. A phospholipid is dispersed with perflubron in water to obtain an emulsion. The API is 

added to the water phase (together with stabilizers) and the emulsion is spray dried. Perflubron 

forms pores in the particles during evaporation [17]. This technique is used for the TOBI® Po-

dhaler®. The so-called Technosphere® technology utilizes fumaryl diketopiperazine in solution 

together with the API for the production of self-assembling particles, which are later freeze-dried 

[18]. This technique has been used for the production of Afrezza®, another inhalable insulin. Certain 

engineered particles, despite having a high geometric diameter, exhibit a small aerodynamic diam-

eter due to a low density (so-called large porous particles) [19–21]. The production of those parti-

cles with a very low density can easily be facilitated through spray drying as this process allows the 

combined control of the particle morphology and density. In general, spray drying provides a huge 

potential for particle engineering. Most of the marketed high dose formulations are produced by 

spray drying such as the previously mentioned TOBI® Podhaler®, Bronchitol® and Colobreathe® 

[11]. 

Another particle-engineering approach are nanoparticles. Nanoparticles enable the delivery of high 

doses and might improve bioavailability, however, they are extremely cohesive due to their unfa-

vorable mass/surface ratio [22]. To transfer nanoparticles into a suitable particle size for inhalation, 

spray drying is the method of choice as spherical particles with tailored sizes and morphologies can 

be obtained [23]. There are several nanoization techniques, such as precipitation, bead milling or 
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high-pressure homogenization, which produce amorphous or crystalline API nanoparticles. Poorly 

soluble compounds like ITZ are well suited for the production of nanocrystals (nanosuspensions 

containing crystalline API, usually obtained by media milling or high-pressure homogenization). 

The combination of spray drying nanocrystals, to obtain so-called nano-in-microparticles (see Fig-

ure 1), provides several advantages: The API remains crystalline hence solid-state stability is ex-

pected to be high. As mentioned above, spray drying enables the manufacturing of tailored spher-

ical particles with low density in a desired particle size range and with a defined surface structure. 

Furthermore, organic solvents will be avoided as aqueous systems can be used for ITZ. The ap-

proach of using bead milling to obtain crystalline ITZ nanoparticles followed by spray drying for the 

generation of well dispersible dry powder particles is therefore considered as valid approach for 

high dose delivery of ITZ and is investigated in this study. 

 

1.2 Theoretical background 

1.2.1 Respiratory tract 

The main function of the respiratory system is the gas exchange meaning supply of oxygen and 

removal of carbon dioxide. The respiratory tract can be divided into two parts: the upper respiratory 

tract (comprising nasal cavity, pharynx, and larynx) and the lower respiratory tract with trachea, 

bronchi, and alveoli [24]. A schematic illustration is given in Figure 2. 

The airways are often described as respiratory tree with the trachea being the tree trunk: The trachea 

divides into the primary bronchi which each subdivides into two other branches (also called gener-

ation) and so on. It is proposed that the respiratory tract consists of 24 airway generations in total 

[25]. 

After inhalation and deposition, inhaled particles will either dissolve in the lining fluid followed by 

cellular uptake or will be cleared via various mechanisms. The epithelium of the upper airways is 

 

Figure 1: Schematic illustration of examples of (engineered) dry powder particles.  API,  matrix for-

mer 

Jet-milled

particles

Nano-in-

microparticles
Nanoparticles
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covered by mucus secreting cells. Together with ciliated cells, the mucus forms the so-called mu-

cociliary transport, which is the main clearance mechanism in the trachea and bronchi [24,26]. The 

alveoli are coated with a surfactant layer and clearance is mainly mediated by macrophages [24,26] 

there. 

1.2.2 Lung deposition 

The effectiveness of the inhalation therapy depends on the successful deposition of the aerosol 

particles in the target respiratory region, which is a complex interaction between the lung anatomy 

and physiology, the inhalation device, the formulation of the API and other factors [24]. Only parti-

cles with a specific aerodynamic size, (i.e., the aerodynamic diameter), will be effectively deposited 

in the respiratory tract. The aerodynamic diameter is directly related to the particle density, shape 

and the geometric diameter and is defined as the diameter of a sphere with unit density that has 

the same settling velocity as the relevant particle [27]. It can be calculated as follows: 

dae =  √
ρP

ρ∗ ∗ χ
∗ dg Eq. (1) 

With ρP being the particle density [g/cm3], ρ∗ being the density of a reference particle with 1 g/cm3, 

χ being the dynamic shape factor with 1 for spheres [-] and dg being the geometric diameter [µm].  

The particle density has only a minor impact, but it is of importance if the density is significantly 

low (so-called “large porous particles”) [16,28]. In general, particles with an aerodynamic diameter 

between 1-5 µm are regarded as suitable to reach the lower respiratory tract [29]. However, differ-

ent aerodynamic diameters may be required to target different areas in the respiratory tract. For 

example, API particles with an intended systemic exposure via the lung should be small to reach 

the alveoli (due to the large surface area), whereas APIs for the treatment of e.g., asthma would 

need a larger aerodynamic diameter to target the bronchi and bronchioles [30]. 
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The deposition of aerosol particles in the respiratory tract is mainly governed by five mechanisms 

[25]: 

• inertial impaction 

• sedimentation 

• diffusion 

• interception 

• electrostatic precipitation 

The first three mechanisms are the most important ones [31]. During the inhalation process the air 

(and the aerosol particles) undergo a series of direction changes. Inertial impaction is the phenom-

enon of particles exhibiting a high velocity and not being able to follow the direction of the air-

stream due to inertia. The particles will impact on the airway walls and deposit there. This mecha-

nism is prevalent in the upper respiratory tract, where the air velocity is high, and the flow is turbu-

lent [24]. Sedimentation occurs mostly in the smaller airways and the alveolar region, where flow 

velocities are low [31]. The aerosol particles undergo sedimentation due to gravitational forces. 

Brownian motion is the reason for the diffusion process of submicron particles (typically below 0.5 

µm). Brownian motion is dependent on the particle size and the airflow velocity and increases with 

decreasing size and airflow rate. The airway conditions that promote sedimentation also promote 

diffusion [31]. Interception comes into play for particles with a high aspect ratio (elongated shape 

like fibers). These particles do not deviate from their airstream and deposit as soon as they have 

 

Figure 2: Schematic illustration of the respiratory tract, the aerodynamic diameters (dae) and the related 

main impaction mechanisms. Modified from [30]. 
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contact with the airway wall. Due to their low aerodynamic diameter, they usually impact in the 

lower airways [24]. A charged particle can induce an opposite charge in the airway walls and can 

become electrostatically attracted (electrostatic precipitation) [25]. 

These mechanisms often occur simultaneously, depending on the aerodynamic particle size (see 

Figure 2). 

1.2.3 Dry powder inhalation 

Respiratory drug delivery to the lung as a dry powder formulation provides several advantages but 

also challenges [32]. Dry powders show a high chemical stability compared to liquid formulations 

(e.g., such as formulations to be nebulized). Furthermore, DPIs are portable and require only short 

administration times compared to nebulizers [9]. There is no synchronization of inhalation maneu-

ver and inspiration required as the so-called passive devices enable aerosolization of the formula-

tion by the patient’s airflow [18]. The last aspect can also be challenging as there may be high 

variabilities between the patients’ inspiratory flow rates. As DPIs show a specific airflow resistance, 

the generation of the required flow rate could be challenging, especially for patients with obstruc-

tive diseases. 

 

1.2.3.1 Devices 

Nearly all currently marketed DPIs rely on the patient’s airflow to deagglomerate the formulation 

(so-called passive devices) [33]. Some devices, which actively de-agglomerate the formulation (so-

called active devices), are under development but not yet marketed or have been discontinued [14]. 

An exception is the Staccato® device, which utilizes electric energy for vaporization of a drug film 

for the delivery of loxapine (marketed as Adasuve®) [33]. However, Adasuve® is not a typical dry 

powder formulation as the inhaled particles consist of droplets with condensed loxapine vapor. 

DPIs can be classified through the number of doses they contain and the metering principle (see 

Figure 3) [18]. Single-dose DPIs are usually operated with the formulation filled into capsules. For 

some APIs, the inhalation of multiple capsules is required for one therapeutic dose (e.g., TOBI®Po-

dhaler®). 
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Multidose devices can either have multi-unit (pre-metered) doses or have a reservoir or cartridge 

with the formulation that will be metered by the device. The latter principle requires a well flowing 

powder and might be sensitive to environmental humidity which might cause dosing errors. There-

fore, pre-metered doses filled into aluminum blisters or discs typically are favored. 

DPIs can also be classified according to their intrinsic resistance. For powder dispersion, devices are 

designed with e.g., certain orifices or swirl chambers, which show varying resistance to the airflow 

passing the device [34]. The correlation between device resistance and flow rate is expressed in the 

following equation [35]: 

√ΔP = Q ∗ R Eq. (2) 

With √ΔP being the square root of the pressure drop [kPa], Q being the flow rate [l/min] and R be-

ing the intrinsic device resistance [kPa1/2/L * min-1]. 

For instance, the HandiHaler® is characterized as high resistance device, meaning a lower flow rate 

is required for a certain pressure drop to occur than for the GyroHaler®, which is a medium/low 

resistance device [36,37]. High flow rates can increase the impaction in the upper respiratory tract, 

which result in a lower deposited dose in the lower respiratory tract [34,38]. The device poses a 

resistance to the inspiratory flow of the patient. Different inspiratory flow rates may lead to different 

deposited amounts of an API (so-called flow rate dependency). Both the GyroHaler® and the Hand-

iHaler® show a low flow rate dependency [36,39]. Nevertheless, the dependency of the flow rate is 

not only affected by the device, but also by the formulation [40]. 

 

Figure 3: Classification of DPIs (dry powder inhalers) with regard to number of doses and dosing principle. 

DPIs

Single dose

(e.g. Handihaler®)

Multidose

(e.g. Turbuhaler®)
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Blister-based devices might be beneficial for humidity-sensitive compounds as aluminum shows 

low vapor permeability. Furthermore, aluminum is not hygroscopic in contradiction to hydroxypro-

pyl methylcellulose (HPMC) as a capsule material [41]. In addition, multidose devices with a powder 

reservoir or multi-unit devices with pre-metered blisters might be easier to handle for the patients 

and therefore might enhance patients’ adherence. However, they might be disadvantageous for the 

delivery of high dose compounds as capsules might support the dispersibility of the powder. 

 

1.2.3.2 Particle interactions 

The key parameter for effective deposition of a dry powder formulation in the respiratory tract is 

the dispersion of the powder particles. Dry powder particles for inhalation show high cohesion and 

agglomeration, which is due to their small geometric particle size. For powder dispersion the cohe-

sion of the particles, that is governed by particle interaction, needs to be overcome. There are four 

main forces of interaction [32]: 

• Van der Waals forces 

• Electrostatic forces 

• Capillary forces 

• Mechanical interlocking 

“Van-der-Waals forces arise due to dipole–dipole interactions between atoms and molecules of 

adjacent surfaces and depend on material properties” [42]. The dependency on the material attrib-

utes is expressed by material specific Hamaker constants. Assuming a spherical particle, the van der 

Waals forces are directly proportional to the geometric particle diameter and the respective 

Hamaker constant [16]. Van der Waals forces between two particles decrease rapidly with increasing 

separation distance of the surfaces [31]. Electrostatic forces arise by particle contacts. In case two 

solids come in contact with each other, a contact potential is generated. This is enhanced via 

charges by particle collisions and triboelectric charging [29]. Capillary forces arise between a particle 

and a surface by the surface tension of the liquid drawn into the capillary space at the contact [31]. 

Mechanical interlocking can occur for particles with a rough surface and large asperities [32]. Capil-

lary forces and van der Waals forces are the most relevant interaction forces for particles below 

10 µm and they are dependent on the size of the particles [42]. At ambient conditions, Van der 

Waals forces usually dominate the other cohesive forces for particles smaller than 10 µm [16,29,43]. 
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At relative high humidity, capillary forces dominate, whereas at low humidity values electrostatic 

forces are dominant [44]. 

There are several approaches to overcome the cohesive forces in dry powders for inhalation. Re-

ducing the free energy of the API by mixing with coarse carrier particles (e.g., lactose) is one of 

them. The API and the carrier form a so-called interactive mixture. The adhesion force must be 

strong enough that the API particles adhere to the coarse carrier during manufacturing, filling and 

storage. On the other hand, the adhesive force must be weak enough to enable aerosolization of 

the API and detachment from the carrier during the inhalation process [32]. Another approach is 

particle engineering with the aim of avoiding carrier-based formulations in order to increase the 

drug load, as discussed in chapter 1.1. Several attempts have been made to alter the particle density, 

the surface energy, the morphology and much more [11,16] to obtain high dose formulations. 

1.2.4 Nanoization 

For the manufacturing of dry powder formulations for high dose drug delivery, spray drying is the 

most suitable operation. To obtain spherical, crystalline particles with a low density, API nanoparti-

cles need to be spray dried. For poorly soluble APIs as ITZ, nanoparticles provide certain benefits 

such as a potential increase in bioavailability: As an increase in surface area leads to a faster disso-

lution rate and a potentially higher kinetic solubility [45], one approach to enhance dissolution and 

therefore bioavailability of poorly soluble APIs is the reduction of particle size to nanoparticles. 

For the manufacturing of nanosuspensions, two different approaches, known as bottom-up (e.g., 

precipitation) or top-down (e.g., milling) processes, can be used. Common top-down approaches 

are high-pressure homogenization and media milling. Media milling, which is also known as “wet 

stirred media milling” or “bead milling”, decreases the size of particles suspended in a liquid by 

means of milling beads. 

In the course of milling, two different processes are occurring concurrently: the suspended particles 

are breaking down due to mechanical stress and in parallel might also agglomerate due to hydro-

phobic interparticulate forces (i.e., van der Waals forces) [46]. A decrease in particle size results in 

an increased surface area. Consequently, the Gibbs free energy is increased, which leads to a ther-

modynamically unstable system that tends to reduce the free energy by particle agglomeration, 

flocculation or crystal growth [47], also known as Ostwald ripening [48,49]. 
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To overcome these issues, a suitable stabilizer system is needed [50]. There are two main ap-

proaches to stabilize nanosuspensions, the steric stabilization by forming a physical barrier, e.g., by 

polymers, and/or the electrostatic stabilization by electrostatic repulsion. The latter mechanism is 

applicable for ionic stabilizers e.g., sodium dodecyl sulfate. According to the DLVO theory [51,52], 

the ionic surfactant enables the formation of an electric double layer on the surface of the nano-

particles resulting in repulsive forces if particles approach each other [47]. The group of non-ionic 

stabilizers comprises polymers such as cellulose derivates (e.g., hydroxy propyl cellulose) and non-

ionic surfactants, for example polysorbates. These stabilizers adsorb onto the surface of the parti-

cles and form a physical barrier towards the other particles in the suspension. The combined stabi-

lization approach of both principles is often beneficial and known as electrosteric stabilization [46]. 

The composition and concentration of the stabilizer system is of utmost importance during the 

development of a nanosuspension formulation. APIs are typically used in a concentration mass ratio 

of 1:3 to 50:1 (API to stabilizer) [53,54]. 

Besides the particle size, there are several other attributes that are considered crucial for the devel-

opment of nanosuspensions, like particle shape and morphology, solid-state properties, chemical 

and physical stability. To increase the long-term stability or for further processing into a solid dos-

age form (e.g., a dry powder formulation for respiratory drug delivery) nanosuspensions are being 

dried by e.g., spray drying or freeze-drying. 

 

1.2.5 Spray drying 

Most of the marketed engineered particles for high dose respiratory delivery are produced by spray 

drying such as TOBI® Podhaler® or Bronchitol®. As described in chapter 1.1, spray drying provides 

great advantages for manufacturing of inhalable particles. Usually spherical particles are obtained, 

that show a suitable particle size with a low density and excellent dispersibility [22]. Even the particle 

morphology can be tailored [27]. As the nanoparticles cannot be inhaled as such due to their high 

cohesiveness, spray drying offers the opportunity to transfer them into an inhalable powder. 

Spray drying describes the process of drying a solution, suspension, or emulsion, which is atomized 

into droplets and dried in a hot gas (air or nitrogen) stream. The process has widely been used for 

many years [55]. 
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A spray dryer consists (among other parts) of a drying chamber (where the main drying takes place, 

5), a nozzle (which atomizes the formulation, 2) and a cyclone (10) for particle collection, see Figure 

4). 

 

 

Laboratory spray dryers often use pneumatic two-fluid nozzles for atomization, where the formu-

lation is atomized by a gas (air or nitrogen). Several spray drying parameters impact the properties 

of the dried particles like particle size, morphology, surface roughness or solid-state. Some of these 

parameters are 

 

Figure 4: Schematic illustration of a laboratory-scale spray dryer. The feed solution/suspension (3) is 

pumped with a peristaltic pump (4) into the nozzle (2). The feed liquid is atomized into droplets 

by the nozzle gas (6). The droplets are dried in the hot gas stream (1) in the drying chamber (5). 

The dried particles follow the gas stream into the connection (9) of drying chamber and cyclone 

(10). The particles are then collected in a glass (11), whereas the process gas stream with resid-

ual small particles enters the connection (12) to the exhaust filter. Particles, which are too large 

to follow the process gas stream will get deposited in a glass below the drying chamber (7). The 

outlet temperature is measured (8) in the connection between the drying chamber and the cy-

clone. 

To exhaust filter

Nozzle

gas

6

1 2 3

4

5

7

8

9 10

11

12
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• feed rate of the formulation 

• outlet temperature (which is the temperature measured at the connection between drying 

chamber and cyclone (8) and can be regarded as product temperature)  

• atomization rate (nozzle gas flow)  

• formulation composition.  

The outlet temperature is the result of the interplay between inlet temperature (temperature of the 

drying gas), feed rate, type of solvent, drying gas rate and the concentration of total solids. 

As described in chapter 1.2.2, the aerodynamic diameter is highly dependent on the geometric 

diameter of the particle. The geometric diameter itself is affected by the feed solution concentration 

and the droplet diameter [27]. Therefore, the droplet size during spray drying is of great importance. 

For pneumatic nozzles, the droplet size can be described by the complex Kim-Marshall-equation 

[56]: It is affected by the surface tension of the formulation, the viscosity, the density, the orifice 

diameter of the nozzle and the gas/liquid mass ratio [56]. Regarding the formulation, it is assumed 

that surface tension has a minor impact compared to viscosity, especially for spray drying with high 

atomization rates and low feed rates [56–58]. Increasing the viscosity of the feed solution leads to 

larger droplets during atomization [55,56]. 

As soon as a droplet is atomized and encounters the hot gas in the drying chamber the drying 

process starts. The drying process of a droplet with solutes, a coupled heat and mass transfer, can 

be regarded as a two-step process [59]. Solvent evaporation takes place “with the difference be-

tween the vapor pressure of the solvent in the droplet and its partial pressure in the gas phase 

being the driving force” [23]. At the beginning, solvent evaporation happens at the droplet surface 

with a constant evaporation rate (controlled by the heat transfer to the droplet’s surface) leading 

to decreasing droplet diameters [58,59]. The temperature of the droplet is equal to the so-called 

wet-bulb temperature [56]. This is considered as the constant-rate stage [58]. Once the surface of 

the droplet is enriched with the solute, the solute diffuses towards the center of the droplet caused 

by a concentration gradient [58]. During further drying, this diffusion will become lower than the 

reduction of droplet diameter resulting in crust formation. This is the start of the second stage, the 

so-called falling-rate stage with decreasing drying rate [58]. The drying rate is now governed by 

diffusion of the solvent through the crust or pores of the crust [23,60]. Crust thickening leads to a 

reduction in the drying rate. The droplet’s surface temperature will increase to the so-called dry-

bulb temperature at the end of the drying process [58]. 
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The Peclet number describes the ratio of the evaporation rate of the solvent and the diffusion co-

efficient of the solute in the liquid phase [61]. The formation of particles differs depending on the 

Peclet number and results in various particle morphologies, more details were described by Vehring 

(2008) [27]. The Peclet number can be calculated according to Equation 3: 

𝑃𝑒 =
Κ

8 D𝑖
 Eq. (3) 

with 𝑃𝑒 being the Peclet number [-], Κ being the solvent evaporation rate and D𝑖 being the diffusion 

coefficient of the solute in the liquid phase. 

