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Modern drug development is often hindered by low solubility of new drug particles 

and the need for multiple drug molecules. A way to counteract the low solubility is to 

create nanoparticles of the drug. This, however, leads to issues in administration of the 

drug such as the need for a carrier powder in inhalation therapy. This work introduces 

a synthesis method of a drug particle that has multiple nanosized drugs encased within 

a micron-sized carrier particle. 

A nanosuspension of water and naproxen – a poorly soluble drug – is created using a 

ball mill. The resulting nanosuspension is mixed with cimetidine – a drug often 

administered with naproxen. Mannitol and leucine are added to form the matrix and 

the coating layer of the synthesized particle. The resulting solution is then run through 

an aerosol flow reactor. The “Nanos-in-Micros” particles and the powder made thereof 

are studied with multiple different methods. 

The particles assembled were found to exhibit most of the expected properties. As 

such, the “Nanos-in-Micros” concept is deemed a promising tool for pharmaceutical 

nanoparticle processing and further research is suggested. 
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1 Introduction 

The word "nanotechnology" has become a buzzword in recent years. The 

number of journals publishing research about nanotechnology and nanoscience 

has grown significantly [1]. Likewise, the amount of money being given into 

nanotechnology and nanoscience research has gone up as well with nano-

enabled products having become a global market with revenue of 731 billion 

dollars in 2012 [2]. As such it is rather easy to see why nanotechnology has been 

named one of the four technologies that will lead to the next boom. The others 

are genetics, robotics and artificial intelligence - forming the acronym of GRAIN 

[3]. With the recent publicized breakthroughs in material science, 

nanotechnology has become relevant in many different areas of research. One of 

these areas is the complex field of medicine. 

Nanotechnology has already affected many aspects of medicine and drug 

development: the use of quantum dots in imaging and drug delivery are being 

studied and new ways of sensing pathogens with miniature lab chips based on 

microfluidics have become more refined [4], [5], [6]. Even the traditional design 

of drugs is molecular chemistry at its finest and as such can be viewed as an area 

nanotechnology itself, but the development of material sciences has led to 

techniques that can be used in medical sciences to overcome many problems 

and - even in some cases – limitations. One of the areas of drug design that has 

benefited and will continue to benefit from these techniques is drug delivery [7], 

[8]. 

The purpose of this research is to introduce a nanomedicinal concept for 

pulmonary drug delivery called “Nanos-in-Micros” and demonstrate a method 

of producing such particles. The concept itself is not a new one as microparticle 

encapsulation has been studied since the early 2000s [9]. However, this work 

produces the particles using a different method than previous works and adds 

other microparticle features during the process. In addition, the exact purpose 

of this study is not just to encapsulate drug particles but to create a combination 

drug of multiple nanosized drug particles within micron-scale carrier particles.  
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This work is divided into three parts: background, methods and results. The 

background chapter will first include a brief summary of the history of 

inhalation therapy followed by a look of overall benefits of nanomedicine. The 

first is meant to give the reader a contextual understanding of pulmonary drug 

delivery while the second will provide a general review of the basic advantages 

of nanomedicine including theory and examples outside of pulmonary therapy. 

Finally, the background chapter will have a literary review of different methods 

of nanodrug particle production including the methods used in the later parts of 

this work. 

The methods chapter includes an in-depth look at the processes used in the 

empirical part of this work. Both of the formulation methods and instruments 

are explained thoroughly. Then, the instruments used for the characterization of 

the synthesized drug particles and powder are introduced on a brief theoretical 

level. 

In the fourth chapter, the results are presented and analyzed. These should 

support the hypothesis that “Nanos-in-Micros” (NiM) particles were created 

and that they show the expected attributes as to confirm the concept laid out in 

this work. In the final discussion chapter the validity and value of the concept 

are then considered in the light of the results. 

As a proof-of-concept work from an engineering perspective, the 

pharmacological tests are left for future research. Nonetheless, all materials 

used are completely biocompatible, approved by the Food and Drug 

Administration (FDA) of the United States of America, and already used in 

inhalation therapy. Two different drug molecules were chosen: naproxen and 

cimetidine. These two are often taken together and as such would benefit from 

being combined into one particle. Out of these two, naproxen has a very low 

solubility in water and as such would greatly benefit from enhanced techniques 

to bioavailability and works well to illustrate the concept [10].  
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2 Background 

2.1 History of Inhalation Drug Delivery  

Inhalation therapy itself has been utilized by humans from ancient times: 

inhalation of different kinds of smoke for medicinal purposes has been recorded 

in 2000 BC in India [11]. In addition smoking tobacco medicinally is a millennia 

old tradition in South and Central America [12]. The belief that tobacco had 

therapeutic properties lasted for a very long time only for the conventional 

wisdom to be proven wrong in the 1940s and the 1950s [13]. 

The first inhaler invented is considered to have been invented by Christopher 

Bennet in 1654 although the word ‘inhaler’ made its first appearance in the late 

18th century. Since then the development of inhalation therapy went in hand in 

hand with the study of asthma. What is considered the first dry powder inhaler 

(DPI) – which holds much of the same principles as inhalers today – was 

patented in London in 1864 by a Dr. Nelson and is thus known as the Nelson 

Inhaler [13]. A ceramic version of the inhaler is shown in figure 2-1. 

 

Figure 2-1: A picture of the Nelson Inhaler, the first dry powder inhaler [14]. 
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As we can see, the technology behind inhalation therapy devices has been 

around for quite a while. Yet it was not before the 1950s when anti-

inflammatories were first properly utilized in inhalation devices. Budesonide – 

one of the most used corticosteroids – was first used as late as 1987 [12].  

As we can see the history of inhalation therapy is a long one yet very slow-paced 

with significant steps once in a blue moon. Many of the basic problems have 

stayed the same since the 19th century: storage and delivery methods of the dry 

powder have barely developed in the past century. For example, lactose has 

been used in a form or another to carry the drug since 1948 [12]. As such 

nanotechnology has much to offer the science of inhalation therapy. 
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2.2 Nanotechnology in Drug Delivery and Targeting 

The National Nanotechnology Initiative defines nanotechnology as the “science, 

engineering, and technology conducted at the nanoscale, which is about 1 to 100 

nanometers” [15]. Nanotechnology offers many ways to further develop both 

delivery and targeting. 

The science of drug delivery and targeting has stayed the same for a relatively 

long time. Examples include the history of inhalable drugs as mentioned earlier 

and that of the hypodermic needle that has been in use for over 150 years [16]. 

For example, it has been suggested that hypodermic needles could be replaced 

with a biological microelectromechanical system (bioMEMS) that could release 

nanolitres of a drug into the target cells whenever it senses the necessity [17]. 

The on-demand and non-invasive aspects of such a system would already be 

reason enough to pursue such a technology. 

A significant problem in modern drug discovery has been the rising expenses of 

both the research project and the actual drug molecules [18]. While 

nanotechnology cannot necessarily help with the research costs, it can help with 

the expenses in the synthesis part. With expensive drug molecules you want as 

little as possible to go to waste – both in the drug formulation process and 

within the body. With nanoscale amounts of drugs you get three distinct 

advantages over micron sized particles: lesser amounts of molecules needed, 

increase in release control and increase in solubility within the body. 

2.2.1 Reduction in amount of needed molecules 

Nanosized drug particles provide the huge benefit of requiring a minimal 

amount of the actual molecule instead in comparison to micron sized particles. 

