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Introduction 

Nanotechnology is a promising research area in many fields, as for example 

energy, environmental applications as well as medicine. In pharmaceutical research 

the use of nanotechnology is of great interest for the possibilities it offers to control 

drug delivery and to vehicle poor water-soluble drugs or macromolecules, like 

proteins, peptides or nucleic acids.  

Historically, the development of nanoparticles of different kind (liposomes, 

polymeric nanoparticles, etc.) in drug therapy was initiated in order to improve 

drug efficacy as much as possible. Drug activity mainly depends on its 

concentration at the active site, as well as many side effects depend on its 

concentration in healthy organs or tissues. In turn, drug distribution in the body 

depends on the physicochemical properties of the drug, so that the drug might have 

no affinity with the diseased area; the use of a nanocarrier to vehicle the drug can 

overcome this problem. The carrier can, in fact, accumulate selectively at the target 

tissue (passive targeting). The carrier can also be bound with a specific molecule 

(usually an antibody) which has high selectivity for the target cell (active targeting). 

The use of a carrier can also modify the time of release of the drug, allowing to 

obtain a continue release of the drug which guarantees therapeutic concentration of 

the drug in the target site for an extended period of time. 
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1. Theoretical background and state of the art 

1.1. Pharmaceutical nanocarriers 

Pharmaceutical carriers refer to any systems capable to act as a vehicle for 

active compounds in therapy. In recent years carriers with size in the nanometers 

range have attracted the interest of researchers and of the pharma industry thanks 

to their ability to be injected through the general routes of administration without 

the risk of blocking the blood stream in the capillaries. Carriers in the nanometers 

range are usually referred to as nanoparticles. Nanoparticles are colloidal systems 

with particle diameters between 1 and 1000 nm where the drug can be 

encapsulated, adsorbed or dispersed in them. A wide range of materials have been 

studied in drug delivery, including lipids, polymers and inorganic materials. The 

growing interest towards these systems is due to their ability to modify drug 

delivery. As already mentioned, the nano-size range allows to inject them directly in 

the blood stream; moreover it was seen that smaller dimensions reduce the 

opsonization phenomenon and the subsequent phagocytosis by macrophages as 

well as it reduces the rate of clearance (the rate the kidney has to purify the blood 

from external components). At the same time circulation time can be increased by 

binding to the surface hydrophilic molecules such as polyethylene glycol (PEG), 

because it creates an aqueous shell around the particles which avoids the adhesion 

of the opsonins on particle surface. Small size and enhanced circulation time lead to 



 

 8 

an increased accumulation of the particles (and obviously of the entrapped drug) in 

tissues with increased vascular permeability and lymphatic drainage such as 

tumours and inflamed tissues. This phenomenon, named as enhanced permeability 

and retention (EPR) effect, is exploited as a way of passive targeting (Figure 1.1.1).  

 

Figure 1.1. Blood vessels and lymphatic drainage in a normal tissue and in a diseased tissue: red 

squares represent the particles, which accumulate more in the diseased tissue. 

In the last 30 years nanotechnology has been studied in particular for the 

treatment of complex diseases, such cancer, infections, metabolic diseases, 

autoimmune diseases and inflammation. Today some of these systems are already 

marketed and widely used (Caelyx®, Ambisome®, which are both liposomes) and 

others are in clinical trials. It has to be noted that liposomes are made of 

phospholipids, the natural component of cell membrane, whereas nanoparticles are 

made of polymers. 

Nanoparticles composed of biocompatible polymers have been widely 

investigated in order to use them as drug delivery systems. They offer the 

advantage they can be used to vehicle hydrophobic drugs via solubilization in the 

hydrophobic core of the particles. Polymeric nanoparticles can be distinguished in 

nanospheres and nanocapsules. Nanospheres and nanocapsules can be prepared by 
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polymerization in situ or from a preformed polymer. The second type of preparation 

offers some advantages: polymer physicochemical characteristics are well defined 

and there are not residual monomers in the medium. 

1.1.1. Nanospheres  

Nanospheres are constituted by the polymer which forms a solid matrix 

usually defined as a monolithic system (homogeneous). In this system the polymer 

chains arranges in a “frozen” state phase-separated from the bulk solution. In case 

the polymer is an amphiphilic copolymer, hydrophobic chains should form the 

inner part of the particle, whereas the hydrophilic part goes on the surface of the 

particle. 

Drugs can be dissolved, entrapped, encapsulated, chemically bound or 

adsorbed to the constituent polymer matrix.  

Nanospheres can be prepared by polymerization in situ or from a preformed 

polymer. In the first case nanospheres can be obtained by emulsion polymerization 

or by interfacial polymerization. For preformed polymers, nanospheres preparation 

can be achieved by emulsification/solvent evaporation, emulsification/solvent 

diffusion and salting out techniques, but the most common one is solvent 

displacement, also called nanoprecipitation. In this method the polymer is dissolved 

in an organic water-soluble solvent, which is then added to an anti-solvent, usually 

water, which can contain or not a surfactant and other additives. The solvent 

immediately diffuses in the aqueous phase leading to the polymer precipitation and 

nanosphere formation. 