If the Peclet number is smaller than 1, the diffusion of the solutes is faster than the evaporation of 

the solvent and shrinkage of droplets, leading to small and dense particles. If the diffusion of the 

solute is slower than the droplet evaporation, this will result in Peclet numbers greater than 1 and 

larger, hollow particles [62]. 
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1.3 Objectives 

The purpose of this work was to develop a dry powder formulation for high dose respiratory drug 

delivery of ITZ that could potentially be used within the context of an experimental ABPA or IPA 

therapy. A combination of media milling, and spray drying was applied as particle engineering 

technique to manufacture nano- in microparticles showing suitable properties for respiratory dep-

osition. The aerodynamic performance of the dry powder formulations was investigated with regard 

to drug load, the impact of nanoization and the effect of the inhalation devices used. 

Chapter 3.1 describes the development of a suitable nanoization process using a special type of 

mill. Process parameters (being the milling speed and the diameter of the milling beads) as well as 

formulation parameters (such as stabilizer concentration or critical material attributes) were evalu-

ated. The impact of the stabilizer concentration on the critical material attributes (such as particle 

size, zeta potential, morphology or solid-state) of the suspensions was evaluated in depth and op-

timized. 

Chapter 3.2 reports a suitable spray drying method to transform the nanosuspensions into respir-

able microparticles as well as the optimization of the process parameters thereof. The influence of 

the feed rate and gas flow rate on the primary droplet size obtained from the two-fluid nozzle, as 

well as the impact of the outlet temperature and stabilizing agents on the material attributes of the 

spray dried particles were investigated. The ITZ nanosuspensions were then spray dried under op-

timized conditions using varying amounts of mannitol, which acts as a stabilizing agent (matrix 

former) for the microparticles.  

A fast screening tool (pressure titration) as well as full resolution cascade impaction analysis were 

used to evaluate the aerosol performances of the formulations obtained, which is presented in 

chapter 3.3. The impact of the drug load and particle engineering were investigated with regard 

to the fine particle dose. Two different devices - the capsule-based HandiHaler® und the blister-

based GyroHaler® - were compared with focus on their de-aggregation performance by as-

sessing their delivered fine particle doses. 
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2 Material and methods 

2.1 Materials 

The following API and excipients were used for the experiments: 

Name Abbr. LOT Supplier Comment 

Itraconazole  ITZ 20170106 

Wuhan Atomole 

Chemicals Co., 

Ltd, China 

BCS class II compound: low solu-

bility of  1 ng/ml in water (neu-

tral pH) and high lipophilicity 

(logP  6) [63] 

Hydroxypropyl 

cellulose, Type 

SL 

HPC-SL NEA-1431 

Nippon Soda 

Co., Ltd, Tokyo, 

Japan 

Steric stabilizer, known for stabili-

zation of nanosuspensions [53] 

Polysorbate 80 

(Tween® 80) 
PS80 1/2412672 

Kolb Distribution 

AG, Hedingen, 

Switzerland 

Non-ionic surfactant, known for 

stabilization of nanosuspensions 

[53], approved for inhalation [64] 

Sodium dodecyl 

sulfate 

(Kolliphor® SLS 

fine) 

SDS 13665368 

BTC Europe 

GmbH, Monheim 

am Rhein, Ger-

many 

Ionic surfactant, known for stabili-

zation of nanosuspensions [53] 

Mannitol  

(Pearlitol® 50 C) 
MAN E842L 

Roquette, 

Lestrem, France 

Known as matrix former for inhal-

able nanoparticles [23], approved 

for inhalation [13] 

 

2.1.1 Devices 

2.1.1.1 HandiHaler® 

The HandiHaler® (see Figure 5) was developed by Boehringer Ingelheim and is a capsule-based 

single-dose device. It is marketed for the delivery of tiotropium as a carrier-based formulation. For 

the inhalation maneuver, the mouthpiece (1) has to be tilt back and a capsule is placed in the cap-

sule compartment (3). The mouthpiece is then tilt back. The capsule is pierced twice (2) by pushing 

the turquoise button.  

Table 1: Overview of used API and excipients. BCS: Biopharmaceutics classification system 
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During inhalation the capsule axially vibrates and enables the support of deagglomeration of the 

formulation in the capsule [65,66]. The capsule is pushed up against a stainless-steel mesh and 

remains in the capsule compartment. The HandiHaler® is characterized as high-resistance device 

with an intrinsic resistance of 0.049 kPa1/2/L * min-1 [67]. The HandiHaler® were obtained from 

Boehringer Ingelheim Pharma GmbH & Co. KG, Germany. 

 

2.1.1.2 GyroHaler® 

The GyroHaler® was developed by Vectura Group Ltd and is a multi-dose device with pre-metered 

doses. Currently, it is marketed as AirFluSal® Forspiro® by Novartis for the delivery of a combina-

tion of salmeterol and fluticasone as a carrier-based formulation [68]. The formulation is filled into 

aluminum foil blister strips (see Figure 6 (4)), which are pierced for inhalation with the piercing 

element (2). The formulation is aerosolized by the airstream coming vertically from the mouthpiece 

(1) to the blister cavity (3). 

 

Figure 5: HandiHaler® closed (A) and opened (B). This capsule-based device consists of a mouthpiece (1), 

a capsule-piercing element (2) and a capsule compartment (3). It was developed by Boehringer 

Ingelheim. © Boehringer Ingelheim 

A B

1

2

3



 

  Material and Methods 

    

17 

 

 

For the next inhalation maneuver, the mouthpiece needs to be tilt to the side, which moves the 

emptied blister cavity forward and a new cavity arises. Once the mouthpiece is tilt back, the new 

cavity will be pierced. As mentioned before, the GyroHaler® is a low/medium-resistance device, 

showing an intrinsic resistance of approximately 0.026 kPa1/2/L * min-1 [68]. The GyroHaler® were 

obtained from a local pharmacy as training devices. 

2.2 Methods 

2.2.1 Manufacturing processes 

2.2.1.1 Jet-milling 

Prior to use, ITZ starting material was sieved with a preparative sieve (mesh size 315 µm) to remove 

agglomerates. The sieved material was jet-milled with a Food Pharma Systems Pilot Mill 2 (Food 

Pharma Systems, Como, Italy) at 7 bars grinding pressure using nitrogen as process gas. Milling was 

conducted with a batch size of 400 g and at a feed rate of 50 g per hour. The milled powder was 

filled into twist-off glasses and sealed into aluminum bags with a desiccant for storage. 

2.2.1.2 Suspension preparation 

For the stabilizer solution, SDS and PS80 were dissolved in demineralized water, HPC-SL was added, 

stirred overnight at 200 rpm with a magnetic stirrer to enable complete dissolution, and filtered 

(0.2 µm, cellulose acetate membrane). To ensure a homogeneous suspension, 4.2 g of the jet-milled 

ITZ and 42 g of the stabilizer solution were pre-suspended and mixed in a 100 ml duran glass bottle 

A B

1

4

2

3

Figure 6: Multi dose inhalation device developed by Vectura Group Ltd. It consists of a mouthpiece (1), a 

blister piercing element (2) and the blister cavity (3). After inhalation the empty blister cavities 

are released (4). The used blister-based device is licensed to Novartis and marketed as For-

spiro® (© Boehringer Ingelheim) 
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(filling level approximately 40% v/v) with an acoustic mixer LabRAM™ II (Resodyn Acoustic Mixers, 

Butte, MO, USA) at 50 times gravitational acceleration for two cycles of 45 seconds each. The mixer 

combined low oscillation frequencies at a resonant condition (approximately 60 Hz) with a relatively 

large displacement amplitude (up to 14 mm) to a high mixing energy which is measured in accel-

eration of gravity [69,70]. After the first 45 sec the bottle is gently shaken to destroy powder ag-

glomerates. The suspension was than stirred on a magnetic stirrer for 60 minutes to remove foam. 

2.2.1.3 Nano milling 

Nano milling was performed using a ZentriMix 380R (Andreas Hettich GmbH & Co. KG, Tuttlingen, 

Germany) dual centrifuge. The rotor holds four 10 ml PP processing vials, filled with 5.5 g of the 

homogenized suspension and 5 g of milling beads (zirconium oxide, yttrium stabilized, VMA Getz-

mann GmbH, Reichshof, Germany, various sizes) each. Figure 7 shows the rotation principle of the 

dual centrifuge. 

 

During milling, A rotation around the longitudinal axis of the rotor is combined with a secondary 

rotation around each vial holder, which enables a high kinetic energy. Further details concerning 

the ZentriMix can be found in an article by Hagedorn et al. (2017) [71]. Compared to conventional 

media milling, the potential of this novel type of mill has been evaluated to accelerate early formu-

lation development for nanosuspensions and successful upscaling to larger agitator bead mills has 

been demonstrated [72]. 

 

 

Figure 7: Schematic illustration of nano milling with the ZentriMix. The rotor enables both a rotation 

around the longitudinal axis (big black arrow) and a secondary rotation around each vial holder 

(small black arrows). The combined dual rotation facilitates the creation of a high kinetic energy 

with four vials being milled at the same time. 
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Purpose Bead size [mm] 
Stabilizer 

concentration w/w 
Speed [rpm] 

Temperature in-

side the milling 

chamber [°C] 

Speed evalua-

tion 
0.3 – 0.4 

0.9% HPC-SL, 0.14% 

SDS, 0.14% PS80 

500 
4  

1500 

Temperature 

Evaluation 
0.3 – 0.4 

0.9% HPC-SL, 0.14% 

SDS, 0.14% PS80 
1500 

4 

-10 

Bead size 

evaluation 

0.1 – 0.2 

0.9% HPC-SL, 0.28% 

SDS, 

0.28% PS80 

1500 4 

0.3 – 0.4 

0.9% HPC-SL, 0.14% 

SDS, 0.14% PS80 

0.4 – 0.6 

0.6 – 0.8 

0.8 – 1.0 

1.2 – 1.4 

1.6 – 1.8 

2.0 – 2.5 

2.6 – 3.3 

Stabilizer impact 

on CMA 
0.3 – 0.4 

0.9% HPC-SL, 0.14% 

SDS, 0.14% PS80 
1500 4 

0.9% HPC-SL, 0.07% 

SDS, 0.07% PS80 

 

Table 2 shows the varying and constant parameters for evaluation of the nanoization process. As 

stabilizers hydroxy propyl cellulose SL (HPC-SL), sodium dodecyl sulfate (SDS) and polysorbate 80 (PS80) 

were used. 

For all bead sizes, the mass of beads is kept constant. The theoretical number 𝑛 of units in 5 g of 

beads (e.g., diameter 0.3 - 0.4 mm; assuming a mean diameter of 0.35 mm) can be calculated ac-

cording to Equation 4: 

𝑛 =  
𝑉5𝑔

𝑉0.35
=

833.33 𝑚𝑚3

0.022449 𝑚𝑚3
=  37121 Eq. (4) 

Table 2: Overview of the parameters during evaluation of the milling process 
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𝑉5𝑔 is volume of 5 g beads calculated with the bead density of 6 g/cm3 and 𝑉0.35 is the volume of 

one bead assuming a mean diameter of 0.35 mm. 

An overview of the bead diameters and resulting numbers is given in Table 9, chapter 3.1.2.3. 

 

2.2.1.4 Spray drying 

A lab-scale spray dryer Büchi B290 Advanced (Büchi Labortechnik AG, Flawil, Switzerland) was used. 

The spray dryer was equipped with a high-performance cyclone and a 0.5 mm nozzle with a 1.5 mm 

nozzle cap. An in-house made sample collector was used to minimize product loss. The aspirator 

was set to 100% and the flow rate of the nozzle gas (pressurized air) was determined with an Omega 

FMA-1611A mass airflow sensor (Omega Engineering Inc., Stamford, CT, US, as standard liters per 

minute [SL/min], meaning the flow rate at standard conditions for pressure and temperature: 1 bar 

and 273.15 K). The impact of different feed rates, nozzle gas flow rates (6-12 bar) and outlet tem-

peratures were evaluated during process development (as shown in Table 3). Further details can be 

found in chapter 3.2.1. For evaluation of the droplet size, water (H2O) with stabilizers for the nano-

suspension (hydroxypropyl cellulose SL (HPC-SL), sodium dodecyl sulfate (SDS) and polysorbate 80 

(PS80)) was used. 

Response 

parameter 
Solid Medium Solution composi-

tion [%w/w] 

Nozzle gas 

flow rate 

[SL/min] 

Outlet  

temperature 

[°C] 

Feed rate 

[g/min] 

Droplet size MAN 
H2O + 

stabilizers 

0.7% HPC-SL 

0.1% SDS 

0.1% PS80 

4.1% MAN 

95.0% H2O 

13, 18, 23, 

28, 33 
N/A 2.5, 5, 10 

Particle size, 

solid-state, 

morphology 

MAN 

H2O 
5.0% MAN 

95.0% H2O 
23 60, 80, 100 5 

H2O + 

stabilizers 

0.7% HPC-SL 

0.1% SDS 

0.1% PS80 

4.1% MAN 

95.0% H2O 

23 60, 80, 100 5 

 

Table 3: Overview of the spray drying parameters used for process evaluation and for the manufacturing 

of engineered ITZ particles. Nozzle gas flow rate is given in standard liters per minute (SL/min, 

flow rate at standard conditions for pressure and temperature: 1 bar and 0°C). 
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The nanosuspensions were mixed under constant stirring with a magnetic stirrer with mannitol at 

defined concentrations (25:75, 50:50, 75:25 and 100:0 [% w/w]) and sufficient amounts of deminer-

alized water were added to adjust to a total solids fraction of 5 %. All spray drying experiments 

were conducted with the optimized parameters. As a control, one sample was spray dried without 

nanoization and without MAN (same composition as 100:0, JM SD). All spray dried powders were 

sieved (preparative sieve with a diameter of 150 µm) after spay drying and stored in a desiccator 

over molecular sieve. A formulation overview is given in Table 4. 

Sample 

name 

Jet Milling 

(JM) 

Nanoization 

(NS) 

Spray drying 

(SD) 

ITZ:MAN 

ratio w/w [%] 

25:75 X X X 25:75 

50:50 X X X 50:50 

75:25 X X X 75:25 

100:0 X X X 100:0 

JM SD X  X 100:0 

JM X   100:0 

 

2.2.1.5 Filling of dry powders 

An in-house made filling unit (BI drum filler) was used for loading of the GyroHaler® and the Hand-

iHaler® with a powder dose of 13 mg ± 0.5 mg (limited volume of blister cavities). The individual 

elements are shown in Figure 8. The filling principle is volume-based: 60 µl cavities were filled with 

150 mbar negative pressure and powder was released in blister cavity/capsules with 150 mbar pres-

surized air. To load the GyroHaler®, blister cavities made of aluminum were formed (2) under pos-

itive pressure and filled with powder afterwards (3). The powder was filled into the cavities of the 

drum by negative pressure and the powder pellet was released into the blister cavity. Following, 

the filled cavities were sealed (4) and cut into the suitable dimensions (5). For experiments with the 

HandiHaler® only the filling element (3) was used. Size 3 HPMC capsule halves were placed under 

the drum and the powder pellet was released directly into the capsule with the help of a stainless-

steel adapter. 

Table 4: Overview of samples with regard to preparation method and ITZ:MAN ratio [% w/w]  
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Samples JM SD and JM were filled manually as no successful automated filling with the filling unit 

was possible, as also described in chapter 3.3.1. 

The detailed construction of the filling element is depicted in Figure 9. The formulation was filled 

into the powder reservoir (1) and dosed into the cavity of the drum (3) with the help of an impeller 

(2) and negative pressure. Afterwards, the powder in the cavity was released into the preformed 

cavity of the aluminum foil (4) using pressured air. 

 

Figure 8: BI drum filler. From right to left: Foil holder (1), blister former (2), filling element (3), sealing 

element (4), cutting element (5). © Boehringer Ingelheim 

 

Figure 9: Filling element of in-house made blister machine in detail. (1) Powder reservoir, (2) Powder 

feeding impeller, (3) drum with powder cavities, (4) blister foil with preformed cavities. Image 

was created with SolidWorks® 

12345

1

2

3

4
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The volume-based drum filling principle used is commercially available (Omnidose® by Harro 

Höfliger). For the drum filling principle, upscaling should be possible and has been proven to be 

feasible from the Omnidose TT to Omnidose DF1 [73]. 

 

2.2.2 Analytical methods 

2.2.2.1 Dynamic light scattering (DLS) 

A Zetasizer® Nano S (Malvern Panalytical Herrenberg, Germany) was used to determine the particle 

size distributions of the nanoparticles using dynamic light scattering. The nanosuspensions were 

diluted with filtered (0.2 µm, cellulose acetate membrane) saturated ITZ solution in demineralized 

water at a ratio of 1:500 [74]. The measurement was carried out with disposable semi-micro polyme-

thyl methacrylate cuvettes at 25 °C. Detection angle was fixed at 173°. 10 measurements were per-

formed per experiment and each sample was measured in triplicate. The particle size and size dis-

tribution were displayed as Z-average and polydispersity index (PDI), respectively. Particle size data 

of the nanoparticles were processed with the Zetasizer® Software Version 7.12 (Malvern Panalytical, 

Herrenberg, Germany). 

2.2.2.2 Zeta potential 

Zeta potential was determined with a SZ-100 nanoPartica analyzer (Horiba Europe GmbH, Ober-

ursel, Germany). A 6 mm cuvette with a carbon electrode was used. The conductivity of the samples 

was adjusted as described in [75] and the temperature was kept at 25 °C. The sample was diluted 

1:100 with filtered (0.2 µm, cellulose acetate membrane) demineralized water. The zeta potential 

was calculated based on the electrophoretic mobility using the Helmholtz-Smoluchowski equation 

with the software Horiba NextGen Project V 2.40. 

2.2.2.3 X-ray powder diffraction (XRPD) 

Nanosuspension: 

After milling, the samples were centrifuged at 20817 relative centrifugation force/g for 15 minutes 

and the residue was used to investigate the solid-state properties. The diffraction patterns were 

obtained using a Bruker AXS D8 Discover DAVINCI diffractometer (Bruker Corporation, Billerica, MA, 

USA) using Cu-K radiation (40 kV voltage and 40 mA current). All scans were performed at 

0.5 s/step with a step size of 0.02° from 5° to 40° 2 Theta angles. Measurements were carried out 

in reflection mode (coupled two Theta/Theta). 
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Dry powder particles: 

The diffraction patterns were obtained using STOE Powder Diffraction System StadiP (STOE & Cie 

GmbH, Darmstadt, Germany) using Cu-radiation (1.5406 Å, 40 kV voltage and 40 mA current). All 

scans were performed at a step size of 0.4° and 3 s/step from 3° to 40° 2 Theta angles. Measure-

ments were carried out in transmission mode. Physical blends were prepared by mixing all compo-

nents with the LabRAM II at 50 times acceleration for 60 seconds. Reference materials for α-MAN 

and δ-MAN were prepared according to the procedure described in [76]. 

Raw XRPD data were converted to American Standard Code for Information Interchange (ASCII) 

format with Bruker DIFFRAC 7.5 and processed using Origin Pro® 2017 (Origin Lab® Corporation, 

Northampton, MA, USA). 

2.2.2.4 Differential scanning calorimetry (DSC) 

The thermal behavior of the nanosuspensions was investigated with a DSC2500 Discovery (TA In-

struments®, New Castle, DE, USA). The samples used for X-ray diffraction were dried at 40 °C under 

vacuum for 1 h to remove any residual water. 3-5 mg were weighed into aluminum pans with per-

forated lids and compacted gently with a punch in order to ensure a homogeneous heat transfer. 

Nitrogen was used as a purging gas at a flow rate of 50 ml/min. Samples were heated at 10 C°/min 

from 25 °C to 200 °C. DSC data were analyzed using TA Instruments TRIOS software (TA Instruments, 

New Castle, DE, USA). 

