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Abstract 

This work is focused on the synthesis of polycaprolactone nanoparticles, coated with chitosan, 

in a confined impinging jets reactor using the solvent displacement method. The role of the 

various reacting species was investigated, evidencing that a biocompatible polymer, e.g. 

polycaprolactone, is required to support chitosan to obtain a mono-modal particle size 

distribution, with low particle diameters. A surfactant is required to reduce nanoparticles size 

(down to a mean diameter of about 260 nm) and obtain a positive Zeta potential (about +31 

mV), perfectly suitable for pharmaceutical applications. Different surfactants were tested, and 

Poloxamer 388 appeared to be preferable to polyvinyl alcohol. The effect of the concentration 

of Poloxamer 388 (in the range 0.5-5 mg ml-1) and of chitosan (in the range 1.5-5 mg ml-1) on 

both the mean particle size and on the Zeta potential was also investigated, evidencing that 

chitosan concentration has the strongest effect on both parameters. Finally, the effect of solvent 

evaporation, quenching and feed flow rate was investigated, showing that the evaporation stage 

does not affect particle characteristics, quenching is required to avoid particle aggregation, and 

a minimum liquid flow rate of 80 ml min-1 is required in the considered reactor to minimize 

particle size. 
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Introduction 

In the last decades, non-invasive drug administration routes attracted a lot of interest with 

respect to the traditional parenteral route. In particular, the mucosal route appeared to be a 

valuable substitute as it allows the drug delivery to the target tissues or to the systemic 

circulation.1-3 

 In this framework, nanoparticles, with adequate size and surface charge, appeared to be 

suitable carriers for the mucosal delivery of drugs as they allow protecting drugs from 

degradation4, they can be tailored in such a way that the penetration across the mucosal 

epithelium is improved5-7 and, finally, the rate of delivery of the drug can be modulated, thus 

maximizing the efficacy of the drug.8 

 The mucoadhesive properties of the nanoparticles can be improved by coating the 

nanoparticles by means of mucoadhesive polysaccharides9,10: chitosan was extensively used to 

this purpose as it can interact with the negatively charged mucosal surface and it can open the 

tight junctions between mucosal cells.3,11-13 Chitosan is a cationic polysaccharide consisting of 

-1 → 4 linked 2-amino-2-deoxy-glucopyranose (GlcN) and 2-acetamido-2-deoxy--D-

glucopyranose (GlcNAc) residues, produced by deacetylation of chitin, obtained from 

crustaceans (crabs and shrimps) exoskeleton.14 Chitosan is characterized by good 

biodegradability15, and it exhibits favorable immunostimulating properties16. Among the others, 

Gupta et al. used chitosan to cover polycaprolactone nanoparticles for nasal immunization 

against influenza A virus.17 Similarly, Mazzarino et al. covered polycaprolactone nanoparticles 

containing curcumin for the buccal delivery of this drug18, while Rampino et al. produced 

chitosan- tripolyphosphate nanoparticles to deliver various proteins, namely bovine serum 

albumin, ovalbumin, and human insulin19. 

 This paper is focused on the investigation of the synthesis of polycaprolactone (PCL) 

based nanoparticles coated with chitosan. PCL was used because of its biodegradability and 



 

 

biocompatibility20,21: its degradation products are lactic and glycolic acids and both can be 

readily eliminated. Besides, PCL is highly stable, and less expensive with respect to other 

polyesters such as PLGA. 