1.1.2. Nanocapsules  

Nanocapsules are colloidal-sized, vesicular system (heterogeneous) in which 

the drug is confined to a reservoir surrounded by the polymer. The core is a 

lipophilic liquid surrounded by a single layer of polymer. Nanocapsules are useful 

to vehicle hydrophobic drugs, since drugs are dissolved in the liquid core and can 
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be loaded in high quantity. Nanocapsules have some advantages over nanospheres, 

because they require a lower amount of polymer for each particle and as 

consequence drug loading as percentage of polymer content is higher. Moreover, 

drug solubility can be greatly increased varying the inner liquid.  

Nanocapsules, like nanospheres, can be either obtained following an 

interfacial polymerization of monomers or from preformed polymers. In the former 

case, the molecular weight of the final polymer will depend on the preparation 

conditions and also on the drug used, while in the latter polymer characteristics are 

well defined. They are usually produced by nanoprecipitation, where drug, 

polymer and oil are dissolved in the solvent and then added to the aqueous phase. 

They can be produced also by emulsion-diffusion method and emulsion-

coacervation method. 

In Figure 1.2 a graphic representation of nanosphere and nanocapsule by an 

amphiphilic copolymer, with hydrophilic chains stretched out is shown. 

Figure 1.2. Representation of a nanospheres and of a nanocapsules made of an amphiphilic 

copolymer: blue part is the hydrophobic part, green part is the hydrophilic one. 

1.2. Polymers 

Polymers are widely used in drug delivery thanks to some specific qualities 

they have. They can be manipulated in many ways, by increasing their chain length 

through cross-linking or by hydrophobising or hydrophilizing them with polymers 
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long PEG chains create an aqueous shell around the particles, avoiding 

nanoparticles to be recognized and rapidly eliminated from blood circulation by the 

Reticulo Endothelial System (RES). They are bioerodible polymers: the main path of 

degradation is the hydrolysis of the ester bond of the alkyl side chain of the 

polymer. 

1.2.2. P(MePEGCA-co-HDCA) 

P(methoxypolyethyleneglycol cyanoacrylate-co-hexadecyl cyanoacrylate) is an 

amphiphilic block co-polymer which was synthesized for the first time by Peracchia 

et al. (1997). It was studied to provide the characteristics of long-chains 

cyanoacrylates and the advantages of PEG chains to give amphiphilic properties 

and increase blood lifetime of nanoparticles. This copolymer was synthesized by a 

single-step condensation of cyanoacetate monomers with formaldehyde, as 

described in details in Chapter 2. The copolymer was produced at different 

hexadecyl/PEG chains ratio in order to investigate the effect of the different 

hydrophilic level on polymer charatcteristics. The more suitable for pharmaceutical 

application in nanoparticles preparation resulted to be the one with a 

hexadecyl/PEG ratio of 4:1. In this ratio it has a good balance between thydrophility 

and lipophilicity, so that it is not miscible in water, but at the same time is miscible 

in water-miscible solvents.  

 

 
Figure 1.3. Poly(methoxypolyethyleneglycole cyanoacrylate-co-hexadecyl cyanoacrylate) formula. 
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Several studies (see for example Peracchia et al. 1998) show that PEG-coating 

reduces cytotoxicity towards mouse peritoneal macrophage and increases 

degradability of the polymer in presence of calf serum. 

The molecular weight of the copolymer synthesized with a ratio 4:1 was 

measured to be 3.5 kDa. Since the molecular weight of PEG chains used in the 

synthesis is of 2000 D, it is reasonable to think that the macromolecules within this 

range are oligomers. As highilighted in Brigger et al. (2000) the final ratio 4:1 is only 

a mean value of different molecular species: in each copolymer batch more 

lipophilic oligomers (with a higher hexadecyl chains content) or more hydrophilic 

oligomers (with a higher MePEG chains) might be present. 

1.3. Production processes 

Polymer nanospheres and nanocapsules can be prepared both by 

polymerization methods (Bouchemal et al., 2006, Pitaksuteepong et al., 2002) and 

from a preformed polymer, by different mechanisms such as solvent-displacement 

(Peracchia et al., 1998), emulsion-diffusion (Moinard-Checot et al., 2008), double-

emulsification (Garti, 1997). The different processes and the characteristics of the 

nanocapsules produced have been recently compared (Mora-Huertas et al., 2010). In 

the first way (polymerization method) particle formation follows immediately the 

polymerization of the monomers. This method is now less used because it presents 

some limitations: polymer characteristics are not well defined and it is possible to 

have residual monomers in the solution. For this reason the synthesis of 

nanoparticles from a preformed polymer is now preferred and widely used. 

The most common route for nanosphere and nanocapsule production are 

solvent-displacement, also called nanoprecipitation, emulsification-solvent diffusion 

method and emulsification-solvent evaporation method, as said before. The right 

method for a specific preparation depends on the type of solvent used. Rieger et 

Horn (2001) give the following guidelines: 
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1. Emulsion-evaporation method is used with lipophilic solvents and particle 

formation occurs through an emulsion step. Polymeric particles are formed 

inside the organic drops (o/w emulsion) and the solvent is separated by 

evaporation. 

2. Emulsion-diffusion method is used with amphiphilic solvents and the 

emulsion is transient and then transforms into a nanodispersion. 

3. Solvent-displacement method is used with hydrophilic solvents and particle 

formation occurs by nanoprecipitation through either nucleation and growth 

steps or through spinodal decomposition. 

In this thesis, solvent-displacement is used. It will be described in details in 

Chapter 3. 

