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Abstract 

Production of particles with dimension in the submicron scale underwent a significant 
increase in the last decades. The idea to exploit these devices to actively target a wide 
range of applications drove many important efforts in the development of such particles. 
In particular, the possibility to encapsulate and release active ingredients with desired 
rates, as well as to specifically target certain areas of the human body, is of huge 
importance in therapeutic treatments. 

Among the broad spectrum of micro and submicron particles, polymeric particles 
represent an extremely versatile class of devices. Their high biocompatibility and 
possibility to swell or degrade to enhance release once in contact with body fluid are 
particularly interesting in drug administration. 

This work was focused on the development of new techniques to produce structured 
polymeric particles in the micro and nano regions. Two rather different polymerization 
techniques were investigated and modified in order to pursue this goal: miniemulsion and 
aerosol polymerization. In both cases, polymerization triggering was achieved by UV 
light in presence of photo-initiator compounds and two reaction mechanisms were 
investigated: radical and cationic. 

Miniemulsion polymerization was studied as a case study of a well-known technique 
for production of polymeric particles. One major modification was applied to the standard 
experimental setup:  polymerization was confined at the interface between dispersed and 
continuous phase, thus producing capsules with a polymeric shell and a liquid core. The 
product was characterized and the impact of process conditions on size and morphology 
of capsules was evaluated. In particular, ultrasound exposure time was used to design 
capsules size. After optimization of process parameters, an active ingredient was 
encapsulated. Its controlled release was evaluated in case of different polymeric shells. 
Differences were observed using different degrees of crosslinking in the polymeric 
material, thus showing the possibility to design release rate by varying the ratio between 
monomer and crosslinker.  

Aerosol polymerization was studied as a rather new technique for production of 
polymeric particles. It is a continuous process that does not require a liquid medium nor, 
usually, surfactants. For these reasons, it does not imply a cumbersome downstream work 
of purification. One major drawback of this technique is the challenging particles 
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Figure 1. Schematics of the division between nano and micro-scale. 

 Particles in this length-scale are interesting in different applications for their 
characteristic features, such as high specific surface, high colloidal stability, possibility of 
functionalization and possibility to exploit peculiar physical phenomena, e.g. plasmonic 
effect. Their dimension and morphology can be also designed to allow an easy 
penetration of tissues or specific cell targeting. 

 

1.3 Polymeric particles 

A specific type of organic particles is represented by the class of polymeric particles. 
Polymers are a class of macromolecules characterized by the repetition of a relatively 
small building block throughout the entire molecule. Polymers are produced via a 
reaction, called polymerization, in which the reagent, called monomer, is used to build the 
macromolecule. Physical and chemical features of polymers are consequences of the 
monomer used and of the reaction type. In particular, polymers can be divided in two 
groups: thermoplastic and thermosetting (Ebewele, 2000).  

Thermoplastic materials consist of macromolecules interacting with one another by 
simple electrostatic interactions. Thus, when the temperature rises and the mobility of the 
polymeric chains increases, melting of the material occurs. Polymeric chains can be linear 
or branched and this plays an important role in the properties of the material, since a 
linear polymer is able to arrange into crystals and to create interactions that result in 
higher mechanical properties. Interactions between chains can be also improved by the 
presence of dipoles inside the macromolecules, this is common in polymers with oxygen 
atoms. Another important feature, that has a strong impact on the properties of the 
materials, is the average degree of polymerization. It is defined as the average number of 
building blocks that constitute the macromolecule (Ebewele, 2000). 

On the other hand, thermosetting materials consist of a polymeric crosslinked 
network. In this case, there are no distinct macromolecules but only one extensive three-
dimensional matrix. Because of that, when the temperature is increased, the covalent 
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bonds hinder the melting of the material. Thus, it is not possible to reshape thermosetting 
polymer.  

The same distinct behavior between thermoplastic and thermosetting materials can be 
seen in case of solvent addition. Good solvents can decrease the strength of electronic 
interactions between polymeric chains and solvate the thermoplastic materials while, in 
case of thermosetting network, a good solvent is only able to swell the matrix by filling 
the void volume inside the structure. Another important and tunable characteristic of 
polymer material is the chemical nature. Although usually the main component of the 
backbone is carbon, the presence of other elements such as oxygen, chlorine or fluorine is 
able to change dramatically the chemical behavior of the material in terms of solvent 
resistance, wettability, polarity and presence of surface charge (Ebewele, 2000). 

Biocompatibility of the material is a further crucial issue in some types of 
applications. Some polymeric materials give the possibility to obtain particles that are 
both biocompatible and biodegradable. This can happen not only in polymeric-based 
particles but also in composites particles, where the polymer is added to mask the 
inorganic component and to avoid the immunogenic response (Gaucher et al., 2009). 

For all this reasons, polymeric materials drew the interest of many researchers in 
order to develop new processes and new materials for different purposes.  

 

1.3.1 Applications 

Polymeric particles in the nano and micro scale, as we previously discussed, are suitable 
for an extensive variety of applications because of their wide range of adjustable 
characteristics. The chemistry of polymers is in continuous development and it enables 
the production of materials with interesting properties. In the following section, we will 
briefly discuss some of the most important applications of these devices. 

 

1.3.1.1 Therapeutic treatments 

Application of polymeric nano and microparticles for medical treatment is crucial for the 
design of some medicine. The use of particles, in fact, enables the control of the release 
rate and enhances the solubility of many drugs (LaVan et al., 2002).  

In the last decades, there has been a strong interest in the development of drug 
releasing devices that are suitable for specific treatments (Sinha et al., 2003). There are 
many characteristics that are needed for the design of such devices. The most important 
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1.3.1.2 Environmental treatments 

Use of polymeric particles is also common in environmental treatments such as water 
treatments or intelligent nanopesticides release. In these fields of application, the key 
issue is the low, or preferably negligible, environmental impact of the polymers used. In 
water treatments, polymer based particles can be functionalized to entrap impurities or 
used to disperse inorganic nanoparticles able to convert toxic substances into safer ones. 
Thus, the effectiveness of the inorganic particles is increased, while the filtering process 
is simplified (Carpenter et al., 2015). 