 Polymeric nanoparticles were produced using the solvent displacement method as it 

allows controlling the particle size distribution of the nanoparticles through mixing, and the 

results are highly reproducible.22,23 The method requires dissolving firstly the polymer into a 

solvent and, then, rapidly mixing this solution with an anti-solvent, i.e. a liquid where the 

polymer is insoluble, thus causing the precipitation of the nanoparticles. Acetone was chosen 

as polymer solvent, while water was used as anti-solvent.23 

 The mixing of the two streams is obtained in a confined impinging jets reactor (CIJR): 

two high velocity linear jets of fluid enter the small chamber of the reactor, where highly intense 

turbulence, resulting in a high mixing efficiency, is obtained. Rapid mixing (the characteristic 

mixing time is in the order of milliseconds, as evaluated through computational fluid 

dynamics24-28) results into high nucleation rate and, finally, into the formation of very small 

particles. The production of PCL nanoparticles in the CIJR was investigated by Lince et al.23,29 

and, more recently, by Zelenková et al.30, focusing on the effect of operating parameters like 

the liquid flow rate, the ratio between the solvent and the antisolvent flow rates, and the initial 

polymer concentration on both the mean particle size (and the particle size distribution), and on 

the Zeta potential of these particles. After nanoparticle synthesis, the nanosuspension is diluted 

in a certain amount of water with the goal of avoiding particle aggregation and Ostwald 

ripening30,31, the so-called “quench” stage, and, finally, the organic solvent is removed through 

evaporation. 

 This paper aims investigating the production of PCL nanoparticles, coated by chitosan, 

in the CIJR: the goal is to produce small size particles, with positive Zeta potential, in such a 

way that these particles could be used as drug carriers for mucosal delivery. With respect to 



 

 

particle size, it was reported that trans-epithelial transport of nanoparticles occurs with 

nanoparticles size ranging from 50 to 100 nm32; moreover, nanoparticles with a size of 200 nm 

or less can be injected intravascularly without the concerns for embolization. On the other hand, 

for mucosal administration the highest levels of uptake were found with nanoparticles with a 

ranging size from 100 to 500 nm, while low level of tissue uptake was found for particles with 

a size of ~1 µm.33 The effect of the feed composition, as well as of some operating parameters 

(feed flow rate, solvent evaporation, quench) was investigated by means of an extended 

experimental investigation.  

 

Materials and method 

Low molecular weight (Mw = 14,000 g mol-1) polycaprolactone (PCL) was used for nanoparticle 

synthesis. All tests were carried out with the same concentration of PCL, namely 5 mg ml-1, in 

acetone (HPLC grade), where the polymer was firstly dissolved. Micro-filtered water (obtained 

with a Millipore system, Milli-Q RG, Darmstadt, Germany) was used as antisolvent. A 

surfactant, namely Poloxamer 388 (PEG–PPG–PEG PluronicR-F-108) or polyvinyl alcohol 

(PVA), was dissolved in the aqueous stream, with a concentration ranging from 0.5 to 5 mg   

ml-1, depending on the goal of the test. All reactants were purchased from Sigma Aldrich 

(Steinheim, Germany) and used as received. 

 The confined impinging jets reactor used in this study is shown in Figure 1: it is 

characterized by a cylindrical mixing chamber with a diameter of 5 mm (with a height of 11.2 

mm), and with two inlet pipes with a diameter of 1 mm. Reactants, namely the polymer 

containing solution and the water stream, are fed to the reactor through a KDS200 syringe pump 

(KD Scientific, Holliston, USA) and using two plastic syringes with a volume of 100 ml. The 

experimental apparatus is similar to that used by Zelenková et al.30,31. Values of reactants flow 

rate ranging from 20 to 120 ml min-1 were considered in the study, although most of the tests 



 

 

were carried out at 80 ml min-1 as this allowed obtaining smaller nanoparticles. The water to 

acetone (W/A) flow rate ratio was one in all the tests as mixing conditions are generally 

jeopardized when this value is different from unity due to the momentum unbalance of the two 

streams, and to reduction of turbulence intensity when one of the stream flow rate is lower.30,31 

 Low molecular weight chitosan (Sigma-Aldrich, 75-85% deacetylated, with a molecular 

weight ranging from 50,000 to 190,000 Da, based on viscosity) was used in all the tests. Two 

different methods of chitosan addition were considered, as sketched in Figure 1: in the first 

(labelled as #1) chitosan was dissolved in the aqueous stream fed to the CIJR, while in the 

second (labelled as #2) at first nanoparticles are produced and, then, chitosan is added in such 

a way that polymeric nanoparticles are used as carriers. In both cases, aiming to dissolve 

chitosan in water it is necessary to add acetic acid (HPLC grade, Sigma-Aldrich) in such a way 

that its final concentration was 1%. 

