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A B S T R A C T

This paper is focused on the synthesis of chitosan-coated polycaprolactone nanoparticles in microreactors and on
the freeze-drying of the nanosuspension, to separate the particles from the liquid phase. Nanoparticles were
produced in the confined impinging jets mixer (CIJM) and in the multi-inlet vortex mixer (MIVM), using the
solvent displacement method, with acetone or tert-butanol (TBA) as polymer solvent. The study was initially
carried out considering a feed flow rate of 80mlmin−1: using acetone, the mean particle size was lower
(163 ± 7 nm) and the Zeta potential was higher (31.4 ± 37mV) with the MIVM, with respect to the CIJM
(265 ± 31 nm and 9.8 ± 2.4mV, respectively). Slightly larger particles were obtained using TBA in the MIVM
(mean diameter: 221 ± 44 nm): in this case it is no longer required removing the solvent before the freeze-
drying stage. The effect of the liquid flow rate was then investigated, confirming that the best results were
obtained at 80mlmin−1. With respect to the freeze-drying process, the effect of lyoprotectants and of steric
stabilizers on particle stability was investigated. Best results were obtained with 5% sucrose and 2.5% Poloxamer
388 (mean diameter: 306 ± 8 nm); in all cases Zeta potential remained positive and larger than +30mV.
Preliminary results about the encapsulation of a test drug, ciprofloxacin, are also shown and discussed.

1. Introduction

Chitosan coated nanoparticles have attracted a lot of interest in
recent years, as the presence of chitosan can strongly improve the na-
noparticles mucoadhesive properties. In fact, chitosan may interact
with the negatively charged (at the physiological pHs) mucosal surfaces
and it is also capable of opening the junctions between mucosal cells,
thus facilitating the transport of drugs through the epithelia (Lehr et al.,
1992; Issa et al., 2005; Andrews et al., 2009; Dash et al., 2011).
Therefore, coating drug containing nanoparticles, constituted by nat-
ural (e.g. polysaccharides and proteins, as albumin and gelatin) or
synthetic polymers, with chitosan allows obtaining the drug delivery
directly to the mucosal tissue (Huang et al., 2000; Chowdary and Rao,
2004; Andrews et al., 2009).

Polycaprolactone (PCL) is one of the polymers most commonly used
in this case due to its biodegradability, biocompatibility, non-muta-
genicity and non-toxicity. Moreover, its biodegradation products
formed in the intestinal lumen can be easily removed from the body
through metabolism or absorption (Wu et al., 2000). Finally, with re-
spect to the cost, the PCL is significantly cheaper than other polyesters

(e.g. polyglycolide and polylactide).
Gupta et al. (2011) investigated the use of chitosan in such a way,

finding out that chitosan coated PCL nanoparticles could effectively be
used for immunization against influenza when they are administrated
through the nasal route. Mazzarino et al. (2012) obtained poly-
caprolactone nanoparticles covered with chitosan to deliver curcumin
across the buccal route. The release of ovalbumin, bovine serum al-
bumin and human insulin loaded in nanoparticles composed of chitosan
and tripolyphosphate was investigated by Rampino et al. (2013). Be-
sides, chitosan exhibits other important characteristics that make it
particularly suitable for nanoparticles production: it is in fact biode-
gradable (Lee et al., 1995), and it has good immune stimulating char-
acteristics (Nishimura et al., 1986).

Several bottom-up methods, e.g. emulsification-evaporation
(Nagavarma et al., 2012), emulsification–diffusion (Mersmann, 1999;
Merisco-Liversidge et al., 2003; Nagavarma et al., 2012) and solvent
displacement (Fessi et al., 1989; Horn and Rieger, 2001), are generally
used to produce nanoparticles in the pharmaceutical industry. They
require dissolving the reactants into adequate solvents, followed by a
precipitation (or condensation) stage to form the nanoparticles. Among
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these methods, the solvent displacement offers several advantages with
respect to the others: it allows obtaining small size nanoparticles, and
varying their size and distribution by modifying the operating condi-
tions. This method has the advantage of being cheap and it allows
obtaining highly reproducible nanoparticle sizes by using solvents with
low toxic potential (e.g. acetone, tert-butanol, tetrahydrofuran) (Horn
and Rieger, 2001; Lince et al., 2008; Barresi et al., 2015). At first the
polymer is dissolved into a solvent wherein it has a good solubility;
then, this solution is mixed with an anti-solvent, i.e. a liquid where the
polymer is insoluble: nanoparticles are obtained through precipitation
(Horn and Rieger, 2001; Di Pasquale et al., 2012).