The reactivity of a particle is in simplicity related to the surface area of the 

particles [19]. This is somewhat of a simplification and some of the other factors 

will be shown in later chapters. Yet it is a useful to ponder the relationship 

between volume and area. Assuming that the particles are spheres the surface-

to-volume (𝐴
𝑉⁄ ) ratio is solved: 
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 𝐴 = 4 𝜋 𝑟2 , (1) 

 
𝑉 =

4

3
𝜋𝑟3 , 

(2) 

 𝐴
𝑉⁄ =  

3

𝑟
 ∝  

1

𝑟 
 , (3) 

where 𝑟 is the radius of the sphere. This relation is shown as a graph in figure 2-

2. As can be seen, the surface area is significant compared to the volume at radii 

under 100 nm. 

 

Figure 2-2: The surface-to-volume ratio from equation 3 represented with an 
increasing radius of a spherical particle. The surface area is increasingly 
important the smaller the particles are. 
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As can be seen as the radius grows, the volume grows one power of radius faster 

than the surface area. Hence, with increasing size of particles one would need a 

bigger volume of the molecule to achieve the same surface area than with 

multiple smaller particles. The optimization of drug volumes as such becomes 

easier with smaller particles with much less of the drug going to waste. This of 

course leads to much less of the expensive drug molecule being needed and 

going to waste both within the body and during the synthesis process (as seen 

later in fig 2-3) [19]. 

The increase in surface area does bring with itself certain issues – as discussed 

later on - but these can be countered as shown later in the Nanos-in-Micros 

concept introduction. 

2.2.2 Increase in release control 

Modified-release (MR) drug products are defined as “products that alter the 

timing and/or the rate of release of the drug substance. This also includes 

targeted-release (TR) drug products that are only released near the intended 

physiological site. All three of these are achievable using nanodrugs [20]. 

Examples include encasing drug molecules into polymer matrixes which only 

release the drug molecules under certain conditions such as temperature, pH, 

humidity or other conditions [21]. This allows for a prolonged release of the 

drug near the intended target. 

2.2.3 Increase in bioavailability and solubility 

Another benefit of smaller particles is the increase in solubility as many new 

drug molecules practically insoluble in water [22], [23]. This is of course drug 

dependent and changes along with different routes of administration in which 

case many drugs are bioavailable regardless of particle size [24]. Even so, there 

are drugs that have a low bioavailability due to multiple different biological 

reasons such as cell membranes being impenetrable by micron-sized particles. A 

nanoscale particle on the other hand can slip right through the membrane [25]. 

It has also been shown that nanoparticles have in general a 15-250 fold higher 

efficiency of uptake by the intestinal tissue than that of micron sized particles 

[26]. 
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A way to combat the issue of reduced bioavailability, is to use more of the 

molecule to ensure saturated conditions and a maximal uptake. This, 

unfortunately, causes an increase in the amount of drug needed and 

consequently losses due to the body removing the extra drug material. However, 

this is not economically optimal and nanosized drug molecules offer a solution 

[27]. The increase in bioavailabity due to smaller particle size is represented in 

fig. 2-3. 

 

Figure 2-3: Smaller particles have a larger relative surface so it reacts faster with 
cell walls. This leads to an increase in absorption and can help to reduce wasted 
drug molecules [19]. 

 

A straight-forward way to increase solubility is to reduce particle size [28]. This 

can be shown using the Ostwald-Freundlich equation [29]: 

 
𝑙𝑜𝑔

𝐶𝑆

𝐶∞
=  

2𝛾𝑉𝑚

𝑘𝐵𝑇𝑟
 , 

(4) 

where 𝐶𝑆 is the saturated solubility, 𝐶∞is the solubility of the solid when 

consisting of only large particles, 𝑉𝑚 is the molar volume of the particle, 𝑘𝐵 is the 
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Boltzmann constant, 𝑇 is the absolute temperature and 𝑟 is the radius of the 

particle . 

The equation shows that below 1 µm, the solvation pressure increases and 

solubility is enhanced. The same can be seen from the earlier analysis of 

surface-to-volume-ratio (Eq. 3, Fig. 2-2) as the solvation pressure is also 

inversely proportional to the radius – albeit exponentially. So, clearly, when the 

drug is administered as smaller particles the required amount can be better 

optimized. 
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2.3 Synthesis of drug nano- and microparticles 

All synthesis methods of micro- and nanoscale objects can be divided into two 

categories: top-down and bottom-up [30]. Top-down is done by taking 

macrosized particles and then reducing their size for example with mechanical 

force or etching processes used in silicon technology [31], [32]. These methods 

come with rather unique problems as we will see in the introduction of the 

milling methods. 

Bottom-up on the other hand involves forcing molecules to create wanted 

structures. The commonly used method for this is self-assembly. Self-assembly 

means that the molecules themselves form structures as the environment or 

other factors result in the wanted structure to have a stronger attractive force 

compared to the repulsive forces of the individual molecules [33]. 

Mathematically this is represented by minimizing the Gibbs free energy (𝐺), of 

the system: 

 𝐺 = 𝐻 − 𝑇𝑆 (5) 

or in its chemical thermodynamics form for multicomponent systems [34]: 

 
𝑑𝐺 = −𝑆𝑑𝑇 + 𝑉𝑑𝑃 + ∑ µ𝑖𝑑𝑁𝑖

𝑛

𝑖=1

 , 
(6) 

where H is the heat content or enthalpy, T is the absolute temperature and S is 

the entropy of the system, V is the volume, P the pressure, n is the chemical 

component in question, N is the particle count and µ is the chemical potential. If 

dG ≥ 0 the chemical reaction (or mixing in this case) is energetically favorable. 

The Gibbs free energy is an important concept in - not just medicinal 

nanotechnology - but in everything that deals with nanoscale components as 

part of a mixture. The chemical potential at phase and substance boundaries 

enables self-assembly but also causes agglomeration. This has to be 
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counteracted with surfactants that minimize the chemical potential at the phase 

boundary. 

A good example and a method commonly used in drug synthesis and food 

preparation is forming microparticles using the self-assembly principle in 

emulsions [35]. By mixing two immiscible solvents together liquid interfaces are 

born. Adding enough of surfactant into the emulsion causes the surfactant 

particles to agglomerate towards the liquid interfaces according to the Gibbs 

free energy [36]. The particles formed by the surfactant can be predetermined 

by controlling the boundaries within the emulsion. For example having oil 

droplets in water and using a surfactant with hydrophobic properties on one 

end of the molecular chain causes micelles to form.  

It is important to understand the differences and the associated positives and 

negatives of the top-down and bottom-up categories as they define many of the 

steps that have to be taken in order to counteract the issues they cause and to 

maximally benefit from their advantages [37]. 

The following is a brief introduction to the most common top-down and 

bottom-up techniques in use today. 

2.3.1 Milling techniques 

2.3.1.1 Ball milling 

Ball milling is a top-down technique in which the size of drug particles are 

reduced by grinding them mechanically into smaller particles. The grinding is 

usually done by making a drug solution but a solvent is not always necessary. 

The solvent itself is usually water but can also be others as long as long as the 

grinding temperature and possible vapor pressure are taken into account. 

The solution is then poured into a milling bowl and suitable amounts of milling 

balls are added. The milling balls are usually made out of ceramics, steel or flint 

pebble. The bowl is then tightly locked and put into a rapid spinning mill. 

During the spinning the milling balls grind the drug solution into smaller and 

smaller particles. The size of the particles is dependent on the rotational speed 
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of the mill, the size of the milling balls and the time and amount of milling 

instances. The basic premise of ball milling is shown in figure 2-4. 

In the case where the aim is to create nanosized particles, it is important to use a 

surfactant as a stabilizer for the solution. The stabilizer ensures that once milled 

down to nanosize, the drug particles will stay as such. The stabilizer agent, for 

example a polymer, covers the created nanoparticles and prevents them from 

re-agglomerating [38]. 