 Following previous studies30,31 the stream leaving the reactor was diluted into a certain 

amount of micro-filtered water: the liquid was then gently stirred, thus allowing the stabilization 

of the nanoparticle suspension (the “quench”). The ratio between the amount of water used for 

nanoparticles production and that used for quench is defined quench volumetric ratio: the effect 

of this parameter was also investigated, considering values in the range 0.1-1. 

 Finally, after synthesis and quenching, the solvent (acetone) was removed through 

evaporation in a rotative evaporator (Stuart Rotary Evaporators, Bibby Scientific Ltd., UK): 15 

minutes were generally required to completely remove the solvent from a 4 ml sample. In this 

framework. it has to be taken into account that a small amount of organic solvent may be still 

present in the final water dispersion, and this could affect particle formation. The role of the 

solvent in particle formation will be extensively discussed in the followings: in any case, the 

amount of solvent in the sample after the evaporation stage is expected to be negligible and, 

thus, it will not affect the particle population obtained in the micro-reactor.  



 

 

 The particle size distribution, as well as the mean size, were measured through Dynamic 

Light Scattering (DLS Zetasizer Nanoseries ZS90, Malvern Instrument, UK), a technique that 

allows determining nanoparticles size (z-average) accurately in the range 2 nm - 3 µm. All 

samples were diluted in water (1:100) before each analysis in order to get reliable 

measurements, and each measurement was performed in triplicate. The general Mie theory was 

used to perform the calculations, although the Rayleigh-Gans approximation is valid in the 

considered system, being the He-Ne laser, used in the Zetasizer, characterized by a wavelength 

of 633nm. The particle refractive index was assumed to be equal to 1.570 and the particle 

absorption, imaginary part of the complex index of refraction, was assumed to be equal to 0.010. 

Although both parameters are not accurately known for the system here considered, being the 

particle size in the nanometric range, the uncertainty on their values does not significantly affect 

the obtained results. The Malvern General Purpose non-negative least squares (NNLS) analysis 

is the algorithm used for calculating the size distribution as it is suitable for the majority of 

samples where no knowledge of the distribution is available. The Zeta potential, defined as the 

electrical potential near the particle surface, was determined in the same apparatus, using a 

special cell equipped with two electrodes. The Henry equation, with Smoluchowsky 

approximation, was used to get the Zeta potential from the measurement of the electrophoretic 

mobility. 

  

Results and discussion 

The first part of the experimental investigation was devoted to the study of the effect of the 

various reactants, namely the PCL, the surfactant (Poloxamer 388) and the chitosan on 

nanoparticle characteristics, namely the particle size distribution, the mean particle size and the 

Zeta potential. In this framework, various formulations were investigated: besides nanoparticles 

containing PCL, Poloxamer 388 and chitosan, also nanoparticles containing only PCL and 



 

 

chitosan were produced, as well as nanoparticles containing only PCL, only PCL and 

Poloxamer, and only chitosan, for comparison purposes. Results are shown in Figure 2. 

Nanoparticles suspensions were obtained in the CIJR using a flow rate of 80 ml min-1, with a 

water to acetone ratio equal to one, and a quench volumetric ratio equal to one, as motivated in 

the Materials and Methods section. The initial concentration of PCL was equal to 5 mg ml-1, 

while the concentrations of chitosan and of Poloxamer 388 considered in this study were 2.5 

mg ml-1. Focusing on nanoparticles obtained using only chitosan, it appears that the particles 

size distribution was not mono-modal (graph a, solid line), with three maxima, indicating that 

nanoparticles aggregation occurs in the system and, thus, motivating the investigation of the 