Several solvents may be used to dissolve PCL, as listed by Bordes
et al. (2010). Acetone was one of the first solvents used for nano-
particles synthesis through the solvent displacement method. Fessi et al.
(1989) employed it in the production of poly(D,L-lactide) nanoparticles,
and, then, it was extensively used for nanoparticles production (see,
among the others, Peracchia et al., 1998; Lince et al., 2008; Lince et al.,
2011a; Zelenková et al., 2014, 2015, 2018). After the synthesis process,
acetone has obviously to be removed from the nanoparticles suspen-
sion, e.g. through evaporation, at low pressure (and, thus, low tem-
perature) to avoid jeopardizing nanoparticles characteristics and, fi-
nally, water can be removed through freeze-drying in order to improve
the nanoparticles long-term stability. As an alternative, tert-butyl al-
cohol (TBA) was proposed as PCL solvent in the manufacturing process
(Zelenková et al., 2015). The interest toward this solvent is due to the
fact that it is possible to freeze-dry the nanoparticles suspension
without removing the solvent because of the high freezing point of the
solvent (24 °C). Besides, the vapor pressure of TBA is quite high and its
toxicity is very low. Finally, TBA can accelerate significantly the drying
process as its presence in the aqueous system results in the formation of
large needle-shaped crystals in the freezing stage: after the sublimation
of ice crystals a highly porous cake is obtained, resulting in a faster
drying process (Kasraian and DeLuca, 1995; Wittaya-Areekul and Nail,
1998; Teagarden and Baker, 2001; Ni et al., 2001; Pisano et al., 2014).

The stream containing the polymer and that with the anti-solvent
have to be rapidly and effectively mixed in such a way that nano-
particles with the desired mean size and size distribution are obtained.
The confined impinging jets mixer (CIJM) can be effectively used to this
purpose (Johnson and Prud'homme, 2003a, 2003b; Lince et al., 2008,
2009, 2011b, 2011c; Zelenková et al., 2014, 2015): the device consists
of a small chamber where the two streams are fed at high velocity, so
that a rapid mixing is obtained, as investigated through computational
fluid dynamics by Marchisio et al. (2006), Gavi et al. (2007), Lince et al.
(2011c), Di Pasquale et al. (2012), Barresi et al. (2015). As an alter-
native, the multi inlet vortex mixer (MIVM) was also proposed. Unlike
the CIJM, in the MIVM the two feeds enter the reactor tangentially, thus
creating a vortex in the mixing chamber (Liu et al., 2008a; Marchisio
et al., 2008, 2009). Besides, it is also possible to feed other two streams,
adding several degrees of freedom to the system. For example, Liu et al.
(2008b) used the MIVM to produce bifenthrin nanoparticles by using
one stream with the bifenthrin dissolved in THF, the second stream
consisting of PVP and PVOH in water (or of PAA-b-PBA in methanol),
and the other two streams containing water. Shen et al. (2011) used the
MIVM to produce various polymeric nanoparticles containing β-Car-
otene and polyethyleneimine, and insulin/tripolyphosphate/chitosan
nanoparticles were also produced in a MIVM by He et al. (2017).

Once the nanoparticles suspension has been obtained, water has to
be removed to safe store them: in fact, by this way it is possible to avoid
nanoparticles aggregation, drug escape from nanoparticles, and the
degradation of the polymers constituting the nanoparticles. The freeze-
drying process is the preferred route to get this result (Abdelwahed
et al., 2006a, 2006b, 2006c; Beirowski et al., 2011a, 2011b, 2011c) due
to the low operating temperatures. Several excipients are required in
the formulation to preserve the particle size distribution in the freeze-
drying process: monosaccharides (e.g. glucose), disaccharides (e.g. su-
crose, threhalose) and their derivates (mannitol), dextran,

polyvinylpyrrolidone, and others are quite often used for this purpose.
In the freezing stage, at a certain temperature, these molecules form a
glassy matrix where nanoparticles can be entrapped and, thus, pro-
tected against the mechanical stress related to the growth of the ice
crystals (“vitrification hypothesis”, Pikal, 1999). In this framework,
when mannitol is used the particle size is hardly preserved, mainly due
to the mannitol crystallization in the freezing stage (Zelenková et al.,
2014; Barresi et al., 2015); nevertheless, in case other molecules are
also used, mannitol crystallization is avoided, and the stability of the
nanoparticles is preserved (Abdelwahed et al., 2006a; Zelenková et al.,
2014). Aiming to avoid particle aggregation during the freeze-drying
process, steric stabilizers have to be added to the suspension. These
molecules are adsorbed onto the surface of the nanoparticles (by means
of hydrogen bonds), and this allows avoiding the aggregation of the
particles (“water replacement theory”, Crowe et al., 1993). Polymers
and surfactants like Cremophor EL, a nonionic surfactant composed by
oxylated triglycerides of ricinoleic acid (Gelderblom et al., 2001), Po-
loxamer 388, an amphiphilic nonionic block polymer consisting of
hydrophilic ethylene oxide and of hydrophobic propylene oxide
(Dumortier et al., 2006), polyvinyl alcohol, and Tween 80 were de-
monstrated in the past to be effective for this purpose. However, the
optimal stabilizer and its concentration have to be experimentally de-
termined, because nanoparticles characteristics depend on these factors
(Barresi et al., 2015).