 

Figure 2-4: The basic premise of ball milling. The materials are mixed with balls 
in a grinding medium (usually water). As the milling bowl spins, the balls grind 
the materials to even smaller sizes [39]. 

 

2.3.1.2 Jet milling 

Jet milling – much like ball milling – uses mechanical force to shear the drug 

particles into smaller ones. A jet mill forces the drug solution through a grinding 

nozzle into a fluidized bed where the particle collisions mill the material in 

smaller particles. The material then continues to be pushed around the fluidized 

bed until the particles are small enough to pass through a classifying wheel or a 

separator that collects the finished product [40]. A diagram of a normal jet mill 

setup is shown in Fig 2-5. 
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Figure 2-5: The basic premise of jet milling. The material is inserted into the 
mill and forced through a grinding nozzle. A classifying wheel lets particles 
under a certain size through and the rest fall back down to be forced through the 
nozzle again [39]. 

 

Both milling techniques expose the drug material to big shearing forces, 

pressures and locally increased temperatures. This should be taken into account 

in case the drug material being milled is sensitive to these issues. Other issues 

with both milling methods are the long milling times necessary and possible 

residue issues. 

The advantages of the milling techniques are that how easy they are to set up 

and that they can handle large quantities of drugs with very little batch-to-batch 

variation. 
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2.3.2 Precipitation techniques 

The precipitation method for forming nanosuspensions and crystals is one of 

the oldest and most used bottom-up techniques, while there are many different 

techniques that utilize precipitation they are based on this common process. In 

the process the drug is dissolved in a solvent in which it is dissolvable. The 

solvent is then either evaporated or an anti-solvent is introduced. An example is 

using a water miscible and organic solvent and water as the anti-solvent. 

As the solution loses its solvent power due to the introduction of an anti-solvent, 

the drug particles start to precipitate and self-assemble into crystals due to 

larger particles being favorable in terms of energy. This process is known as 

Ostwald-ripening. In the case of evaporating, the solution becomes 

supersaturated and the same precipitation occurs. If done rapidly the crystal can 

even become amorphous instead of crystalline enhancing the final drug’s 

solubility even further [34]. 

Both methods exhibit the problem of controlling the growth and the 

homogeneity of the particle size. This can be done using temperature and 

pressure control but also with stabilizers and surfactants. Another issue with the 

method is that the drug used has to be soluble in at least one solvent and that 

solvent has to be miscible with an anti-solvent. On the other hand, the 

advantages of the basic precipitation method are its simplicity as a process and 

its low initial costs and scalability.  

2.3.2.1 Spray and freeze drying 

Spray drying itself is a relatively old method that utilizes the precipitation 

technique and is widely used and modified in the pharmaceutical industry 

today. The basic principle is exactly what the term states: the drug solution is 

sprayed using either an atomizer or a nozzle and then rapidly dried using hot 

air. As the aerosol dries and the solvent evaporates, solid particles are formed 

[41]. The size distribution can be controlled using different kinds of collectors 

and filters. A basic setup of a spray-drying device is shown in figure 2-6. 
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Figure 2-6: A simple spray-drying setup. The heated gas flow is forced through a 
nozzle and rapidly dried afterwards. An electrode collects particles small enough 
to pass through the filter [42]. 

 

Although spray drying has traditionally had a size limit in the micron range, 

recent technical advances have allowed for nanoscale particle formation. 

Commonly studied examples of such advances involve the usage of cryogenic 

techniques.  

In these the solution is atomized and sprayed onto or into cryogenic liquids or 

over vapors from such liquids. The cooling and freezing causes the suspension 

to solidify amorphously. The resulting powder that settles on the cryogenic 

liquid might have a broad size-distribution due to agglomeration and the 

powder might even end up over the micron scale [39]. 

This can be partly countered by spraying directly into the liquid instead of the 

vapors above. The rapid cooling of the particles and the lack of phase changes 

prevent agglomeration and keeps the size-distribution small. 
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2.3.2.2 Supercritical fluid techniques 

Commonly used methods in the pharmaceutical industry – and many others 

such as food processing - are precipitation techniques based on using 

supercritical fluids as the anti-solvent. A supercritical fluid is when a substance 

is at a temperature and pressure above the critical points. In this form the phase 

difference of liquid and gas are nonexistent and the substance has properties of 

both [43]. 

Near the critical point small changes to either temperature or pressure cause big 

changes in the density and the mass transport characteristics of the substance. 

These two are significant factors in the substance’s solvent power. Common 

supercritical fluids used in industrial processes are water, carbon dioxide and 

nitrogen [39], [44]. 

After being dissolved the drug molecules are then re-crystallized either by 

spraying, evaporation or introducing an anti-solvent. The size distribution of the 

crystallization can be easily controlled by changing the temperature, pressure 

and other operating parameters of the system depending on the technique 

chosen. While the method can be used to create particles of smaller than micron 

scale, it does require further engineering to be able to produce very small 

particles. 

2.3.3 Other techniques 

2.3.3.1 High-pressure homogenization 

High-pressure homogenization (HPH) is another top-down mechanic in which a 

powder in suspension is forced with high pressure through a small orifice [45]. 

This orifice, also known as the homogenization gap, causes the dynamic vapor 

pressure to rise so that the solution boils and forms air bubbles. After the gap 

the pressure then reverts back to normal and the air bubbles break. The 

pressure, temperature and air bubbles cause the drug material in the solution to 

break into smaller crystals [46]. The basic setup of a HPH system is shown in 

fig. 2-7. 
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Figure 2-7: A schematic showing the basic principle of high-pressure 
homogenization. Much like in jet milling and spray-drying the solution is forced 
through an orifice that brings the size of the particles down. However HPH does 
not involve drying as a necessary part of the method [47]. 

 

The process can used on most drugs and can be repeated multiple times to 

ensure a uniform size distribution. This does make the process rather slow and 

cumbersome on a larger scale. Other disadvantages of the process include the 

preparations required as the drug needs to be micronized and the possible 

residues of ions coming off the homogenizer walls. 

2.3.4 Aerosol flow reactor 

The aerosol flow reactor method was developed by Eerikäinen, Watanabe, 

Kauppinen & Ahonen in 2003 and expanded upon by Raula, Eerikäinen, Lähde 

& Kauppinen later [48], [49] and it is presented in fig. 2-8. It was also used in 

this study as explained further in the methods chapter. 

The drug material – or polymer or excipient – is first dissolved into a suitable 

solvent. The solution can contain multiple materials as long as they are soluble 

in the solvent. For example, an amino acid can be added to the solution as for it 

to form a coating on the particles.  
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The solution is then fed into a droplet generator as to form an aerosol with a dry 

or solvent saturated carrier gas such as nitrogen. The droplet generator can vary 

but examples include jet nebulizers, atomizers, ultrasonic nebulizers and 

electrosprays. 

Once the aerosol has formed, it is carried into a heated zone in which the solvent 

begins to evaporate. As the droplets experience a phase shift the drug material 

starts to nucleate into amorphous particles due to Ostwald ripening as explained 

in the chapter concerning precipitation techniques. During this part of the 

process the temperature of the system, the flow rate of the carrier gas and the 

residence time in the reactor can be controlled, and thus the drying rate of the 

droplets can be changed as to affect the nucleation process. Changes in the 

nucleation conditions affect how the particles form - for example, how the 

different materials self-assemble and what kind of surface morphology the 

coating amino acid forms [48]. 

The latter is one of the greatest advantages of the aerosol flow reactor and also 

one of the main reasons for it being used in this study. Especially useful is that 

the coating is done during the same process as the formation of the drug particle 

and no extra step is needed. This allows precision in the design of the surface 

morphology and thus the properties – such as the flowability and adhesivity - of 

the microparticle with relative ease [48], [49].  