addition of other components in the reacting mixture to improve particle stability. At first, the 

addition of PCL was considered: particle size distribution (graph a, dotted line) becomes mono-

modal, thus indicating that aggregation is no longer occurring, but the mean particle size is too 

large, about 1000 nm, as shown in graph c, and, thus, these particles are not suitable for 

pharmaceutical applications, as they are characterized by low level of tissue uptake33, despite 

the positive surface potential (shown in graph d) required to fulfill the mucoadhesive function 

of the particles. Therefore, the addition of a surfactant, namely Poloxamer 388, was considered: 

also in this case the particle size distribution is mono-modal (graph a, dashed line), thus 

indicating that nanoparticle aggregation is not occurring, but the mean particle size is now about 

260 nm, and the Zeta potential is about +31 mV, thus making these particles perfectly suitable 

for the pharmaceutical applications. With the goal of formulating a hypothesis on the particles 

structure, the synthesis of particles containing only PCL and PCL with Poloxamer 388 was 

investigated. Considering particles composed only of PCL, the mean size was about 200 nm, 

with a Zeta potential of about -25 mV, as expected. The addition of the surfactant, Poloxamer 

388, to the reacting mixture is responsible for a reduction of the mean particle size (to about 

180 nm) and for a significant variation of the Zeta potential (to about -10 mV), thus indicating 



 

 

that part of the surfactant is deposited on the particle surface, with the hydrophobic part oriented 

towards the interior and the hydrophilic part oriented towards the aqueous medium. When 

chitosan is added to the reacting mixture, Zeta potential increases and becomes positive (about 

+31 mV), and the mean particle size increases as well (to about 260 nm), thus indicating that 

chitosan is located at the particles surface, linked to the hydrophilic part of Poloxamer 388, 

similarly to what was obtained by Mazzarino et al.18 using a different production method. 

 Aiming to investigate the role of the surfactant, i.e. how it influences the mean particle 

size and the Zeta potential of the nanoparticles, PCL-Poloxamer 388 nanoparticles were 

produced at constant polymer concentration, equal to 5 mg ml-1, and varying the Poloxamer 

388 concentration in the feed. Results are shown in Figure 3: it appears that the concentration 

of Poloxamer 388 has a negligible effect on the mean size of the particles (graph a), while it 

strongly affects the value of the Zeta potential. In particular, an increase of the value of the Zeta 

potential is observed in presence of the surfactant (to about -10 mV), independently of its 

concentration (graph b). This confirms the fact that the surfactant is mainly located at the 

surface of the particles, and this result can be obtained also in presence of a low concentration 

of Poloxamer 388. The study has been carried out also in presence of chitosan (at constant 

concentration, 2.5 mg ml-1), and results are shown in Figure 3 for comparison. Also in this case 

it appears that the concentration of the surfactant does not significantly affect the final mean 

particle size: taking into account the results shown in Figure 2, graphs a and c, the role of 

Poloxamer 388 to get small particles is much more important in presence of chitosan and 

polymer than in presence of the polymer alone. With respect to the effect of the Poloxamer 388 

concentration on the particle size and on the Zeta potential, it appears that increasing the 

surfactant concentration from 0.5 to 1.5 mg ml-1 slightly reduces the mean particle size (from 

about 300 nm to about 250 nm), as it could be expected, but no further reduction of particle size 

is obtained if the surfactant concentration becomes higher than 1.5 mg ml-1. With respect to the 



 

 

Zeta potential, it appears that increasing the Poloxamer 388 concentration from 0.5 to 1.5 and 

then to 2.5 mg ml-1 results in a decrease of this value, thus confirming the fact that the surfactant 

is mainly located at the particle surface, where it can replace the chitosan molecules. The value 

obtained for a Poloxamer 388 concentration equal to 5 mg ml-1 is anomalous, probably due to 

the uncertainty of the experimental measurement of the Zeta potential. Finally, the synthesis of 

polymer nanoparticles with chitosan, in absence of Poloxamer 388, was investigated, 

considering different values of chitosan concentration in the reacting medium: results are shown 

in Figure 3 (graphs c and d). Despite the fact that the values of the Zeta potential obtained were 

positive (Figure 3, graph d), as requested to obtain a mucoadhesive system, if no surfactant is 

used the mean particle size becomes very high (Figure 3, graph c) and, thus, these particles 

should be discarded. 