This paper aims investigating the synthesis of PCL-chitosan nano-
particles in micro-reactors, considering both the CIJM and the MIVM,
and their recovery through freeze-drying. The effect of the flow rate of
the stream containing PCL and of that containing chitosan, both in the
CIJM and in the MIVM, on the mean particle size and on the Zeta po-
tential has been investigated by means of an extended experimental
investigation. Afterwards, the effect of lyoprotectants and of steric
stabilizers on particle stability after a freeze-drying process was studied,
focusing on the nanosuspensions produced using TBA as solvent. The
paper is structured as follows: at first, the experimental methods used
for particle synthesis and characterization are described, as well as the
methods used for carrying out the freeze-drying experiments. The goal
of the research is to produce small size particles, exhibiting positive
Zeta potential: by this way the nanoparticles can be used as drug car-
riers for mucosal delivery. In this framework it is necessary to identify
which is the optimal size range for the particles produced, that is ob-
viously dependent on the route of administration. He et al. (2017)
showed that nanoparticles with a size ranging from 50 to 100 nm ex-
hibits the optimal performance for trans-epithelial transport, while
Hickey et al. (2015) pointed out that nanoparticles whose size ranges
from 100 to 500 nm exhibit the highest level of uptake in case of mu-
cosal administration. Results are then presented and commented, and
some conclusions about the optimal operating conditions for the man-
ufacturing process of the PCL-chitosan nanoparticles are presented.

Finally, it has to be pointed out that the study whose results are
presented and discussed in this paper is the first step of the develop-
ment of a polymer-based drug carrier for pharmaceutical applications.
In fact, we focused on the various stages of the manufacturing process,
without considering any specific drug, although, as discussed by var-
ious authors (e.g. Johnson and Prud'homme, 2003a), the drug and the
polymer may precipitate together, thus affecting some of the particles
characteristics investigated in this paper (mean size, size distribution,
zeta potential). Anyway, quite often the presence of the drug can be
neglected, in particular when the drug is entrapped in the polymeric
matrix, as in this case it does not affect significantly the final mean
particle size, as outlined, among the others, by Chawla and Amiji
(2002). Some preliminary results obtained with an antibiotic, cipro-
floxacin, are presented and discussed at the end of the paper, and they
seem to confirm this statement. The interest toward ciprofloxacin is due
to the fact that it is a broad-spectrum antibiotic, systematically used in
several microbial contaminations such as pulmonary, urinary tract and
dermal infections, as well as in conjunctivitis (Blondeau, 2004) and
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ocular infections (Wilhelmus et al., 1993). As this drug has a poor water
solubility, that limits its oral bioavailability, it is an excellent candidate
for being delivered through polymeric nanoparticles.

2. Materials and method

2.1. Reactants

Nanoparticles were produced using the solvent displacement
method. Acetone (HPLC grade), or tert-butanol (anhydrous,> 99.0%),
depending on the goal of the experiment, was used as solvent for the
PCL, while micro-filtered water (prepared with a Millipore system,
Milli-Q RG, Darmstadt, Germany) was used as antisolvent. Low mole-
cular weight PCL (14,000 Da) was used for the study. At the beginning
of the process, the PCL needs to be dissolved into the solvent: its dis-
solution in acetone is very easy while, when the TBA was involved, it
was necessary to warm up the solution at about 35 °C for 30min to get
the complete dissolution of the PCL. Aiming to control the size of the
produced nanoparticles, it was necessary to use a surfactant. In this
work, the Poloxamer 388 (PEG–PPG–PEG Pluronic F-108) was used for
this purpose, and it was dissolved in the water stream. Low molecular
weight chitosan (deacetylation percentage: 75–85%; molecular weight
ranging from 50,000 to 190,000 Da) was used in all the experiments. It
was dissolved into the water stream in the presence of 1% of acetic acid
(HPLC grade). The following reactants concentrations were selected to
carry out the tests: PCL (5mgml−1), Poloxamer 388 (2.5 mgml−1) and
chitosan (2.5 mgml−1), on the basis of a previous study where the ef-
fect of the concentration of the various reactants was investigated
(Zelenková et al., 2018). In the tests carried out in presence of the drug,
pure ciprofloxacin, with an assay ≥98% (HPLC based), was used: it was
dissolved into the water stream containing Poloxamer 388, in the pre-
sence of 1% of acetic acid (HPLC grade). All reactants involved in the
study were purchased from Sigma Aldrich (Steinheim, Germany) and
used as received.

2.2. Nanoparticles synthesis

Nanoparticles synthesis was carried out both in the CIJM and in the
MIVM. Fig. 1 (graph A) shows the confined impinging jets mixer used in
this study. It has a cylindrical mixing chamber (5mm diameter,
11.2 mm total chamber height), with two inlet pipes (1 mm diameter).
The multi inlet vortex mixer used in this study is also shown in Fig. 1
(graph B). In this case, the mixing chamber has a diameter of 4mm
(with a chamber height of 1mm), and the four inlet pipes are 1mm
diameter. Reactants are fed to the reactors by means of a syringe pump
(KDS200 by KD Scientific, Holliston, USA) and using plastic syringes,
100ml volume each. As each pump may host two syringes, when using
the CIJM for particles synthesis just one pump is required, while two
pumps are needed in the experiments involving the MIVM. In the tests
with the CIJM, the two solutions (solvent+ PCL and anti-
solvent+ Poloxamer 388+ chitosan+ acetic acid) were fed using the
two inlet pipes, one for each solution, while in the MIVM different
feeding conditions were tested, as described in Table 1. The aim was to
investigate if feeding configuration can affect in any way the features of
the produced nanoparticles, as it was shown by Liu et al. (2008a) that
each stream contributes independently to the mixing in the chamber.