The coating is done by carefully choosing the temperature profile of the reactor 

so that after the evaporation of the solvent during the rapid drying process the 

amino acid starts to sublimate. As the vaporized amino acid cools down, it 

nucleates and deposits itself on the surface of the drug microparticles according 

to the self-assembly principles discussed earlier. The vapor conditions, 

saturation and the amount of sublimation can be varied by changing the heating 

profile of the reactor, the pass time of the vapor or the gradient of the cooling. 

This process is shown in fig. 2-9.  

After the heating zone the aerosol is diluted with inert gas to prevent 

condensation of the solvent once the temperature goes down. Once diluted the 

particles are ready to be collected and measured with a suitable gathering 
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mechanism such as a cyclone collector, an electrostatic sampler for electron 

microscopy, an electrical low pressure impactor (ELPI) or a Berner-type low-

pressure impactor (BLPI) impactor [48]. 

 

Figure 2-8: The aerosol flow reactor as presented in the original article. The 
reactor used in this work had significant modifications such as substituting the 
atomizer and the dripping bottle for a sonic nebulizer and using the ELPI and a 
cyclone for collection [48].  
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Figure 2-9: A schematic showing the amino acid coating process within the 
aerosol flow reactor. Like all other materials in the precursor solution, the 
amino acid forms droplets after the nebulizer. The fast drying partially vaporizes 
the droplets and the rapid cooling causes the self-assembly of the amino acid on 
the surface of the microparticles. 

 

The aerosol flow reactor method can be used with relative ease and it produces 

dry drug particles without any need for purification or additives. In addition the 

possibility of different solvents extends the usage of the method to more drug 

molecules than just single-solvent cases. The disadvantages include the need for 

a precise controlling setup and the temperature scale not suitable for all solvents 

or drug materials. 
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2.4 The Nanos-in-Micros drug delivery concept 

2.4.1 Problems caused by the nanoscale 

The nanoscale does bring with it a host of problems. There are three significant 

problems that the transition from micro to nanomedicine causes: 

First issue is the chemical stability throughout the whole process. As explained 

earlier, nanoparticles react faster and easier. Examples of chemical instability 

issues are aggregation and sedimentation of nanosuspensions during 

processing; morphing from amorphous to crystalline structure in storage and 

degradation before reaching the target area. 

Second issue is that of contamination. During formulation, storage and usage 

should the drug particles should be easily protected from contamination. As 

such a synthesis method should not be prone to contaminants. In addition the 

storage and delivery methods should not rely on special technology than that 

what is already in use. 

The third disadvantage is the hindered flowability of nanoparticles. As the 

particle surface area grows, the van der Waals -forces between individual 

particles become more significant as can be seen from the equation simplified 

for spherical particles when the radii are significantly bigger than the separation 

of the particles: 

 
𝐹𝑣𝑤(𝑙) =  −

𝐴 𝑟1𝑟2

6(𝑟1 + 𝑟2)𝑙2
 , 

(7) 

where 𝑟1and 𝑟2 are the radii of the particles, 𝑙 is their distance from each other 

and 𝐴 is the Hamacker constant that is used to simplify the number of atoms per 

unit volume in the two interacting bodies [50]. Changes in the radii of the 

particles naturally change the surface area accordingly (Eq. 1). 

In addition when it comes to inhalation therapy the preferred particle size is 

between 1 and 5 µm due to the alveoli shape and size in the lungs. Powders with 
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particles of this size still suffer from hindered flowability that leads to issues 

with both dosing and delivery. For example, too small inhaled particles do not 

end up in the lungs but land and set at the back of the mouth or throat. The 

number “fine particle fraction” (FPF) of a powder is meant to describe the 

respirable fraction of the powder and is calculated based upon the size 

distribution cutting off at 5 microns [51], [52]. 

The Nanos-in-Micros concept presented in this work offers solutions to these 

three problems while retaining the benefits gained by using nanoparticles. 

2.4.2 Introduction of the concept 

The “Nanos-in-Micros” concept offers many of the positive properties of both 

micro- and nanoscale for drug delivery systems. The aim is to combine two out 

of the introduced particle technologies to create a multifunctional and versatile 

delivery platform: a system of combined nano and microparticle vehicles 

combined into one delivery system. 

The NiM concept itself is not original to this work and has been a subject of 

study since the 2004 publication by Grenha & al [9]. However, the method of 

synthesis in that study and most that have since followed has been that of spray-

drying [53]. 

This work gives a proof-of-concept introduction in the usage of a combination of 

wet milling and the aerosol method to create particles that have two different 

drug particles in them. This essentially means using a top-down and a bottom-

up method one after the other. In an optimal situation the newly formed particle 

should exhibit the positive attributes of the two formulation techniques: the wet 

milled particles should keep their enhanced solubility and chemical stability 

while benefitting from the flowability and dispersivity of larger particles. 

The schematic below (fig. 2-10) represents a particle that in larger amounts 

forms a homogenous powder of a combination drug. A combination drug is that 

has two or more regulated pharmaceutical components [54]. The two drugs are 

encased in a biodegradable matrix that forms the body of the powder and 

ensures that the drug particles are released at the target location. Finally the 
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particle can be coated as to break the smooth surface topography and enhance 

the flowability even more by lowering the van der Waals forces between the 

particles [55], [56]. 

 

Figure 2-10: A simple schematic showing the NiM particle. The poorly soluble 
drug material (Naproxen) is kept nanosized with a surfactant (Asolectin) and is 
completely mixed with other drug particles (Cimetidine) within a matrix 
(Mannitol). The surface of the microparticle is modified based on the materials 
added during the synthesis (Leucine). 

 

Naturally each component of the final particle needs to be biocompatible and 

approved for medical use. The following materials – all FDA accepted - were 

used in this particular case: 
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Table 2-1: List of the materials used in the two processes used to create the 
Nanos-in-Micros particles. 

Material name Purpose 

Naproxen Nanosuspension of poorly water-soluble drug by wet 

milling 

Cimetidine Second drug material used 

Mannitol A sugar alcohol used as the matrix material 

Leucine Coating and encapsulating material 

Asolectin Phospholipids from soybean used as a stabilizer for 

naproxen during the wet milling 

Water Solvent used throughout the whole process 

 

Naproxen (fig. 2-11) was chosen for this work as it is a relatively common and 

often used nonsteroidal anti-inflammatory drug (NSAID) and also because it is 

poorly soluble in water as to demonstrate the advantages of wet milling. 

Cimetidine (fig. 2-12) on the other hand is a H2 antagonist often used to treat 

possible gastrointestinal side-effects of naproxen. It is relatively soluble in water 

so it does not require milling during the process and can be added at the aerosol 

reactor phase. It was chosen because it is traditionally combined with naproxen 

and due to its relative ease as a material for the process. The other materials 

were chosen through previous experience with the processes [38], [57]. For 

example, the coating of the particles with the amino acid leucine was of special 

interest as it represents a novel part of the method. 
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Figure 2-11: The chemical structure of naproxen [58]. 

 

 

Figure 2-12: The chemical structure of cimetidine [59]. 
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3 Methods 

3.1 Synthesis 

As presented before, the preparation of the Nanos-in-Micros microparticles is 

done in two steps. The first step, wet milling, is done to ensure the solubility of 

drug materials with low water solubility. For example in the case of this study it 

was only required for naproxen as cimetidine readily dissolves into water. The 

second step is the preparation of the microparticles and coating them with 

amino acid leucine in the aerosol reactor. A schematic of the process is shown in 

fig. 3-1. 