 Additional investigation on the role of the surfactant was carried out comparing the 

results obtained using the Poloxamer 388 with those obtained in presence of a different 

surfactant, namely the polyvinyl alcohol (PVA): results are shown in Figure 4. In all the tests 

the same concentration of polymer was considered (5 mg ml-1), as well as the same 

concentration of surfactant (2.5 mg ml-1). Tests were carried out with or without chitosan in the 

reacting mixture: when chitosan was present, its concentration was 2.5 mg ml-1. In all cases a 

mono-modal particle size distribution was observed (Figure 4, graph a), thus pointing out that 

no aggregation occurred in all cases. With respect to the mean particle size, as shown in graph 

b, it appears that in absence of chitosan the mean particle size is almost the same, independently 

on the type of surfactant used; a similar conclusion is gathered considering the Zeta potential 

shown in graph c. In presence of chitosan, results are strongly different: while in presence of 

Poloxamer 388 the mean particle size is about 260 nm, when the PVA is used as surfactant it 

increases to about 450 nm. With respect to the Zeta potential, a mean value of +31 mV is 

obtained in presence of Poloxamer 388, while a mean value of +55 mV is obtained in presence 



 

 

of PVA. This means that in presence of PVA there is a larger amount of chitosan covering the 

external surface of the particles, as it is responsible for both a higher Zeta potential and a larger 

particle size. Taking into account the desired target of mean particle size, Poloxamer 388 

appears to be the preferred surfactant for the case study. 

 With the goal of understanding how the concentration of chitosan can influence the 

mean size and the Zeta potential of the PCL-Poloxamer 388-chitosan nanoparticles a set of 

experiments was carried out varying the concentration of chitosan in the range 1.5-5 mg ml-1. 

The initial PCL concentration was 5 mg ml-1, while the concentration of Poloxamer 388 ranged 

from 0.5 to 5 mg ml-1. Results are shown in Figure 5: when the chitosan concentration was 

increased, also the mean size (graph a) and the Zeta potential (graph b) increased, and the effect 

of the concentration of Poloxamer 388 was almost negligible in all cases. 

 Once the role of the different reactants, and of their concentration, was clarified, the 

influence of the other operating parameters (the way of the nanoparticles production, the solvent 

evaporation, the feed flow rate and the quench volumetric ratio) on the nanoparticles 

characteristics was studied. 

 Firstly, the effect of two different methods (#1) and (#2) of nanoparticles preparation, 

on the mean size and on the Zeta potential of the nanoparticles was investigated, and results are 

shown in Figure 6. In all tests, the initial PCL concentration was 5 mg ml-1, the concentration 

of Poloxamer 388 was equal to 5 mg m-1 and the concentration of chitosan ranged from 1.5 to 

5 mg ml-1. It was found that when chitosan was added after the quench and evaporation stages, 

i.e. with the method #2, the mean particle size was higher (graph a), as well as the Zeta potential 

(graph b) for all the chitosan concentrations considered in this study. Moreover, in tests #2 

particle aggregation was quite often observed, with a multi-modal distribution of particle size. 

As expected, the mean particle size increased when the chitosan concentration was increased, 

for both ways of synthesis (graph a). The conclusion that can be gathered from these 



 

 

experiments is that the way of synthesis #1 has to be preferred to #2. 