2.2.2.5 Determination of ITZ assay 

ITZ content after nanoization and after spray drying as well as content uniformity of the spray dried 

powders was measured via HPLC (all components Agilent 1200 series): an Inertsil® ODS-3 (3 µm, 

4.6 x 150 mm, GL Sciences Inc., Tokyo, Japan) HPLC column was used. The mobile phase consisted 

of 75 % acetonitrile and 25 % phosphate buffer (7.6 mmol) pH 6.4. Analysis was carried out at a 

flow rate of 1 ml/min and a detection wavelength of 263 nm (photodiode array detector). DMSO 

was used as solvent. HPLC data were analyzed with Empower 3 Pro software (Waters Corporation, 

Milford, USA). 

2.2.2.6 Saturation solubility 

The saturation solubility was determined after 24 h shaking at room temperature in a Thermo-

Mixer® (Eppendorf SE, Hamburg, Germany). The suspension was centrifugated with 20817 rcf for 
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10 min and the supernatant was filtrated with a 0.2 µm cellulose acetate filter before analysis by 

HPLC using the method described above. 

2.2.2.7 Loss on drying (LoD) 

A halogen moisture analyzer HG 63 from Mettler Toledo GmbH (Gießen, Germany) was used for 

the determination of the residual moisture after spray drying. About 500 mg of the sample were 

heated to 105 °C for 15 min. 

2.2.2.8 Laser diffraction 

Droplet size generated with the Büchi nozzle: 

The size distribution of the droplets generated with the Büchi nozzle was determined with a Helos 

H1411 (Sympatec GmbH, Clausthal-Zellerfeld, Germany) laser diffractometer using the R3 lens (0.9-

175 µm). Due to practical reasons, the peristaltic pump of the Büchi was operated with a stand-

alone peristaltic pump (Ismatec model ISM596D, Cole-Parmer GmbH, Wertheim, Germany). The 

settings of the peristaltic pump were comparable to the conditions that occurred during the spray 

drying. Droplet sizes were evaluated at five different nozzle gas flow rates (13,18, 23, 28, 33 SL/min) 

and three different pump rates (5, 10, 15 g/min), see also Table 3. The distance between the nozzle 

tip and the laser beam was kept constant at 7 cm and the focal length was adjusted to 10 mm. 

Nozzle gas used was pressurized air. In order to mimic the spray drying runs, mannitol in stabilizer 

solution was used for this investigation: MAN was added to the stabilizer medium at a ratio of 4:1, 

which is equivalent to the intermediate ratio of the ITZ nanosuspension samples to be spray dried 

using the optimized process parameters. The concentration of total solids was kept at 5% (w/w). 

Data were analyzed with Windox 5 software using Mie theory with refractive index of 1.33. The 

Fraunhofer approximation of the Mie theory is commonly used for evaluation of particle sizes in 

micrometer range due to its wide applicability as no information on optical properties are necessary. 

The Fraunhofer approximation is valid under certain conditions e.g., for particles much larger than 

the wavelength of the laser. However, for transparent particles (such as water droplets) the Fraun-

hofer approximation predicts the false existence of small particles due to secondary scattering [77]. 

Therefore, the Mie theory is applied here. 

Dry powder dispersibility (Pressure Titration): 

For assessing the deagglomeration ability of the powders, the mean particle size (d50) was evaluated 

using different dispersion pressures (so-called “pressure titration”). A detailed description of this 

method can be found in [78]. The particle size of the powder samples was determined at increasing 
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dispersion pressures from 0.1 bar to 3.5 bars with the Mastersizer 2000TM equipped with a Scirocco 

dry dispersion unit (Malvern Panalytical Herrenberg, Germany). 3-5 mg of the sample were placed 

in the hopper, which was operated with 30% vibration. Each sample was measured in triplicate with 

pressurized air as dispersion medium. Particle refractive index for calculation of particle sizes was 

set to 1.64 [79]. 

2.2.2.9 Densities 

2.2.2.9.1 Particle density 

Particle density was determined with a AccuPyc II 1340 helium gas pyncometer (Micromeritics In-

strument Corporation, Norcross, GA, USA). The measurements were conducted under controlled 

temperature to ensure constant conditions for analysis. The fill pressure was set to 1.34 bar with an 

equilibration rate of 0.00034 bar/min. The particle density is reported as the average of 10 cycles. 

2.2.2.9.2 Bulk and tapped density 

Bulk and tapped densities were evaluated as described in Ph. Eur. 10.1, chapter 2.9.34, method 1 

[80]. using SVM tapped density tester/settling device (Erweka GmbH, Langen, Germany) and ap-

proximately 1 g of each formulation was weighed into a 10 ml measuring cylinder. Calculations for 

the bulk and tapped densities according to Ph. Eur. are shown in Equation 5 and Equation 6, re-

spectively: 

𝜌0 =
𝑚

𝑉0
 Eq. (5) 

𝜌𝑓 =
𝑚

𝑉f
 Eq. (6) 

with 𝜌0 being the bulk density, 𝑚 being the mass of the powder, 𝑉0 being the unsettled apparent 

volume, 𝜌𝑓 being the tapped density and 𝑉f being final tapped volume. 

 

The Carr index (or compressibility index according to the Ph. Eur.) is an indicator of flowability, 

which is given by the ratio of bulk and tapped volumes (Equation 7): 

𝐶𝑎𝑟𝑟 𝑖𝑛𝑑𝑒𝑥 =
100 ∗ (𝑉0 − 𝑉𝑓)

𝑉0
 Eq. (7) 
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2.2.2.10 SEM images 

The nanosuspensions were diluted 1:500 (same dilution as for DLS) with demineralized water and 

dried over night at room temperature on a coverslip. A Helios™ G4 CX Dualbeam™ (Thermo Scien-

tific™ Inc, Waltham, MA, USA) microscope was used in secondary electron mode at 2 kV and 3 mm 

working distance. Samples were sputter coated with platinum.  

For SEM investigations of the dry powder samples settings were changed to 1.5 kV with a working 

distance of 2 mm. 

2.2.2.11 Dynamic vapor sorption (DVS) 

To investigate relative moisture sorption and solid-state stability, dynamic vapor sorption was car-

ried out with IGAsorp vapor sorption analyzer (Hiden Isochema Ltd, Warrington, UK). Samples of 

about 20 mg were placed into the instrument. An equilibration step (25°C, 30% relative humidity 

(rH) for 120 min) was conducted at the beginning. Measurements were taken at 25 °C with incre-

ments of 10 % rH (0-90% rH) for one cycle. Once the sample weight is stable, it is at equilibrium 

with the surrounding atmosphere. The measurement is then continued at the next humidity step 

(lower or higher relative humidity). The mass change is calculated relative to the mass obtained 

after an initial conditioning step. Further XRD measurements were run with the samples after DVS 

measurement. 

2.2.2.12 Reconstitution of the nanoparticles 

To investigate the reconstitution of the nanoparticles after spray drying, the powders were recon-

stituted in a volume yielding a concentration similar to the one of the nanosuspensions used for 

spray drying (i.e., a total solids fraction of 5 % w/w). The powder was weighed into vials, mixed with 

demineralized water and stirred with a magnetic stirrer for 24 h. The reconstituted nanoparticles 

were evaluated via dynamic light scattering with the method described above. Samples were taken 

after 1 h, 2 h, 4 h, 8 h, 12 h and 24 h and each formulation was measured in triplicate. 

2.2.2.13 Aerosol analysis 

The assessment of fine particles was done according to the requirements of the European Pharma-

copoeia 10.2, chapter 2.9.18 [80]. A vacuum pump was connected by vacuum tubing (1) with the 

Next Generation Impactor NGI, resp. Apparatus E (Copley Scientific Ltd, Nottingham, UK). A timer 

controlled the two-way solenoid valve (2), which was attached to a flow control valve (4) with a 

metal coupling (3). The absolute pressure on both sides of the flow control valve (4) was determined 
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with two pressure gauges (5) to ensure a critical flow. Measurements were conducted in controlled 

environmental conditions: 22.5 °C ± 1.0 °C and 55 % rH ± 10 % rH. 

 

The construction of the NGI is depicted in Figure 11: 

NGI cups and the preseparator insert were coated with an ethanolic solution of Brij 35 in glycerol. 

10 ml of the solvent DMSO were placed into the central preseparator cup. To achieve the required 

pressure drop of 4 kPa, measurements were conducted at a flow rate of 42.4 l/min for the Hand-

iHaler® and 78.6 l/min for the GyroHaler®, respectively. As the cut-off diameters of the NGI are 

flow rate dependent, they differ for both devices, which is shown in Table 5. 

 

Figure 10: Experimental set-up for the assessment of fine particles according to the Ph. Eur. The vacuum 

pump is connected by vacuum tubing (1) with the impactor. A timer controls the two-way so-

lenoid valve (2) which is attached to the flow control valve (4) with a metal coupling (3). Pres-

sure before and after the flow control valve is determined with two pressure gauges (5). The 

scheme was modified from [80] 

 

Figure 11: NGI (Apparatus E) for the assessment of fine particles according to the Ph. Eur [80]. The lid 

consists of a steel body with nozzles of a defined number and diameter (e.g., Stage 1 nozzle (1) 

or micro-orifice collector (MOC) (4)) and interstage pathways. The bottom frame comprises a 

tray with removable impaction cups (e.g., 2) and a connection to the vacuum pump (3). © 

Boehringer Ingelheim 

1

2 3 4
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NGI stage 

Cut-off diameters for 

the HandiHaler® at 

42.5 l/min [µm] 

Cut-off diameters for the 

GyroHaler® at 78.6 

l/min [µm] 

Stage 1 9.71 6.97 

Stage 2 5.34 3.88 

Stage 3 3.35 2.46 

Stage 4 1.95 1.46 

Stage 5 1.13 0.81 

Stage 6 0.68 0.47 

Stage 7 0.43 0.28 

MOC   

 

Flow rates were determined using an inhouse-made dose unit sampling apparatus according to the 

European Pharmacopoeia with a TSI flowmeter, model 4040E (TSI Inc., Shoreview, USA). The devices 

were tested after three discarded actuations prior to the actual measurement to simulate in-use 

conditions as the HandiHaler® should be cleaned once monthly [81] and the GyroHaler® cannot 

be cleaned at all [82]. Each formulation was evaluated in triplicate. The deposited dry powder was 

dissolved in DMSO and the amount of ITZ at each stage was analyzed via HPLC with the method 

described above. The fine particle dose (i.e., the API dose with an aerodynamic diameter below 5 

µm, FPD), the mass median aerodynamic diameter (aerodynamic diameter that represents the me-

dian of a mass-based particle size distribution, MMAD) and the geometric standard deviation 

(measure for particle size distribution width, GSD) were calculated according to the European Phar-

macopoeia. Cumulative masses for S1-MOC were plotted against the stage cut-offs and interpo-

lated to calculate the FPD. Probit-transformed cumulative relative mass fractions were plotted 

against linearized (log-transformed) stage cut-offs and a linear regression model was used to cal-

culate MMAD and GSD. The fine particle fraction (FPF) was calculated by dividing the FPD by the 

Table 5: Cut-off diameters for the devices at the respective flow rates for 4 kPa pressure drop 
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dose recovered from the NGI stages including the standard induction port (SIP) and the presepa-

rator (i.e., the emitted dose, ED). 

2.2.3 Statistics & Data visualization 

Results are expressed as mean ± one standard deviation (SD), unless otherwise stated.  

The effect of process parameters (bead size, temperature, speed) on the nanoparticle size was in-

vestigated by a one-way ANOVA with post-hoc Tukey test. A paired-sample t-test was applied for 

the investigation of storage stability. Comparison of the two selected formulations in terms of par-

ticle size, PDI and zeta potential at specific time points was conducted using a two-sample t-test.  

Statistical evaluation of the stabilizer concentration for the nanosuspension was done using 

MODDE® 12.1 software (Sartorius Stedim Biotech GmbH, Göttingen, Germany). A response surface 

model (RSM) was applied and planned as a full factorial design with two factors (k: SDS and PS80) 

at three concentration levels. The resulting number of experiments is 3k = 9. Three repetitions per 

experiment resulted in a total number of 27 experiments. As three combinations did not yield a 

stable suspension only 27 – 3*3 = 18 trials were evaluated. 

Two sample t-test with welch correction was applied for reconstitution of ITZ nanoparticles, powder 

sample characteristics, pressure titration and aerodynamic assessment. 

All statistical investigations (except for the assessment of the stabilizer concentration) and data 

processing were carried out with Origin Pro® 2017 (Origin Lab® Corporation, Northampton, MA, 

USA). P < 0.05 was considered to represent a significant difference.
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3 Results & Discussion 

3.1 Nanoization of ITZ [83] 

For the manufacturing of ITZ nanocrystal suspensions with the ZentriMix, formulation and method 

development were necessary. The evaluation of process parameters was performed at fixed formu-

lation compositions, except for the smallest bead size. Vice versa, experiments to assess the formu-

lation impact on critical material attributes of the nanosuspension were carried out at fixed process 

parameters (Table 6). The grinding limit (i.e., particle size that does not decrease with further energy 

input during milling [84]) was chosen to be the lead parameter. As stabilizers hydroxypropyl cellulose 

SL (HPC-SL), sodium dodecyl sulfate (SDS) and polysorbate 80 (PS80) were used. 

Purpose Bead size [mm] 
Stabilizer 

concentration w/w 
Speed [rpm] 

Temperature in-

side the milling 

chamber [°C] 

Speed evaluation 0.3 – 0.4 

0.9 % HPC-SL, 0.14 % 

SDS, 0.14 % PS80 

 

500 

4  

1500 

Temperature 

evaluation 
0.3 – 0.4 1500 

4 

-10 

Bead size 

evaluation 

0.1 – 0.2 

0.9 % HPC-SL, 0.28 % 

SDS, 

0.28 % PS80 

1500 4 

0.3 – 0.4 

0.9 % HPC-SL, 0.14 % 

SDS, 0.14 % PS80 

 

0.4 – 0.6 

0.6 – 0.8 

0.8 – 1.0 

1.2 – 1.4 

1.6 – 1.8 

2.0 – 2.5 

2.6 – 3.3 

Stabilizer impact 

on CMA 
0.3 – 0.4 1500 4 

 

Table 6: Overview of the parameters during evaluation of the milling process 
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3.1.1 Stabilizer assessment 

To optimize the composition of the suspension binary and ternary stabilizer mixtures of HPC-SL, 

SDS and PS80 were evaluated by means of a design of experiments approach. A response surface 

model (RSM) was applied and planned as a full factorial design with two factors (k: SDS and PS80) 

at three concentration levels. The resulting number of experiments is 3k = 9. Three repetitions per 

experiment resulted in a total number of 27 experiments. As three combinations did not yield a 

stable suspension only 27 – 3*3 = 18 trials were evaluated. The trials were conducted with the 

following parameters: bead size 0.3-0.4 mm, milling temperature 4 °C and centrifugation speed of 

1500 rpm. 

Formulation 

Input Response 

SDS concentration [%] 
PS concentration 

[%] 
Z-Average [nm] PDI [-} 

F1 0 0.14 

1443 0.19 

1465 0.30 

1378 0.28 

F2 0.07 0.07 

4935 0.73 

5447 0.79 

5609 1.00 

F3 0.07 0.14 

2254 0.29 

2201 0.58 

2464 0.24 

F4 0.14 0 

221 0.24 

232 0.26 

226 0.31 

F5 0.14 0.07 

162 0.22 

168 0.22 

167 0.22 

F6 0.14 0.14 

165 0.23 

165 0.22 

166 0.22 

 

Table 7: Input variables and response parameters of the statistical evaluation of the stabilizer concen-

trations after 8 h of milling. HPC-SL concentration was kept constant in all experiments (0.9% 

(w/w)). 
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The concentration of HPC-SL was kept constant at 0.9% (w/w) for all formulations (F1 – F6), as 

previous tests showed no improvement when using higher concentrations. ITZ concentration was 

also kept constant at 7.4% (w/w) for this evaluation (resulting ITZ concentration after sampling: 

Subsequent sampling during the analysis led to a decrease in the concentration of ITZ from 9.1% 

(w/w) to 7.4% (w/w) after 8 h of milling as suspension samples withdrawn were replaced with fresh 

stabilizer medium). 

The input variables and the response parameters are reported in Table 7. The primary response 

parameter (particle size), as shown in Figure 12, was obtained after 8 hours of milling. The hatched 

areas represent compositions resulting in inhomogeneous nanosuspensions, which were neglected 

for statistical evaluations. All suspensions with a SDS concentration of 0.07% (w/w) or less (F1 – F3) 

were neither homogeneous nor of a particle size below 289 nm.  

The smallest Z-average in the steady range of 160 - 170 nm was found with 0.14% (w/w) SDS and 

0.07 to 0.14% (w/w) PS80 (F4 - F6). 

 

Figure 12: Z-average after 8 h of milling with different stabilizer solutions. Composition is given in % (w/w), 

and HPC-SL concentration was kept constant at 0.9%. Milling was carried out at 4°C with 1500 

rpm and milling beads sized 0.3 – 0.4 mm. Hatched area: No stable nanosuspension was ob-

tained. Value ranges are given as mean of three measurements. 
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The summary of fit for the model is given in Table 8. Analysis of the coefficients showed that the 

concentration of SDS had the highest significant impact on the particle size, i.e., lead to a smaller 

particle size (p < 0.001). The PS80 concentration also had a significant effect on the particle size 

(p < 0.001) but to a lower extent when compared to the concentration of SDS. 

R2 R2 Adj. Q2 N Model validity Reproducibility 

0.9953 0.9938 0.99 18 0.94 0.99 

 

Furthermore, a weak interaction between the concentration of SDS and PS was observed. With the 

unscaled coefficients, the resulting particle size can be calculated depending on the SDS and PS80 

concentration, as shown in Equation 8 (applicable in a concentration range of 0 % - 0.14 % each). 

Z-Average = K + cSDS *  kSDS +  cPS80 *  kPS80 + (cSDS)2 * kSDS*SDS +  kSDS * cPS80 *  kSDS*PS80 

= 13463.2 +  cSDS  *  (-51352.6) +  cPS80 * (-85962.2) + (cSDS)2 * (-309054) + cSDS * cPS80 * 610912 
Eq. (8) 

K is a constant, 𝑐𝑆𝐷𝑆 is the concentration of SDS [% w/w], 𝑘𝑆𝐷𝑆 is the coefficient for concentration 

of SDS, 𝑐𝑃𝑆80 is the concentration of PS80 [% w/w], 𝑘𝑃𝑆80 is the coefficient for concentration of PS80, 

𝑘𝑆𝐷𝑆∗𝑆𝐷𝑆 is the coefficient for concentration of SDS in a quadratic term and 𝑘𝑆𝐷𝑆∗𝑃𝑆80 is the coeffi-

cient for the interaction between the concentration of SDS and the concentration of PS80.  

The SDS concentration had a higher impact on the ITZ particle size than that of PS80. Although 

PS80, as a non-ionic stabilizer was not as potent as the ionic stabilizer SDS, it nevertheless was still 

necessary, especially for higher ITZ concentrations (see Figure 47 in the appendix). This could pre-

sumably be attributed to the differences in HLB values as also described in literature [85]. PS80 

shows a lower HLB value (15) compared to the HLB value of SDS (40) [86]. 

F6 with 0.9% (w/w) HPC-SL, 0.14% (w/w) SDS and 0.14% (w/w) PS80 was chosen as the optimum 

composition to stabilize the ITZ nanosuspension and for process evaluation. 

 

3.1.2 Evaluation of process parameters 

To determine the most suitable parameters for the manufacturing of a ITZ nanosuspension, the 

milling temperature, the speed and the diameter of the milling beads were examined. 

Table 8: Summary of fit for the applied model. R2: measure of fit, Q2: estimation of precision for the 

prediction 
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3.1.2.1 Influence of milling temperature 

The effect of the temperature of the grinding chamber, respectively of the vial temperature, can 

play an important role during the formation of nanoparticles [87] and has not been reported so far 

in the context of dual centrifugation [71,72]. Lower temperatures (<10 °C in the vial) might be ad-

vantageous for very thermolabile APIs but could not be tested with the ZentriMix due to equipment 

inherent limitations. 