 

Figure 3-1: A schematic representing the synthesizing process used in this work. 
A poorly soluble drug is mixed with a surfactant and milled in water. The 
resulting nanosuspension is then mixed with the rest of the material and 
inputted into the aerosol flow reactor. The resulting powder is composed of NiM 
particles. 

 

3.1.1 Wet milling 

Naproxen has a very poor solubility into water so it was prepared using the 

milling technique. The wet milling was done at and with the help of the Division 

of Pharmaceutical Technology at the University of Helsinki. Their research into 

making naproxen nanosuspensions was a cornerstone for this study [38], [60]. 

The milling was done using a Pulverisette 7 Premium (Fritsch GmbH) planetary 

ball mill shown in fig. 3-2. Both the bowl and the 1mm sized balls were made out 

of zirconium oxide (ZoO2) to withstand the friction during milling. 1 gram of 
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Naproxen and 0,5 g of Poloxames 188 (Lutrol F68, BASF Co.) were milled in 9 

ml of water. The F68 was added to stabilize the milled solution and to ensure 

that the milled Naproxen particles stay dissolved instead of reforming. 

 

Figure 3-2: The Pulverisette 7 Premium planetary ball mill was used in this 
study [61]. 

 

The solution was grinded at 1100 rpm for 3 minutes. This was repeated 10 times 

with 15 minute intervals between each grind for the temperature to settle. 

Afterwards, the nanosuspensions were separated from the grinding balls by 

diluting the solution and sieving it. Due to issues with the milling bowl, a tiny 

amount of the solution was lost during the grinding process. The end product of 

the first step was 600 ml of water with the naproxen nanosuspension 

concentration of 1,6 g/l. 
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3.1.2 Aerosol flow reactor 

The second step in the production of the drug particles is the aerosol flow 

reactor method developed by Eerikäinen, Watanabe, Kauppinen & Ahonen [48]. 

The reactor is located at the Department of Applied Physics, Aalto University 

School of Science. 

This technique of particle production using vapor conditions is known as 

physical vapor deposition (PVD) [62]. If the reactor conditions are chosen 

correctly, other attributes of the particles can also be affected. In this work 

leucine was added to the solution so that due to heterogeneous nucleation it 

deposits on the outer layer of the microparticles forming a layer as shown by 

Raula & al [63]. This increases the flowability of the particles as detailed earlier 

in the theory part of this work. Leucine was chosen because it starts to 

sublimate after 150°C making it a good fit with the rest of the temperature 

profile used. 

The precursor solution was steadily fed into an ultrasonic nebulizer (RBI 

Pyrosol 7901, France) that creates 8 micron sized droplets. The nebulizer and 

the solution were kept at a constant 20°C ± 1°C with an internal water 

circulation system. A flow of nitrogen gas (22°C, 10 l/min) transferred the 

formed droplets into a tubular reactor made out of stainless steel. The 105 cm 

long and 3 cm wide tube was heated with four different heating blocks with the 

temperatures ranging from room temperature to 160°C. 
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Figure 3-3: A schematic of the aerosol reactor used in this work. It is a heavily 
modified version of the one shown in figure 2-8, but the premise stays the same. 

 

After this the aerosol was transferred to a porous steel tube (3 cm diameter, 20 

cm length), where it was cooled down fast with a large volume of dry nitrogen 

gas (with a dilution ratio of 8:1) with a Reynolds number of at least 3000. 

Afterwards the gas flow and the aerosol were diverted to gas sampling cyclone. 

A schematic of a cyclone is shown in Fig. 3-4. Due to the constant flow rate the 

centrifugal force of the spiral flow, gravity and the inertia of the particles, 

particles over a certain size are deposited into the collection pot while the gas 

and smaller particles flow to the outlet tube – and a vacuum for disposal. The 

collected powder is then weighed, sampled and stored in a desiccator. 
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Figure 3-4: A schematic of a cyclone collector. The centrifugal force and gravity 
determine what sized particles end up falling to the collection pot and which 
particles continue with the flow to the filter and the exhaust [64]. 

 

The purpose of this reactor was to get the vapor pressure conditions to cause the 

heterogeneous nucleation of the different particles in the solution. In this 

experiment the heterogeneous nucleation causes the mannitol to form a matrix 

around the cimetidine and naproxen nanosuspensions forming the micro-

particle [57].  

Meanwhile, the leucine begins to sublimate as the temperature goes over 150°C. 

However, it does not completely sublimate as the temperature of 160°C is not 

enough to completely sublimate leucine. Then, due to the rapid cooling in the 

diluter, the leucine nucleates and deposits itself on the surface of the 

microparticle. This forms a rugged morphology on the mannitol matrix of the 

NiM-particle [57]. 
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3.2 Characterization 

The characterization of the Naproxen-Cimetidine drug powder is useful to 

divide into two categories for the sake of clarity. Separating the properties of the 

drug particles and the drug powder helps to keep the larger picture in mind. The 

particles were characterized in the four ways listed in table 3-1. Likewise the 

four experiments run on the powder are listed in table 3-2. The motivation of 

using these characterization methods and their operating principles will be 

shortly explained within this chapter. Unfortunately, a complete discussion on 

all of the methods is not possible within the scope of this work. 

Table 3-1: Devices used to measure particle characteristics. The abbreviations 
given here will be used in the text from here on. 

Name of the 

measurement device 

Characteristic Expected information 

Electrical Low Pressure 

Impactor (ELPI) 

Size distribution of the 

particles before collection 

Powder particle size 

distribution before 

collection 

Nuclear magnetic 

resonance (NMR) 

Chemical composition of 

the particles 

Inclusion of both drug 

molecules and their 

relative amounts in the 

powder 

Scanning electron 

microscopy (SEM) 

Surface morphology  Particle shape and 

surface smoothness 
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Table 3-2: Devices used to measure powder characteristics. The abbreviations 
given here will be used in the text from here on. 

Name of the 

measurement device 

Characteristic Expected information 

Differential scanning 

calorimetry (DSC) 

Phase transition 

temperatures in the powder 

Powder composition 

FlowPro Flowability of the powder Suitability for 

inhalation therapy; 

effects of morphology 

Inhalation Simulator Dispersion from an 

Easyhaler pipe 

Powder suitability for 

inhalation therapy; 

proper release from an 

inhalation pipe; size 

distribution after 

gathering, storage and 

release; fine particle 

fraction (FPF) 

Dissolution experiments Dissolution of the drug into a 

buffer solution 

Dissolving rate of the 

particles; dissolution of 

the nanoparticles 
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3.2.1 Particle Characteristics 

3.2.1.1 ELPI 

The ELPI (ELPI Classic, Dekati) device, as shown in figure 3-5, is rather simple 

in its working principle. The aerosol flows into a corona charger, where the 

aerosol particles are charged. After this they enter a series of electrically 

insulated collection stages. Depending on the particles’ aerodynamic diameters, 

they impact with different stages. This then causes electrical signals which are 

measured by multichannel electrometers. This data is then transferred onto an 

external PC and knowing that the measured current signal is directly 

proportional to the particle number concentration and size, the size-distribution 

can be observed in real time [65]. 

 

Figure 3-5: A schematic showing how the Electrical Low-Pressure Impactor 
system works. The gas flow is pumped through a tower of impactors with 
increasingly smaller cutoff sizes for the particles. A particle impact causes an 
electrical signal that is then analyzed by a computer [66]. 
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As shown previously, the ELPI device was part of the aerosol flow reactor setup. 

It was used to measure the particle size in the aerosol flow. It should be noted 

that due to the nature of the collection method, the smallest particles do not get 

collected and as such the ELPI does not accurately represent the final powder. 