The ratio between the flow rate of water and that of acetone (W/A)
is a parameter that can strongly affect both mixing conditions and
turbulence intensity, as it was extensively investigated in the past
(Lince et al., 2008). Mathematical simulation of the behaviour of the
CIJM through CFD (Computational Fluid Dynamics) evidenced that
mixing efficiency is reduced when W/A is increased (Lince et al.,
2011b). Thus, as it was evidenced that it is preferable that the two
streams have the same momentum to reduce bypass and fluid un-
mixedness (Valente et al., 2012), the experimental investigation was
carried out considering W/A=1, and this parameter was not

considered in the design of experiments. Similarly, in the experiments
with the MIVM the same flow rate value was used for all the streams for
the same reasons (Liu et al., 2008a).

The nanosuspensions produced in the CIJM are diluted in a certain
amount of micro-filtered water (“quench”), gently stirred, with the goal
of avoiding particle aggregation (Zelenková et al., 2014, 2015). The
quench volumetric ratio used in this study, i.e. the ratio between the
quantity of water used for producing the nanoparticles and that for
quench, is equal to one. This value was selected on the basis of previous
studies (Zelenková et al., 2014, 2015, 2018). For the experiments car-
ried out with the MIVM no quench was carried out, as it was assumed
that the dilution occurring in the mixing chamber, due to the higher
amount of water fed to the reactor, could be sufficient to avoid particle
aggregation and Ostwald ripening.

Finally, in the tests carried out with acetone, the solvent was re-
moved after quenching through evaporation, by using a rotative eva-
porator (Stuart Rotary Evaporators, Bibby Scientific Ltd., UK); 15min
were required for a 4ml sample.

Some tests were also carried out with a drug (ciprofloxacin) to in-
vestigate its effect on particle size and zeta potential. The MIVM, with
TBA as polymer solvent, was used. This was due to the fact that this
reactor-solvent configuration was demonstrated, in the first part of the
study, to provide the best results in terms of particle size, beside of
shortening the duration of the whole process and the solvent evapora-
tion before freeze-drying is not required. In this case ciprofloxacin was
dissolved into the water stream (containing also Poloxamer 388), in
presence of 1% of acetic acid.

2.3. Nanoparticles characterization

Dynamic Light Scattering (DLS) was thus used to measure the par-
ticle size distribution and, thus, the mean size of the nanoparticles,
using a DLS Zetasizer Nanoseries ZS90 (Malvern Instrument, UK).
Before each measurement, the sample was diluted in water (1:100) and
the measure was repeated three times. The particle size distribution was
determined using the Mie theory, assuming a product absorption equal
to 0.010 and a product refractive index equal to 1.570. Several tech-
niques, e.g. electron microscopy, dynamic light scattering, and many
others are available for particles characterization, depending on the
property of interest. In particular, the electron microscopy-based
techniques can be used to determine the size, shape and surface mor-
phology, through the direct visualization of the nanoparticles, but they
provide limited information about the size distribution and the mean
particle size (see, among the others, Jores et al., 2004), and DLS is the
most frequently used technique for accurate estimation of the particle
size and size distribution (see, among the others, DeAssis et al., 2008).

The Zeta potential was measured using the same apparatus, but with
a special cell containing two electrodes. The system allowed measuring
the electrophoretic mobility and the Zeta potential was calculated using
the Henry equation, with the approximation of Smoluchowsky. This is
an indirect measure of the surface charge (Otsuka et al., 2003), gen-
erally used to estimate stability of a colloidal material, like the sus-
pension of nanoparticles

2.4. Freeze-drying of nanosuspensions

After synthesis, and before freeze-drying, lyoprotectants and/or
steric stabilizers were added to the nanosuspension. Sucrose and man-
nitol were the lyoprotectants selected in this study, while Poloxamer
388 and Cremophor EL were the steric stabilizers used. All reactants
were purchased by Sigma Aldrich (Steinheim, Germany) and used as
received.

With respect to the concentration of the various additives, two
different studies were performed. The first study was a classic 22 fac-
torial design of experiments, aiming to assess how the lyoprotectant
percentage in the formulation (factor A) and the steric stabilizer
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percentage in the formulation (factor B) affect the mean size of the
particles. High (+) and low (−) values of both parameters (factor A:
2.5 and 5% w/w and factor B: 2.5 and 5% w/w) were considered, as it is
summarized in Table 2. In this study, the total solutes concentration in
the samples before freeze-drying was variable, ranging from 5% w/w to
10% w/w (in any case, all the suspensions considered in this study still
contained some amount of the Poloxamer introduced in the synthesis
stage). Aiming to check the correctness of the results obtained through
the statistical approach, the freeze-drying study was repeated con-
sidering different concentrations in such a way that the total con-
centration of the solutes remained the same, and equal to 5%, as shown
in Table 3.