In the agricultural sector, polymeric particles can be used to entrap pesticides or 
micronutrients on the surface of fields, thus increasing their effectiveness and avoiding 
problems related to the leaching caused by rain (Kumar et al., 2014). Slowing down the 
release of pesticides over long time is able to prevent multiple administrations or 
overdose which might be dangerous for other species, e.g. pollinating insects or the crop 
itself (Liu et al., 2008; dos Santos Silva et al., 2011). Due to the impossibility to recover 
particles, polymer biodegradability is crucial in these applications (Liu et al., 2016). 

 

1.3.1.3 Textile industry 

Textile application of polymeric particles is mainly focused on the coating of fabrics for 
antibacterial purposes. Different studies aimed at developing polymer based materials for 
the encapsulation of active compounds (Ye et al., 2005; Ye et al., 2006). In this field, the 
use of particles as storage or disperser of antibacterial compounds can be crucial for the 
long-term bacterial reduction activity of the fabrics. In particular, chitosan containing 
polymeric core-shell latexes are interesting for their ability to stick to the fabric and 
endure washing cycles without losing their activity. Moreover, no dramatic modifications 
are induced in the tensile strength nor in the air permeability of the fabrics (Ye et al., 
2006).  

 

1.3.1.4 Catalyst 

Polymeric particles can be used also to disperse catalytic materials enhancing, thus, their 
effectiveness. It is possible, in fact, to cover the surface of particles with inorganic 
catalyst as well as enzymatic ones (Jia et al., 2003; Tamai et al., 2009). Studies have 
shown high activities in reacting systems catalyzed using enzymes attached to 
nanoparticles compared with the ones of enzymes attached to thin films. Thus, they 
highlighted the importance of mobility of the catalytic system (Jia et al., 2003). This 
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application of the particles is useful, in addition to the increased specific surface, also in 
the downstream filtration for the recovery of the catalytic material. In fact, in large-scale 
applications, purification is often a limiting factor of the process (Jia et al., 2003). The 
main drawback of the use of polymeric material for catalyst dispersion is the maximum 
temperature that the polymer can withstand, which is usually in the 400-500 °C range 
(Mittal, 2005). 

 

1.3.2 Synthesis techniques 

Production of polymeric particles can be achieved by many different synthesis 
techniques, each of them developed, throughout the years, to tackle one or more specific 
issues in particles synthesis. Some of them are focused on the capability to tailor the 
dimension and morphology of particles with excellent precision. Others are meant to 
solve problems related to purification in the downstream processes, which can be a major 
problem if the application needs a highly purified material, e.g. medicine treatments. 

In the following sections, we will briefly discuss the features of the most common 
available techniques to obtain polymeric particles. Pros and cons of each technique will 
be reported and discussed in order to identify unaddressed issues that are worth solving. 

 

1.3.2.1 Emulsion 

One of the most common technique to produce polymeric particles is the polymerization 
in emulsion. Emulsion polymerization is actually a wide class of techniques that exploit 
the presence of a continuous and a dispersed phase to produce material with controlled 
dimension and morphology (Landfester, 2001; Asua, 2002; Schork et al., 2005). 
Emulsion is commonly defined as a dispersion of a liquid into another immiscible one 
(Schork et al., 2005), see Figure 2. In such systems, one can identify a continuous and a 
dispersed phase. 

Emulsions can be divided in two classes: oil-in-water and water-in-oil, based on 
whether a polar or a non-polar solvent constitutes the continuous phase. In this type of 
techniques, usually a surfactant is added to help stabilize the emulsion which is achieved 
by mechanical stirring or sonication (Asua, 2002). Both the type of surfactant and its 
amount are crucial for the dispersed phase droplet dimensions. Emulsion polymerization 
can be subdivided based on where the activation of the reacting species takes place 
(Schork et al., 2005). 
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Figure 2. Schematics of an emulsion production. 

A common division is the one between microemulsion and miniemulsion. In 
microemulsion, the concentration of surfactant is significantly above the critical micellar 
concentration (CMC) and, thus, the dispersed phase is confined within micelles or free 
droplets. In such conditions, the reaction starts preferably in the micelles volume, whereas 
the polymerization is usually controlled by the diffusion of monomer from the bigger 
droplets (reservoir) to the micelles. Micelles are thermodynamically stable and, thus, a 
slow polymerization step does not hinder the possibility to obtain a monodisperse 
production. The dimension of the product can be designed by choosing the type of 
surfactant that will lead to a certain micelles dimension (Schork et al., 2005; Capek, 
2001). 

In miniemulsion, the surfactant concentration is below the CMC and, thus, the 
dispersed phase is in form of partially stabilized submicron droplets. High energy 
devices, such as ultrasound baths, are used to obtain the dispersion and, thus, dimension 
of droplets is comparable to the one of micelles. In such conditions, the reaction starts 
inside the droplets, which act as independent mini-reactors, without the need for external 
monomer feed (Schork et al., 2005). However, the lack of thermodynamic stability 
results, in case of miniemulsion, in coalescence of the formed droplets over a long period. 
Thus, it is crucial to exploit a rapid polymerization mechanism in order to avoid the 
production of a polydispersed population with higher average size. Usually, the droplets 
dimension control is achieved by choosing a sonication time (Schork et al., 2005). In fact, 
an increase in sonication results in lower dimensions of the droplets. Decrease in 
dimensions stops after a threshold value in sonication time, as explained in Figure 3. 

Miniemulsion technique presents some advantages if compared with microemulsion. 
The presence of a lower concentration of surfactant is crucial to obtain a product, which 
is more pure, thus avoiding a troublesome purification. On the other hand, the less 
stabilized miniemulsion dispersion needs faster reaction rate in order to obtain a full 
conversion before coalescence. To solve this problem, UV light triggering of the 
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polymerization is frequently adopted for its ability to get a quick conversion (Chicoma et 
al., 2013). 

 

Figure 3. Schematic of droplets breakage by ultrasounds and achievement of the steady state 
in miniemulsion. Figure taken from Landfester (2003) with modifications. 

In general, emulsion techniques have proven to be flexible ways to produce 
polymeric micro and nano particles. By designing the correct formulation for both the 
continuous and dispersed phase, it is possible to obtain particles with interesting features, 
such as porosity, core-shell structure or surface functionalization. The main drawbacks of 
these techniques are represented by the need for surfactants and for a liquid medium, a 
dispersant that implies some purification issues. The batch nature of this technique can 
also be a limiting factor for process scalability. 