Two milling temperatures (set in milling chamber) were tested: 4 °C (which was the manufacturer’s 

recommendation) and -10 °C, which was the lowest temperature supported by the centrifuge. The 

above-mentioned temperatures were set for the milling chamber whereas the temperatures inside 

the vials were higher because of the process heat, yet still constant during the milling process; at 

25.6 °C ± 0.2 °C for milling at 4 °C and 16.3 °C ± 0.4 °C for milling at the set temperature of -10 °C, 

respectively. No chemical degradation occurred during milling at 4 °C (determined via HPLC, data 

not shown). The particle sizes obtained at different vial temperatures were similar with 166 nm ± 

1 nm after 3 hours at a vial temperature of approximately 26 °C and 169 nm ± 2 nm for a vial 

temperature of approximately 16 °C, respectively. In conclusion, no temperature effect was ob-

served for this nanosuspension, therefore 4°C was chosen as milling temperature. 

3.1.2.2 Influence of milling speed 

In order to evaluate the impact of the milling intensity, the highest and the lowest possible settings 

for this rotor (500 rpm and 1500 rpm) were tested. 



 

Nanoization 

    

36 

 

Using different milling speeds led to different particle sizes, as shown in Figure 13. Milling at 

1500 rpm led to significantly lower particles sizes compared to 500 rpm for all investigated process 

durations (p < 0.001). Therefore, milling at 1500 rpm was preferred because of the reduced process 

time and the smaller Z-average obtained. A significant impact of the milling intensity on the particle 

size and the grinding limit could be shown: the higher the milling intensity, the earlier the grinding 

limit was reached. 

 

3.1.2.3 Influence of bead size 

The impact of using differently sized beads was evaluated for nine bead diameters, as shown in 

Table 9. 

 

Figure 13: Impact of milling speed on the particle size of the ITZ nanosuspensions. Values are given as 

mean ± SD, n = 3. 
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Bead diameter [mm] 
Theoretical number of 

beads in 5 g 

0.1 – 0.2 471570 

0.3 – 0.4 37121 

0.4 – 0.6 12732 

0.6 – 0.8 4640 

0.8 – 1.0 1592 

1.2 – 1.4 724 

1.6 – 1.8 324 

2.0 – 2.5 131 

2.6 – 3.3 59 

 

Figure 14 depicts the Z-average of the ITZ nanoparticles generated with different bead diameters 

as a function of the milling time using 0.14% (w/w) SDS and 0.14% (w/w) PS80, except for bead 

sizes 0.1 – 0.2 mm (0.28% (w/w) SDS and 0.28% (w/w) PS80)). Milling with all bead sizes led to stable 

and homogeneous nanosuspensions. The lowest particle size observed after 8 h of milling was 

directly correlated to the grinding bead diameter. The smallest particle size was achieved with the 

smallest milling beads (diameter 0.1 - 0.2 mm). However, the smallest beads demanded twice the 

stabilizer concentration used with larger milling beads to achieve constant particle sizes: 0.28% 

(w/w) SDS and 0.28% (w/w) PS80 in contrast to 0.14% (w/w) SDS and 0.14% (w/w) PS80 for all other 

sizes. 

Table 9: Overview of the bead diameters and theoretical number of 5 g beads, assuming a bead density 

of 6 g/cm3 and a bead volume 0.83 cm3 
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The largest beads (2.6 - 3.3 mm) led to the nanosuspension with the largest particle size and the 

highest PDI after 8 hours of milling. All samples showed significantly different particle sizes at the 

end of the milling process (p < 0.001), except for the samples milled with 0.4 - 0.6 mm and  

0.6 - 0.8 mm, which showed no significant difference (p = 0.64). 

 

 

Figure 14: Effect of milling bead size on the ITZ particle size. Values are expressed as mean ± SD, n = 3.  

Milling was carried out at 4°C with 1500 rpm. *Bead size 0.1 - 0.2 mm: stabilizer amount had to 

be changed to 0.9 % HPC-SL, 0.28 % PS and 0.28 % SDS 
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The PDI of the samples milled with 1.2 - 1.4 mm or smaller beads, decreased at the beginning of 

the milling process (as shown in Figure 15) and increased only slightly during prolonged milling. 

On the contrary, milling beads 1.6- 1.8 mm and larger, resulted in an initial increase of the PDI and 

a subsequent drop at about the same time the minimum particle size was reached. 

For the determination of the grinding limit, samples were compared after a milling time of 6 h and 

8 h (see Figure 14). In case there was no significant difference, it was assumed that the grinding 

limit was reached. The particle sizes of the suspensions generated with 0.1 - 0.2 mm to 0.4 - 0.6 mm 

beads did not change significantly after 6 h (0.1 – 0.2 mm: p = 0.75, 0.3 – 0.4 mm: p = 0.29, 

0.4 – 0.6 mm: p = 0.19) and thus the grinding limit was reached. Regarding the suspensions milled 

with milling bead diameters of 0.6 - 0.8 mm and larger, the grinding limit was not reached within 

the investigated timeframe (p < 0.001, except for 0.8 mm – 1.0 mm: p = 0.03 and 2.0 – 2.5 mm: 

p = 0.03). The smallest particle size with the lowest concentration of stabilizers was achieved with 

the bead size 0.3 – 0.4 mm., which was regarded as optimum and thus these beads were chosen 

for the following experiments. 

The size of the milling beads heavily affected the specific energy input, which determined the de-

gree of comminution (i.e., particle size). The smallest particle size could be obtained by using the 

smallest milling bead size. However, the smallest obtainable particle size could be only achieved by 

using a higher stabilizer concentration to avoid agglomeration as smaller particles exhibit a larger 

specific surface area. The frequency of grinding contacts was highly increased for small milling 

 

Figure 15:Effect of milling bead size on the polydispersity index (PDI) of ITZ particles (relating to F6). Values 

are expressed as mean ± SD, n = 3. Milling was carried out at 4°C with 1500 rpm. *Bead size 0.1 

- 0.2 mm: stabilizer concentration had to be changed to 0.9% (w/w) HPC-SL, 0.28%( w/w) PS80 

and 0.28% (w/w) SDS. Data are shown in two figures (A & B) for better readability.  

0 1 2 3 4 5 6 7 8

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0 1 2 3 4 5 6 7 8

0.15

0.20

0.25

0.30

0.35

0.40

0.45

P
D

I

milling time (h)

 1.2 - 1.4 mm

 0.8 - 1.0 mm

 0.6 - 0.8 mm

 0.4 - 0.6 mm

 0.3 - 0.4 mm

 0.1 - 0.2 mm*

A B

P
D

I

milling time (h)

 2.6 - 3.3 mm

 2.0 - 2.5 mm

 1.6 - 1.8 mm



 

Nanoization 

    

40 

 

beads due to the higher number of beads per volume. This predominates the fact that the energy 

per contact is lower for smaller beads compared to larger beads [88]. These findings are in agree-

ment with other studies investigating the effect of the milling bead size [87,89–91]. Remarkedly, ITZ 

nanosuspensions with a relatively low particle size could be obtained even with the largest milling 

beads after 8 hours of milling. This is attributed to the fact that the ZentriMix operates with a much 

higher specific energy compared to other ball mills and the very long process duration. This as-

sumption is supported by Hagedorn et al. (2019) [72] stating that the specific grinding energy of 

the ZentriMix is comparable or even higher to conventional agitator ball mills. 

 

3.1.3 Impact of stabilizer concentration on critical material attributes 

A comparison of F6 vs. F2 was performed to investigate the impact of the stabilizer concentration 

on the critical material attributes. F2 was chosen as this was the formulation with the lowest stabi-

lizer concentration that resulted in a homogeneous suspension with the largest particle size after 8 

hours of milling and F6 as the formulation with a stable grinding limit and the smallest PDI with a 

stabilizer concentration as low as possible. All runs were carried out at a milling temperature of 4°C 

with a speed of 1500 rpm and a milling bead size of 0.3-0.4 mm. 

3.1.3.1 Particle size, zeta potential, PDI 

Figure 16 displays the Z-average (A), the PDI (B) and the zeta potential (C) for both formulations in 

relation to the milling time. Comparing formulation F2 milled for 2.5 h and 8 h, respectively, showed 

that all parameters recorded were significantly different: After the first 2.5 h of milling, the particle 

size decreased and increased afterwards with no grinding limit to be reached (p < 0.001). The zeta 

potential magnitude increased after milling for 2.5 hours of milling and decreased significantly af-

terwards. After a process time of 2.5 h the PDI increased after milling for 8 h (p < 0.001). On the 

contrary, the particle size of formulation F6 remained constant after 3 h of milling thus grinding 

limit of this formulation was reached. The PDI exhibited a slight but statistically significant increase 

after 3 h and 8 h of milling (p = 0.01), respectively. This was in correspondence with the decrease 

in zeta potential magnitude after 8 h (p = 0.01).  
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Figure 16: Z-Average (A), PDI (B) and zeta potential (C) of F2 (red squares) and F6 (blue dots) in relation 

to the milling time. Milling was carried out at 4°C with 1500 rpm and milling beads sized 0.3 – 

0.4 mm. Values expressed as mean ± SD, n = 3 
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An increase in particle size for formulation F2 throughout 8 hours of milling could be shown, which 

is accompanied by an increase in PDI. The zeta potential magnitude decreased and implies an only 

moderately to insufficiently stabilized nanosuspension [92], as the solid-liquid interfacial area in-

creases with increased milling time resulting in increased Gibbs free energy and a thermodynami-

cally unstable suspension [93]. If the stabilizer concentration is insufficient, van der Waals attraction 

may overcome repulsive forces of stabilizers and will lead to agglomeration. Crystal growth has also 

been reported as reason for a particle size increase during or immediately after milling [94]. It can 

be excluded in this case as progressive agglomeration could be shown over time. This observation 

was supported by SEM images (see 3.1.3.3) and by the fact that a much higher SDS and PS80 con-

centration was needed to prevent agglomeration for the smallest ITZ particles exhibiting the high-

est surface area (see 3.1.2.3). To gain further insight into the solid-state properties of F2 and F6, 

XRPD analysis was performed. 

 

3.1.3.2 Solid-state 

Figure 17 illustrates the XRPD pattern of formulation F2. The unprocessed ITZ suspension showed 

distinct peaks of ITZ, which are similar to the reference pattern of ITZ bulk material. A reduction in 

peak intensity as well as peak broadening occurred during the milling process and was observed 

starting from 0.5 hours of milling. After 6 h of milling, the peaks indicating crystalline structures 

were no longer evident. As an example, the signal-to noise ratio of the peak at 23.56 ° decreased 

from 2 after 0.5 h towards 1 after 8 h of milling.  
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It is well known that the milling process may impact the solid-state characteristics of an API [95]. 

Particles are exposed to a very high energy during milling, which can lead to plastic deformation, 

defects in the crystal structure (or on the surface), and the creation of (amorphous) areas of high-

energy on a crystal, also known as mechanochemical activation [87,96]. In general, reducing the 

particle size can result in XRPD peak broadening and halo formation, due to loss of long-range 

crystalline order but without complete transition to an amorphous form [97]. The reduced peak 

intensity in case of formulation F2 indicated amorphization. The XRPD pattern of the 8 h milled 

sample showed no complete amorphization as there are still crystal peaks evident, however the 

content of amorphous ITZ seemed to be quite high. Complete amorphization might have occurred 

during further milling. The XRPD findings are in agreement with DSC studies for this formulation 

(see Figure 19). 

 

 

 

Figure 17: XRPD pattern of F2 in relation to grinding time. Milling was carried out at 4°C with 1500 rpm 

and milling beads sized 0.3 – 0.4 mm. ITZ Start: starting material of ITZ. Plots are shifted for a 

better illustration. 
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Figure 18 depicts the XRPD patterns of formulation F6. The unprocessed formulation showed similar 

peaks to the ITZ starting material. However, formulation F6 also exhibited a reduction in peak in-

tensity as well as peak broadening after 0.5 hours of milling. In contrast to formulation F2, the peak 

intensity did not decrease during the milling process to a similar extent: The signal noise ratio of 

the peak at 23.56° stayed constant at 2 and the peaks remained clearly visible. 

The effect of the stabilizer concentration (F2 vs. F6) on the solid-state characteristics had not yet 

been investigated: In contrast to the observations for F2, no amorphous content was detected dur-

ing milling of formulation F6. The XRPD pattern of the unprocessed ITZ suspension is similar to the 

ITZ starting material and to already published reference samples [98]. Furthermore, it could be 

shown that the XRPD patterns of both formulations show an intensity reduction as well as peak 

broadening, which probably is related to the smaller particle size or by crystal defects [74]. 

 

Figure 18: XRPD pattern of F6 in relation to grinding time. Milling was carried out at 4°C with 1500 rpm 

and milling beads sized 0.3 – 0.4 mm. ITZ Start: starting material of ITZ. Plots are shifted for a 

better illustration. 
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Figure 19 shows DSC-thermograms of formulation F2 obtained after the indicated time points dur-

ing the milling process. As indicated in the figure, an endothermic event at approximately 62°C 

occurred after 6 hours of milling (marked with arrow 1) which is described in literature as the glass 

transition temperature of ITZ [99]. Here, the glass transition was probably followed by relaxation 

due to mechanical stress of the sample. The following exothermic event at 87-90 °C (marked with 

arrow 2) could be attributed to some recrystallization of amorphous ITZ, as described in [100]. An 

endothermic peak with an onset temperature of 165 °C observed prior to milling, had a similar 

onset temperature as the ITZ starting material (166 °C) and is caused by melting of crystalline ITZ 

which is also reported in literature [100]. The onset of this melting peak was shifted by 13 °C during 

milling which might be related to crystal lattice defects [87], interaction with the polymer [101], or 

due to the small particle size of the nanoparticles [74]. The enthalpy of fusion decreased from 80 

J/g to 60 J/g after 8 h of milling. Moreover, the enthalpy of the exothermic recrystallization peak 

increased from 1 J/g after 5 hours to 20 J/g after 8 hours of milling. 

 

Figure 19: DSC-thermograms of F2 ITZ nanosuspension. Milling was carried out at 4°C with 1500 rpm and 

milling beads sized 0.3 – 0.4 mm. ITZ Start: starting material of ITZ. Event marked with arrow 1: 

glass transition and relaxation, marked with arrow 2: recrystallization. Plots are shifted for a 

better illustration. 
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Figure 20 displays DSC-thermograms of formulation F6. The ITZ starting material showed an endo-

thermic melting peak of crystalline ITZ with an onset temperature of 165°C, which was also observed 

for the unprocessed ITZ suspension prior to milling. Formulation F6 showed only this melting event 

over the whole milling time. The onset was shifted to lower temperatures and the enthalpy de-

creased by 15 J/g during the milling process. Both observations, a reduction of melting enthalpy 

and a shift of the onset temperature, were also observed for F2 and are therefore related to the 

milling process (see above). 

The comparison of the solid-state characteristics of formulations F2 and F6 clearly show the impact 

of the stabilizer concentration on the solid-state of ITZ nanoparticles. Increasing the amount of SDS 

and PS80 did not only inhibit the agglomeration of ITZ particles but also prevented them from 

getting amorphous. Kumar et al. (2014) reported an amorphization of the surface caused by milling. 

Interestingly, this was dependent on the type of polymeric stabilizer [95]. A surface amorphization 

was also suggested by Sharma et al. (2009) [101]. This effect was found to be related to a molecular 

 

Figure 20: DSC-thermograms of F6 ITZ nanosuspension. Milling was carried out at 4°C with 1500 rpm and 

milling beads sized 0.3 – 0.4 mm. ITZ Start: starting material of ITZ. Plots are shifted for a better 

illustration. 
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interaction of the stabilizers used with indomethacin and did not occur when using other APIs, e.g., 

simvastatin. However, the surface amorphization could not be confirmed by DSC measurements of 

these authors, in contrast to this work. Surface amorphization was also assumed in other study but 

could not be proven by DSC or XRPD experiments [94]. It can be hypothesized that an increased 

concentration of surfactants might prevent the potential interaction of ITZ and HPC or reduce the 

mechanical stress of the ITZ particles resulting in stable crystalline nanoparticles. It is considered, 

for ITZ, it is critical to understand the solid-state to develop a physically stable nanosuspension. 

3.1.3.3 Morphology 

In addition, to DSC and XRPD, SEM analysis was conducted. Figure 21 shows SEM images of for-

mulation F2. The ITZ crystals showed a needle-like shape after 2 h of milling. After 4 h slight ag-

glomeration was observed and additional milling led to the formation of large agglomerates, as 

shown on the image recorded after 8 h of milling. 

Figure 22 displays SEM images of formulation F6. Unlike formulation F2, the particle size and shape 

of formulation F6 remained stable during the milling process and no agglomeration was observed. 

 

Figure 21: SEM images of F2 ITZ nanosuspension after different milling periods (indicated in the left upper 

corner of each image). Milling was carried out at 4°C with 1500 rpm and milling beads sized 0.3 

– 0.4 mm. 
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3.1.3.4 Storage stability 

The storage stability of the nanosuspensions was investigated for (F2 and F6 (see Table 7) at room 

temperature (22 °C ± 1 °C) and at refrigerated conditions for 7 and 14 days, respectively. In addition, 

both formulations, milled for 3 hours, were put on long-term stability testing for 70 weeks at re-

frigerated conditions. Solid-state (XRPD/DSC) was investigated with samples milled for 2, 4, 6 and 

8 h and stored at refrigerated conditions. The formulations were selected based on the results of 

the stabilizer assessment described in 3.1.1. F6 was selected as it yielded a constant particle size 

during milling while minimizing the concentration of stabilizer. F2 was selected because it was the 

formulation with the lowest stabilizer concentration that resulted in a homogeneous suspension 

with the largest particle size.  

 

Figure 22: SEM images of F2 ITZ nanosuspension after different milling periods (indicated in the left upper 

corner of each image). Milling was carried out at 4°C with 1500 rpm and milling beads sized 0.3 

– 0.4 mm. 
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Formulation F2 showed no significant change in particle size between 0, 7 and 14 days of storage 

(see Figure 23), regardless of the storage conditions and the duration of the milling process applied 

(0.07 ≤ p ≤ 0.98), even though solid-state changes were observed. Furthermore, an investigation of 

the behavior of the sample milled for 3 h after long-term (70 weeks) storage showed no significant 

particle size increase when stored at refrigerated conditions (p = 0.70). 

However, formulation F6 exhibited a statistically significant but very small increase in particle size 

after 7 days of storage (p < 0.001), regardless of the conditions and milling time applied, but no 

further significant change occurred after another 7 days of storage (p = 0.71 for refrigerated con-

ditions and p = 0.29 for room temperature), see Figure 24. Long-term storage investigation over 6 

and 70 weeks at refrigerated conditions showed another slight increase between 2 and 6 weeks of 

storage (p = 0.05, rounded) but no further significant change occurred afterwards (p = 0.08), also 

shown in Figure 48 in the appendix. 

 

Figure 23: Particle sizes of formulation F2 stored at refrigerated conditions (A) and at room temperature 

(B) for different storage periods. Values are expressed as mean ± SD, n = 3. Milling was carried 

out at 4°C with 1500 rpm and milling beads sized 0.3 – 0.4 mm. 
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The stabilizer concentration affected storage stability. The particle size significantly increased after 

7 days of storage for formulation F6 (0.14% (w/w) SDS ,0.14% (w/w) PS80). A further particle growth 

was observed after 2 and 6 weeks but not afterwards. The use of high stabilizer concentrations 

obviously promoted Ostwald ripening during storage, as also already reported by S. Verma et al. 

(2011) [50]. This group reported a significant increase in particle size upon 0 and 3 days of storage 

with high concentrations of stabilizer. On the contrary, the stabilizer concentration of formulation 

F2 was insufficient to prevent agglomeration during the milling process but did not result in particle 

growth during storage. 

 

 

Figure 24: Particle sizes of formulation F6 stored at refrigerated conditions (A) and at room temperature 

(B) for different storage periods. Values are expressed as mean ± SD, n = 3. Milling was carried 

out at 4°C with 1500 rpm and milling beads sized 0.3 – 0.4 mm. 
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The solid-state properties of formulation F2 exhibited no change during storage regarding the 

samples milled for 2 h, 4 h and 6 h of milling, whereas an increase in peak intensity was observed 

at 17.7°, 18.1° and 20.7° after 7 days of storage of the sample that had been milled for 8 hours (see 

marked area in Figure 25). Furthermore, a general reduction in peak height during prolonged mill-

ing could be found (see also Figure 18).  