1.5 ml of the prepared nanosuspensions was poured into DIN 58378-
AR10 screw neck tubing vials (external diameter 18 ± 0.25mm, wall
thickness of 1.2 ± 0.06mm). Vials were then loaded onto the shelves
of a lab-scale freeze-dryer (LyoBeta 25 by Telstar, Terrassa, Spain): this
device has a 0.2 m3 drying chamber, with 4 heating shelves (0.5 m2 is
the total area available for the product), a capacitive pressure sensor
(Baratron 626A by MKS Instruments, Andover, MA, USA) and T-type
miniature thermocouples (Tersid, Milano, Italy). In each test 50 vials
were filled with the nanosuspension that had to be investigated, and
about 200 empty vials were placed around them aiming to minimize the
effect of the radiative flux from chamber walls.

With respect to the operating conditions, the temperature of the
heating shelf was decreased at 1 °C/min from the room temperature
(about 20 °C) until reaching the value of −40 °C, and then maintained

Fig. 1. Experimental apparatus used for the nanoparticle synthesis by the solvent displacement method in the CIJM (A) and in the MIVM (B) (the infusion pumps and
the mixer are evidenced in the picture) and sketch of the mixers.

Table 1
Feeding characteristics in the experiments with the MIVM.

Feeding configurations

α β γ

Stream ID 1 Acetone+ PCL Acetone+ PCL Acetone+ PCL
2 Water+poloxamer 388 Water Water+ poloxamer 388
3 Water+ chitosan+ acetic acid Water+ poloxamer 388 Water
4 Water Water+ chitosan+ acetic acid Water+ chitosan+ acetic acid

Table 2
Excipients concentration in the freeze-drying study using the 22 design of ex-
periments.

Sample ID Sucrose, % Mannitol, % Cremophor EL, % Poloxamer 388, %

1 2.5 – 2.5 –
2 5 – 2.5 –
3 2.5 – 5 –
4 5 – 5 –
5 2.5 – – 2.5
6 5 – – 2.5
7 2.5 – – 5
8 5 – – 5
9 – 2.5 2.5 –
10 – 5 2.5 –
11 – 2.5 5 –
12 – 5 5 –
13 – 2.5 – 2.5
14 – 5 – 2.5
15 – 2.5 – 5
16 – 5 – 5
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at that value for about 5 h (the total duration of the freezing stage was
6 h). Then, the temperature of the shelf was increased to −20 °C for
22 h, with a chamber pressure of 0.05mbar, in such a way that ice was
removed by sublimation (primary drying). Secondary drying was car-
ried out for 6 h at 20 °C and 0.05mbar. Fig. 2 shows the evolution of
product temperature in two vials in one of the freeze-drying cycles
carried out in this study: their trend is representative of those observed
in all the other cycles of this study. It is possible to see that product
temperature is about 20 °C at the beginning of the process and, then, it
decreases until about −40 °C is reached. After about 6 h, when the
operating conditions are modified to allow ice sublimation, product
temperature increases with the usual trend observed in a freeze-drying
process. After about 12–16 h from the onset of the primary drying stage
the temperature reaches a steady state value, close to the temperature
of the heating shelf: this means that ice sublimation is completed as the
heat provided to the product is no longer used for ice sublimation, but it
is used to heat the dried product. In this case a value higher than the
temperature of the heating shelf is reached due to radiation effect from
the top tray. The mean value of the sublimation flux is therefore ran-
ging from (about) 0.4 to 0.6 kg h−1 m−2, and it is thus in good agree-
ment with the values usually obtained in a freeze-drying process for
pharmaceuticals. The total duration of the primary drying stage was set
at 22 h, aiming to provide an adequate extra time to complete the
drying in all the vials of the batch. As the goal of the study was not the
optimization of the drying process, we did not evaluate the limit tem-
perature of the different formulations (using either DSC or freeze-
drying microscopy), using this value for in-line or off-line optimization,
but we selected the operating conditions on the basis of a previous

study (Zelenková et al., 2014, 2015), focusing on the effect of the
lyoprotectants on final product quality. In any case, according to the
temperature profiles measured, ice sublimation was considered com-
pleted at the end of the primary drying stage, and at the end of the
whole drying process a good cake appearance was observed, without
any significant evidence of shrinkage or collapse of the dried product,
that are generally undesired at the end of the drying process. Micro-
collapse, i.e. a small-scale collapse resulting in the formation of small
holes in the dried cake could have occurred during the drying stage, but
this phenomenon is in general responsible for a lower resistance of the
dried cake to mass transfer (from the interface of sublimation), re-
sulting in a higher drying rate and, thus, it is not undesired
(Overcashier et al., 1999).