1.3.1. Micromixers 

Microdevices refer to systems with characteristic length-scales from the 

micrometer to the millimeter range. These devices allow to control the process 

conditions and are characterized by good and fast homogenization of the feed 

streams, short mean residence time and narrow residence time distribution. 

Two different principles can be followed to produce mixing at the microscale. 

Firstly, by using an energy input from the exterior (active mixing). Ultrasound, 

acoustic, bubble-induced vibrations, periodic variations of flow rate, magneto-

hydrodynamic action, etc. can be used as external energy sources. 

Otherwise, the flow energy, generated by pump action or hydrostatic 

potential, is used to restructure a flow in a way which results in faster mixing: this 

second means is named passive mixing.  

In passive mixing, Y- and T-flow geometries are the main examples. There are 

other ways to produce mixing in a microdevice. Confined impinging jets mixers 

(CIJMs) consist of two high velocity jets which collide in a small chamber, providing 

good and fast mixing. Chamber size and inlet jets diameters affect mixing efficiency. 

Their use in nanoprecipitation for pharmaceutical application is interesting since 

they allow to control final particle size modifying some parameters, such as the inlet 
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The work is focused on the use of CIJMs of different size and geometry 

(Chapter 3). Some experiments are performed in vortex mixers, while in Chapter 4 

some data from previous work in CIJMs and Tee-mixers are used to discuss on 

design and scale up criteria of micromixers.  
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2. Characterization of the polymer 

2.1. Introduction 

Several works have been focused on the preparation of nanoparticles from 

poly(MePEGCA-co-HDCA) with a hydrophilic/hydrophobic ratio of one to four by 

nanoprecipitation and by emulsion/solvent evaporation methods (Peracchia et al., 

1997, Peracchia et al., 1998). In general, unimodal size distributions were obtained 

with the mean diameter ranging between 98 and 199 nm and varying in function of 

the polymer concentration and the applied method. It was also demonstrated that 

nanoparticles had an adequate density of MePEG chains on their surface to provide 

enhanced stability in the blood stream and to ensure long circulating times 

(Peracchia et al., 1999, Brigger et al., 2000). 

This chapter is focused on physicochemical characterization of the polymer, 

with respect to thermal, morphological and crystalline aspects and degradability.  

2.2. Synthesis 

In this work the amphiphilic poly(methoxy-polyethylene glycol)-co-hexadecyl-

cyanoacrylate (P(MePEGCA-co-HDCA)) was used for the preparation of stealth 

nanoaprticles for pharmaceutical applications. It was synthesized, following the 

procedure of Peracchia et al. (1997) with some minor changes. The standard 
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synthesis proposes the use of a base-catalyzed condensation of MePEG cyanoacetate 

(MePEGCA) and cyanoacetic acid with formaldehyde. This kind of 

condensation/polymerization involve a Michael addition as the step-growth 

mechanism, where the steric hindrance determines the chain lengths. The use of 

cyanoacetate monomers allows better control of the polymerization process in 

comparison to the use of the cyanoacrylate monomers, which react very fast in 

presence of bases and other nucleophilic agents. 

2.2.1. Materials 

Poly(ethylen-glycol) methyl ether (MePEG), with avarage molecular weight 

2000 D, was purchased from Sigma Aldrich, whereas 1-hexadecanol and 

cyanoacetic acid (CA) from Fluka Chemika. All other reagents were of analytical 

grade from Sigma-Aldrich but the solvents from Carlo Erba. 

2.2.2. Preparation of the monomers 

The two monomers were prepared by esterification of the cyanoacetic acid 

with the corresponding alchol (polyethylenglycole-methyl ether and hexadecanol) 

following the methodology reported by Peracchia et al. (1997). 

MePEG cyanoacetate (MePEGCA) was synthesized by esterification of MePEG 

(22 g, 11 mmol) and cyanoacetic acid (ACA, 1.87 g, 22 mmol) in the presence of N-

(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) and 

(dymethylamino)pyridine (DMAP) as catalyst. The two reagents were dissolved in 

dichloromethan (DCM, molar ratio acid/MePEG 2:1) and then EDC (4.22 g, 11 

mmol) and DMAP (0.134 g) were added. The reaction was carried at room 

temperature in nitrogen atmosphere, stirring for 24 hours. After this time it was 

washed with six 25 ml portions of water. The organic phase was collected and dried 

over magnesium sulphate (MgSO4). Then it was filtered and concentrated under 

reduced pressure to leave a viscous oil which solidified on standing. 
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Figure 2.1. Synthesis of MePEGCA. 

n-Hexadecylcyanoacetate (HDCA) was synthesized by esterification of n-

hexadecanol (10 g, 41,2 mmol) and cyanoacetic acid (3.87 g, 45.4 mmol). 

Hexadecanol was dissolved in 100 ml DCM, while ACA was dissolved in the 

necessary volume of ethyl acetate and then added to the solution of hexadecanol in 

DCM. DMAP was dissolved in DCM and added. 1,3-dicyclohexylcarbodiimide 

(DCC, 9.35 g) was dissolved in DCM and added by dropping to the reaction 

mixture. The reaction was stirred at room temperature at nitrogen atmosphere for 2 

hours. 

Hexane is added to the mixture and the white solid that formed was filtered 

off. The mixture was then purified by flash chromatography (silica gel 60, 230-400 

mesh) using hexane/ethyl acetate (90:10) as eluting phase. The product was 

collected and concentrated under reduced pression. 

 

Figure 2.2. Synthesis of HDCA. 