 

 

Figure 25: XRPD patterns of F2 ITZ nanosuspension after storage for storage periods of 0, 7, and 14 days 

at refrigerated conditions. Milling was carried out at 4°C with 1500 rpm and milling beads sized 

0.3 – 0.4 mm. Milling time is indicated in the upper left corner of each figure. Marked area: 

Increase in peak intensity. Plots are shifted for better a illustration. 
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Formulation F6 also showed a decrease in peak intensity during prolonged milling (Figure 26). Nev-

ertheless, no qualitative change in solid-state was observed during storage as the samples were 

crystalline after milling. 

 

 

Figure 26: XRPD patterns of the F6 ITZ nanosuspension after storage for storage periods of 0, 7, and 14 

days at refrigerated conditions. Milling was carried out at 4°C with 1500 rpm and milling beads 

sized 0.3 – 0.4 mm. Milling time is indicated in the upper left corner of each figure. Plots are 

shifted for a better illustration. 
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F2 showed differences in the thermogram obtained after 7 days of storage, when compared to the 

initial thermogram directly after milling. Both the glass transition at about 60 °C after 8 h of milling 

(event 2 in Figure 27) and recrystallization at 90°C (event 1), that had occurred after milling for at 

least 6 h, were no longer observed (Figure 27). This in combination with the XRPD data proves that 

the crystalline fraction increases upon storage. 

In contrast to that, the thermal behavior of formulation F6 remained unchanged after storage, as 

shown in the DSC thermograms (Figure 28). 

 

 

Figure 27: DSC thermograms of F2 ITZ nanosuspension after storage at refrigerated conditions for storage 

periods of 0, 7, and 14 days. Milling was carried out at 4°C with 1500 rpm and milling beads 

sized 0.3 – 0.4 mm. Milling time is indicated in the lower left corner of each figure. Event marked 

with arrow 1: recrystallization, event marked with arrow 2: glass transition. Plots are shifted for 

a better illustration. 
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Investigation of the solid-state of the ITZ nanosuspensions during storage showed recrystallization 

of amorphous ITZ nanoparticles over time. An intensification of XRPD peak intensity (see Figure 25) 

and the disappearance of glass transition in DSC experiments (see Figure 27) illustrated this.  

3.1.4 Conclusion of the nanoization of ITZ 

Media milling using the dual centrifugation principle of the ZentriMix proved to be a useful tool for 

fast and small-scale formulation development of ITZ nanosuspensions. At maximum speed of 

1500 rpm the grinding limit was primarily governed by the milling bead size with 165 – 185 nm for 

bead sizes between 0.2 mm and 1.00 mm at 3 h of milling and 130 nm for bead sizes smaller than 

0.2 mm already after 2 h of milling, which in consequence is recommended as process parameter 

to target the required particle size of the nanocrystals. Especially for insufficiently stabilized formu-

lations, particle sizes of ITZ nanocrystals increased again after reaching the grinding limit upon 

further milling, which was accompanied with a similar trend for PDI and zeta potential. At insuffi-

 

Figure 28: DSC thermograms of F6 ITZ nanosuspension after storage at refrigerated conditions for storage 

periods of 0, 7, and 14 days. Milling was carried out at 4°C with 1500 rpm and milling beads 

sized 0.3 – 0.4 mm. Milling time is indicated in the lower left corner of each figure. Plots are 

shifted for a better illustration. 
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cient protection of the nanocrystals surface with stabilizing excipients continuing mechanical en-

ergy intake resulted in amorphization of the particles with pronounced agglomeration resulting in 

increasing PDI and particle size. Successful electrosteric stabilization, including long term stability, 

could be obtained with the combination of HPC-SL (0.9% w/w), SDS (0.14% w/w) and PS80 

(0.14% w/w) with SDS having the dominant impact on stabilization.  
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3.2 Spray drying process 

The prerequisite for efficient pulmonary deposition of powders are particles with an aerodynamic 

diameter between 1 and 5 µm, good flowability to ensure homogenous filling and dosing, as well 

as sufficient de-agglomeration during the inhalation process. 

Spray drying was applied to transform the nanosuspension into an inhalable powder as the process 

enables the formation of tailored particles with defined particle size and morphology. This chapter 

describes the development of a spray drying process for the ITZ nanosuspensions. 

3.2.1 Process development 

As discussed in chapter 2, several parameters, e.g., the nozzle gas flow, are known to have an impact 

on the particle size of spray dried particles. The excipients that are used to stabilize the nanoparti-

cles might alter the surface of the particles, illustrated as a dimpled griseofulvin particles using 2.5% 

HPC and 0.2% SDS [102] or a rough surface of ITZ particles with spherical morphology as shown 

for 2.5% HPC and 2% sucrose as matrix former [103]. For material saving purposes, optimization of 

the process parameters was conducted with an aqueous mannitol solution (MAN) solely (i.e., pla-

cebo solution), as it was also used as a matrix former for the spray dried ITZ nanoparticles. The type 

of matrix former and the concentration used, is known to modify the morphology of spray dried 

particles: Shetty et al. (2018) showed rough ciprofloxacin nano-in-microparticles when spray dried 

with sucrose and a smooth surface when using trehalose as matrix former [104]. Torge et al. (2017) 

found an increased buckling of spray dried PLGA (poly(lactic-co-glycolic acid)) nano-in-microparti-

cles with decreasing mannitol concentration [105]. An overview of the evaluated parameters is given 

in Table 10.  

MAN was added to the stabilizer medium used for the ITZ nanosuspension (as described in chapter 

3.1.1) at a ratio of 4:1 (w/w) MAN:stabilizers, which is equivalent to the intermediate ratio of 

MAN:stabilizers for the ITZ nanosuspension samples to be spray dried using the optimized process 

parameters. As reference a solution containing solely H2O and no stabilizers was applied for the 

second set of experiments. The total solids content was kept constant at 5% w/w. 
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Response 

parameter 
Solid Medium 

Solution 

composi-

tion 

[%w/w] 

Nozzle gas 

flow rate 

[SL/min] 

Outlet  

tempera-

ture [°C] 

Feed rate 

[g/min] 

Droplet size MAN 
H2O + sta-

bilizers  

0.7% HPC-SL 

0.1% SDS 

0.1% PS80 

4.1% MAN 

95.0% H2O 

13, 18, 23, 

28, 33 
N/A 

2.5, 5.0, 

10.0 

Particle size, 

solid-state, 

morphology 
MAN 

H2O 
5.0% MAN 

95.0% H2O 
23 60, 80, 100 5.0 

H2O + sta-

bilizers 

0.7% HPC-SL 

0.1% SDS 

0.1% PS80 

4.1% MAN 

95.0% H2O 

23 60, 80, 100 5.0 

 

3.2.1.1 Impact of nozzle flow and feed rate on droplet size 

The aerodynamic diameter of spray dried particles is affected by several parameters, as described 

by Vehring (2008) [27]: the major impact is attributed to the feed solution concentration and the 

diameter of the primary droplets. As the solid concentration in the feed solution was set to 5% w/w 

to enable a reasonable spray drying process duration, the impact of both the nozzle gas flow and 

the feed rate on the primary droplet diameter were examined. 

The droplet size was determined with a maximum pressure of nozzle gas of 12 bar. 

Table 10: Overview of the spray drying parameters used for process evaluation. Nozzle gas flow rate is 

given in standard liters per minute (SL/min, flow rate at standard conditions for pressure and 

temperature: 1 bar and 0°C). 
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The mean droplet diameter (d50) decreased with increasing nozzle gas flow until a constant droplet 

size was reached (see Figure 29). This droplet size limit was reached for the feed rate 5 g/min at a 

nozzle gas flow of 23 SL/min. A further increase of the nozzle gas flow did not result in significantly 

smaller droplet diameters for each flow rate (2.5 g/min: p = 0.01, 5 g/min: p = 0.93, 10 g/min: 

p = 0.01). 

Spray drying was conducted with a maximum pressure of nozzle gas of 6 bar. Due to inherent 

limitations of the equipment, the nozzle gas flow could not be tested at higher values than 23 

SL/min. Therefore, 23 SL/min was chosen for the spray drying process. 

The highest feed rate (10 g/min) led to the largest droplet sizes. A feed rate of 5 g/min was chosen 

for further experiments as this resulted in an optimized particle size while minimizing the process 

duration. Reducing the feed rate would presumably have led to smaller particles [27,56] but might 

also negatively impact the yield (of the dried particles) of the spray drying process as the particles 

would not be collected by the cyclone efficiently. Additionally, this could also be disadvantageous 

for deposition in the lower respiratory tract as particles might be exhaled if they are too small [32] 

or show a high cohesion. 
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Figure 29: Droplet size of mannitol dissolved in stabilizer medium depending on feed rate and nozzle gas 

flow. Values are given as mean ± SD (n = 3), measured by Helos H1411. 
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In summary, 23 SL/min was chosen for the nozzle gas flow rate to enable the generation of small 

droplets. The feed rate of 5 g/min was selected as this was the balance between an optimal particle 

size and a reasonable process duration.  

3.2.1.2 Properties of spray dried MAN particles 

The impact of the spray drying parameters and excipients (i.e., stabilizers for the nanosuspension) 

on the physicochemical properties of the spray dried particles was evaluated. Furthermore, the loss 

on drying and the yield was recorded. The results are given in Table 11 and Figure 30. 

Sample name H20 60 °C H20 80 °C H20 100 °C Med 60 °C Med 80 °C Med 100 °C 

Medium H2O H2O + stabilizers 

Tout [°C] 60 80 100 60 80 100 

particle density 

[g/cm3] 
(n = 10) 

1.34 ± 0.00 1.46 ± 0.00 1.49 ± 0.01 1.44 ± 0.00 1.43 ± 0.00 1.46 ± 0.00 

bulk density 

[g/cm3] 
(n = 3) 

0.21 ± 0.01 0.24 ± 0.03 0.26 ± 0.01 0.16 ± 0.01 0.21 ± 0.01 0.20 ± 0.01 

tapped density 

[g/cm3] 
(n= 3) 

0.32 ± 0.01 0.36 ± 0.01 0.40 ± 0.02 0.22 ± 0.01 0.30 ± 0.02 0.26 ± 0.02 

Carr index 
(n = 3) 

34.01 ± 4.97 33.39 ± 10.34 35.73 ± 5.16 29.97 ± 4.39 28.25 ± 3.75 22.09 ± 4.64 

 

With increasing outlet temperatures, both the yield and the LoD decreased for the samples of both 

media (water and water containing stabilizers), as shown in Figure 30. The reason for the former 

was most likely related to the strong increase in particle size. The larger spray dried particles showed 

a larger inertia and worse transportation in the process gas and were not efficiently deposited in 

the sample collection glass of the spray dryer. Instead, they deposited in the drying chamber and 

mostly did not reach the cyclone. The higher the outlet temperature the lower was the resulting 

LoD as the product temperature was also increased (see also chapter 1.2.5). 

Table 11: Overview of the physicochemical properties of the generated MAN particles. Values are given 

as mean ± SD. Med: H2O + stabilizers (simulating stabilizer medium for ITZ nanosuspension) 
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Regarding the samples obtained with MAN only, the particle density, the bulk density, and the 

tapped density increased with increasing outlet temperature, which was probably related to the 

increasing particle size. The value of the Carr index did not change with the outlet temperature: This 

 

Figure 30: Spray drying results of MAN obtained from water (H2O) and water with stabilizers (Med). The 

d50 at 0.1 bar dispersion pressure (A), the LoD (B) and yield (C) are displayed. Values are given 

as mean ± SD, if applicable. 
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indicates very poor flowability for all samples [106–108]. The spray dried MAN particles using water 

containing stabilizers revealed a slightly different behavior: The sample spray dried at 60 °C showed 

the lowest bulk-and tapped density, samples Med 80 °C und Med 100 °C were comparable but 

showed higher values. The particle density was similar for all three samples. Carr index indicated 

poor flow properties for samples Med 60 °C and Med 80 °C, whereas sample Med 100 °C showed 

passable flow properties. The latter might be attributed to the larger particle size of this sample. 

Compared to the samples using water as solvent, the flowability of the samples obtained from water 

containing stabilizers was improved for outlet temperatures 60 °C and 80 °C, which presumably 

might be an effect of the stabilizers. 

The stabilizers in the medium led to particles with distinctly lower bulk and tapped densities, im-

proved yield (except for the highest outlet temperature) and flowability compared to the samples 

spray dried using water, which might be attributed to the stabilizers. A high (> 80 °C) outlet tem-

perature resulted in larger particles and a distinctly lower yield. 

3.2.1.3 Influence of outlet temperature and stabilizers on modification and morphology of 

mannitol 

Mannitol usually is present in crystalline form after spray drying due to its low glass transition tem-

perature [109]. It is known to have at least three different modifications with varying nomenclature 

in literature. An overview can be found in [76]. The nomenclature according to Walter-Levy et al. 

(1968) [110] was applied here, differentiating in α-, β- and δ- forms. Mannitol starting material 

exhibited -modification, which is the thermodynamically most stable form [111]. The range be-

tween 5° 2θ and 15° 2θ of the XRPD pattern could be used for differentiation within polymorphic 

forms. 
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The presence of crystalline mannitol was also given in these experiments, as shown by the distinct 

reflexes in Figure 31. Spray drying using water resulted in the β-modification for outlet tempera-

tures 60°C and 80°C, identical to the starting material (data not shown). An exception was the sam-

ple obtained at the highest outlet temperature of 100°C: The modification obtained after spray 

drying was α (with traces of β). This finding is in agreement with observations made by Maas et al. 

(2011), who also found an increasing amount of α-mannitol with rising outlet temperatures [112]. 

Adding stabilizers to the mannitol solution resulted in a different modification after spray drying. 

Regardless of the outlet temperature, mannitol occurred in the α-modification, as shown in Figure 

31 B. This was most likely related to the HPC: Ito et al. (2016) found a method to manufacture α -

mannitol in a spray drying process in the presence of hydrophilic polymers [113]. These polymers 

(e.g., polyethylene glycol, polyvinylpyrrolidone or cellulose derivates) enabled the formation of α-

mannitol out of an aqueous-organic solution with β-mannitol as starting material. However, the 

mechanism has not been reported. 

 

Figure 31: XRPD patterns of mannitol powders spray dried at different outlet temperatures, (A) using wa-

ter, (B) using stabilizer medium. MAN α: α-modification of mannitol. MAN β: β-modification of 

mannitol MAN δ: δ-modification of mannitol. Plots are shifted for better illustration. 
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In conclusion, both the outlet temperature and the presence of stabilizers have impact on the man-

nitol modification. With water, the β-form was present at lower outlet temperatures. For the highest 

outlet temperature of 100°C, the modification changed to the α-form. Using the stabilizer medium, 

the α-modification was obtained for all outlet temperatures investigated (60 – 100°C). 

 

In addition to the findings discussed in the previous chapter, the outlet temperature and the use of 

stabilizers had an impact on the morphology of the spray dried particles (see Figure 32) as well.  

 

When spray dried out of water only, the MAN particles were of spherical morphology but with both, 

smooth and rough surfaces. Surface roughness increased from 60 °C outlet temperature to 80 °C 

outlet temperature. The intensification of surface roughness with higher outlet temperatures has 

also been described in literature [60,112,114]. However, as this observation was made by the au-

thors only for larger particles at higher outlet temperatures, it obviously seems to be also applicable 

for smaller droplets with a lower volume due to an increased inner pressure. The authors of the 

aforementioned literature explained the difference in surface roughness by an altered crystallization 

kinetics of MAN at higher outlet temperatures, without elucidating the mechanism detailly. 

Different theories to explain the increase in surface roughness and particle size observed when 

spray drying at outlet temperatures of 100 °C or higher can be postulated. One hypothesis involves 

sintering of the particles during the spray drying process. Solid bridges resulting in larger, aggre-

gated particles might be formed. Another hypothesis is that large, hollow particles with an unstable 

2 µm2 µm2 µm

2 µm 2 µm 2 µm

H2O 60 C H2O 80 C H2O 100 C

Med 60 C Med 80 C Med 100 C

Figure 32: SEM images of MAN samples spray dried at different outlet temperatures without (sample 

named H2O, first row) and with stabilizers (sample named Med, second row) 
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crust were initially obtained during spray drying and subsequently fragmented upon separation 

from the air stream in the cyclone separator. This hypothesis is supported by the finding that many 

particles from the dried product apparently were fragmented during the process. A third hypothesis 

corresponding with observations reported in [111] e.g., involves an altered crystallization behavior 

of MAN leading to large particles with a rough surface. The first hypothesis seems to be most likely 

assessing observations made on SEM images in combination with the particle size distribution of 

the product. Further investigation on this topic to elucidate this mechanism would be necessary but 

is out of scope of this work. 

Samples Med 60 °C and Med 80 °C were similar with regard to their morphology and showed a 

spherical shape with a quite smooth surface. A reason could be the impact of the stabilizers on the 

crystallization process of MAN hence no larger crystals (which were observed at the surface of 

sample H2O 80°C) were formed at an outlet temperature of 80 °C. At the highest outlet temperature 

of 100 °C non-spherical compact particles with a rough surface were found for both solvents. This 

was accompanied by an increase in particle size. The possible reasons for this observation have 

been described above. 

Some particles with a hole in the shell are visible in Figure 32. The evaporating solvent escaped 

from the inside of the droplet through the solid shell, which was already built during the drying 

process on the droplet’s surface, and caused this “blow-hole”, as also explained by Maas et al. (2011) 

[112]. 

Overall, the outlet temperature highly affected the morphology of the spray dried particles, result-

ing in a rougher surface for H2O 80°C compared to H2O 60 °C. At an outlet temperature of 100 °C, 

the particles were distinctly larger and lost their spherical shape, which presumably could be at-

tributed to sintered and agglomerated MAN particles. This effect was independent of the presence 

of stabilizers. However, the stabilizers impacted the size of the MAN crystals as only small crystals 

were observed for samples Med 60 °C and Med 80 °C leading to quite smooth particles for both 

samples. 

3.2.1.4 Dispersibility of MAN particles by pressure titration  

The dispersibility of powder particles (i.e., ability to de-agglomerate in a gas stream) is a prerequisite 

for efficient deposition in the lower respiratory tract. The geometric mean particle size of the spray 

dried mannitol samples (d50) was evaluated by laser diffraction in relation to the applied dispersion 

pressure (so-called pressure titration, see Figure 33).  
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At the highest dispersion pressures, it is assumed that the individual particles are present, whereas 

at lower pressures agglomerates may exist. With increasing pressure information on the adhesion 

forces of the agglomerates can be obtained by the magnitude of changes of d50. The higher the 

particle size reduction with increasing dispersion pressure is, the stronger the cohesion forces. It 

should be noted that very high dispersion pressures may also negatively impact the particle size as 

a jet-milling effect may occur [115]. 

As indicated in the SEM images (see Figure 32) and described in chapter 3.2.1.2, the particles ob-

tained at 100 °C had a distinctly larger particle size compared to the other outlet temperatures, 

irrespective of the solvent. This difference was statistically significant for the samples obtained using 

water as solvent (p = 0.002). With rising dispersion pressures, the particle sizes of samples Med 

100°C and H2O decreased significantly (p = 0.04 for Med 100°C and p = 0.01 for H2O 100°C). Sample 

Med 100°C showed a sharper decrease which could be an indicator for high cohesion, presumably 

 

Figure 33: Impact of outlet temperature and stabilizers on the dispersibility of spray dried MAN particles 

determined by pressure titration. The mean particle size is displayed as a function of the dis-

persion pressure. Values are given as mean ± SD (n = 3). 
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related to the rough surface (mechanical interlocking). Sample H2O 100°C showed the largest par-

ticle size even at the highest dispersion pressure, which indicates a larger primary particle size. 

At the lowest dispersion pressure, significantly larger particles were obtained for the samples using 

water with stabilizers compared to the samples with pure MAN, except for the samples spray dried 

at the highest outlet temperature (60°C: p = 0.01, 80°C: p = 0.03, 100°C: p = 0.60). This was probably 

related to the viscosity increase due to HPC-SL resulting in a higher droplet diameter as the diffu-

sion coefficient decreases with increasing viscosity leading to higher Peclet numbers [58,62,116]. 