The tubing connecting the ELPI was kept as short as possible as to avoid 

deposition. 

3.2.1.2 NMR 

NMR was used to measure the chemical composition. In its most simplistic 

form NMR consists of a strong electromagnet, a radio transmitter and an 

oscilloscope. The radio frequency is usually kept constant and the magnetic field 

then changed by superimposing a smaller sweep field within a stronger one. 

Once the protons in the nuclei of the atoms start to resonate, a voltage 

oscillation is detected by the receiver. This is then displayed on the oscilloscope 

screen. This data in addition to the knowledge that all isotopes that have odd 

number of protons have a non-zero spin and even ones have zero spin, allows 

the gathering of the chemical composition of the sample [67], [68]. 

The NMR measurements were the only measurements not done personally by 

the author due to radiation security issues. The measurements were conducted 

by Janne Raula, the instructor for this work. 

3.2.1.3 SEM 

Scanning Electron Microscopy was used to observe the surface morphology of 

the created microparticles. Also it enabled the confirmation of the size 

distribution of the powder. The SEM used in this work was the JEOL JSM-

7500FA which uses field emission to form the beam. 

In SEM, an electronic beam is formed using either field or thermionic emission. 

The beam is then focused using magnetic lenses onto the specimen held on a 

movable stage. As the beam hits sample it causes some of the electrons to 

scatter backwards. These are then detected to form an image of the sample 

surface. The image can also be formed by detecting the secondary electrons 

knocked loose from the surface atoms. In addition, the chemical composition of 
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the sample could be identified by the x-rays emitted by the surface although this 

does not work with samples composed mainly of lightweight atoms [69]. 

For proper imaging, the SEM requires the sample surface to conduct electricity. 

In the case of badly conducting samples – as with most pharmaceutical nano 

and microparticles - the surface should be covered with a thin layer of a 

conducting metal. This is usually done by sputtering a layer of gold or platinum 

onto the sample. Gold was used in these experiments. 

3.2.2 Powder characteristics 

3.2.2.1 DSC 

The differential scanning calorimeter heats both the sample and a reference and 

measures the difference required to maintain them both at the same 

temperature. The amount of energy needed either grows or lessens when the 

sample reaches a temperature where it has a phase transition. The method is 

not limited only to the solid-liquid phase transition but can also determine the 

temperature at which the sample crystallizes or transitions into glass [70]. 

The DSC used in the experiments was DSC 823e (Mettler Toledo Inc., 

Columbus, USA).  

3.2.2.2 Flowability measurements 

The flowability measurements were done measuring the powder flow through 

an orifice instead of the wider used methods of measuring the angle of repose or 

calculating the Hausner ratio. This was done to uphold unity with other similar 

experiments done earlier. 

Flowability of the powder was measured using a FlowPro instrument (SAY 

Group, Helsinki, Finland). The instrument uses a motorized frame. The frame 

moves in an upward motion quickly forcing the sample powder to flow from a 

sample holder with an orifice at the bottom. Beneath the orifice is a scale that is 

– in addition to the frame and a data acquisition module – connected to a 

computer. Movement of the frame and the change of the weight on the scale can 

be used to determine the arching tendency and arching strength of the sample 
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powder. With this data the flowability can be calculated [71]. The setup is shown 

in figure 3-6. 

 

Figure 3-6: The operating principle of the FlowPro instrument as presented by 
the manufacturer. A motorized frame is controlled by a computer and causes the 
powder to flow in pulses. A scale then measures the added weight and the 
computer determines how much powder was released due to a pulse [72]. 

 

The measurements were conducted in a room with a constant temperature and 

humidity. The sample was measured ten times and lactose powder was used to 

compare the flowability. 

3.2.2.3 Inhalation simulator 

The inhalation experiments were conducted using a computer-assisted 

Inhalation Simulator (fig. 3-7) that was developed by the Nanomaterials Group 

[73], [74] . The apparatus consists of three separate parts: a computer controlled 

powder feeder, a series of sampling tubes and the measurement devices. 
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Figure 3-7: The inhalation simulator developed by the Nanomaterials Group. 
The powder is released according to a computer controlled profile after which 
an air flow carries the powder dose from the inhalator through a 180° bend in 
the steel pipes to an exhaust vacuum. The steel pipes have two isokinetic 
sampling nozzles that feed into the ELPI and BLPI devices [74]. 

 

The powder feeder consists of a computer and pressurized dry air valves. The 

flows from the pressurized air and the suction of the pumps are brought to 

equilibrium before the experiment as to avoid disturbing the powder. In 

addition, the powder feeder is fitted with an opening suitable for the inhalator 

pipe being used.  

As the experiment starts, the computer controlled valves form an underpressure 

to suck the powder from the inhaler pipe. The flow profile is designed to mimic 

normal human usage of an asthma pipe: a high flow at first that declines 

quickly. To achieve this, the inhalator is connected to a porous tube to which the 

computer controlled pressurized air flows. The powder feeder is also fitted with 

an IR-laser to make sure that the powder is released properly. 

After the flow adjustment section, the apparatus has a settling area that consists 

of a U-shaped, upwards pointed tube. The multiple 90 degree bends ensure that 
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the largest particles (typically >20 µm) in the powder settle within this zone due 

to gravity or impact. This serves to simulate how the human air pathways 

prevent large enough particles from reaching the lungs. In addition, this 

prevents the measuring equipment from overloading.  

Finally after the settling tube the flow leads to two small nozzles and an exhaust 

vacuum. The nozzles are also connected to vacuums, but the flows go through 

an electrical low pressure impactor (ELPI) and a Berner-type low-pressure 

impactor (BLPI). In the latter, the stages are loaded with previously prepared 

aluminum foils.  

Before the experiment the aluminum foils were covered with a thin layer of 

vacuum grease and then left into a heated oven for at least 12 hours. This was 

done to remove all solvents from the grease. The foils were then weighed 

carefully and kept sealed to avoid contamination. After the inhalation 

simulation the foils were weighed again. The weight differences were then 

plotted to give the size-distribution of the inhaled powder. 

This procedure was repeated ten times with the inhalation pipe being measured 

before and after each measurement to determine the amount of powder 

released. With each measurement, the pipe was carefully shaken in a consistent 

manner to ensure identical conditions as to when the pipe is used by a person 

and to let the different particle sizes to mix within the pipe chamber.  

The pipe used was an Easyhaler (fig. 3-8) [75]. In the Easyhaler, when the 

overcap is pressed, a metering cylinder clicks one step forward and a new dose 

is measured from the bulk in the chamber. The person using the pipe – or in 

this case the Inhalation Simulator – then sucks the dose in one strong breath. 

To keep the powder homogenously mixed the patients are advised to give the 

pipe a swift shake before pushing the overcap. The inhaler used was modified by 

having the cap and bulk chamber cover cut so that they are removable while still 

remaining tight. This allows the cleaning of the pipe and restocking of the 

powder. In addition, the mouth piece of the inhalation simulator was molded to 

tightly fit the pipe. 
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Figure 3-8: A schematic of the Easyhaler asthma pipe used as the dosing device 
in this study. Pressing the overcap causes a dose of the dry powder to travel to 
the mouthpiece from where it can be sucked into the mouth and lungs of the 
patient [75]. 
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3.3 Dissolution experiments 

3.3.1 Method used 

After much experimenting, the dissolution tests were done using a UV-

spectroscopy method developed at the Nanomaterials Group. The different 

methods that were tried, and the reasons they were not suitable, are discussed 

later. The experimental setup is based on a method developed by Antti 

Rahikkala for his dissertation in which the dissolution tests are done within the 

spectrometer using a specific cuvette assembly [76]. A schematic of it is shown 

in fig. 3-9.  