 

1.3.2.2 Spray-drying 

Spray-drying is a continuous technique that consists of a solution atomization in an 
environment where the solvent is removed by quick evaporation (Eerikäinen & 
Kauppinen, 2003; Sastre et al., 2007; Raula et al., 2004). The solution is usually 
composed by a preformed polymer solubilized in an appropriate solvent. Removal of the 
solvent, or mixture of solvents, results in the precipitation of the polymeric material and, 
thus, in the production of particles. This technique has been widely used for the 
production of drug delivery devices (Sastre et al., 2007). In this type of application, two 
crucial issues are the interactions between the active ingredient and the solvent and the 
effect of high temperature that is required to induce a rapid solvent evaporation. 
Morphology can be adjusted varying the rate of evaporation of the solvent. Some studies 
showed the feasibility of the production of core-shell structures by quick removal of the 
solvent (Raula et al., 2004). It results in the precipitation of a polymeric layer at the 
droplets surface, thus producing particles with a thin solid shell and hollow core, see 
Figure 4-b. 
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Figure 4. Schematics of spray-drying process. Figure taken from Eerikäinen & Kauppinen 
(2003) with modifications. 

 

1.3.2.3 Aerosol 

Aerosol synthesis of polymeric particles consists of a continuous process that can be 
divided into two steps: atomization of a monomer solution and reaction triggering inside 
each solution droplet (Akgün et al., 2013), see Figure 5. This technique differs from 
spray-drying because of the presence of reaction, which is achieved usually by UV light 
exposure. UV light triggering of the polymerization is preferred to thermal triggering for 
its rapid curing. Indeed, residence time in the aerosol reactor is low, usually less than 60 
s, and a rapid curing is crucial for the production of individual particles (Akgün et al., 
2013).  

This aerosol process proved feasible in both radical and cationic polymerization. 
Moreover, it is also possible to incorporate inorganic materials within the polymeric 
matrix by simple dispersion of these in the sprayed solution (Akgün et al., 2014a; Akgün 
et al., 2015). Finally, production of porous particles can be obtained by an accurate 
design of the sprayed formulation (Akgün et al., 2014b). 

 

 

Figure 5. Schematics of an aerosol photo-induced polymerization process. 
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Different types of atomization systems can be used to achieve a monodisperse 

aerosol dimension; the most common are pneumatic, ultrasonic and electrospray 
atomizers, since they are able to produce rather monodisperse population with average 
size below 10 µm. Another important feature of atomizers is the rate of aerosol 
production, which is crucial for the process scale-up (Biskos et al, 2008). 

 

1.3.2.4 Microfluidics 

The use of microfluidics in polymeric particles synthesis has been widely studied in the 
last two decades. This techniques is mainly used to produce highly monodisperse droplets 
of polymerizable compounds exploiting channels junctions with different geometries 
(Dendukuri et al., 2009). Dispersion is then polymerized during the passage in a coil, 
usually by UV light triggering of the reaction. Similarly as the emulsion technique, 
microfluidics uses two non-miscible streams that are referred as continuous and dispersed 
phase (Dendukuri et al., 2009). These two streams are fed into a junction that creates the 
dispersion. There are three main different junction types: T-junction, flow-focusing and 
co-flow (Figure 6) (Zhao et al., 2013). Many studies are present on the use of different 
types of junctions specific for each process. By designing the geometry of the junction, in 
fact, it is possible to control accurately the fluid dynamics and thus the features of the 
droplets. For example, Y-shaped junction with a double feed for the dispersed phase were 
proposed to achieve the production of janus particles, namely non-symmetric particles 
(Dendukuri et al., 2009). Many studies have been carried out on the fluid dynamics 
within the microchannels using computational fluid dynamic (CFD) (Kobayashi et al., 
2011). 

 

 
Figure 6. Schematics of the three main types of microfluidics junctions. 

Droplets dimension is mainly dependent on the fluid dynamic regime in the 
microfluidic device. Possible regimes are divided into dripping, jetting and squeezing. 
Varying two fluid dynamic parameters, such as capillary number (Ca) and flow ratio, it is 
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possible to change the regime and, thus, change the dispersion size (Dendukuri et al., 
2005). 

In polymeric particles production, microfluidics presents two crucial advantages if 
compared to other techniques: it is a continuous process and it enables the production of 
highly monodisperse particles population. On the other hand, the main drawbacks are the 
low production rates, the presence of a liquid medium in which the product is dispersed, 
the need for surfactants and the relatively high dimensions which rarely can go below 400 
nm (Dendukuri et al., 2009).  

 

1.3.2.5 Photo-lithography  

Photo-lithography is one of the most flexible technique to design polymeric particles. It 
takes advantage of masking devices to delimit UV light irradiation, and thus the reaction 
triggering, within a small volume (Levenson et al., 1982), see Figure 7.  

 

Figure 7. Schematics of photo-lithography method.  

With this technique, it is possible to design particles with different geometries, as 
well as growing polymeric material on well-defined surface portions (Prucker et al., 
1998). The shape of the mask is one of the most important parameter and it can be a 
limiting factor since it must be prepared with extreme precision (Levenson et al., 1982). 
Thus, developing of masks is crucial for the flexibility of the technique and masks can be 
expensive. Another drawback of the technique is its inherent batch nature that hinders the 
production of high amount of polymeric material. To solve this problem, continuous flow 
lithography has been developed in order to get a non-stop production of particles 
(Dendukuri et al., 2009). 

Another limiting factor of the lithography method is the fact that the particles have a 
2D extruded shape. To tackle this issue, interference lithography is used. Phase masks are 
used to induce phase differences that creates non-curing volumes and, thus, an actual 3D 
structuring of the particle (Dendukuri et al., 2009). 
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1.4 Polymeric particles via miniemulsion or aerosol  

In these studies, the attention was focused on two polymerization techniques: 
miniemulsion and aerosol polymerization. These are examples of a batch and a 
continuous process and are interesting for different reasons.  