2.5. Statistical analysis of the freeze-dried nanosuspensions

When using the additives concentration of the 22 design of experi-
ments previously presented (Table 2), it is possible to easily quantify
the effect of the various parameters, namely the lyoprotectant con-
centration (parameter A) and the steric stabilizer concentration (para-
meter B). Let us define:

– a as the combination of parameter A at the high level (5% w/w) and
parameter B at the low level (2.5% w/w),

– b as the combination of parameter B at the high level (5% w/w) and
parameter A at the low level (2.5% w/w),

– ab as the combination of parameters A and B at the high level (5%
w/w),

– Eq. (1) as combination of parameters A and B at the low level (2.5%
w/w).

Let n be the number of repetitions of the test (n=5 in our experi-
mental investigation), and let dpj be the mean diameter of the particles
for the j-th combination of the operating parameters. The effects of the
various parameters were then calculated using the approach shown,
among the others, by Montgomery (2005). The effect of the parameter
A can be calculated considering the following contributions:

– [dpa− dp(1)]/n in case the value of B is low;
– [dpab− dpb]/n in case the value of B is high.

By averaging the single effects calculated previously, the total effect
of A on the nanoparticles size is obtained:

= − + −E A
n

d d d d( ) 1
2

[ ]p
a

p p
ab

p
b(1)

(1)

Similarly, the effect of parameter B can be calculated. Interactions
between the two factors can be computed by means of Eq. (2):

=

− − +

E AB
d d d d

n
( )

[ ]
2

p
ab

p
b

p
a

p
(1)

(2)

Values obtained from Eqs. (1)–(2) can be positive or negative. Po-
sitive values mean that when the value of the parameter is increased,
then mean particle size increases, and vice versa in case the effect is
negative. The analysis of variance “ANOVA” (Montgomery, 2005) was
also performed, using the Fisher test, aiming to check the significance of
differences between the arithmetic means of the various groups.

2.6. Entrapment efficiency

In the test carried out with the drug, with the goal to assess the
entrapment efficiency and, thus, that the drug is effectively contained
in the polymeric nanoparticles, at first it was necessary to separate the
nanoparticles from the liquid medium. Ultracentrifugation (Thermo
Scientific SL16, with fixed angle rotor Fiberlite F15-6x100y, 25°, Rmax
98mm) was used to this purpose. 1 h at 12000 rpm was sufficient to get

Table 3
Excipients concentration in the freeze-drying study carried out with the same
value of solute concentration.

Sample ID Sucrose, % Mannitol, % Cremophor EL, % Poloxamer 388, %

1a 5 – – –
2a 4 – 1 –
3a 2.5 – 2.5 –
4a 4 – – 1
5a 2.5 – – 2.5
1b – 5 – –
2b – 4 1 –
3b – 2.5 2.5 –
4b – 4 – 1
5b – 2.5 – 2.5

Fig. 2. Experimental measurement of product temperature in two vials of the
batch during a freeze-drying cycle with a formulation containing 5% sucrose.
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a perfect separation of nanoparticles from the liquid medium (super-
natant). Ciprofloxacin content in the liquid was measured through UV-
spectrofotometry at 270 nm, according to Nijhu et al. (2011) (Cary 60
UV-VIS Spectrophotometer, Agilent, Santa Clara, CA, USA). The en-
trapment efficiency (%) was estimated as the difference between the
total amount of ciprofloxacin used in the nanoparticle synthesis stage
and its amount in the supernatant obtained after the centrifugation
step.

3. Results and discussion

The experimental investigation was initially focused on the com-
parison of the nanoparticles characteristics in case the CIJM or the
MIVM are used. In both cases, acetone was the solvent used for PCL,
and the flow rate for each stream was 80mlmin−1; when the MIVM
was used for particles synthesis, three different ways of feeding were
tested, as summarized in Table 1. With respect to the feeding condi-
tions, it has to be pointed out that the flow rate of the solvent stream,
containing the polymer, and that of the aqueous stream containing the
chitosan are the same in both reactors, but the hydrodynamics is dif-
ferent: this is due to the fact that the geometry of the two devices is
different, and to the fact that in the MIVM the total flow rate is double
with respect to that of the CIJM. Results are shown in Fig. 3. When
using the CIJM, the mean particle size was 265 ± 31 nm, with a Zeta
potential of 9.8 ± 2.4mV, while in case the MIVM is used, the mean

particle size of the produced nanoparticles was lower, and the Zeta
potential higher, thus making these particles more interesting for drug
delivery through mucosal route. In particular, the mean particle size
was 163 ± 7 nm when using the α feeding way, 204 ± 13 nm when
using the β way, and 186 ± 15 nm when using the γ way. It has to be
highlighted that the two microreactors are characterized by a different
ratio between the solvent and the water stream: in the CIJM, as the
quench ratio is 1, the ratio between the solvent and the water flow rate
is 0.5, while in the MIVM this ratio is 1/3. In any case, the effect of the
dilution was shown to be negligible for values of the quench ratio lower
than 1 (Zelenková et al., 2018). With respect to the Zeta potential, the
value was 31.4 ± 3.7mV when using the α feeding way,
21.4 ± 3.7mV when using the β way, and 20.0 ± 4.4mV when using
the γ way. These results evidence that the way in which the various
reactants are fed to the MIVM has a weak influence on the character-
istics of the nanoparticles produced in this mixer. This confirms the
results by Liu et al. (2008a) for a different system; anyway, slightly
better results appear to be obtained in case the α way was used to feed
the reactants and, thus, this method was used in the following experi-
ments.