2.2.3. Condensation/Polymerization of the monomers 

The two monomers were condensed using formaldehyde as polymerization 

agent, in a respective molar ratio 1:4 for MePEGCA and HDCA.  
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MePEGCA (10.34 g, 5 mmol) and HDCA (6.18 20 mmol) were previously 

dissolved separately in 50 ml of DCM. Then they were mixed together and 50 ml 

ethanol were added. Then formaldehyde 37% was added in excess (6.08 ml, 75 

mmol) in order to guarantee 100% of polymerization. Finally dymethylammine 

(DMA, 8,44 ml) was added and the reaction was left on stirring in nitrogen 

atmosphere until complete consumption of the two monomers (seen through thin 

layer cromathography, TLC). 

The mixture was washed firstly with 30 ml chloridric acid 1 N and then 2 times 

with 30 ml water. The organic phase was collected and dried over MgSO4. Then it 

was filtered and concentrated under reduced pressure to give the final product. 

 

Figure 2.3. Polymerization reaction. 
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Residual solubility at 30 ºC in three different water/acetone mixture has been 

evaluated. Results are shown in Figure 2.4 and numerical values of the residual 

solubility are reported in Table 2.1. The residual solubility in the mixture at 0.5 and 

0.66 is quite high and it decreases only at higher water fraction (0.9). This can be due 

to the different molecules of polymer which can be present in a batch: in fact, in the 

chemical synthesis it is not possible to control monomers distribution in a molecule, 

so that more lipophilic molecules precipitate when water amount increase, but the 

hydrophilic ones remain in solution. 

 

Table 2.1. Residual polymer solubility (g/l) in the water/acetone mixture at three different water 

fraction. 

polymer solubility 

water fraction 0.5 0.66 0.9 

g/l 0.45 0.4 0.243 

 

2.3.3. Thermal characterization 

Poly(MePEGCA-co-HDCA) has a semicrystalline character as demonstrated 

by the DSC scans shown in Figure 2.4a. Thus, the as-synthesized sample has a 

predominant peak at 53 ºC and a minor one close to 33-34 ºC, which should 

correspond to the melting of crystalline domains of PEG and the HD alkyl groups, 

respectively. The sample easily crystallized from the melt giving rise to a complex 

exothermic peak where the crystallization of the two indicated domains could not 

be well differentiated. It is interesting to note that the crystallinity of the as-

synthesized sample, which came from evaporation of a dichloromethane solution, 

could be increased by the hot crystallization process as a consequence of a better 

rearrangement of the HDCA domains.  Hence, the increase on the global melting 

enthalpy (i.e. from 123 to 138 J/g) is mainly a consequence of the peak associated to 
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the melt of HDCA domains which increased and became sharper after hot 

crystallization. The DSC heating run of a quenched sample does not reveal 

significant changes and demonstrated that the sample easily crystallized even at the 

high cooling rates. Notice that the glass transition temperature could not be well 

observed due to high crystallinity of the sample. Two points are noticeable from the 

thermal analysis: a) the sample experiences a partial fusion around 34 ºC which is a 

temperature slightly lower to the human body temperature at which the potential 

drug delivery systems should be applied; b) despite the complexity of the sample, 

its crystallinity remains high indeed at the temperature of 37 ºC at which samples 

are expected to be employed.  

 
Figure 2.5. DSC scans performed on poly(MePEGCA-co-HDCA) (a), poly(HDCA) (b) and PEG 

samples (c). Scans, from bottom to top, correspond to the heating run of the as-synthesized (a,c) or 

the commercial sample (c), the cooling run from the melt state (a, b, c), the heating run of a hot 

crystallized sample (a, b, c) and the heating run of a sample quenched from the melt state (a). 
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 For the sake of completeness, in Figure 2.5b and Figure 2.5c DSC scans 

performed with Poly(hexadecylcyanoacrylate) (PHDCA) homopolymer and the 

PEG are reported. These traces clearly confirm the previous assignation given for 

the melting peaks of poly(MePEGCA-co-HDCA) and the similar crystallization 

temperature of both samples. Results also demonstrated that  poly(MePEGCA-co-

HDCA) has an intermediate melting enthalpy between those of the crystals 

constituted by the two  types of lateral chains. Basically, enthalpies associated to 

each peak (e.g. 18 and 120 J/g for the hot crystallized sample) fit reasonably well 

with the expected values (18 and 118 J/g) assuming a weight percentage of PEG 

close to 64%. Finally, it should be pointed out the complexity of the crystallization 

exothermic peak of PEG which extends over an interval of approximately 15 ºC and 

on the contrary the sharp appearance of the peak associated to the PHDCA. This, in 

addition, suggests an almost instantaneous primary crystallization that could be a 

consequence of a high nucleation density. 