Miniemulsion is a well-known technique that falls into the broad category of 
emulsion polymerizations. It is characterized by a low concentration of surfactants in 
order to be more eco-friendly and for this reason it has some issues related to the stability 
the emulsion (Schork et al., 2005). Our aim is to develop a modified version of the 
technique in order to get an easier control over the morphology of the produced particles. 
On the other hand, aerosol polymerization is a technique relatively new that has some 
promising features such as being a continuous process, avoiding the use of surfactant and 
avoiding the use of a liquid medium (Akgün et al., 2013). For all these reasons, it is an 
interesting and eco-friendly process that is worth developing in order to obtain a 
structured product with different morphologies. 

In both cases, the reaction triggering is achieved by UV light exposure and, in the 
following paragraphs, we will discuss the reasons behind this choice, evaluating pros and 
cons of the different triggering options. 

 

1.4.1 Photo-induced polymerization 

Polymerization triggering is a key issue in the design of a polymerization process. In 
certain conditions, molecules of monomer become reactive and are able to polymerize. 
However, it is more frequent that a further compound is added inside the reacting volume 
to gain a better control over the reaction and to simplify the triggering (Ebewele, 2000). 
This molecule is able to decompose and form a reactive specie, see Figure 8. Usually, two 
techniques, based on the type of initiator, can be used to start a polymerization reaction: 
thermal triggering or UV triggering. Both ways lead to the formation of a reactive specie 
that interacts with the monomer causing the polymerization to start (Ebewele, 2000; 
Fouassier, 2012). 
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Figure 8. Examples of commonly used initiators: (a) peroxides and (b) azobisisobutyronitrile 

(AIBN). 

  

Thermal triggering is achieved applying high temperatures to the reacting volume. 
This additional energy leads to the decomposition of the initiator that results in a radical 
or ionic compound that enables the activation of the monomer by interacting with the 
functionality of that molecule. One advantage of the thermal triggering is the fact that the 
mixture of monomer and initiator are inert at room temperature and thus can be stored 
and manipulated without risks. Moreover, when the temperature in increased to start the 
reaction, viscosity initially decreases and is easier to handle the formulation (Ebewele, 
2000). One of the major drawbacks of this technique is its slowness; characteristic times 
of a complete thermal curing are in the range of hours. Moreover, if the polymer is filled 
with a thermo-sensitive material, the use of high temperature for a long period can 
damage the filler, causing its decomposition or deactivation. This is particularly true 
when the polymerization is highly exothermic and the heat produced results in a further 
increase in temperature inside the reacting volume (Ebewele, 2000).  

Photo triggering, on the other hand, exploits the ability of some compounds, 
hereafter referred as photo-initiators, to decompose in presence of a specific radiation 
source. The most common radiation is UV light, as it is easy to produce and relatively 
safe if compared with other high energetic types of irradiation. Photo-initiators have two 
main tasks: to absorb energy through UV light at a precise wavelength and to decompose 
into reacting species able to attack the monomer functionality. To fulfill those 
requirements, photo-initiators frequently present a segment, most of the time an aromatic 
ring, able to absorb UV light and a bond able to break via homolysis or heterolysis 
(Fouassier, 2012). This technique presents many advantages if compared with the 
previous one: it requires lower energy, it is possible to limit the irradiation within a small 
volume, it avoids the need for high temperatures, which might damage thermally 
sensitive chemicals, it has characteristic curing times in the range of seconds or minutes. 
Efforts have been devoted to the development of eco-friendlier systems. Sunlight 
triggering is the final goal, although a limited number of sun-triggered systems have been 
studied. Less energetic emitting sources, such as light emitting diodes (LEDs), are also 
under study for their ability to initiate the reaction (Fouassier, 2012).  
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On the other hand, photo-induced polymerization has some drawbacks that must be 

taken into account when designing a polymerization process. Formulations can 
sometimes be triggered simply by exposure to sunlight since a fraction of that radiation 
falls into the UV spectrum. Thus, it is crucial to shade the monomer solution until 
production step. Moreover, UV light can create some issues to chemicals present in the 
formulation, so it is fundamental to keep in mind the possibility to get decomposition or 
deactivation due to UV exposure. Another key issue is the possibility, for example in 
thick samples, to incur in non-homogeneous UV irradiation. Since photo-initiators are 
designed to absorb UV light with high yields, in case of high concentration of these 
compounds after few micrometers within the reacting volume the radiation is almost 
completely absorbed. This phenomenon leads to the presence of the so-called frontal 
polymerization, a process in which the reaction is not triggered at the same time 
throughout the whole formulation volume but it propagates with a reaction front 
(Fouassier, 2012). 

 

1.4.1.1 Different types of mechanism 

Photo-induced polymerization can occur via three different mechanisms: radical, cationic 
and anionic. The type of mechanism is linked with the photo-initiator that is added to the 
formulation. If the compound dissociates in a homolytic way, two radicals are generated 
and a propagation of a radical growing polymer will start. If, alternatively, the compound 
dissociates in a heterolytic way, such as salts do, it will result in a cationic or anionic 
triggering of the polymerization and in the propagation of a charged polymer. Both ionic 
and non-ionic mechanisms have some peculiarities that make them attractive in certain 
applications. In the following lines, we will briefly discuss about the features of these 
mechanisms and how they can be exploited to produce polymeric material (Fouassier, 
2012). 

Radical photo-induced polymerization is characterized by the non-ionic nature of the 
reacting species. Thus, it does not interact with polar solvents but it can be hindered by 
the presence of radical subtracting substances. In fact, molecular oxygen is able to inhibit 
the radical polymerization, which is usually conducted under nitrogen gas atmosphere. 
Radical photo-initiators are generally organic molecules characterized by the presence of 
aryl groups and heteroatoms like oxygen or phosphorus, see Figure 9. This reaction 
pathway is characterized by a quick curing and by the need for continuous irradiation 
throughout the curing time since radicals have short lifetime and must be continuously 
generated to achieve a complete conversion (Allen, 1996).  

Ionic photo-induced polymerization can be divided based on the nature of the charge 
of the propagating specie. Throughout the years, both anionic and cationic pathways were 
studied, with particular focus on the photo-initiators nature. However, the majority of the 
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industrial applications that exploits a ionic mechanism are focused on the cationic 
pathway (Fouassier, 2012). Because of the covalent nature and low polarity of the bonds 
in monomers, it is not easy to charge these compounds and special photo-initiators must 
be applied. The most common photo-initiators for cationic triggering are diazonium salts, 
onium salts and organometallic complexes (Fouassier, 2012; Crivello, 1984). 