 In order to evaluate the effect of the solvent (acetone) evaporation stage on the mean 

size and on the Zeta potential of the nanoparticles, both values were measured before and after 

the evaporation process, as shown in Figure 7, both for PCL-Poloxamer 388 and for PCL-

Poloxamer 388-chitosan nanoparticles. The initial concentration of PCL was equal to 5 mg     

ml-1 and that of Poloxamer 388 was equal to 2.5 mg ml-1; when chitosan was used, its 

concentration was 2.5 mg ml-1. From the results obtained it appears that the solvent evaporation 

has a negligible effect on both the mean size and the Zeta potential of the nanoparticles. Similar 

conclusions can be inferred when PVA, instead of Poloxamer 388, was used as surfactant. 

Results are shown in Figure 8. The initial concentration of PCL was equal to 5 mg ml-1, the 

concentration of PVA was equal to 2.5 mg ml-1 and when chitosan was present its concentration 

was 2.5 mg ml-1. The fact that the nanoparticles characteristics are not influenced by the solvent 

evaporation is highly positive, because the solvent evaporation stage is essential in the 

manufacturing process.  

 With respect to the solvent evaporation stage, a small amount of solvent may be present 

in the sample after the evaporation stage, originating nanosized organic solvent domains in 

water that can favor the formation of nanoparticles.34-38 This phenomenon was evidenced for 

other systems, but it may occur also in acetone-water mixtures, as it was evidenced both 

experimentally39 and using molecular dynamics simulation40,41. In particular, using molecular 

dynamics it was demonstrated that even if water and acetone are perfectly miscible, an 

appreciable segregation of the two solvents may occur at nanometric scale, being it maximum 

when the acetone fraction is 0.5. This affects the nucleation rate in the micro-reactor. With 

respect to the solvent evaporation stage, it was designed in such a way that all the acetone is 

removed: this was confirmed by weighing samples before and after this stage. Obviously, only 

very small amount of acetone could remain in the system and, thus, the additional nanoparticle 



 

 

formation that may take place in these domains is expected to be negligible. This was confirmed 

by evaluating the evolution of nanoparticle population vs. time (results not shown in this paper 

for the sake of brevity) where the particle size distribution appeared not to change even after 2 

months.     

 One of the parameters that can affect the size of the nanoparticles produced in the CIJR 

is the liquid flow rate. Previous experiments were carried out at 80 ml min-1, since it is known 

that the high flow rates ensure the best mixing condition during the nanoprecipitation process. 

For sake of completeness, the influence of the flow rate on the mean particle size and on the 

Zeta potential was investigated in the range 20-120 ml min-1 and results are shown in Figure 9. 

As it is expected from previous studies30,28,42 when the flow rate is increased the mean size of 

the nanoparticle decreases. Although no general agreement on the process of particle formation 

can be found in the literature, Computational Fluid Dynamics was used to clarify the role of 

various operating parameters and, in particular, also of the feed flow rate.43,26 Mixing, particle 

nucleation and growth were demonstrated to occur in series, while particle aggregation occurs 

in parallel with growth. Mixing strongly affects the local supersaturation, and, thus, also particle 

nucleation (strongly), growth (weakly) and aggregation. Therefore, smaller particles are 

obtained when mixing is improved (as a consequence of the higher flow rate) due to higher 

nucleation rate. The same conclusion is obtained in case particle formation by self-assembly is 

assumed: in fact, the size of the nanoparticles is proportional to the ratio of mixing and 

coalescence, but the expression used for nucleation can still be used to approximate the 

process.44 After exceeding a limit value, in this case study 80 ml min-1, the mean size of 

nanoparticles did not further decrease significantly, and the size remained practically constant. 

Similar trend was also observed for the Zeta potential: with increasing the liquid flow rate the 

values of the Zeta potential became smaller, and at high levels of flow rate (> 80 ml min-1) it 

remained constant at around +30 mV. 