Both cimetidine and naproxen were tested as raw materials for calibration 

purposes and then the synthesized drug powder was tested in suitable amounts. 

The powder was placed at the bottom of the cuvette along with a magnet stirrer. 

A 0,2 M phosphate buffer (PH 7,2) was used. The buffer along with the cuvette 

was held stably at 37°C before and during the experiment. At the start of the 

experiment the buffer was brought into the cuvette. The spectrometer was 

programmed to measure the two wavelengths of interests (221 and 331 nm). 

This measurement was done every 30 seconds and repeated for 15 minutes (or 

30 cycles) and then analyzed.  
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Figure 3-9: The structure of the cuvette assembly designed for dissolution 
experiments within a spectroscope. The sample is placed on a semi-permeable 
membrane and submerged in buffer solution while a magnetic bar stirs the 
liquid in order to achieve a homogenous distribution of the released drug [76]. 

 

3.3.2 Discussion on method selection 

The reasons this method was chosen are manifold. The first attempt at 

dissolution tests was done using a large volume of buffer a ladle stirrer and a 

high-performance liquid chromatography (HPLC). Unfortunately the required 

columns for the HPLC were not available and UV-spectroscopy was chosen as 

an alternative. As shown by Allesø & al, naproxen and cimetidine can be 

distinguished with choosing proper wavelengths [77]. 

This method brought another issue with it: the gelatin capsule used to submerge 

the powder saturated the UV-spectrum. Other options for the submersion were 

also tested: 

 The gelatin capsule was replaced with one made out of hydroxypropyl 

methycellulose (hypromellose, HPMC). However due to the slower 

solution of the HPMC, the capsule itself affected the measurements. 
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 The powder was released without a capsule: both as a powder and 

pressed into a pill. In both cases the powder ended up floating and thus 

ruining the experiment. 

Unfortunately, this chosen method was also affected by issues that came to light 

later. The first issue was that the powder itself affected the UV spectrometry 

before it had completely dissolved. This issue in the method was fixed by the 

creator with but the changes unfortunately came too late for this particular 

experiment [76]. 

The second issue was that the amounts of drug molecule this method could 

handle could not humanly be doses in a suitable fashion. This lead to the buffer 

being oversaturated and the results were not in the linear area of the UV-

spectrometer. As such the normalization of the raw naproxen and cimetidine 

became impossible and could not be done either. The volume of the buffer 

would have to be expanded to allow for this method to be used for a 

measurement such as this. 

A third problem was the issue of calculating the release of each substance. The 

calculations would be achievable when two substances share a wavelength and 

the other can be measured on another wavelength – like originally anticipated 

in this experiment. However, mannitol also shows at the 221nm wavelength 

although its UV-peak is clearly at a lower wavelength. Due to mannitol being the 

matrix material it dominates the spectrum and as a third substance at the 

221nm wavelength causes the calculations to become increasingly difficult and 

outside the scope of this work. 

It should be concluded that with these two drugs the realistic method of 

measuring dissolution is using a HPLC. 
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4 Results 

4.1 Particle characteristics 

4.1.1 ELPI 

The size distribution of the freshly synthesized powder (measured by the ELPI) 

can be seen in fig. 4-1 and 4-2. It is important to keep in mind that the cyclone 

will cause the smallest particles to be disposed of and only the bigger ones will 

end up being collected. This however will only have a slight impact on the actual 

size-distribution as it only clips the “tail” of the graph. As can be seen on the 

graphs, the bulk of the powder is between one and ten microns (with the peak 

situated at 2,3 microns) as was intended. This is significantly smaller than the 5 

microns considered the inhalation limit for inhalable drug powders [52]. 

 

Figure 4-1: The mass-size distribution of the formed powder as the gas flow 
exits the aerosol flow reactor. 
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Figure 4-2: The volume-size distribution of the formed powder as the gas flow 
exits the aerosol flow reactor. 

 

4.1.2 SEM 

The size-distribution can also be verified – albeit indirectly – from both the 

dispersion experiment and the SEM pictures. The latter are shown in figures 4-

3A to 4-3E. From these pictures we can clearly see that the leucine has 

deposited itself onto the surface of the particles. As discussed earlier this was 

the goal of adding leucine to the solution as it enhances the flowability of the 

powder. 
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Figure 4-3: Five selected images of the SiM powder. Three different samples 
were prepared from the same powder. Images B and C are from the same 
sample as are the images D and E. The effects of leucine can clearly be seen in A, 
C and E. 
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The spherical shape of the particles is clear from the images. However, not all 

the particles formed with the intended leucine ridges as can be seen from A, B 

and D. Part of this could be because of a too long sputtering time, but the exact 

amount of leucine in the solution inputted into the aerosol reactor was most 

likely not optimal. 

4.1.3 NMR 

NMR measurements were also done for the powder. The resulting graph of the 

experiment is presented in Appendix A because the measurements were not 

done by the author. In addition the graph itself is of very little use in this 

analysis once the following key numbers are calculated from it. 

The NMR showed that naproxen constituted 60 molar percent and cimetidine 

40 molar percent of the drug nanoparticles within the microparticles. The 

corresponding weight percentages were 62% and 38% for naproxen and 

cimetidine respectively. This allows us to conclude that significant amounts of 

both drugs were present in the final product and that a favorable balance for the 

two drugs could be achieved depending on what was necessary.  
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4.2 Powder characteristics 

4.2.1 Flowability 

The flow rate of the drug powder was measured to be 3.7 mg/s averaging over 

multiple repeated experiments. An issue arose from the lightness of the powder 

as it slightly whirled off the scale while being dropped by the machine. 

Regardless, the flow rate would not change much because of the light nature of 

the singular powder particles.  

Flowability is usually compared to lactose monohydrate as it is a very common 

carrier powder in inhalable drugs [78]. A study done by Seppälä & al concluded 

that lactose has the flow rate of 63.8 mg/s, but this was for larger particles that 

– as discussed previously – flow better as long as they do not block the orifice 

[72].  

As the lactose particles become smaller its flow rate goes down: at 200 M lactose 

monohydrate has the flowability of 4.0 mg/s which is nearly identical to that 

displayed by the synthesized Nanos-in-Micros powder. The powder can thus be 

considered successful in terms of flowability. The effect of the leucine ridges was 

not studied in this work as it has been shown to enhance flow rate in other work 

as discussed earlier [56]. 
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4.2.2 DSC 

The results of the DSC measurements are shown in figure 4-4. This 

measurement confirms that the intended substances are present in the powder. 

As seen from the graph, Cimetidine is clearly present in the particles causing the 

small peak at 148 °C. The following big peak at 155 °C is the result of the 

mannitol matrix. This peak unfortunately hides the Naproxen results as they 

would be expected to be seen at 153 °C. This could explain the asymmetry of the 

Mannitol peak. Finally the rather wide peak in the 200-250 °C range is the 

result of sublimating leucine. 

 

Figure 4-4: A graph showing the DSC data. The three clear peaks are those of 
cimetidine, mannitol and leucine. 
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4.2.3 Inhalation experiments 

The dispersion results are represented in figure 4-5. The figure represents the 

size distribution of the emitted dose after passing through the inhalation 

simulator. Comparing the figure to the ELPI measurement presented earlier, 

shows that the graphs are nearly identical. Thus, we can conclude that the 

powder was released homogenously and in such a way that the particles would 

have been carried to the back of the mouth and towards the lungs. 

 

Figure 4-5: The mass-size distribution of the emitted dose determined using the 
BLPI device. Of special note is the similarity with figure 4-1. 