 
Figure 9. Examples of radical photo-initiators, (a) Irgacure 819, (b) Irgacure 2959 and (c) 

Darocur 1173. 

 

We will focus our attention on the second class, which can be further divided into 
iodonium and sulfonium salts, see Figure 10, both characterized by the ability to form a 
super acid upon UV irradiation.  

 

 
Figure 10. Molecular structure of (a) iodonium and (b) sulfonium salts. 

 

These Lewis acids are able to attack the functionalities of the monomer creating a 
carbocation on the monomer and, therefore, a reactive specie. Onium photo-initiators 
consist of a positively charged atom (I+ or S+) surrounded by aryl groups and a 
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nucleophile counter ion (X- in Figure 10) (Fouassier, 2012). The nature of the counter ion 
is crucial for the reactivity of the photo-initiator that decreases following the order: 

SbF6
-  >>  AsF6

-  >  PF6
-  >>  BF4

- 

Antimonium based salts are the ones that give the stronger acid and, thus, quicker 
triggering of the polymerization. Cationic polymerization, due to the lack of radicals, is 
not affected by the presence of molecular oxygen or other radical impurities. On the other 
hand, the presence of ions in the chemical mechanism leads to interaction of the reaction 
with proton acceptor substances. In particular, the presence of bases, water and alcohols 
have an effect on the reaction and are worth mentioning. Water and alcohols have been 
studied for their ability to promote the conversion of some epoxy resins (Sangermano, 
2012). This can be explained by a mechanism in which the proton acceptor transfers the 
positive charge from a propagating chain to another one. Thus, the presence of low 
amount of these compounds increases the velocity of the reaction, whereas experimental 
evidence showed that at higher concentration the effect is opposite (Fouassier, 2012). 

Another characteristic of the cationic mechanism is the possibility to have a living 
chain polymerization, namely a propagation step that does not stop when UV irradiation 
ends. This is due to the fact that, compared to the radical mechanism, the carbocations 
have longer lifetime and are able to sustain the propagation step (Fouassier, 2012). 

 

1.4.1.2 The reasons behind our choice 

After this brief introduction to the features of photo polymerization, let us discuss why 
we chose photo triggering over thermal triggering. As we already stated, thermal 
triggering is a slow process that requires high amounts of energy. On the other hand, 
photo triggering is almost instantaneous and not so energy demanding. These 
consideration, all alone should be already a good explanation, but if we apply them to the 
features of the two polymerization techniques, the choice is straightforward. 

In miniemulsion polymerization, one of the main issues is the lack of stability of the 
emulsion after its creation. Since coalescence of the emulsion may start in few minutes, it 
is crucial to obtain the polymeric material in the quickest possible way. Photo triggering, 
although in the liquid medium scattering and absorption phenomena occur, can ensure a 
polymerization in few minutes and thus is preferable to a thermal triggering. Moreover, in 
order to heat the whole emulsion volume, high amounts of energy would be wasted to 
heat the liquid medium, which is inert. Besides, an increase in temperature might be able 
to change the equilibrium of the two-phase system. For all these reasons, photo triggering 
is preferable to the thermal one. As to the reaction mechanism, emulsion techniques have 
some problems related to the need for polar solvents, which can interact with the cationic 
reaction. Thus, we focused our attention on the radical mechanism, whereas feasibility 
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tests were conducted on the cationic system before carrying out a complete study of the 
reaction and production process. 

There again, aerosol polymerization presents somehow similar issues. Reaction rate 
is still a key to the success of the process, due to the very low residence times in the 
reactor, and photo-induced polymerization is the only way to obtain cured material at the 
reactor outlet. Moreover, heat transfer in the aerosol system is not easy to design. The 
gaseous medium can be pre-heated but then reaction could start before the reactor and 
obstruct the atomization nozzle. Furthermore, in the rarefied aerosol stream, absorption 
and scattering phenomena, which might hinder the yield of the UV radiation, are less 
problematic than in the emulsion environment. As to the reaction mechanism, in this case 
the choice between cationic and radical is free from relevant technological issues. Using 
nitrogen as gas carrier it is possible to avoid oxygen inhibition of the radical mechanism, 
while the absence of water or polar solvents, unless in cases in which they are specifically 
requested, ensure the feasibility of the cationic photo polymerization. Additionally, the 
cationic mechanism has another advantage compared to the radical one, due to its living 
character it can be carried out also after the reactor passage and thus it can be used, with 
some restrictions, in high flow conditions. For these reasons, the cationic mechanism will 
be favored over the radical one in the aerosol process. However, a study on radical 
mechanism in aerosol polymerization will follow the cationic one, as comparison 
between the two polymerization types. 

 

1.5 Aim of the study 

In this work, we aim at developing pre-existing polymerization techniques in order to 
easily produce structured micro and nano-particles and gain a better control over their 
morphology. The selected application of these polymeric devices is drug release and, 
thus, design of dimension, morphology and chemical structure is crucial. Capsules 
structure will be favored over the porous one, for its ability to store an active compound 
within its core. For this purpose, we will select two polymerization processes and modify 
them accordingly.  

Poly ethylene glycol based monomers will be investigated in order to produce 
devices able to avoid opsonization (Owens et al., 2006). In miniemulsion, fast reacting 
monomers, such as acrylic and methacrylic compounds, will be used with the radical 
mechanism, see Figure 11, while divinyl ethers will be used in the cationic one, see 
Figure 12. 
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Figure 11. Molecular structure of (a) poly(ethylene glycol) diacrylate and (b) poly(ethylene 

glycol) methyl methacrylate. 

 

Figure 12. Molecular structure of divinyl ether tri(ethylene glycol). 

In cationic aerosol polymerization, on the other hand, we will use divinyl ethers, in 
some experiments coupled with vinyl ethers, dissolved in a mixture of solvents, see 
Figure 13. 

 

Figure 13. Molecular structure of (a) 2-octanone, (b) 2-ethylhexanol and (c) curcumin. 