2.3.4. Spherulitic morphologies 

Crystallization from the melt gave spherulites with a fibrilar texture that 

corresponded to the crystallization of the PEG lateral chains, although domains 

constituted by HDCA units could also be envisaged. Figure 2.6a shows a typical 

crystallization performed at 4 ºC (i.e. at a low degree of supercooling) where well 

developed spherulites could be observed together with zones with a different 

texture (indicated by arrows in Figure 2.6d) that seems to be constituted by smaller 

microcrystals. These zones melted when the sample was heated up to the melting 

temperature associated to the HDCA domains (Figure 2.6b) and recrystallized 

giving textures similar to those initially observed, when the temperature was 

subsequently decreased down to room temperature (Figure 2.6c). Experiments 

clearly demonstrated the complex crystallization process of samples constituted by 

blocks able to crystallize independently (i.e. those constituted by the PEG lateral 

groups and HDCA units) and furthermore with a similar crystallization 

temperature. Phase separation and crystalline morphology studies of block 
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copolymers are nowadays receiving great attention (Muthukumar et al., 1998, Zhue 

et al., 1999, Ryan et al., 1995, Schäffer et al., 2000, Kawai et al., 2007)  and even 

microstructures that can be formed from the melt, from solution and for both thin 

and bulk samples have been extensively reviewed (Müller et al., 2007, Nandan et al., 

2006).  

 
Figure 2.6. Polarizing optical micrographs of poly(MePEGCA-co-HDCA) isothermally crystallized 

at 4 ºC (a, b, c) and -24 ºC (d). Micrographs were taken at room temperature (a, d), at 34 ºC (b) and 

at room temperature after heating the crystallized sample to 34 ºC. A first-order red tint plate was 

used for micrograph d). The inset of d) shows a magnification of the dashed area where small and 

flat microcrystals could be envisaged.  Arrows points out crystalline microdomains constituted by  

poly(HDCA). 
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expected length of a hexadecylacrylate lateral group with an extended conformation 

(i.e. ca. 1.62 nm). Hence, the c axis of the crystalline structure should correspond to 

two lateral groups as presumable if hexadecylacrylate groups in the main chain 

have a syndiotactic arrangement. Note that an isotactic arrangement should lead to 

a high steric hindrances since the spacing between polymethylene sequence should 

be close to only 0.25 nm. 

 

Figure 2.7. a) Powder X-ray diffraction profiles of poly(MePEGCA-co-HDCA) (blue) and 

poly(cyano hexadecylacrylate) (brown). b) Down the chain axis projection of the PEG structure 

showing the packing arrangement of the four 7/2 helices. c) Simulated powder X-ray diffraction 

profile of PEG and corresponding diffraction pattern (inset). 
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2.4. Degradation 

2.4.1. Measurements 

1H-NMR spectra were acquired with a Bruker AMX-300 spectrometer 

operating at 300.1 MHz. Chemical shifts were calibrated using tetramethylsilane as 

an internal standard. Dried dimethyl sulfoxide-d6 (DMSO) was used as the solvent. 

2.4.2. Degradation experiments 

Little polymer tablets were prepared by weighing 150 mg. After preparation 

every tablet was weighed by analytic balance, put in 15 ml of milliQ water and left 

at fixed temperature. Two different conditions were investigated: 4 ºC and 18 ºC. At 

scheduled time a tablet was taken out the water, well dried and weighed, in order to 

calculate the weight loss. Some of the samples were then analysed by 1H-NMR in 

order to study the polymer chemical degradation. 

2.4.3. Results 

Degradation of poly(MePEGCA-co-HDCA) in milliQ water at temperatures of 

18 and 4 ºC was characterized by a quick process that took place over a maximum 

period of 8 and 24 h and that caused a weight loss of approximately 61% (Figure 

2.8). After that, the copolymer was not sensitive to the hydrolytic attack and the 

sample weight remained practically constant, at least over an exposure time of 300 

hours (12 days).  

1H-NMR spectra were taken after different incubation times and results as 

peak areas are shown in Table 2.2. NMR spectra were performed on the dried 

polymer, except for the analysis performed at 8 hours on water medium. In this 

case, water of the degradation experiments was evaporated and the solute, 

corresponding to the fraction which was dissolved by water, was analysed at 1H-

NMR. In NMR analysis chemical shift of hydrogen is measured in respect to a 

reference (threemethyl silane) and this chemical shift is indicated as ppm, 

considering that threemethyl silane correspond to 0 ppm.  
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Figure 2.9a and c compare the 1H-NMR spectra of the as-synthesized sample 

and that degraded up to a weight loss of 61%. The initial sample was characterized 

by a molar ratio of one to four between pegylated and hexadecyl (HD) lateral chains 

as deduced from the areas of the signals at 3.37 and 0.88 ppm assigned to the methyl 

groups belonging to the two ester moieties (Peracchia et al., 1997). Methylene 

groups of the main chain and the lateral hexadecyl and PEG groups appeared also 

well differentiated at 2.60-2.30, 1.25 and 3.64 ppm, respectively,  and consequently 

could also be considered to follow the degradation process. Spectra of samples 

exposed to water clearly shows as the signal at 3.64 ppm practically disappeared 

while the ratio between the areas of signals at 0.88 and 2.60-2.30 ppm remained 

practically constant. According to the composition determined from 1H-NMR 

spectra, the MePEG lateral groups represented a 55 wt-% of the copolymer and 

consequently the observed degradation could be well justified by the ester group 

cleavage involving only the pegylated chains.  

Spectra of the residue extracted from the hydrolytic degradation medium after 

8 hours of incubation basically corresponded, as expected, to the PEG lateral groups 

(Figure 2.9b),  although a minor amount of hexadecyl groups could also be detected 

as well as signals corresponding to the methylene groups of the main chain. In fact, 

water soluble poly(cyanocrylic acid) is produced by hydrolysis of all ester groups 

(Lenaerts et al., 1984). 