 

With ten repetitions the average amount of released powder from the Easyhaler 

was 3,81 milligrams with a standard deviation of 0,35 mg. In addition, the fine 

particle fraction (FPF) was calculated to be that of 0,57. This means that 57% of 

the mass of the emitted dose was under the size of 5 micrometers. 
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4.2.4 Dissolution 

As already mentioned the dissolution experiments did not give meaningful 

results. The dissolution graphs are nonetheless given in the appendixes to verify 

their inconclusiveness. 

4.2.5 Error analysis 

As most of the measurements done were automated and analyzed with 

computers, there is a rather small margin for error. The largest known error is 

the swirling of the powder during the drop in the flowability measurements.  

The two experiments requiring dexterous manual labor – the DSC and the 

inhalation tests – were averaged over 10 measurements. The DSC data shows no 

signs of contamination nor does the size distribution change before and after 

the inhalation tests so the probability of a big systematic error is rather small. 

The preparation of the powder for microscopy could have led to a 

contamination, but the particles imaged where as expected and found in 

abundance on the sample so it is safe to say that the biggest error in the SEM 

images is that of the electron beam affecting the organic particles. 

Human error in any of the experiments is naturally possible but none of the data 

indicates that such an error is present. 
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5 Conclusion and discussion 

The purpose of this work was to demonstrate the concept of Nanos-in-Micros 

particles for inhalation drug administration along with a suitable method of 

synthesis. The two synthesis processes needed – the wet milling of the poorly 

soluble drug and the aerosol reactor process for the nucleation of the final 

particles – were thoroughly explained. The resulting particles and powder 

consisting of them were then subjected to testing to show that the expected and 

desired characteristics were indeed present. 

The multiple size measurements both from the ELPI and the later inhalation 

dispersion measurements show that the powder is indeed formed of 

microparticles. The SEM pictures also verify this. 

The DSC and NMR results show that the powder does contain all the materials 

expected: the drugs naproxen and cimetidine; the nanosuspension stabilizer 

asolectin; the matrix substance mannitol; and the coating and encapsulating 

material leucine. They also show that the materials exist in expected quantities 

in relative to each other: there is slightly less cimetidine than naproxen and the 

powder is mostly mannitol in itself. 

The SEM images and the flowability measurements show that the leucine forms 

a clear coating on the particles thus lessening the van der Waals –forces. This 

rough morphology lowers the adhesion between the particles increasing 

flowability and eliminating the need for an additional and external carrier 

powder. 

In addition the inhalation experiments show that the powder is light enough 

and has sufficient deaggregation to travel to the lungs and no additional carrier 

system is necessary. The fine particle fraction of 57% means that the final 

powder did indeed consist mainly of microparticles small enough for inhalation 

therapy. This can be considered very good result for a dry powder device. 

Unfortunately, as explained earlier, the dissolution experiments were failures. 

Thus the claim that the solution rate of naproxen becomes increased with the 
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nanoformulation cannot be shown with the measurements done. The 

measurements would have to be redone using a system with a large volume of 

buffer and a release system that does not hinder the measurement. One such 

system would be as a large holder that is easily closed after adding the buffer at 

the start of the experiment and with a semi-permeable membrane with 

characteristics that allows the drug molecules to move to the clear buffer 

without having to take into account the osmosis rate of the membrane. The 

wavelengths used in the spectroscopy would have to be rethought as not to 

include the peak caused by mannitol or a more suitable pair of drug molecules 

should be chosen as not to overlap with mannitol or each other in the UV-

spectrum. Another, easier option would be to acquire the necessary equipment 

to do these measurements using the HPLC machine and avoiding the 

spectroscopy issues altogether. 

It is however clear that the concept does work and offers possibilities to solve 

traditional issues with inhalation therapy. So far the synthesis method 

presented in this work has also been used to develop other particles and 

different solvents – such as ethanol – have been tested with the method, but 

further study would be needed for optimizing the synthesis process such as 

finding the best possible parameters, materials and amounts for the creation of 

the surface morphology and the matrix formation. The effects of gas flow and 

temperature on the particle size and drug content should also be studied more 

carefully. 

Imaging the particles with a Transmission Electron Microscope (TEM) would 

give information of the inner structure of the NiM particles. From the results in 

this study there is no way of saying how the drug particles position themselves 

within the matrix and if this even matters in terms of usage in inhalation 

therapy. Also experiments concerning other pharmacological characteristics 

should be done such as the shelf-life of the particles and naturally in vivo 

experiments.  

In terms of engineering, the two synthesis steps should easily be upwards 

scalable to allow production of larger amounts of powder. However the solution 

cannot be left to rest for a long time between the two processes lest the 
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nanosuspensions begin to agglomerate and sediment. This should be taken into 

account while designing a larger system. 

In conclusion, the presented Nanos-in-Micros method offers a new way of 

formulating dry powders for inhalation therapy without the issue of having to 

use a carrier powder such as lactose and to precisely design particle 

characteristics such as average size and surface morphology. These alone are 

worthy attributes but in addition if it turns out that – as would be expected but 

unfortunately not proven in this work – the formulation enhances the solubility 

of poorly-soluble drugs, the concept would be a very useful addition to the 

toolkit of drug development and as such deserves more research and attention. 
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Appendix A: NMR graph 
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Appendix B: Failed dissolution data 

 

 

Aika (s) Naproxen10,12 mg Naproxen20,19 mg Cimetidine10,3 mg Cimetidine20,3 mg Naprocime1 Naprocime2

221 nm 331 nm 221 nm 331 nm 221 nm 331 nm 221 nm 331 nm 221 nm 331 nm 221 nm 331 nm

0 1 3,326617 3,194235 3,590288 3,690084 0,899915 0,395849

6 0,236643 0,17693 0,066808 0,056916 0,068353 0,055426

30 2 3,293992 3,254422 3,651994 3,681129 0,907347 0,400905

36 0,257906 0,19795 0,063566 0,052383 0,067292 0,055505

60 3 3,322784 3,26901 3,640543 3,77363 0,908433 0,403633

66 0,267496 0,206662 0,06355 0,052621 0,067569 0,055512

90 4 3,292566 3,256382 3,663755 3,77363 0,909045 0,405273

96 0,271727 0,211131 0,06356 0,052384 0,0684 0,055519

120 5 3,296859 3,284804 3,603428 3,767099 0,910354 0,406696

126 0,274219 0,213727 0,063447 0,052484 0,067345 0,055551

150 6 3,330484 3,308519 3,807844 3,699228 0,911525 0,407847

156 0,275466 0,215021 0,063457 0,052259 0,067584 0,055512

180 7 3,307781 3,303379 3,780261 3,807844 0,912127 0,408705

186 0,27706 0,21575 0,06354 0,052301 0,067295 0,055621

210 8 3,339115 3,276492 3,764944 3,77363 0,911774 0,409864

216 0,27757 0,216571 0,063244 0,052382 0,067581 0,055529

240 9 3,289021 3,256382 3,716187 3,708568 0,912325 0,410231

246 0,278017 0,217603 0,06328 0,05226 0,067817 0,055605

270 10 3,3415 3,272395 3,782494 3,71046 0,912067 0,410696

276 0,278702 0,218145 0,063163 0,052498 0,067475 0,05556

300 11 3,311483 3,282711 3,704807 3,691898 0,912723 0,410857

306 0,278951 0,219177 0,063243 0,052345 0,067346 0,05559

330 12 3,329708 3,258352 3,758542 3,704807 0,912714 0,410716

336 0,279308 0,218932 0,06327 0,052397 0,067589 0,055708

360 13 3,323548 3,268336 3,660362 3,746013 0,912625 0,41136

366 0,27981 0,219844 0,063226 0,052245 0,067536 0,055597
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