With the goal of investigating the effect of the solvent, nanoparticles
were produced, both in the CIJM and in the MIVM, using TBA instead of
acetone. Results are shown in Fig. 4, where the mean particle size and
the Zeta potential obtained in case the solvent is acetone are also shown

Fig. 3. Effect of the feeding configuration on the mean size (graph a) and on the
Zeta potential (graph b) for nanoparticles produced in the MIVM using acetone
as solvent; results obtained in the CIJM are also shown for comparison (oper-
ating conditions: FR=80mlmin−1, cp=5mgml−1, cpol388=2.5mgml−1,
cchi=2.5mgml−1; for CIJM W/A=1 and quench volumetric ratio= 1).

Fig. 4. Comparison of the mean size (graph (a)) and the Zeta potential (graph
(b)) of nanoparticles produced using acetone (■) or TBA ( ) in the CIJM or in
the MIVM (operating conditions: FR= 80mlmin−1, cp=5mgml−1,
cpol388=2.5mgml−1, cchi=2.5mgml−1; for CIJM W/A=1 and quench vo-
lumetric ratio= 1; for MIVM feeding configuration α).
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for comparison. As concerns the CIJM, the use of TBA instead of acetone
does not appear advisable. In fact, in this case the mean particle size
increased to 942 ± 124 nm, while employing the MIVM, the presence
of TBA does not appear to worsen the particle characteristics with re-
spect to those obtained using acetone. In fact, the mean size of the
nanoparticles was 221 ± 44 nm and the Zeta potential was
27.1 ± 6.8mV. Taking into account that the use of TBA allows sim-
plifying the manufacturing process, as the solvent evaporation stage is
not required before freeze-drying, further investigation will be focused
on the use of this solvent in the synthesis stage.

One of the most important operating parameters of the MIVM is the
feeding flow rate. The effect of this parameter on both particle size and
Zeta potential has been investigated through experimental investiga-
tions, and results are shown in Fig. 5. It appears that the feed flow rate
has a weak effect on the mean particle diameters in the range
20–80mlmin−1, where a particle diameter of 233 ± 24 nm was ob-
tained at 20mlmin−1, and 221 ± 44 nm was obtained at 80mlmin−1,
although a slight increase of the particle diameter was observed at flow
rates higher than 100mlmin−1 (261 ± 13 nm at 100mlmin−1,
275 ± 18 nm at 120mlmin−1). With respect to the Zeta potential of
the nanoparticles, it was almost unaffected by the feed flow rate, taking
also into account the variability of this parameter in each experiment
(being equal to 25.6 ± 2.7mV at 20mlmin−1, 26.8 ± 4.6mV at
120mlmin−1).

The study was continued investigating the stability of the nano-
particles in a long-term period. Fig. 6 shows the mean size and the Zeta
potential of the chitosan coated PCL nanoparticles as a function of

storage time. The suspensions, produced with two different flow rates,
namely 20 and 80mlmin−1, were stored at room temperature (around
20 °C) for 2months. From the results shown in Fig. 6, it is possible to
assess that the size of the nanoparticles does not significantly change
with time in all cases.

The second part of the study was devoted to the investigation of the
effect of the freeze-drying process on the mean particle size. At first, a
standard 22 design of experiment was used to assess the effect of su-
crose/mannitol with Poloxamer 388/Cremophor EL. Table 2 shows the
percentage of the various lyoprotectants/steric stabilizers considered in
this study, while Fig. 7 shows the mean value of particle diameter ob-
tained in the various cases, and Fig. 8 shows the values of the effects
calculated using Eqs. (1) and (2).

Let us focus on the sucrose-Cremophor EL couple of additives
(Fig. 7, graph a; Fig. 8, graph a). It appears that when the concentration
of both sucrose and Cremophor EL was “low”, i.e. 2.5%, particle dia-
meter increases to a higher value with respect to the case when the
concentration of both was “high”, i.e. 5% (378 ± 14 nm vs.
256 ± 11 nm); intermediate results are obtained in case the con-
centration of one excipient was “low” and that of the other was “high”.
When evaluating the effect of the two components, it appears that when
the concentration of both sucrose and Cremophor EL is increased, the
particle size decreases (the effect is negative), and that sucrose is more
effective then Cremophor EL. In case Poloxamer 388 was used with
sucrose, results are shown in Fig. 7 (graph b) and Fig. 8 (graph b). In

Fig. 5. 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
(cp=5mgml−1), Poloxamer 388 (cpol388=2.5mgml−1) and chitosan
(cchi=2.5mgml−1) produced in the MIVM using TBA as solvent.