The hexadecyl groups detected in the aqueous medium were originated by 

hydrolysis of some ester groups initially accessible to the solvent which could exist 

in the solid sample and even in small polymer fractions that could be solubilized at 

the beginning of incubation. It is clear that the one to four ratio between MePEG and 

the alkyl HD lateral chains in the as-synthesized sample is an average value and 

that molecules with different compositions and solubilities must be present. Thus, a 

10 wt-% of the sample was solubilized by extraction with thrichloromethane/water 

in a period of time at which degradation was practically negligible  (i.e. less than 5% 

for 30 min of exposure) . 
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Figure 2.9. a) 1H-NMR spectra of the as-synthesized poly(MePEGCA-co-HDCA) sample and  

chemical scheme showing the assignment of signals (inset). b) 1H-NMR spectra of the solubilized 

fraction of a poly(MePEGCA-co-HDCA) sample after 8 h of exposure to water at 18 ºC. c)1H-NMR 

spectra of a poly(MePEGCA-co-HDCA) sample after 8 h of exposure to water at 18 ºC. 

The 1H-NMR spectra (see Figure 2.10) of this fraction indicated a 1:1 ratio 

between MePEG and HD lateral chains and demonstrated the existence of 

molecules with high hydrophilicity in the initial sample. 
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Figure 2.10. H-NMR spectra of polymer after extraction: polymer solubilized in water (top) and 

polymer solubilized in trichloromethane. 

In summary, 1H-NMR spectra clearly demonstrated that degradation took 

place mainly through the ester bond cleavage of the hydrophilic PEGylated chains 

whereas the cyanoacrylic backbone and even the hydrophobic hexadecyl side chains 

remained practically unaltered. It is interesting to note that the ester bond of the 

hydrophobic moiety was not highly susceptible to hydrolysis since probably it was 

not well exposed to the degradation medium. These results are in full agreement 

with preliminary studies performed on fetal calf-serum which indicates that the 

hexadecyl homopolymer was not degraded during the first 3 hours of incubation 
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whereas the studied copolymer showed a linear dependence of degradation with 

the exposure time, being attained a 30% after only 3 hours of exposure (Peracchia et 

al., 1998). However, in this case the action of esterases present in the serum medium 

could not be differentiated from a simple hydrolytic attack. It has to be also pointed 

out that the rapid loss of PEG chains can be due also to the solubilization in water of 

more hydrophilic polymer molecules. Since the synthesis does not allow to control 

monomers distribution in the polymer molecules, it can be possible that molecules 

with an higher ratio in PEG monomers dissolve in water, so that this phenomena 

cannot be distinguished from the hydrolysis of esters bonds. 
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3. Production of PEGylated nanocapsules through 

solvent-displacement in confined impinging jets 

mixers 

3.1. Introduction 

Polymer nanoparticles include polymeric nanospheres and polymeric 

nanocapsules. In nanospheres the drug is dispersed in the polymeric matrix, 

whereas polymeric nanocapsules have an inner liquid core surrounded by a 

polymeric layer, so that different drugs can be dissolved in the inner core, according 

to their solubility. The drug molecules inside the nanospheres are dispersed in the 

polymer matrix in a sort of solid solution, whereas in nanocapsules they are 

dissolved in the liquid core; as a consequence, drug release occurs according to 

different mechanisms in nanospheres and nanocapsules.  

This chapter is focused on polymeric nanocapsules for pharmaceutical 

applications, but also nanosphere are produced for comparison.  

Nanospheres and nanocapsules are produced by solvent-displacement (also 

called interfacial deposition or flash nanoprecipitation) which has some advantages 

respect to other preparation method (see Chapter 1). In fact, solvent-displacement 

allows to use polymers with controlled molecular weight, avoids the presence of 

residual monomers in solution, it is simpler, gives more reproducible results and it 
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is easier to scale up. Solvent-displacement consists in mixing a water miscible 

organic phase, containing the polymer, the oil and generally the drug, with an 

aqueous phase. The organic phase is referred to as solvent, whereas water is the 

anti-solvent. When the two phases are mixed together, the organic phase diffuses 

rapidly into the water, where it is soluble and where, on the contrary the polymer, 

the oil and the drug are insoluble. The rapid diffusion of the solvent in the anti-

solvent is the driving force in nanocapsule formation, inducing oily drops formation 

and the interfacial deposition of the polymer around the oily drops.  

Being the overall process very rapid it is influenced by mixing and in order to 

obtain good mixing conditions, special micro-mixers must be used. Confined 

impinging jets mixers (CIJMs) provide optimum mixing conditions. Their use in 

nanosphere formation was extensively studied (Marchisio et al., 2006, Gavi et al., 

2008, 2010) and they were found to be very useful in controlling the final particle 

size (Lince et al., 2008). CIJMs consist of two high velocity linear jets of fluid that 

collide inside a small chamber, whose size affects the overall mixing rate. 

Mixing mechanism and nanoparticle formation in CIJMs, similar to the ones 

studied in this work, were analysed in previous papers through computational fluid 

dynamics (CFD) simulations (Lince et al., 2009, Gavi et al., 2007). CFD simulations 

allow to quantify the mixing dynamics of the two inlet streams inside the mixing 

chamber. Three types of mixing are generally present: macro-mixing at the mixer 

scale, meso-mixing at the scale of the largest turbulent eddies and micro-mixing at 

the molecular scale. Each step controls the next one and can be rate limiting. CIJMs 

limit the meso-mixing time and ensure fast homogenization (i.e., short macro-

mixing time) of the two fluids. Characteristic global mixing times in these 

equipments were calculated by CFD and are in the order of magnitude of 

milliseconds (Lince et al. 2010, Lince et al., 2011a). 