 

 

 Since it is known that the quantity of water used for the quenching can significantly 

affect the mean size of nanoparticles obtained through the CIJR30, a set of experiments was 

carried out varying the quench volumetric ratio from 0.125 to 1. Taking into account the 

definition of this parameter, when the ratio is equal to 1 it means that the amount of water used 

for the quench is exactly the same used for the synthesis (as antisolvent), while in case the ratio 

is 0.125 it means that the amount of water used for the quench is 8 times that used for the 

synthesis (and, thus, the final dilution is higher). Results are shown in Figure 10 with respect to 

both the mean particle size and the Zeta potential. A test without quench was also carried out: 

in this case the mean particle size resulted to be equal to 377±87 nm, while values around 270 

nm are obtained when quench is used in the manufacturing stage. It can thus be stated that the 

quench is essential to get smaller nanoparticles, but the excess of water used for quench plays 

an insignificant role regarding the nanoparticles mean size, as shown in graph a. Similar 

conclusion can be gathered with respect to the Zeta potential, as it is shown in graph b: a 

decrease in the Zeta potential when increasing the quantity of water used for the quench was in 

fact observed. 

 

Conclusions 

The feasibility of the production of chitosan coated PCL nanoparticles in the confined 

impinging jets reactor, using the solvent displacement method, was demonstrated by means of 

an extended experimental investigation. Small size nanoparticles (about 250 nm mean 

diameter) with a positive Zeta potential (about +30 mV), required to have mucoadhesive 

characteristics, are obtained using polycaprolactone, in presence of a surfactant (Poloxamer 

388). The high value of the Zeta potential suggests that these particles are highly stable, i.e. no 

aggregation is expected to occur, when stored in solution and where used, even at physiologic 

ionic strength. Better results are obtained feeding chitosan with the anti-solvent (water) stream, 



 

 

instead of adding it after nanoparticle synthesis. Chitosan concentration has the strongest effect 

on nanoparticle size and Zeta potential. With respect to the manufacturing process, the solvent 

evaporation stage has a negligible effect on both the mean particle size and the Zeta potential, 

while quench is required to avoid particle aggregation, but results are scarcely affected by the 

amount of water used for quench. Future investigations will focus on the encapsulation of a test 

drug in the nanoparticles produced through this way, and on the study of the release of this 

drug. 
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List of symbols 

 

cChi   chitosan concentration, mg ml-1 

cPCL   polymer concentration, mg ml-1 

cPol388   Poloxamer 388 concentration, mg ml-1 

cPVA   polyvinyl alcohol concentration, mg ml-1 

dp   particle diameter, nm 

Mw   molecular weight, kg kmol-1 

 

Abbreviations 

CIJR   Confined Impinging Jets Reactor 

FR   Flow rate, ml min-1 

PCL   Polycaprolactone 

W/A   Water to Acetone ratio  
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List of Figures 

 

Figure 1. Experimental apparatus used for the nanoparticle synthesis using the solvent 

displacement method in the CIJR (the infusion pumps and the mixer are evidenced in the 

picture) and sketch of the two routes (labelled as #1 and #2) for nanoparticles synthesis used in 

this study. 

 

Figure 2. Particle size distribution (graphs a and b), mean particle size (graph c) and Zeta 

potential (graph d) obtained for various feed compositions (operating conditions: FR = 80 ml 

min-1, W/A = 1, quench volumetric ratio = 1): 

(A) cChi = 2.5 mg ml-1 (graph a, solid line); 

(B) cPCL = 5 mg ml-1, cChi = 2.5 mg ml-1 (graph a, dotted line); 

(C) cPCL = 5 mg ml-1, cChi = 2.5 mg ml-1, cPol 388 = 2.5 mg ml-1 (graph a, dashed line); 

(D) cPCL = 5 mg ml-1 (graph b, solid line); 

(E) cPCL = 5 mg ml-1, cPol 388 = 2.5 mg ml-1 (graph b, dashed line). 