The reduction of surface tension by the surfactants has only a negligible impact on the droplet size, 

and consequently on the particle size, compared to the viscosity [56]. Samples obtained at outlet 

temperatures of 60 °C and 80 °C showed low differences in particle size at 0.1 bar and 3.5 bar 

(irrespective of the presence of stabilizers), therefore indicating a low agglomeration tendency. 

In general, the dispersibility of the spray dried MAN particles was acceptable, except for the samples 

obtained at 100 °C. There was no sharp decrease in the particle sizes with rising dispersion pressures, 

regardless of the presence of stabilizing excipients, indicating a low agglomeration tendency. 

 

3.2.2 Manufacturing of nano-in-microparticles 

As a next step, the nanosuspension from chapter 3.1 was spray dried. In addition, a suspension of 

jet-milled ITZ (without bead milling) was spray dried as well, acting as a control. These spray dried 

samples were compared with pure jet-milled ITZ. 

Jet-milling of the ITZ particles resulted in particle sizes of d10 = 0.70 µm ± 0.01 µm, d50 = 1.55 µm 

± 0.03 µm and d90 = 3.47 µm ± 0.26 µm, respectively (particle size was evaluated by laser diffraction 

with dry dispersion pressure of 3 bars). The Z-averages of the ITZ nanoparticles after nanoization, 

bead separation and addition of MAN and water, (before spray drying) were in a range of 206 nm 

to 217 nm with corresponding PDIs of 0.21 to 0.24. The nanosuspensions exhibited a zeta potential 

in a range of -70 mV to -67 mV which indicated excellent stability [92]. The ITZ concentration of the 

nanosuspension was determined after milling and bead separation in order to add the correct 

amount of mannitol. It was also confirmed that nanoization did not result in degradation of ITZ 

(assay: 100.7% ± 2.7%). 

Spray drying of the nano-in-microparticles was conducted using the optimized process parameters 

as previously determined, see chapter 3.2.1.1 and 3.2.1.2. The inlet temperature was set to 120 °C 
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and the feed rate to 5 g/min, which resulted in an outlet temperature of 60 °C. This temperature 

was chosen to reduce thermal stress for the product and energy saving purposes. Furthermore, it 

was shown that outlet temperatures exceeding 80 °C led to particles with very low yield and a poor 

dispersibility.  

An overview of the ITZ samples is given in Table 12: 

Sample 

name 

Jet Milling 

(JM) 

Nanoiza-

tion (NS) 

Spray 

drying (SD) 

ITZ:MAN 

ratio w/w 

[%] 

Calc. stabi-

lizer conc. 

w/w [%] 

Schematic 

illustration 

25:75 X X X 25:75 5.49 

 

50:50 X X X 50:50 10.05 

 

75:25 X X X 75:25 16.73 
 

100:0 X X X 100:0 18.70 
 

JM SD X  X 100:0 18.70 

 

JM X   100:0 0.00 

 

Table 12: Overview of ITZ samples with regard to preparation method. Number in sample name indicates 

the ITZ:MAN ratio [% w/w]. JM: jet-milled, JM SD: jet-milled and spray dried. 
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3.2.2.1 Physicochemical characterization 

The results of the physicochemical characterization of the different powder samples are shown in 

Table 13. 

Sample 25:75 50:50 75:25 100:0 JM SD  JM  

Particle density 

[g/cm
3
] 

(n = 10) 

1.46 ± 0.00 1.44 ± 0.00 1.37 ± 0.00 1.33 ± 0.00 1.40 ± 0.00 1.37 ± 0.01 

Bulk density 

[g/cm
3
] 

(n = 3) 

0.24 ± 0.01 0.22 ± 0.03 0.22 ± 0.00 0.18 ± 0.00 0.12 ± 0.00 0.16 ± 0.01 

Tapped density 

[g/cm
3
] 

(n = 3) 

0.32 ± 0.01 0.29 ± 0.00 0.30 ± 0.01 0.25 ± 0.00 0.16 ± 0.00 0.22 ± 0.01 

Carr Index 
(n = 3) 

24.02 ± 2.05 29.16 ± 0.99 27.34 ± 0.58 26.51 ± 1.32 26.80 ± 3.03 28.36 ± 2.38 

d50 [µm] 
(n = 3, at 0.1 bars) 

3.88 ± 0.03 4.29 ± 0.06 3.85 ± 0.04 3.74 ± 0.03 6.69 ± 0.31 5.02 ± 0.50 

LoD [%] 
(n = 3) 

0.91 ± 0.21 1.54 ± 0.41 1.44 ± 0.41 1.16 ± 0.04 1.29 ± 0.58 - 

Yield [%] 91.43 88.23 97.86 93.29 82.79 - 

Theoretical API 

content [%] 
23.63 44.98 62.41 81.30 81.30 100 

Measured API con-

tent [%] 
(n = 3) 

23.70 ± 0.94 43.84 ± 0.22 65.36 ± 1.53 83.70 ± 1.64 79.41 ± 0.53 100 

 

Overall, spray drying led to dry particles (LoD < 1.6%) with a high yield (> 82%). All samples showed 

a similar relatively high Carr index values (24%-29%). Highest Carr index values could be found for 

the samples 50:50 and JM. The Carr index of all powder samples indicated poor flow properties 

except for the sample 25:75, which exhibited passable flow properties [108] but this difference was 

Table 13: Characterization results of the nano-in-microparticles, in comparison sample JM SD (jet-milled 

and spray dried) and sample JM (jet-milled). Number in sample name describes the ratio of 

ITZ:MAN [%w/w]. Values are expressed as mean ± SD, if applicable. 
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not statistically significant (except for sample 50:50, p = 0.02). These flow properties were in line 

with the expectations of microparticles showing an unfavorable mass/surface area ratio. The bulk 

density of the spray dried nanosuspensions was within a similar (low) range. The JM SD sample 

showed a particular low bulk density. The low densities combined with a high surface area may lead 

to uncontrolled agglomeration, which is a result of the high cohesion forces. 

Figure 34 und Figure 35 show SEM pictures of all powder samples at different magnifications. All 

nano-in-microparticles showed a similar morphology: hollow spheres with partial corrugation. This 

morphology and the particle size range were independent of the MAN content of the spray dried 

particles, which is not in accordance with previous observations by Duret et al. (2012) [117]. They 

reported massive irreversible agglomeration after the spray dying process of ITZ nanosuspensions 

without MAN. Agglomeration was most likely caused by capillary pressure during the drying pro-

cess [118,119]. Duret et al. (2012) used high pressure homogenization to create nanosuspensions 

which resulted in small platelet-like particles. Probably, this particle morphology favors aggregation 

by particle interaction and interlocking caused by an increased number of interaction sites com-

pared to needle-shaped particles obtained after media milling. 

 

Needle-shaped ITZ nanoparticles were visible on the surface of the spray dried particles. The JM 

particles showed a plate-like morphology with strong agglomeration tendency. These platelets 

were also evident on the surface of the JM SD particles.  

 

Figure 34: SEM images of nano-in-microparticles, the jet-milled sample (JM) and the jet-milled and spray 

dried sample (JM SD). Number in sample name describes the ratio of ITZ:MAN [%w/w]. 
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This particle morphology of the spray dried nanoparticles is the typical result of spray drying parti-

cles with a high Peclet number [27,58]. In case the droplet surface recession rate is much faster than 

the diffusion in the droplets, which is the case here as the suspended particles can be regarded as 

immobile according to Vehring (2008) [27], very high Peclet numbers can be applied. Hence, surface 

accumulation occurs, and a shell is formed [20,27,120]. This enrichment was supported by HPC-SL 

which is characterized with a high Peclet number and revealed a restricted diffusivity [58]. Further-

more, it hindered the nanoparticle mobility due to a viscosity increase. The surface enrichment was 

enhanced by the presence of surfactants in the suspension. Together, these facts supported the 

creation of spherical hollow particles. The donut-shaped particles, as shown for sample 100:0, were 

described for spray dried nanoparticles in literature as well [121,122]. It is supposed that this toroid 

morphology is caused by deformation of the droplet during the drying process due to loss of struc-

tural stability. This could be the result of a large droplet size, use of high process gas flow rates or 

the use of stabilizers [122]. Buckled particles, as shown for sample 50:0 in Figure 35, occur if the 

shell of the drying particle cannot stand the pressure difference which arise by continuous internal 

solvent evaporation during the drying process [58]. 

Overall, nanoization and spray drying led to hollow, low-density particles with poor powder flow 

characteristics, regardless of the drug load. 

 

Figure 35: SEM images of the nano-in-microparticles, the jet-milled sample (JM) and the jet-milled and 

spray dried sample (JM SD). Number in sample name describes the ratio of ITZ:MAN [%w/w]. 
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3.2.2.2 Solid-state analysis 

Figure 36 shows the XRPD patterns of the powder samples. As references, patterns of ITZ starting 

material, MAN in different modifications, the physical mixture of the powder components and the 

ITZ nanosuspension before spray drying were included. All samples exhibited crystalline peaks and 

no halo indicating amorphous structures. In addition, differential scanning calorimetry showed no 

glass transitions (data not shown), which supported the finding that the samples were crystalline 

after spray drying. The nanosuspensions showed similar peaks in XRPD diffractograms as ITZ start-

ing material but with a slightly lower peak intensity. -MAN, which was used as starting material, 

could not be found in the spray dried samples. -MAN has a characteristic peak at 9.7° 2θ [123], 

which could be found in the -form reference and in various manifestation in all other spray dried 

samples containing mannitol (25:75, 50:50 and 75:25). The samples 50:50 and 75:25 showed no 

other characteristic peaks except for -MAN and ITZ. Sample 25:75 showed a weak peak at 9.7°2θ 

and additional ones at 9.4°, 13.7° and 14.6° 2θ. The three latter peaks could also be found in the -

MAN reference, which is in agreement with literature [123,124]. The samples JM and JM SD showed 

similar reflexes to the ITZ starting material reference. 

Differences in MAN samples obtained after spray drying and the MAN starting material seemed to 

be depending on the composition of the formulations. The stabilizers probably have a strong im-

pact, as no difference in modification was observed when spray drying a solution with -mannitol 

as starting material in demineralized water, whereas incorporating stabilizers triggered the for-

mation of the α-form, as shown in chapter 3.2.1.3. The reason for the different modifications was 

presumably related to the varying HPC-SL concentration. Sample 25:75 exhibited an amount of 6% 

(w/w) HPC-SL relative to mannitol which seemed to stabilize the -polymorph, whereas 75:25 ex-

hibited 62% (w/w) HPC-SL relative to mannitol and lead to the -form. However, this observation 

was different to the results of the process development with mannitol, where the α-form was found 

for an HPC-SL amount of 17% relative to mannitol (same amount as for sample 50:50). The sus-

pended ITZ nanoparticles presumably impacted the crystallization process of the mannitol enabling 

the formation of a different polymorph. Buanz et al. (2019) reported the influence of “foreign” par-

ticles on the formation of metastable mannitol modifications during drying of mannitol droplets 

[125]. These additional particles on the surface of the droplet might inhibit or retard the nucleation 

of certain polymorphs, e.g., stabilize the α-form. However, no clear mechanism can be suggested. 
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Figure 36: XRPD patterns of the powder samples. Sample name is indicated at the top of each figure. 

Number in sample name describes the ratio of ITZ:MAN [%w/w]. Plots are shifted for better 

illustration. JM: jet-milled, JM SD: je-milled and spray dried. 
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The presence of metastable MAN modifications might impact the performance of the formulations 

during storage, so that the polymorphic form of MAN should be monitored during storage stability 

studies. 

In conclusion, both ITZ and MAN were found in crystalline state after spray drying. The MAN mod-

ification changed compared to the starting material as stabilizers and the suspended ITZ particles 

might favor the formation of the metastable α- and δ-polymorphic forms of MAN. However, no 

clear mechanism is evident, and the modification of MAN needs to be monitored during storage. 

 

3.2.2.3 Impact of relative humidity on solid-state stability 

A hint on the behavior during storage of solid particles can be given by vapor sorption measure-

ments. 

Figure 37 and Figure 38 show the relative mass change during moisture adsorption and desorption 

of the ITZ powder samples and starting materials in relation to the relative humidity. 

The evaluation of the moisture sorption behavior showed differences within the samples although 

all samples released the adsorbed water completely and no hysteresis occurred.  
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As illustrated in Figure 37, HPC-SL showed a high moisture sorption and hence distinct hygrosco-

picity, as also described in literature [86]. In contrast to that, the MAN and ITZ JM showed very low 

mass changes (below 1% (w/w)). This is in accordance with literature for MAN as this compound is 

known to be not hygroscopic [86]. The low moisture sorption for ITZ can be explained by its hydro-

phobic nature. The difference in moisture sorption between samples JM and JM SD was related to 

the HPC-SL amount: sample JM SD (calculated amount of 14.59% (w/w) HPC-SL) showed maximum 

4.99% (w/w) mass change, whereas sample JM (0.00% (w/w) HPC-SL) exhibited a maximum uptake 

of 0.14% (w/w) water. 

The nano-in-microparticles showed a moisture sorption behavior depending on the sample com-

position (see Figure 38). The higher moisture sorption of formulations with less mannitol was re-

lated to the higher HPC-SL amount of these formulations. Sample 25:75 exhibited the lowest HPC-

SL amount and showed the lowest vapor sorption. 

 

Figure 37: Adsorption (A) and desorption (D) curves for the powder samples and starting materials meas-

ured by DVS. Sample name is indicated on the top of each plot. JM: jet-milled, JM SD: jet-milled 

and spray dried. 
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Solid-state analysis after DVS, illustrated in Figure 39, indicated no modification change as no ad-

ditional peaks occurred. Although δ-mannitol is known as a metastable form, no physical instability 

was observed even at very high relative humidity values. Therefore, the formulations were expected 

to show good storage stability with regard to solid-state.  

 

 

Figure 38: Adsorption (A) and desorption (D) curves for the nano-in-microparticles measured by DVS. 

Sample name is indicated on the top of each plot (number: ratio of ITZ:MAN [%w/w]). 

0 20 40 60 80 100

0

1

2

3

4

5

6

7

0 20 40 60 80 100

0

1

2

3

4

5

6

7

0 20 40 60 80 100

0

1

2

3

4

5

6

7

0 20 40 60 80 100

0

1

2

3

4

5

6

7

25:75

re
l.
 m

a
s
s
 c

h
a

n
g

e
 (

%
)

rel. humidity (%)

re
l.
 m

a
s
s
 c

h
a

n
g

e
 (

%
)

rel. humidity (%)

50:50

re
l.
 m

a
s
s
 c

h
a

n
g

e
 (

%
)

rel. humidity (%)

 A

 D

75:25 100:0
re

l.
 m

a
s
s
 c

h
a
n
g
e
 (

%
)

rel. humidity (%)



 

Spray drying 

    

76 

 

In order to minimize the potential effect of the humidity, all powder samples were stored in a des-

iccator over molecular sieve. Conditioning (storage under defined humidity) was not regarded as 

necessary in this case as no amorphous material was generated (compared to carrier-based formu-

lations in which the API usually is jet-milled and might need to be stored at specific rH conditions 

to enable controlled crystallization of amorphous regions [126]). Nevertheless, investigation of stor-

age stability is required since not only solid-state is a critical parameter. Relative humidity might 

have an impact on e.g., chemical stability and aerosolization performance as well [31,32]. 

Overall, the samples showed a slight hygroscopicity. The water uptake was directly correlated to 

the HPC-SL content in the samples as pure MAN and ITZ were not hygroscopic. The exposure to 

humidity did not affect the solid-state stability as no modification change occurred. 

3.2.2.4 Dispersibility of ITZ dry powder particles by pressure titration 

Figure 40 illustrates the mean particle size (d50) of the powder samples in relation to the dispersion 

pressure obtained by laser diffraction. At the lowest possible dispersion pressure of 0.1 bar the 

particle size of four out of six samples were in a geometric diameter range of below 5 µm with 

 

Figure 39: XRPD patterns of the powder samples before and after one DVS cycle. Plots are shifted for 

better illustration. Number in sample name describes the ratio of ITZ:MAN [%w/w]. 
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exception of samples JM and JM SD. The sample JM SD revealed a significantly higher particle size 

(6.7 µm ± 0.3 µm) than all other samples (p < 0.01), which decreases with rising dispersion pressure. 

This shows a very poor de-agglomeration behavior even at the lowest dispersion pressure, that 

could be related to the rough surface with large asperities potentially leading to mechanical inter-

locking. Particle size of sample JM was found to be 5.0 µm at 0.1 bar and decreased to a constant 

value of about 2 µm with rising dispersion pressure, indicating a high agglomeration tendency even 

at a low dispersion pressure. The presence of these agglomerates led to the conclusion that this 

sample could also show poor deagglomeration in a DPI, demonstrating the need for a coarse carrier 

for inhalation. 

The nano-in-microparticles showed the lowest change in particle size over the whole dispersion 

pressure range demonstrating a very low agglomeration tendency, which could presumably be re-

lated to the low density, or the smoother surface compared to sample JM SD. 

Nevertheless, the dispersion pressure in the laser diffraction experiments is much higher (0.1 bar 

compared to 0.04 bar in a DPI at 4 kPa pressure drop) and mechanisms in an inhalation device differ, 

 

Figure 40: Mean particle size (d50) of ITZ powder samples in relation to the dispersion pressure (pressure 

titration). Number in sample name describes the ratio of ITZ:MAN [%w/w]. JM: jet-milled, JM 

SD: jet-milled and spray dried. Values are expressed as mean ± SD (n = 3). 
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especially for the HandiHaler® as the capsule motion is known to support de-agglomeration [65]. 

It is assumed that samples, which cannot be de-agglomerated at the lowest dispersion pressure 

(JM and JM SD), will as well show a poor de-agglomeration behavior in the cascade impaction 

experiments. The direct comparison of JM SD and 100:0 shows very clearly the possibilities of par-

ticle engineering for ITZ. 

Consequently, the nano-in-microparticles are expected to show a higher fine particle fraction com-

pared to jet-milled samples (JM and JM SD) as they show no drop in particle size over the dispersion 

pressure range indicating a low agglomeration tendency. The drug load presumably did not influ-

ence the dispersibility. 

3.2.2.5 Reconstitution of spray dried nanoparticles in water 

The impact of spray drying on the reconstitution of ITZ nanoparticles in water as well as the effect 

of the MAN concentration was analyzed. The nano-in-microparticles were diluted with water to a 

concentration of 5% (w/w), which was the same for spray drying, and were gently stirred with a 

magnetic stirrer. The particle size of the particles was evaluated for a time period of 24 hours by 

DLS, as shown in Figure 41, where the particle size (A) and PDI (B) of nano-in-microparticles are 

displayed. 
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Compared to the initial nanoparticle size before spray drying (210 nm), only sample 25:75 showed 

no significant difference, regardless of the reconstitution time (e.g., p = 0.24 for one hour). The PDI 

of this sample was significantly higher compared to the initial value (0.21), except for a reconstitu-

tion time of 12 h (p = 0.18) and 24 h (p = 0.73), but still in the same range. Sample 100:0 exhibited 

the largest particle sizes and highest PDI values after reconstitution. However, the particle size de-

creased from 1750 nm after one hour reconstitution to 500 nm after 24 h reconstitution time with 

a corresponding PDI of 0.7. After 24 h of reconstitution time, the PDI values of the samples 25:75, 

50:50 and 75:25 were similar (0.2-0.3) but still significantly different (0.001 < p < 0.03). 