As a model drug, curcumin will be selected, see Figure 13c. Curcumin is an antioxidant 
and anti-inflammatory compound, which is extracted from turmeric. It is gaining interest 
in drug delivery research because of various issues related to its low water solubility and, 
therefore, to its low bioavailability (Tønnesen, 1992). Our aim is to produce devices 
which can entrap curcumin and release it in a controlled way, thus avoiding the immune 
response of the human body, that would quickly remove solid curcumin, and enhancing 
its bioavailability. 
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1.5.1 Polymeric particles with tunable dimension and morphology 
Tunable particles dimension is a key issue in polymeric particles production, especially in 
case of medical applications. In both miniemulsion and aerosol technique we will tackle 
this problem adjusting some of the processes parameters. In miniemulsion, we will 
discuss the effect of different parameters, such as time of sonication, time of UV 
irradiation and surfactant concentration, on particles dimension and polydispersity. In 
aerosol polymerization, on the other hand, we will study the effect of nitrogen pressure 
and formulation composition on morphology, dimension and polydispersity of the 
product. In both cases, process parameters will be optimized in order to obtain 
monodisperse samples. 

Structure of the particles, e.g. porosity or core-shell structure, is another crucial topic 
in the production of drug releasing devices. In fact, it changes both the loading and 
releasing characteristics of the polymeric particles. Tunable morphology is, thus, a goal in 
the development of the two techniques. In miniemulsion, it will be taken on by limiting 
the reaction within a specific volume, whereas in aerosol polymerization a phase 
separation will be induced to obtain a nanostructure within particles. 

 

1.5.2 Tunable release characteristics 

Among the different parameters that have an impact on the release characteristics of 
polymeric devices, we can find the molecular structure of the thermosetting polymeric 
network. This feature is critical for the diffusion of compounds through the matrix since it 
defines the mobility of the chains and the possibility of swelling in presence of solvents. 

In miniemulsion, studies will be focused on the differences in behavior between a 
polymer obtained from a bi-functional monomer and one obtained from a mono-
functional one, namely between a thermosetting and a thermoplastic material. A mixture 
of the two monomer will be also investigated and its effects on the release evaluated.  

Similarly, in the case of aerosol polymerization a study on the effect of the network 
structure will be carried out with the addition of a solvent to the initial monomer 
formulation. This solvent is able to interact with the reaction mechanism and modify the 
final structure, lowering the gel content. Moreover, the network structure will be studied 
by co-polymerizing two monomers using different ratios. 
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Chapter 2 

Particles characterization 

In the following paragraphs, all characterization techniques that were used will be 
described. The procedures will be defined in general and, then, the differences for each 
type of sample will be highlighted. 

 

2.1 Dimension and morphology  

Particles size was evaluated using three different analyses: dynamic light scattering 
(DLS), field emission scanning electron microscopy (FESEM) and transmission electron 
microscopy (TEM). These analyses are different in both samples preparation and type of 
results. 

DLS was performed using a Zetasizer Nano ZS90 (Malvern Instruments, 
Worcestershire, UK). Temperature of analyses was 25 °C. Suspensions from emulsion 
were diluted accordingly to the optimum particles count of the instrument. Usually, the 
applied dilution was 1 to 10 and the analyzed volume was 1 mL. Only samples from 
miniemulsion were analyzed with this technique, due to the larger dimensions of the 
aerosol particles. In fact, it is not possible to use DLS to obtain accurate sizing of 
particles larger than few hundreds nanometers. 
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FESEM analyses were performed using two different instruments: a Zeiss Supra 40 

(Carl Zeiss NTS, Oberkochen, Germany) and a Leo Gemini 1530 (Carl Zeiss NTS, 
Oberkochen, Germany). Samples from miniemulsion and from aerosol polymerization 
were prepared in different way. Miniemulsion samples were freeze-dried to avoid 
agglomeration of particles during the drying step. Mannitol was added (2% w/w) to the 
aqueous suspension as bulking agent to avoid collapse of the lyophilized product. No 
cryoprotectants were added. The freezing step was conducted with a ramp from ambient 
temperature to -50 °C in 1.5 h. Temperature was held at -50 °C for 2 h and then primary 
drying was conducted for 20 h at -10 °C and 10 Pa. Secondary drying was carried out to 
remove bound water in three steps: 2 h at 5 °C and 10 Pa, 0.5 h at 15 °C and 10 Pa and, as 
a final step, 25 °C overnight. Lyophilized samples were then loaded on the sample holder 
and directly analyzed without metallization. 

Aerosol samples were collected in dry powder form and, thus, freeze-drying was not 
necessary. Small amounts of polymeric powder (~2 mg) were dispersed in ultrapure water 
by intense mechanical stirring and by ultrasounds, if necessary, to break the macroscopic 
agglomerates. Few microliters of suspension were dropped on a membrane (Whatman, 
Nucleopore Track-Etch Membrane, 200 nm pore width) or a silicium wafer, then dried 
and coated. Platinum or a mixture of platinum and palladium was used to coat the 
samples. 

TEM analyses were performed using a JEM-2010F (JEOL, Tokyo, Japan). Samples 
suspension were dropped on a microscopy grid (carbon film on HF15 Cu grid, Agar 
Scientific, Stansted, UK) and let dry for few minutes. Chamber vacuum during the 
analyses was approximately 3*10-5 Pa and voltage 200 keV. TEM micrographs were 
acquired by a slow scan CCD camera (Orius Camera, Gatan, Pleasanton, CA, USA). 
Miniemulsion samples were directly deposited on the microscopy grid, whereas samples 
from aerosol were dispersed in ultrapure water, with a procedure similar to the one used 
for the FESEM analyses. 

 

2.2 Zeta-potential evaluation 

Particles suspensions were analyzed to evaluate their stability. In order to access this 
feature, zeta-potential measurement were conducted. Zeta-potential is, in fact, a measure 
of the electrostatic repulsive strength between particles. High values of zeta-potential 
usually lead to high suspension stability. The instrument used was a Zetasizer Nano ZS90 
(Malvern Instrument, Worcestershire, UK). The particles suspension was diluted to get a 
proper particle count during the analysis and then transferred into a capillary cuvette 
(DTS1070, Malvern Instrument). Three measurements for each samples were conducted. 