The use of the CIJMs for the production of polymer nanocapsules suitable for 

pharmaceutical applications is investigated for the first time. Since the mechanisms 

of nanocapsule formation are likely different from those of nanospheres, we are 

particularly interested in investigating the interplay between mixing and 
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nanocapsules formation, with the precise scope of highlighting similarities and 

differences. Attention is played to the control of nanocapsule size distribution. In 

fact, different applications translate into different requirements. For example, in the 

case of intravenous administration, nanocapsules have to be smaller than 300 nm. 

For other applications, such as cosmetic (Alvarez-Roman et al., 2001) or food 

(Zambrano-Zaragoza et al., 2011) size limitations are different; therefore the 

development of strategies to control the final nanocapsule size turns out to be very 

useful.  

It should be highlighted that no drug loading has been considered in this 

chapter. Although in the case of nanospheres the absence or the presence of the 

drug can significantly alter the results, especially in terms of stability (as shown for 

example for doxorubicin loaded nanospheres, Lince et al., 2001b), in the case of 

nanocapsules the situation seems to be very different. In fact, the oil separates from 

the initial single-phase system through spinodal decomposition: no energetic barrier 

has to be overcome (as dictated by the Cahn–Hilliard equation) and molecular 

diffusion is the bottleneck. In addition being the drug generally hydrophobic and in 

low concentration (in comparison with the oil), drug molecules will likely move 

rapidly inside the oily drops. Indeed a successive study with a drug is required to 

prove this last point and this simpler oil-polymer system will be used as reference. 

3.2. Theoretical background 

The formation of nanocapsules and nanospheres during solvent-displacement 

is a complex process and many theories and interpretations have been presented in 

the literature. Knowledge of what happens at the molecular level is of primary 

importance for manipulating and controlling the overall process. Classical 

precipitation theory explains particle formation in three steps: nucleation, molecular 

growth and particle aggregation (Horn and Rieger, 2001). Super-saturation is the 

driving force for particle formation and in solvent-displacement is built up by 

mixing of the solvent and the anti-solvent. Since in this work we are interested in 
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both nanospheres and nanocapsules, it is necessary to review and briefly discuss the 

theory presented in the literature for these two systems. 

In the case of nanospheres, the copolymer and organic compound are 

dissolved in the solvent and when mixed with the anti-solvent particles are formed. 

Johnson and Prud’homme (2003) describe nanosphere formation as the competition 

of two simultaneous phenomena: nucleation of drug particles and copolymer self-

assembly. The two phenomena are characterized by different time-scales and in 

order to allow the copolymer molecules to interact with (and to deposit on) the 

growing particles, the two time-scales have to match one another. Typical operating 

conditions, used in the production of most of the organic-drug particles, are 

characterized by extremely high super-saturation, resulting in very small nucleus 

size, practically instantaneous nucleation, with very little energy barrier.  It is also 

important to compare these time-scales with the mixing time-scale. It was in fact 

observed that faster mixing generally results in smaller drug particles with higher 

functionalization by the copolymer, however once a certain limit is reached no 

significant change in nanoparticle properties is observed. This is probably related to 

the development of a spatially independent self-similar state caused by the 

achievement of fully turbulent flow.  

In the case of nanocapsules the inner core of the particle consists instead of a 

lipophilic liquid (usually oil) which is insoluble in the mixture of solvent and anti-

solvent. Thus in nanocapsule formation two phenomena are involved: oily drop 

formation and polymer deposition around the oily drop. Oily drop formation takes 

place through spinodal decomposition (as dictated by the Cahn-Hilliard equation). 

Therefore, although due to the high super-saturation the nucleation process 

involved in nanosphere formation generates a very small energy barrier, some 

differences between nanospheres and nanocapsules, where on the contrary spinodal 

decomposition occurs spontaneously without any energy barrier, might be 

observed.  

In addition, when solvent and anti-solvent are mixed together, the oil 

dissolved in the solvent separates resulting in drops which tend to coalesce. This 
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can be prevented by the deposition of the copolymer around the drops, however in 

the case of nanocapsules polymer reorientation on the interface might play a 

different role. In any case, also for nanocapsules mixing efficiency is expected to be 

fundamental in order to have homogeneous and optimal conditions for the 

formation of very small drops and an even distribution of copolymer molecules 

around drops.   

Some authors (Fessi et al., 1989, Quintanar-Guerrero et al., 1998) have 

acknowledged the important contribution of the Gibbs-Marangoni effect on the 

formation of nanocapsules, in which the driving force is the difference in the 

interfacial tension between the solvent and the anti-solvent. This effect is not 

considered in this work since it is important when nanocapsules are produced with 

the classical method, adding slowly the solvent to the aqueous phase. Using micro-

mixers, such as CIJMs, under very intense turbulent mixing conditions this effect is 

probably less important. 

3.3. Materials and methods 

The poly(methoxypolyethyleneglycol cyanoacrylate-co-hexadecyl 

cyanoacrylate) (poly(MePEGCA-co-HDCA) in what follows) copolymer was 

synthesized by the author as reported in Chapter 2. The ratio between MePEG 

cyanoacetate/hexadecyl cyanoacetate was one to four.  