The reconstitution of spray dried nanoparticles could be affected by manufacturing process param-

eters (e. g. the outlet temperature as described in [127]) and formulation parameters (such as the 
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Figure 41: Particle size (A) and PDI (B) of the reconstituted nano-in-microparticles in relation to the stir-

ring time. Dashed line indicates value before spray drying (nanosuspension). Values are ex-

pressed as mean ± SD, n =3. Sample names indicate the ITZ:MAN ratio (% w/w). 
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HPC type and concentration [128]). As the product temperature was kept constant at a suitable 

value, it did not affect the reconstitution of the samples in this case. The polymer concentration was 

also kept constant for all nanosized samples and solely the MAN concentration was changed. This 

illustrates the impact of MAN concentration on the reconstitution: the higher the MAN content, the 

faster and to a greater extent the reconstitution occurred. This was in accordance with the results 

reported in literature for other APIs [105,129–131]. The ease of reconstitution with higher MAN 

amounts could be explained by MAN particles forming a matrix around the ITZ nanoparticles and 

preventing them from irreversible agglomeration. In general, spray drying had no negative impact 

on the nanoparticles since the samples maintained their size and even sample 100:0 showed recon-

stitution to a certain extent. Pulmonary aspergillosis can affect the bronchial tract as well as the 

alveoli [1]. Therefore, it is not trivial to define a pulmonary target region resulting in a target particle 

size for the ITZ particles. However, ABPA mainly affects the lower respiratory tract [132], hence this 

is regarded as target region here. Prerequisite for a therapeutic effect is the reconstitution of the 

nano-in-microparticles into ITZ nanoparticles followed by dissolution of these particles. Although 

samples 25:50 and 50:50 showed the fastest reconstitution, presumably also faster dissolution, they 

have a lower dose at the same time and were therefore regarded as not beneficial in this context. 

Taking into account the high fine particle dose, which is required [5], samples 75:25 or 100:0 seemed 

to be feasible options containing 65% (w/w) and 84% (w/w) ITZ, respectively. Sample 75:25 is pre-

ferred over 100:0 as it enabled a faster reconstitution in a volume comparable to the lining fluid 

[133]. 

In conclusion, the MAN content in the composite particles highly affected the reconstitution of the 

nano-in-microparticles into the original nanoparticles present prior to spray drying. The higher the 

MAN content, the faster the reconstitution. Sample 100:0 also showed reconstitution to a certain 

extent (gaining nanoparticle size again after four hours of reconstitution). Hence, spray drying had 

no negative impact on the reconstitution of the nanoparticles. 

3.2.3 Conclusion of the spray drying process 

It was found that both the outlet temperature and the presence of stabilizers highly affect the mor-

phology and the polymorphic form of spray dried plain MAN particles. A rougher surface was ob-

served for H2O 80°C compared to H2O 60 °C. At an outlet temperature of 100 °C, the particles were 

significantly larger and lost their spherical shape, which could presumably be attributed to the for-
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mation of sintered, large MAN agglomerates. This effect was independent of the presence of sta-

bilizers. However, the stabilizers impacted the size of the MAN crystals as only small crystals were 

found for samples Med 60 °C and Med 80 °C leading to quite smooth particles for both samples. 

In case of the H2O-samples, the β-form of MAN was present. Additionally, the α-form of MAN was 

found for the highest outlet temperature caused by an altered crystallization kinetics. For the Med-

samples, the α-modification was obtained, regardless of the outlet temperature, probably related 

to the presence of HPC in the formulation. The process evaluation showed as optimized spray dry-

ing parameters an outlet temperature of 60 °C, a nozzle gas flow rate of 23 SL/min and a feed rate 

of 5 g/min. 

Overall, nanoization and spray drying led to hollow, low-density composite particles with poor pow-

der flow characteristics, regardless of the drug load. Both ITZ and MAN were found in crystalline 

state after spray drying. The MAN modification differed compared to the starting material as stabi-

lizers and the suspended ITZ particles might favor the formation of the metastable α- and δ-poly-

morphic forms of mannitol. Furthermore, the samples showed a slight hygroscopicity. The water 

uptake was directly correlated to the HPC-SL content in the samples as MAN and ITZ were not 

hygroscopic. Exposure to humidity did not affect the solid-state stability as no modification change 

occurred. The evaluation of dispersibility demonstrated that nanoization and consecutive spray dry-

ing as a particle engineering technique enables the generation of small spheres with a low density 

and an excellent dispersibility. Furthermore, the drug load did not affect the dispersibility, which 

means that even formulations with up to 84% ITZ may be delivered to the lung efficiently. Samples 

JM and JM SD showed a significantly worse dispersibility highlighting the benefits of nanoization. 

The MAN content in the composite particles highly affected the reconstitution of the nanoparticles 

in water. The higher the MAN content was, the faster was the reconstitution. The sample containing 

no MAN also showed reconstitution to a certain extent (gaining nanoparticle size again after four 

hours of redispersion). Hence, spray drying had no negative impact on the nanoparticle size. 
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3.3 In-vitro aerodynamic assessment 

The effect of nanoization and spray drying on the in-vitro inhalative performance of the ITZ dry 

powder formulations was investigated by NGI cascade impaction analysis. The impact of the drug 

load of the spray dried particles and the inhalation device on the aerodynamic performance was 

evaluated. 

3.3.1 Filling of nano-in-microparticles into primary packaging materials 

Reproducible and accurate powder filling is challenging and especially in the case of high dose 

formulations without coarse fillers, that typically do not exhibit suitable flow properties.[134]. The 

poor flow properties, reported in the previous chapter, are typical for microparticulate formulations, 

which consequently have a high surface area thus showing strong aggregation. This might nega-

tively impact the filling process [135]. 

A reproducible filling process with a target filling amount of 13.5 mg powder formulation (defined 

through the volume of the blister cavity) was achieved using an in-house made automated filling 

machine (BI drum filler) that allowed accurate filling with all samples meeting the acceptance value 

(AV) according to the test “Uniformity of Dosage Units” (Ph. Eur., chapter 2.9.40) [80] (see Table 14). 

Although all formulations met the acceptance criteria, the AV were borderline for some formula-

tions. Showing the highest d50, sample 50:50 exhibited the lowest AV among the nano-in-micro-

particles, which could be related to a superior flowability. Carr index values and bulk densities of all 

samples were comparable and therefore no correlation to the filling performance could be found, 

as described otherwise in literature for much larger particles [136]. 
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Sample 25:75 50:50 75:25 100:0 JM SD*  JM*  

article density [g/cm
3
] 

(n = 10) 
1.46 ± 0.00 1.44 ± 0.00 1.37 ± 0.00 1.33 ± 0.00 1.40 ± 0.00 1.37 ± 0.01 

Bulk density [g/cm
3
] 

(n = 3) 
0.24 ± 0.01 0.22 ± 0.03 0.22 ± 0.00 0.18 ± 0.00 0.12 ± 0.00 0.16 ± 0.01 

Tapped density [g/cm
3
] 

(n = 3) 
0.32 ± 0.01 0.29 ± 0.00 0.30 ± 0.01 0.25 ± 0.00 0.16 ± 0.00 0.22 ± 0.01 

Carr Index 
(n = 3) 

24.02 ± 2.05 29.16 ± 0.99 27.34 ± 0.58 26.51 ± 1.32 26.80 ± 3.03 28.36 ± 2.38 

Mean powder dose per 

cavity/capsule ± SD 

[mg] 
(n = 10) 

13.79 ± 0.82 13.41 ± 0.44 13.67 ± 0.62 12.39 ± 0.20 13.37 ± 0.43 13.47 ± 0.32 

RSD of mean powder 

dose [%] 
(n = 10) 

5.92 3.28 5.48 1.63 3.21 2.39 

Calculated mean ITZ 

dose per cavity/capsule 

[mg] 

3.27 5.88 8.93 10.37 10.62 13.47 

Dosage uniformity 

(AV)* 
15 8 13 10 8 6 

* AV ≤ 15 is accepted according to the Ph. Eur. 

Samples JM and JM SD could not be filled automatically and were filled manually instead. Very poor 

flowability and the occurrence of rat holes in the powder reservoir made automatic filling impossi-

ble. This was most likely related to either the strong cohesiveness of sample JM, which was also 

observed in the pressure titration experiments, or to mechanical interlocking as sample JM SD had 

a very rough and irregular surface (observed in the SEM images, Figure 35). 

Increasing the negative pressure for drum filling could probably optimize the filling process to re-

duce the AV of the nano-in-microparticles, but this would most likely increase the density of the 

powder pellet formed in the drum, leading potentially to a worse dispersibility [134,137]. 

Table 14: Physicochemical properties of nano-in-microparticles, sample JM SD and sample JM. Number 

in the sample name indicates the ratio of ITZ:MAN [% w/w]. Samples JM and JM SD (marked 

with *) were filled manually. Values are expressed as mean ± SD. 
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Volume-based filling using a similar principle of operation is commercially available (e.g., Omnidose 

by Harro Höfliger) and hence, it is to be expected that the process can be scaled up easily, as 

reported in literature from the Omnidose TT to Omnidose DF1 [73]. 

Overall, automatic filling with the BI drum filler was carried out successfully for the nano-in-micro-

particles but the process appeared challenging for samples JM and JM SD, which is due to pro-

nounced cohesiveness of the powders.  

3.3.2 Overview of cascade experiments and impact of inhalation device 

The FPFs obtained with the HandiHaler® using the nano-in-microparticles were significantly higher 

than for the samples JM SD and JM, as shown in Figure 42. The drug load of the nano-in-micropar-

ticles did not affect the FPF as there was no significant difference (0.10 < p < 0.88). The FPF of JM 

SD and JM were statistically equivalent (p = 0.63) to each other but significantly lower compared to 

the nano-in-microparticles (p < 0.01). 
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The MMAD and GSD values are shown in Table 15. Sample JM SD showed the highest MMAD value 

with significant difference to the other samples (p < 0.01).  

 

 

 

Figure 42: Comparison of FPD (red) and FPF (blue) for the HandiHaler® (A) and the GyroHaler® (B). Values 

are given as mean ± SD. Number in sample name describes the ratio of ITZ:MAN [%w/w]. JM: 

jet-milled, JM SD: jet-milled and spray dried. 
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Device HandiHaler® GyroHaler® 

Sample 25:75 50:50 75:25 100:00 JM SD* JM* 25:75 50:50 75:25 100:0 JM SD* JM* 

MMAD 

[µm] 

2.96 ± 

0.09 

3.14 ± 

0.07 

3.02 ± 

0.03 

2.85 ± 

0.09 

4.36 ± 

0.22 

3.11 ± 

0.21 

3.79 ± 

0.26 

3.69 ± 

0.19 

3.74 ± 

0.11 

3.35 ± 

0.07 

4.86 ± 

0.14 

2.88 ± 

0.12 

GSD 
1.98 ± 

0.03 

1.91 ± 

0.01 

1.98 ± 

0.01 

2.09 ± 

0.06 

1.81 ± 

0.03 

2.05 ± 

0.02 

1.95 ± 

0.02 

1.97 ± 

0.05 

2.04 ± 

0.05 

2.12 ± 

0.02 

1.83 ± 

0.06 

2.20 ± 

0.13 

 

For the GyroHaler® a slightly different result of the six formulations could be observed. A low FPF 

of 18.6% was found for the sample JM SD with a statistically significant difference compared to all 

other samples (p < 0.03). In contrast to that, sample 100:0 showed the highest FPF. The FPFs of the 

nano-in-microparticles were comparable to the FPF of sample JM. The MMADs of the nano-in-

microparticles were similar and differed significantly to samples JM and JM SD (p < 0.03). The latter 

sample showed the largest MMAD.  

The observations made in the pressure titration experiments could be confirmed by cascade im-

paction. Formulations JM and JM SD showed a lower FPD compared to the nano-in-microparticles, 

independent of the device. In the pressure titration experiments, the dispersibility of the nano-in-

microparticles was distinctly better compared to samples JM and JM SD. 

As described in chapters 1.2.3.1 and 2.2.2.13, the HandiHaler® and the GyroHaler® are character-

ized with different intrinsic resistance. The cut-off diameters of the NGI stages are dependent on 

the flow rates and therefore differ for different devices at 4 kPa pressure drop. 

The particles dispersed by the GyroHaler® were deposited in the SIP and preseparator to a large 

extent, as also shown in Figure 43.  

 

Table 15: Results of the aerodynamic assessment of the formulations in relation to the device. Values are 

expressed as mean ± SD, n = 3. Formulation JM and JM SD (marked with *) were filled manually. 

Number in sample name describes the ratio of ITZ:MAN [%w/w]. JM: jet-milled, JM SD: jet-

milled and spray dried. 
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In contrast, the HandiHaler® showed a comparable deposition in the SIP but the amount of the 

formulations, which was deposited in the preseparator, was distinctly lower (except for JM SD and 

JM), see Figure 44. 
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Figure 43: Results of the impaction measurements with the GyroHaler®. Values are expressed as mean ± 

SD, n = 3. Mass is related to the recovered (=emitted from the device) mass of the NGI including 

SIP and preseparator. Number in sample name describes the ratio of ITZ:MAN [%w/w]. JM: jet-

milled, JM SD: jet-milled and spray dried. 
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As shown in Table 15 and Figure 42, the FPFs and the MMAD differed significantly for all formula-

tions, except for JM, when both inhalation devices are compared. The HandiHaler® generated no-

ticeably higher FPFs and lower MMADs. However, the GSD was comparable and not significantly 

different. 

Interestingly, for both devices the ED was similar for most of the formulations except for samples 

25:75 and JM SD, where a significant difference was observed between the two devices (see Figure 

45, p < 0.05). 
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Figure 44: Results of the impaction measurements with the HandiHaler®. Values are expressed as mean ± 

SD, n = 3. Mass is related to the recovered (=emitted from the device) mass of the NGI including 

SIP and preseparator. Number in sample name describes the ratio of ITZ:MAN [%w/w]. JM: jet-

milled, JM SD: jet-milled and spray dried. 
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The FPF is an important criterion for the performance of a DPI formulation in combination with the 

device. As the focus is on high dose, the FPD is the more meaningful parameter to consider. The 

FPD showed significant differences with lower values for the GyroHaler® for all other samples, 

except for 75:25 and JM (see Figure 42). This could also be seen in Figure 43, where the deposited 

mass fractions in relation the cut-off diameter were plotted in one graph for both devices. A shift 

in the distributions towards smaller cut-off diameters (and therefore towards a higher FPD) could 

be observed for nearly every formulation with the HandiHaler®. A reason for this was most likely 

the differing dispersion mechanisms of the two devices. The motion of the capsule (axially vibration) 

in the HandiHaler® probably increases the dispersion of the powder formulation [38,65,66,138]. In 

contrast to that, the GyroHaler® presumably does not foster the aerosolization and requires there-

fore a well dispersible powder. 

 

Figure 45: Overview of calculated residual ITZ dose in the device and emitted (= recovered from NGI) ITZ 

mass for the HandiHaler® (A) and the GyroHaler® (B). Number in sample name describes the 

ratio of ITZ:MAN [%w/w]. JM: jet-milled, JM SD: jet-milled and spray dried. The total dose of 

ITZ varies dependent on the drug loading of the filled 13.5 mg powder formulation. 
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Figure 46: Results of the impaction measurements with the HandiHaler® and the GyroHaler®. Values are 

expressed as mean ± SD, n = 3. Mass is related to the recovered mass of the NGI stages (S1-

MOC). Number in sample name describes the ratio of ITZ:MAN [%w/w]. JM: jet-milled, JM SD: 

jet-milled and spray dried. 
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The highest FPD for ITZ was obtained with the HandiHaler® for formulation 100:0 ( 4.1 mg), fol-

lowed by 75:25 ( 3.8 mg) (see Figure 42). The obtained FPFs and FPDs were good compared to 

carrier-based formulations, where typically a drug load of <2% is applied resulting in a FPD of less 

than 1 mg [9,139]. 

In comparison with other ITZ DPI formulations, Duret et al. (2012) showed a better performance for 

their ITZ formulation with regard to the FPF (63%) but only a low FPD (1 mg) could be achieved 

[117]. Another study reported a higher FPD (4.6 mg) for ITZ [140]. However, in this study nanoization 

was achieved by ionotropic gelation, which might lead to complex scale-up and commercial man-

ufacturing. Wan et al. (2020) achieved a higher FPD (5.1 mg) with a high FPF (71%), but also applied 

a very special technique for nanoization (flash nanoprecipitation) [119], which might result in a very 

difficult scale-up and commercial manufacturing process. 

To date, no studies are known reporting the combination of media milling and spray drying for the 

preparation of ITZ dry powders for inhalation. The abovementioned authors applied other manu-

facturing processes; therefore, the comparability is limited. In this work, only commercially accepted 

manufacturing techniques with proven upscaling potential were used.  

Formulating poorly soluble drugs such as ITZ is often challenging and requires high efforts. The 

currently marketed spray dried products for high dose drug delivery contain water soluble APIs 

(Bronchitol® and TOBI® Podhaler®), which are often simpler to formulate. The nano-in-micropar-

ticles overcame this hurdle. Furthermore, this formulation principle provides several advantages. 

Besides the remarkable increase in FPD, this approach offers the potential of an increase in bioa-

vailability [141]. The performance (FPF) of the nano-in-microparticles is comparable to Bronchitol® 

and TOBI® Podhaler® or slightly lower. The FPD of both marketed products is higher, which could 

be related to either a higher loaded dose of the capsule, a different design of the device or the 

formulation [142,143]. 

Overall, nanoization with subsequent spray drying enabled the generation of high dose formula-

tions for ITZ and can be regarded with good reasons as a very beneficial particle engineering tech-

nique. The highest FPD and FPF were obtained with the HandiHaler® for sample 100:0 The FPD of 

 4 mg is very good compared to carrier-based formulations. The HandiHaler® generated a signif-

icantly higher fine particle fraction compared to the GyroHaler®. This was most likely related to the 

capsule motion of the HandiHaler®, which enhanced the powder aerosolization. For the treatment 
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of ABPA and IPA, which affects both patients with and without an obstructive disease, the Hand-

iHaler® would be the preferred device as the generated FPDs were significantly higher compared 

to the GyroHaler®. As the HandiHaler® shows only little flow rate dependency it is even suitable 

for patients who cannot obtain the required flow rate for 4 kPa pressure drop [36]. 

3.3.3 Impact of nanoization 

For the samples 100:0 (nano-in-microparticles) and JM SD (jet-milled and spray dried), the following 

conclusions could be made: 

• The difference in the aerodynamic behavior of these particular samples was not related to 

a device as this was observed for both devices. 

• The excipients used for stabilization of the nanosuspension are considered to have no im-

pact on the dispersibility and the aerodynamic behavior as both samples had the same 

composition and content of excipients. 

The aerodynamic differences can be explained by the nanoization process step. Nanomilling sig-

nificantly increased the FPF of a factor of two for the HandiHaler®. Most likely, the reason was the 

different morphology of the spray dried particles. The spherical nano-in-microparticles showed a 

spherical morphology with a slightly rough surface, independent of the drug load (see Figure 35). 

In contrast to this, sample JM which showed a plate-like morphology. 

As the aerosolization behavior depends on the particle interaction, it is closely related to surface 

roughness, particle size and other factors. It is assumed that electrostatic forces and capillary forces 

play only a minor role at ambient conditions [16]. Increased surface roughness may lead to fewer 

contact points due to increased asperities, compared to very smooth particles, and thus lower Van 

der Waals forces. Hence, the aerosolization ability might be improved, as Hassan et al. (2009) 

showed the highest FPF for pollen-shaped particles as well as Adi et al. (2008) for corrugated bovine 

serum albumin compared to smooth particles [144,145]. Furthermore, the nano-in-microparticles 

showed some small indentions (see Figure 35), which could enhance this effect. The circumstance 

that the nano-in-microparticles were hollow, and exhibited therefore a low density, might support 

their impaction in the lower respiratory tract as the aerodynamic diameter is highly dependent on 

the particle density (see Equation 1). The hollow shape with a low density is the typical result of 

spray dried nano-in-microparticles [22]. 
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The FPF of the nano-in-microparticles was significantly higher than the FPF of sample JM, which 

exhibited a plate-like morphology (see Figure 35) and a strong agglomeration tendency (shown by 

pressure titration, see Figure 40), probably due to a high number of contact points and high cohe-

sive forces. Sample JM SD showed spherical particles, however, the surface was very irregular and 

might favor interlocking, resulting in a low dispersibility [42]. Therefore, this formulation showed 

the lowest FPF. 

Overall, nanoization and subsequent spray drying as particle engineering technique significantly 

improved the FPF of ITZ formulations, most likely due to an optimized morphology. This effect was 

more pronounced for the HandiHaler® as the capsule motion supports the deagglomeration by 

generating high dispersion forces. 