Dried samples were dispersed in ultrapure water by intense mechanical stirring. After 
a proper dilution, the analyses were performed with the same experimental setup. 
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2.3 Thermal behavior 

Thermal behavior of product was evaluated using differential scanning calorimetry 
(DSC). The instrument used was a Q200 DSC (TA Instrument, New Castle, USA). The 
analyses were conducted in a temperature range within -80 °C to 250 °C, using a ramp of 
5 °C/min. This type of analysis was applied for the detection of unreacted monomer as 
well as for detection of Tg shifts from the usual values. In fact, these shifts might suggest 
changes in the polymerization outcome due to the peculiar environment in which it was 
performed. 

 

2.4 Process conversion 

Fourier transform infrared spectroscopy (FT-IR) was adopted to study monomer 
conversion. Two different instruments were used to study this aspect: a Nicolet 5700 
(Thermo Scientific, Waltham, USA) and an Equinox 55 (Bruker Optics, Billerica, USA). 
In both cases, for each sample multiple spectrum were acquired from 500 to 4000 cm-1. 
The absence of carbon-carbon double bond (C=C, at ~1640 cm-1) was used as a proof of 
the complete conversion. Reference peaks were chosen in each system depending upon 
the chemicals that were present and did not participate to the reaction. Examples of 
reference peaks are: C=O stretching at ~1740 cm-1 and ether groups stretching at ~1100 
cm-1. 

Samples produced with aerosol technique were analyzed in attenuated total 
reflectance mode (FT-IR/ATR) using the Equinox 55. Both the starting monomer solution 
and the final product were analyzed in order to evaluate the conversion during reactor 
passage. 

 

2.5 Active ingredient controlled release  

Release of encapsulated active ingredient was followed by UV-visible spectroscopy. 
Samples of 3 mL volume were prepared and analyzed using a Jenway 6850 (Bibby 
Scientific, Stone, UK). Depending upon the active ingredient, the scanned wavelength 
range was within 200 to 500 nm with a step of 1 nm. A calibration curve was used to 
correlate the absorbance with the active ingredient concentration. The evolution of 
released active ingredient was followed using the Weibull equation, see Eq. 1 (Morales et 
al., 2004). This empiric model, even if it lacks physical meaning, has been extensively 
used to fit data from release of encapsulated compounds: 
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Chapter 3 

Photo-induced interfacial polymerization 
in miniemulsion 

 
In the first part of our study, the attention was focused on the development of a single 
step polymerization to produce nanocapsules for drug delivery. The starting technique 
was a miniemulsion polymerization of oil in water. Some modifications were applied to 
the standard method in order to easily design a hollow structure. Once the feasibility of 
the new method was confirmed, studies on the effects of the different process parameters 
were conducted. Moreover, the effects of the type of monomer were studied using both 
mono-functional and bi-functional ones. 

Encapsulation of an active ingredient was then achieved by simple solvation of the 
molecule in the solvent of the dispersed phase. Release tests were conducted to access the 
different release rates of the materials. 

In the following sections, the state of the art of the emulsion techniques will be 
discussed; attention will be then given to the new ideas and developments achieved. 
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2010). However, it suffers from other problems such as low concentration of particles, 
that results in low production rate per volume. In addition, the high surfactant 
concentrations needed can hinder the range of application (Chemtob et al., 2010). 

 

3.2 Photo-induced polymerization via oil-in-water 
miniemulsion 

Miniemulsion techniques consists in the production of a submicron dispersion, for 
example of monomer in water, able to avoid coagulation for a certain amount of time. A 
low amount of surfactant is present to stabilize partially the droplets without forming 
micelles. Ostwald ripening, which boosts droplets coagulation, is countered by addition 
of a co-stabilizer. Usually the co-stabilizer is a compound non-miscible with the 
continuous phase that is able to block the dissolution of the main compound of the 
dispersed phase in the continuous one. In these conditions, nucleation is confined within 
the monomer droplets and each of them can be considered as a mini batch reactor (Asua, 
2002). 

Photo triggering in miniemulsion has been studied in the last 10 years in order to 
solve problems related to the well-known photo-polymerizations in microemulsions. 
Droplets size is higher than the one obtainable from microemulsions but still in the nano-
region, moreover, lower amounts of surfactant result in easier purification of the product 
(Chemtob et al., 2010; Hoijemberg et al., 2011). 

 

3.2.1 General ideas and modifications 

In this study, we started from the concept of miniemulsion and modified the procedure in 
order to grow a polymeric shell on the surface of emulsion droplets. Interfacial 
polymerization is not a new concept in material science, but it is frequently limited to 
these two types: grafting on a solid surface or copolymerization at the interface of two 
liquids (Minko, 2008; Gaudin et al., 2008). Recently, confinement of the initiator at 
droplets surface was exploited to achieve interfacial thermally induced polymerization 
(Piradashvili et al., 2015) 

The goal of this new method is to exploit the physical separation of photo-initiator 
and monomer to induce a reaction confined at the surface between the two phases of the 
miniemulsion. A dispersion of oil in water is produced. In the oil phase a hydrophobic 
photo-initiator is dissolved, while a hydrophilic monomer is dissolved in the aqueous 
phase along with the surfactant. Using these experimental conditions, the idea is to 
exploit the oil droplets as template and to grow a polymeric shell on their surface in such 
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a way to completely engulf them in capsules. A schematic of the ideal physical setup is 
provided in Figure 17. 

 
Figure 17. Schematics of the nanocapsules production. The monomer (M) reacts with the photo-

initiator (PI) on the droplet surface. 

Both radical and cationic polymerization mechanisms were studied in this 
experimental setup. Studies on the two mechanisms were treated separately, since the 
issues that needed to be overcome are different. In the following paragraphs, the study 
using the radical polymerization mechanism will be accurately described and the results 
discussed. In a further section, a similar discussion will be presented for the cationic 
mechanism of polymerization.  
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3.2.2 Materials and Methods 

In the next section, we will list all the chemicals used in the particles synthesis. Methods 
for the production of the different polymeric capsules will be also discussed. 

3.2.2.1 Materials 

All reagents, if not specifically indicated, were purchased from Sigma Aldrich. 
Monomers used for the synthesis were: poly(ethylene glycol) diacrylate (PEGDA) and 
poly(ethylene glycol) methyl ether methacrylate (PEGMEMA), see Figure 11. Photo-
initiator was bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide (commercially known as 
Irgacure 819), purchased from BASF, see Figure 9. A brief description of the monomers 
used is reported in Table 1. 