In all experiments Miglyol® 812N was used as liquid core (courtesy of Sasol 

Italy S.p.A). This oil is a mixture of capryc and caprylic triglyceride  with a density 

of 0.94-0.95 g/cm3 . The solvent is Acetone Chromasolv (HPLC grade), purchased 

by Sigma-Aldrich. Milli-Q RG system by Millipore® was used to produce the 

ultrapure water employed in all the experiments. 

Nanocapsules and nanospheres were prepared by solvent-displacement. In 

nanocapsule precipitation the copolymer together with Miglyol was dissolved in 

acetone and then mixed with pure water, whereas in nanospheres only the 

copolymer was dissolved in the solvent. Apart from this, the two preparations were 
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identical. After mixing with water the particulate system was immediately formed. 

As already mentioned, since the process is strongly influenced by mixing, CIJMs 

were used, that ensure high turbulence levels and short mixing times. Precipitation 

was carried out with and without quenching, in order to highlight the possible 

influence of aggregation; to this purpose the outlet of the mixer (8 ml containing 

equal volumes of acetone and water) was collected in a beaker containing 4 ml of 

water. Tests have been carried out in order to identify the best quenching volume 

ratio. The 4 ml of water (corresponding to a 1:2 acetone:water final ratio in the 

mixture) was found to be a good trade off, since quenching with larger volumes did 

not results in significantly different data. 

In the laboratory set up, solvent solution and anti-solvent were loaded into 

two different plastic syringes of 100 ml of volume and fed into the mixers by using a 

syringe pump (KDS200, KD Scientific). The pump was calibrated in order to make 

sure that the imposed flow rate was actually delivered. Then, the solvent was 

removed by a rotating low pressure evaporative device (Stuart® Rotary 

Evaporators). The possible azeotrope for the acetone-water mixture is in the acetone 

rich region, therefore complete removal of acetone is possible (since the starting 

point is an already water rich solution). The effect of acetone removal on 

nanocapsules was quantified and found to be within the range of experimental 

uncertainity. Stability of the nanocapsule size after solvent removal was monitored 

by storing samples at 4°C for several weeks and measuring the nanocapsule size at 

regular time interval. No significant size changes were detected.  

Four different CIJMs were used in this work. Three of them are scaled by a 

factor of two and one has bigger inlet diameter, in order to study the effect of a 

different inlet jet in the same mixing chamber. A sketch is reported in Figure 3.1 

whereas the quotes are reported in Table 3.1. They are labelled in what follows as 

scale down, CIJM-d1, scale up (corresponding to three CIJMs exactly scaled by a 

geometric factor equal to two) and CIJM-d2 (corresponding to the same chamber 

size of CIJM-d1 but with bigger inlet pipe). The comparison of the results obtained 
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with these four mixers allows to evidence scale up and scale down effects, as well as 

the effect of the chamber and inlet pipe size on the final size distribution. 

 
Figure 3.1. Sketch of the CIJMs used in this work. 

 

Table 3.1. Geometrical details of the CIJMs used for the experiments. 

Mixer din (mm) dout (mm) Dc (mm) h (mm) Volume 
                h1 h2 h3 (mm2) 

scale down 0.5 1 2.4 0.5 4.5 0.6 22.5 

CIJM-d1 1 2 4.8 1 9 1.2 180.3 

scale up 2 4 9.8 2.3 17 3 1288.3 

CIJM-d2 2 2 4.8 1 9 1.2 180.3 
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between -30 mV and -45 mV, indicating that nanocapsules are stable from the 

electrochemical point of view. They reach lower values (-40 and -50 mV) if water 

dilution is carried out. 

The scale down mixer results in the smaller nanocapsules, probably due to the 

fact that it gives the best mixing conditions, at fixed flow rate. Since scale down 

mixer inlet jet diameter is 0.5 mm, the inlet stream can reach very high velocities, 

and as a consequence, high turbulent energy dissipation rates and very short mixing 

times. But the inlet jet velocity is not the controlling variable, as shown in Figure 3.3: 

in fact, it can be noted that comparing the size obtained in the different mixers at the 

same inlet velocity, the conclusion is reversed, and the smallest nanocapsules are 

obtained in the scale up mixer, while the scale down mixer gives larger particles 

(and with higher energy costs). Only the quenched particle case is shown, but the 

behaviour is similar (at least for the three scaled mixers) for the non-quenched case. 

In these cases the ratio between the inlet jet diameter and the chamber size is 

maintained constant, thus it is not possible to evidence which one of these geometric 

parameters eventually is more important; but it may be concluded that a larger size 

is surely favourable, because it allows to increase throughput reducing at the same 

time the final particle size (or eventually to obtain the same size at reduced jet 

velocity, and thus with lower energy input). 

It is thus evident that the size of the apparatus plays a more complex role: if 

the Reynolds number is used to characterize the fluid dynamics conditions, and 

thus mixing, it is observed that the curves corresponding to the three mixers 

collapse onto a single one; of course Reynolds number can take into account only 

fluid dynamics similarity and only for geometrically similar devices, thus the 

behavior described above is observed only for the three scaled mixer and for the 

same inlet concentrations of oil and polymer (that is for a fixed characteristic 

process time). As it will be widely discussed in the next chapter, Reynolds number 

is an important parameter to scale the apparatus. It allows to consider together 

factors describing the turbulence of the system, and to find a parameter which 






































































































































































