3.3.4 Impact of ITZ:MAN ratio 

No significant difference was found for the FPFs of various drug loadings of nano-in-microparticles 

for the HandiHaler®. For experiments with the GyroHaler®, a significant difference was found for 

the FPFs of the samples with ITZ:MAN ratios 25:75-50:50, 25:75-100:0 and 50:50-100:0. However, 

this was not associated with a difference in MMAD. It might be the case, that the drug load (i.e., the 

formulation composition) has an impact on the FPF, which is predominated by the higher dispersion 

forces generated in the HandiHaler®. Therefore, differences related to the formulation composition 

may manifest using the GyroHaler® as this device exhibits a lower dispersion force. However, as 

the difference was only found for some of the samples, it might be also related to analytical vari-

ances. 

Based on these results, it is assumed that the ITZ:MAN ratio does not distinctly impact the dispers-

ibility and the FPF. Presumably, the effect of the particle-particle interaction of MAN and ITZ was 

very low compared to the other factors playing a role in the dispersion process. 

As discussed in the previous chapter, the main effect that governed the superior aerodynamic be-

havior of the nano-in-microparticles is presumably attributed to the morphology of the particles, 

which was similar for the nano-in-microparticles. Other factors, based on the surface composition 

(e.g., surface energy or capillary forces due to different moisture sorption [146]) had presumably 

only a minor effect compared to the morphology impact. 

This finding, also reported in a study by Yamasaki et al. (2011) [129], who investigated cyclosporine 

A nanoparticles, showed that different amounts of matrix forming MAN had no effect on the FPF. 
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The authors explained this with the similarity of the surface roughness of their particles, which was 

independent from the drug load. However, other authors concluded that the MAN amount has an 

impact on dispersibility and FPF. Adi et al. (2010) investigated ciprofloxacin [147] and correlated the 

differing FPF to the diverse cohesion forces in the samples and it was found that increasing MAN 

contents led to an increase in the FPF. Nevertheless, the authors could not find a mechanistic ex-

planation for the different cohesion as the particles showed a very diverging morphology in addi-

tion to the different drug loads investigated. Torge et al. (2017) studied the effect of MAN on PLGA 

nano-in-microparticles [105]. They attributed the differences to the varying surface texture of the 

particles without explaining the mechanism detailly. 

In conclusion, the ITZ:MAN ratio did not distinctly affect the aerosolization of the nano-in-micro-

particles. Presumably, other factors (mainly the dispersion force of the device but also particle mor-

phology and surface roughness) overrun the potential effect of the drug load. 

3.3.5 Conclusion 

The performance of a DPI formulation strongly depends on the interplay between the device, the 

formulation and the primary packaging material. The formulations showed differences even before 

the performance evaluation by impaction. Automatic filling with the BI drum filler was possible for 

the nanosized and spray dried samples but not for samples JM and JM SD because of their strong 

cohesiveness. This finding was supported by the cascade impaction experiments. Samples JM and 

JM SD showed a significantly lower FPF and FPD compared to the spray dried nanoparticles. Hence, 

consecutive nanoization and spray drying seems to be a superior particle engineering technique 

and enabled the generation of high dose formulations for ITZ up to 4 mg FPD. The highest FPD and 

FPF were obtained with the HandiHaler® for sample 100:0 The achieved FPD is distinctly higher 

compared to carrier-based formulations. The reason for the improved dispersibility of the engi-

neered particles was most likely the optimized morphology (low density with a moderately rough 

surface), as indicated by SEM images. The ITZ:MAN ratio most likely did not affect the aerosolization 

of the composite ITZ particles. Presumably, other factors (such as particle morphology and surface 

roughness and the dispersion force of the device) exceeded the potential effect of the drug load. 

Furthermore, it could be shown that pressure titration can serve as a valuable screening tool to get 

a first impression of the dispersion behavior of a formulation. Differentiation between the nano-in-

microparticles and the other formulations was possible. However, an in-vitro assessment of the fine 

particle dose by e.g., cascade impaction is still necessary. The pressure drop in a device is much 
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lower (4 kPa = 0.04 bar) than the lowest possible dispersion pressure with the laser diffraction 

method (0.1 bar) and the dispersion mechanisms in devices are different, as shown by the Hand-

iHaler® and the GyroHaler®. The great impact of the device has also been demonstrated. The 

HandiHaler ® generated a significantly higher fine particle fraction compared to the GyroHaler®. 

This was most likely related to the capsule motion in the HandiHaler®, which enhanced the powder 

aerosolization. 
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4 Overall conclusion 

The present work describes the development of a high dose dry powder formulation for ITZ for a 

potential local treatment for respiratory fungal diseases such as ABPA or IPA. It was shown that a 

combination of media milling and spray drying is a feasible approach to manufacture high dose 

dry powder formulations of ITZ. With this particle engineering technique, the achievement of a FPD 

of up to 4 mg ITZ in combination with the HandiHaler® was feasible. An overview of the perfor-

mance parameters of all formulations investigated is given in Table 16. As indicated by color, the 

nano-in-microparticles showed superiority for all criteria, whereas formulations JM SD and JM had 

several liabilities. The nano-in-microparticles could be filled automatically and exhibited FPFs higher 

than 45% as well as MMADs of below 5 µm. As the FPD depends on the drug loading of the nano-

in-microparticles, only formulations 75:25 and 100:0 showed FPDs greater than 2.5 mg, which is 

considered as high dose. The ITZ:MAN ratio is the key parameter for reconstitution of the nanopar-

ticles. Nearly complete reconstitution was possible up to an ITZ-MAN ratio of 75:25. Therefore, this 

was preferred ratio of ITZ:MAN with a drug loading of 65%, enabling a balance between a high FPD 

and reconstitution of the nanoparticles. 

 25:75 50:50 75:25 100:0 JM SD JM 

Automatic 

filling 
      

FPF > 45%1 For Handi- 

haler® 

For Handi- 

haler® 

For Handi- 

haler® 

For Handi- 

haler® 
  

FPD > 2.5 

mg2   
For Handi- 

haler® 

For Handi- 

haler® 
  

MMAD < 5 

µm3       

Reconstitu-

tion 
    N/A N/A 

1threshold was chosen arbitrarily to illustrate a high FPF  
22.5 mg is considered as high dose [8]  
3a MMAD of < 5 µm is regarded necessary for inhalation [148] 

Table 16: Performance criteria and rating for the ITZ dry powder formulations. Number in sample name 

describes the ratio of ITZ:MAN [%w/w]. JM: jet-milled, JM SD: jet-milled and spray dried. N/A: 

not applicable. Color coding:  critical issue,  challenge,  uncritical 
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The FPF and FPD of a formulation highly depends on the interplay between the device and formu-

lation characteristics. Multi-dose devices (such as the GyroHaler®) might improve patients’ adher-

ence and show some advantages with regard to humidity-sensitive formulations if they are blister-

based. However, the motion of the capsule fosters the deagglomeration of a powder formulation 

for capsule-based devices and increases the aerosolization. Hence, the HandiHaler® is preferred 

over the GyroHaler® for delivering the nano-in-microparticles of ITZ. 

Additionally, new insights into the development of nanosuspensions of ITZ were gained. It could 

be shown that the stabilizer concentration did not only affect the particle size of the ITZ nanopar-

ticles but also the solid-state. The reason for the increase in particle size during prolonged milling 

(i.e., agglomeration) could clearly be identified. 
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5 Outlook 

The ITZ:MAN ratio did presumably not affect the FPF of the nano-in-microparticles. A deeper insight 

into the effect of the ITZ:MAN ratio might be gained by e.g., atomic force microscopy (AFM) or 

inverse gas chromatography (IGC), as also used in [129] and [147]. Surface energy and roughness 

as well as cohesion forces might be quantified for a comprehensive understanding. However, this 

was not in scope of this work. 

Some of the excipients used in this work are considered as model excipients (such as SDS or HPC). 

HPC has not yet been approved for inhalation but is contained in a marketed nasal dry powder 

(Teijin Rhinocort®)[149]. Therefore, the respiratory tolerance is considered acceptable though tox-

icological studies are required to prove this. Although SDS is regarded as inactive ingredient for 

inhalation by the FDA [150], it may cause irritation after inhalation [151]. Presumably, the use of 

other non-irritating surfactants is possible if using a nanoization process with lower energy, as re-

ported in literature [117]. Further experiments could also include an investigation on storage sta-

bility (e.g., at 25°C/60% rH for 12 months or 40°C/75% rH for 6 months according to the ICH guide-

line [152]) as temperature and humidity are known to have a remarkable impact on the inhalative 

performance [31,32]. As mentioned before, the MAN modification in the nano-in-microparticles 

changed compared to the starting material, which was the thermodynamically most stable form. As 

a prediction of the modification obtained after spray drying is not possible, the MAN modification 

in the powders should be monitored. 

The achieved FPD of ITZ might be increased with modifications regarding both the device and the 

formulation. The latter can be modified by addition of leucine before spray drying as this is known 

as dispersibility enhancing agent [22]. Another approach is the use of pore formers for spray drying. 

Excipients such as ammonium carbonate or perflubron, which it is used in the Pulmosphere® tech-

nology, expand rapidly during the drying step leading to a high number of pores in the final parti-

cles [17,153]. This decreases the density and enhances the dispersibility. By using a different device, 

a further improvement may be realized. A higher loading dose in the capsule and therefore a larger 

capsule size (larger than size 3) would increase the potential ED. A modified RS01® device with a 

capsule with a size of 0 has been reported to deliver a FPD of 75 mg tobramycin [154]. The Aer-

olizer® has also been modified with regard to the capsule compartment (for size 0), the air-inlet 

opening and the capsule piercing. With this set-up, a FPD of above 50 mg for tobramycin could be 

obtained [155,156]. 
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To obtain a better estimation of the in-vivo fate of the engineered particles, the reconstitution ex-

periments could be conducted using more biorelevant conditions as e.g., described by Ruge et al. 

(2016), who used a model mucus [157]. However, this was not in scope if this work. Additionally, a 

simulated lung fluid could be used [105]. The cascade impaction experiments were set-up as de-

scribed in the Pharmacopoeia as in-vitro trials. The biorelevance could be improved by using ana-

tomical throats such as the Alberta idealized throat [30]. 
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6 Summary 

Fungal infections of the respiratory tract are widely spread as over one billion people suffer from 

fungal infections. Infections caused by Aspergillus sp. can manifest differently depending on the 

immune status of the patients. A hypersensitivity reaction causes allergic bronchopulmonary asper-

gillosis (ABPA), whereas life-threatening invasive pulmonary aspergillosis (IPA) can also occur. Itra-

conazole (ITZ) is considered as first-line therapy against ABPA and also used against IPA. To date, 

only systemic treatments with ITZ exist, that are often associated with tolerability and safety issues. 

Thus, local treatment of these infections is regarded beneficial as it might reduce systemic side 

effects. Significantly higher doses compared to those applied in asthma or COPD therapy are de-

manded. Therefore, particle engineering with the aim of developing a carrier-free, high dose pow-

der formulation with excellent dispersibility is required. The combination of media milling and spray 

drying enables the generation of tailored spherical particles with low density in a desired particle 

size range and with a defined surface structure and an API in a crystalline state. 

Nanocrystals of ITZ were stabilized by electrosteric stabilization using hydroxypropyl cellulose 

(HPC-SL), sodium dodecyl sulfate (SDS) and polysorbate 80 (PS80) and the impact of formulation 

and process parameters of a dual centrifugal mill on material attributes like particle size, zeta po-

tential, particle morphology, storage stability and especially solid-state characteristics was evalu-

ated. A concentration of 0.9% (w/w) HPC-SL, 0.14% (w/w) SDS and 0.14% (w/w) PS80 was necessary 

for a sufficient nanoparticle stabilization. Despite the minor effect of PS80 its presence was benefi-

cial for the electrosteric stabilization. Choosing lower stabilizer concentrations resulted in a pro-

nounced increase in particle size due to agglomeration, which was confirmed by SEM imaging and 

a decrease in zeta potential in combination with an amorphization of the particles. Milling temper-

ature had no significant impact on the particle size whereas milling speed and the size of the milling 

beads used were found to have a strong impact on the critical material attributes such as particle 

size and polydispersity index. The smallest particle sizes could be obtained by using the smallest 

milling bead size. However, the smallest obtainable particle size could be only achieved by using 

two-fold stabilizer concentrations as smaller particles exhibit a larger specific surface area. 

Process evaluation of spray drying revealed an outlet temperature of 60 °C, a nozzle gas flow rate 

of 23 SL/min and a feed rate of 5 g/min as optimized parameters. Nanoization and spray drying led 

to spherical, hollow, low-density nano-in-microparticles (ITZ nanoparticles with mannitol (MAN) as 

matrix former) with poor powder flow characteristics, regardless of the drug load. Both ITZ and 

MAN were found in crystalline state after spray drying, although less stable forms of MAN were 
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present as the suspended ITZ particles might favor the formation of the metastable α- and δ-pol-

ymorphic forms of MAN. However, these forms were stable after vapor sorption, which showed 

water adsorption correlated to the HPC-SL content in the samples as MAN and ITZ were not hy-

groscopic.  

The evaluation of dispersibility by laser diffraction (pressure titration) demonstrated that nanoiza-

tion and consecutive spray drying as a particle engineering technique enables the generation of 

particles with an excellent dispersibility. Furthermore, the drug load most likely did not affect the 

dispersibility, which means that even formulations with up to 84% ITZ may be delivered to the lung 

efficiently. Samples JM and JM SD showed a significantly worse dispersibility highlighting the ben-

efits of nanoization. Pressure titration can serve as a valuable screening tool to get a first impression 

of the dispersion behavior of a formulation. However, an in-vitro assessment of the fine particle 

dose by e.g., cascade impaction is still necessary as dispersion pressures and mechanisms are dif-

ferent. The latter was also shown by cascade impaction. The performance of a DPI formulation 

strongly depends on the interplay between the device, the formulation, and the primary packaging 

material. The formulations showed differences even before the performance evaluation by impac-

tion. Automatic filling with the BI drum filler was possible for the nano-in-microparticles but not for 

samples JM and JM SD because of their strong cohesiveness. This finding was supported by the 

cascade impaction experiments. Samples JM and JM SD showed a significantly lower FPF (fine par-

ticle fraction) and FPD (fine particle dose) compared to the nano-in-microparticles. Hence, consec-

utive nanoization and spray drying seems to be a superior particle engineering technique and en-

abled the generation of high dose formulations for ITZ up to 4 mg FPD. The highest FPD and FPF 

were obtained with the HandiHaler® for sample 100:0: The achieved FPD is distinctly higher com-

pared to carrier-based formulations. The reason for the improved dispersibility of the engineered 

particles was most likely the optimized morphology (low density with a slightly rough surface), as 

indicated by SEM images. The ITZ:MAN ratio most likely did not affect the aerosolization of the 

composite ITZ particles. Presumably, other factors (such as particle morphology, surface roughness 

and the dispersion force of the device) exceeded the potential effect of the drug load. However, 

the MAN content in the nano-in-microparticles highly affected the reconstitution of the nanopar-

ticles in water. The higher the MAN content was, the faster was the reconstitution. The sample 

containing no MAN also showed reconstitution to a certain extent indicating spray drying had no 

negative impact on the nanoparticle size. An ITZ:MAN ratio of 75:25 (resulting in a drug loading of 

65% (w/w) ITZ) was the preferred formulation as this enables a balance between a high FPD and 

nearly complete reconstitution of the nanoparticles. 
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The great impact of the device has also been demonstrated. The HandiHaler® generated a signifi-

cantly higher FPF compared to the GyroHaler®. This was most likely related to the capsule motion 

in the HandiHaler®, which enhanced the powder aerosolization. Thus, the HandiHaler® is preferred 

over the GyroHaler® for delivering the nano-in-microparticles of ITZ. 
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8 Appendix 

8.1 Additional figures 

 

 

 

Figure 47:  Effect of higher ITZ concentrations (9% w/w throughout 8 h milling) on the particle size in 

relation to the stabilizer medium. As stabilizers hydroxy propyl cellulose SL (HPC-SL), sodium 

dodecyl sulfate (SDS) and polysorbate 80 (PS80) were used. Milling was carried out at 4°C with 

1500 rpm 

 

Figure 48: Particle size of formulations F2 and F6 (milled for 3 h) investigated for long-term storage. 

Milling was carried out at 4°C with 1500 rpm. Values are expressed as mean ± SD. 
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8.2 List of Abbreviations and Acronyms 

Descriptor Explanation Unit 

100:0 Nano-in-microparticles, ITZ:MAN ratio 100:0 (w/w)  

25:75 Nano-in-microparticles, ITZ:MAN ratio 25:75 (w/w)  

50:50 Nano-in-microparticles, ITZ:MAN ratio 50:50 (w/w)  

75:25 Nano-in-microparticles, ITZ:MAN ratio 75:25 (w/w)  

ABPA Allergic bronchopulmonary aspergillosis  

API Active pharmaceutical ingredient  

AV Acceptance value (for test of uniformity of dosage units)  

BCS Biopharmaceutics classification system  

COPD Chronic obstructive pulmonary disease  

d50 Median geometric diameter obtained by laser diffraction, vol-

ume-based 

[µm] 

dae Aerodynamic diameter [µm] 

dg Geometric diameter obtained by laser diffraction, volume-based [µm] 

Di Diffusion coefficient  

DL Drug load (API concentration in formulation in % w/w)  

DLS Dynamic light scattering  

DLVO Theory according to Derjaugin, Landau, Verwey and Overbeek  

DMSO Dimethyl sulfoxide  

DoE Design of experiments  

DPI(s) Dry powder inhaler(s)  

DSC Differential scanning calorimetry  

DVS Dynamic vapor sorption  

ED Emitted dose (also called delivered dose)  

FPD(s) Fine particle dose(s) (particles with an aerodynamic diameter 

< 5 µm) 

[mg] 
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FPF(s) Fine particle fraction(s) (fraction of particles with an aerody-

namic diameter < 5 µm) 

[%] 

GSD Geometric standard deviation [-] 

H2O 100 °C Sample: Mannitol particles spray dried at 100°C outlet temper-

ature using water as solvent 

 

H2O 60 °C Sample: Mannitol particles spray dried at 60°C outlet tempera-

ture using water as solvent 

 

H2O 80 °C Sample: Mannitol particles spray dried at 80°C outlet tempera-

ture using water as solvent 

 

HPC-SL Hydroxypropyl cellulose, type SL  

HPLC High performance liquid chromatography  

HPMC Hydroxy propyl methylcellulose  

ICH International Council for Harmonisation of Technical Require-

ments for Pharmaceuticals for Human Use 

 

IPA Invasive pulmonary aspergillosis  

ITZ Itraconazole  

JM Sample: Itraconazole jet-milled  

JM SD Sample: Itraconazole jet-milled and spray dried using stabi-

lizer medium 

 

κ Evaporation constant  

LoD Loss on drying  

m mass [g] 

MAN Mannitol  

Med 100 °C Sample: Mannitol particles spray dried at 100°C outlet temper-

ature using water + stabilizers as solvent 

 

Med 60 °C Sample: Mannitol particles spray dried at 60°C outlet tempera-

ture using water as + stabilizers solvent 

 

Med 80 °C Sample: Mannitol particles spray dried at 80°C outlet tempera-

ture using water as + stabilizers solvent 

 

MMAD Mass median aerodynamic diameter  

MOC Micro orifice collector  

N/A Not applicable  
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NGI Next generation impactor  

Δp Pressure drop [kPa] 

PDI Polydispersity index [-] 

Pe Peclet number [-] 

Ph. Eur. European Pharmacopoeia  

pMDI(s) Pressurized metered dose inhaler(s)  

PP Polypropylene  

PS80 Polysorbate 80  

ρp Particle density [g/cm3] 

ρ0 Bulk density [g/cm3] 

ρf Tapped density [g/cm3] 

ρ* Unit density (= 1 g/cm3) [g/cm3] 

Q Flow rate [l/min] 

R Intrinsic device resistance [kPa1/2/L*min-1] 

rH Relative humidity [%] 

RPM Revolutions per minute  

SX Stage X of the NGI  

SDS Sodium dodecyl sulfate  

SEM Scanning electron microscopy  

SIP Standard induction port  

SL/min Standard liters per minute (obtained at standard conditions)  

Tout Outlet temperature [°C] 

Vf Tapped volume [ml] 

Vo Bulk volume [ml] 

χ Dynamic shape factor [-] 
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XRPD X-ray powder diffraction  

Z-AV Z-average (particle size obtained by dynamic light scattering) [nm] 
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