Table 1. List of monomers used in the synthesis. 

Code Name Avg. Mol. Weight, Da Avg. number of 
repetition units, - 

Resin A PEGDA 700 700 13 

Resin B PEGMEMA 300 300 5 

Resin C PEGMEMA 950 950 20 

 

Continuous phase in the emulsion mainly consists of deionized water, obtained from 
a filtering system (Visio, ELGA LabWater), while the dispersed phase was hexadecane 
(purity > 99%). The surfactant used to stabilize the emulsion was sodium dodecyl sulfate 
(SDS, purity > 99%). 

Curcumin, see figure 13c, was chosen as active ingredient for the encapsulation and 
purchased in powder form with purity > 65%. The reagent was then extracted using pure 
ethanol (purity > 99.8%) and subsequently dried at room temperature. 

 

3.2.2.2 Particles synthesis 

Synthesis of particles can be divided into three steps: preparation of the two phases, 
production of the emulsion and reaction.  

The two phases were prepared separately and mixed afterwards. The continuous one 
was prepared adding a given amount of SDS into 50 g of deionized water. The solution 
was, then, gently stirred to promote the dissolution of SDS without the production of 
bubbles on the liquid surface. The water soluble monomer, 1 g (1.4*10-3 mol), was added 
to the aqueous solution and dissolved by gentle stirring. The dispersed phase was 
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prepared using hexadecane as main component. Irgacure 819 was added until saturation 
of the solution (~5.5 mg/mL). If present, curcumin was added in this step. In that case, a 
curcumin saturated solution in hexadecane/Irgacure was prepared (~1 mgcurcumin/mLsolution). 

To prepare the miniemulsion, 0.4 g of the oil phase were added to the becher 
containing the continuous solution. The liquid was then exposed to an intense mechanical 
stirring (>4000 rpm) for 2 min and rapidly transferred in the ultrasonic bath (Sonorex, 
Bandelin, Berlin, Germany). Ultrasounds were applied for a certain amount of time, 
varying from 5 up to 30 min. The initial mechanical stirring was crucial for the breakage 
of the dispersed phase into droplets that will be further broken by the action of 
ultrasounds. 

Once the ultrasound step was completed, the dispersion was transferred into a 3-
necks round bottom flask. In case of radical polymerization, in order to avoid oxygen 
inhibition of the reaction, a nitrogen gas flow was provided. A pipe fed nitrogen with 
overpressure of 0.3 bars directly in one of the side necks, see Figure 18. Nitrogen supply 
was carried out for 30 s before switching on the mercury lamp to start the reaction. While 
irradiation was conducted, the liquid was stirred to obtain a continuous circulation and, 
thus, an homogeneous irradiation of the droplets. The dispersion was exposed to UV for a 
time interval that varied from 5 to 20 min. The UV source was a mercury lamp (LC8 
lightingcure, Hamamatsu Photonics, Hamamatsu, Japan) equipped with optical fiber, 
which was positioned at ~40 mm from the liquid surface.  

 
Figure 18. Schematic of the miniemulsion setup. 
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Figure 19. DLS evaluation of the nanocapsules diameter vs UV exposure time. Samples were 
prepared from Resin A and sonicated for 10 min. Markers refer to the mean values and error bars 
refer to the standard deviations. 

DLS evaluation was conducted on samples prepared with 10 minutes of sonication 
and different UV exposure time. Results showed the presence of a plateau value in the 
particles dimensions. This began at 7.5 minutes of UV exposure and ended at 15 minutes. 
For exposure time lower than 7.5 the average size was significantly lower, probably 
because time was not sufficient to complete the reaction and, thus, the product consisted 
of polymeric shell shards. In the range within 7.5 to 15 minutes, the average dimension 
was almost constant, indicating that the shell production was complete and no other size 
affecting phenomena occurred. For irradiation time above 15 minutes, the average 
dimension of nanocapsules started to increase. This could be linked to a further reaction 
of the monomer in the aqueous phase, which caused agglomeration of particles or a 
further increase in their dimensions. For the following productions, UV exposure time 
was fixed at 10 min, in order to remain on the plateau while avoiding long process time. 

After the optimization of the UV irradiation time, a study was conducted to evaluate 
the optimum concentration of surfactant, see Figure 20. In particular, the tests were meant 
to estimate the change in particles size and polydispersity index (PDI) while decreasing to 
0 the concentration of SDS.  
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Figure 20. DLS evaluation of nanocapsules diameter vs SDS concentration. Vertical dashed 

line represent CMC of SDS in water at 25 °C. Samples were prepared with Resin A, sonicated for 
10 min and exposed to UV light for 10 min. Markers refer to the mean values and error bars refer 
to the standard deviations. 

 

SDS concentration in the continuous phase was varied from 0 up to 0.100 
g/50mLwater. Results showed that a lower concentration of surfactant affected the particles 
dimension. Thus, the highest concentration was used in the following synthesis. 
Moreover, it must be taken into account that the concentration must be held at values 
lower than the CMC in order to obtain a polymer nucleation within the droplets. 

Once the UV light exposure time and SDS concentration were optimized, a study on 
the effect of the sonication time was conducted. Empirical evidence reported in literature, 
indeed, suggested that sonication time has a strong impact on the droplets dimensions 
and, thus, on the particles size (Ramisetty et al., 2015). Results are summarized in Figure 
21. 

Sonication time greatly affected particles dimension. In particular, an increase in 
sonication time initially led to a decrease in nanocapsules diameter. Results, however, 
showed the presence of a threshold value above which particles dimension was not 
affected by an increase in sonication time. This behavior had already been showed in 
emulsion technology and it is due to the instauration of a steady state, in which droplets 
breakage due to ultrasounds and droplets coalescence are in equilibrium (Ramisetty et al., 
2015; Gaudin & Sintes-Zydowicz, 2008). As shown in Figure 21, samples prepared 
without active ingredient presented a threshold value at 15 min of sonication. Above this 
value the particles dimensions were almost constant at ~ 90 nm. The p-value analysis 
conducted on data obtained after 15 min sonication showed values higher than 0.05, 


























































































































































































































































































