 

Figure 3. Influence of the concentration of Poloxamer 388 on the mean particle size (graph a) 

and on the Zeta potential (graph b) in case of nanoparticles produced using PCL(cPCL = 5 mg    

ml-1) (■) and using using PCL (cPCL = 5 mg ml-1) and chitosan (cChi = 2.5 mg ml-1) (▲) and 

influence of chitosan on the mean particle size (graph c) and on the Zeta potential (graph d) in 

case of nanoparticles produced using PCL (cPCL = 5 mg ml-1) (operating conditions: FR = 80 

ml min-1, W/A = 1, quench volumetric ratio = 1). 

 



 

 

Figure 4. Influence of chitosan on particle size distribution (graph a), mean particle size (graph 

b) and Zeta potential (graph c) in presence of different surfactants (operating conditions: FR = 

80 ml min-1, W/A = 1, quench volumetric ratio = 1): 

(A) cPCL = 5 mg ml-1, cPol 388 = 2.5 mg ml-1 (dash-dotted line,     ); 

(B) cPCL = 5 mg ml-1, cPVA = 2.5 mg ml-1 (solid line,     ); 

(C) cPCL = 5 mg ml-1, cChi = 2.5 mg ml-1, cPol 388 = 2.5 mg ml-1 (dashed line,     ); 

(D) cPCL = 5 mg ml-1, cChi = 2.5 mg ml-1, cPVA = 2.5 mg ml-1 (dotted line,     ); 

 

Figure 5. Effect of the concentration of Poloxamer 388 (A: cPol 388 = 0.5 mg ml-1, B: cPol 388 = 

1.5 mg ml-1, C: cPol 388 = 2.5 mg ml-1, D: cPol 388 = 5 mg ml-1) and of chitosan (grey bar: cChi = 

1.5 mg ml-1, light grey bar: cChi = 2.5 mg ml-1, white bar: cChi = 5 mg ml-1) on the mean particle 

size (graph a) and on the Zeta potential (graph b) of nanoparticles produced using PCL (cPCL = 

5 mg ml-1) (operating conditions: FR = 80 ml min-1, W/A = 1, quench volumetric ratio = 1). 

 

Figure 6. Effect of the concentration of chitosan on mean particle size (graph a), and Zeta 

potential (graph b) in case of nanoparticles produced using PCL (cPCL = 5 mg ml-1, cPol 388 = 5 

mg ml-1) produced using the method #1 (dashed lines, □) or the method #2 (solid lines, ■) 

 

Figure 7.  Comparison of the mean particle size (graph a) and of the Zeta potential (graph b) 

of nanoparticles composed of PCL (cPCL = 5 mg ml-1) and Poloxamer 388 (cPol 388= 2.5 mg       

ml-1), without (A) or with (B) chitosan (cChi = 2.5 mg ml-1) before (□) and after ( ) the 

evaporation. (operating conditions: FR = 80 ml min-1, W/A = 1, quench volumetric ratio = 1). 

 

Figure 8. Comparison of the mean particle size (graph a) and of the Zeta potential (graph b) of 

nanoparticles composed of PCL (cPCL = 5 mg ml-1) and PVA (cPVA = 2.5 mg ml-1), without (A) 



 

 

or with (B) chitosan (cChi = 2.5 mg ml-1) before (□) and after ( ) the evaporation (operating 

conditions: FR = 80 ml min-1, W/A = 1, quench volumetric ratio = 1). 

 

Figure 9. Influence of the liquid flow rate on the mean particle size (graph a) and on the Zeta 

potential (graph b) of nanoparticles composed of PCL (cPCL = 5 mg ml-1), Poloxamer 388        

(cPol 388 = 2.5 mg ml-1) and chitosan (cChi = 2.5 mg ml-1) (operating conditions: W/A = 1, quench 

volumetric ratio = 1). 

 

Figure 10. Influence of the quench volumetric ratio on the mean particle size (graph a) and on 

the Zeta potential (graph b) of nanoparticles composed of PCL (cPCL = 5 mg ml-1), Poloxamer 

388 (cPol 388 = 2.5 mg ml-1) and chitosan (cChi = 2.5 mg ml-1) (operating conditions: FR = 80 ml  

min-1, W/A = 1). 
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