Fig. 6. Dependence of the mean size (graph a) and of the Zeta potential (graph
b) on time for nanoparticles composed of PCL (cp=5mgml−1), Poloxamer 388
(cpol388=2.5mgml−1) and chitosan (cchi=2.5mgml−1) produced in the
MIVM using TBA as solvent and two different flow rates (■: FR= 20mlmin−1,
▲: FR= 80mlmin−1).
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this case it appears that the final mean size of the nanoparticles was not
significantly affected by the amount of Poloxamer 388 and of sucrose,
being equal to 322 ± 7 nm when their concentration was at the “low

value”, and to 313 ± 5 when both concentrations were at the “high”
value. These results show that Poloxamer 388 was much more effective
than Cremophor EL in preventing particle aggregation during the

Fig. 7. Comparison of the mean size of the chitosan
containing nanoparticles obtained from different
water/TBA nanosuspensions (listed in Table 2) be-
fore ( ) and after (□) freeze–drying (operating
conditions: FR= 80mlmin−1, cp=5mgml−1,
cpol388=2.5mgml−1, cchi=2.5mgml−1, pchamber

=10 Pa, and Tshelf=−20 °C).

Fig. 8. Effect of single factors (lyoprotectant (A), steric sta-
bilizer (B)) and of their combination on the size of nano-
particles, obtained from different water/TBA nanosuspen-
sions, after freeze-drying process in case formulations are
stabilized with Cremophor EL and sucrose (a), with
Poloxamer 388 and sucrose (b), with Cremophor EL and
mannitol (c), with Poloxamer 388 and mannitol (d) (oper-
ating conditions: FR= 80mlmin−1, cp=5mgml−1,
cpol388=2.5mgml−1, cchi=2.5mgml−1, pchamber=10 Pa,
and Tshelf=−20 °C).
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freeze-drying process, and that there are no significant advantages in
increasing the Poloxamer 388 concentration from 2.5% to 5%: in fact,
as the analysis of the effects points out, when considering the mixture of
sucrose and Poloxamer 388 the effect of sucrose was negative (the
absolute value was lower than that obtained in the couple sucrose-
Cremophor EL), but the effect of Poloxamer 388 was (slightly) positive.
The conclusion of this study is that Poloxamer 388 has to be preferred
as steric stabilizer, when using sucrose, and that 2.5% of sucrose and
2.5% of Poloxamer 388 are the optimal concentrations (resulting in
final mean particle size of 306 ± 8 nm).

Beside sucrose, mannitol is another excipient frequently used when
freeze-drying pharmaceutical formulations. Results of the study are
shown in Fig. 7, graphs c and d, and Fig. 8, graphs c and d. Let us focus
on the mannitol-Cremophor EL couple of additives (Fig. 7, graph c;
Fig. 8, graph c). Results show that when the concentration of both
mannitol and Cremophor EL was “low”, i.e. 2.5%, particle diameter
increases to a significantly higher value with respect to the case when
the concentration of both was “high”, i.e. 5% (1294 ± 123 nm vs.
853 ± 20 nm). The best result, namely 592 ± 27 nm, was obtained
when mannitol concentration was 5%, and Cremophor EL concentra-
tion was 2.5%. When evaluating the effect of the two components, it
appears that when the concentration of both mannitol and Cremophor
EL is increased, the particle size decreases (the effect is negative), and
increasing mannitol concentration is more effective then increasing the
concentration of Cremophor EL. Increasing both concentrations should
be avoided as the effect was positive, i.e. the mean particle size in-
creased. In case Poloxamer 388 is used with mannitol, results are shown
in Fig. 7 (graph d) and Fig. 8 (graph d). In this case, it appears that
when the concentration of both mannitol and Poloxamer 388 was
“low”, i.e. 2.5%, particle diameter increased to a higher value with
respect to the case when both concentration was “high”, i.e. 5%
(470 ± 13 nm vs. 380 ± 10 nm); intermediate results were obtained
in case the concentration of one excipient was “low” and that of the
other was “high”. When evaluating the effect of the two components, it

appears that when the concentration of both mannitol and Poloxamer
388 was increased, the particle size decreased (the effect is negative),
and that mannitol was more effective then Poloxamer 388. These re-
sults show that Poloxamer 388 is much more effective than Cremophor
EL in preventing particle aggregation during the freeze-drying process,
also in case mannitol is used as excipient, and that the optimal excipient
composition for this formulation is mannitol 5% and Poloxamer 5%.
Nevertheless, the best result was obtained with the 2.5% sucrose - 2.5%
Poloxamer 388 mixture.

In the previous study, the total solute concentration in the for-
mulations being freeze-dried was not constant, as it ranged from 5 to
10%. Thus, the study of the effect of Cremophor EL and of Poloxamer,
in presence of sucrose or of mannitol was repeated using the values
shown in Table 3, i.e. with a total solute concentration of 5%. Fig. 9,
graphs a and c, shows the results obtained when using sucrose, alone, or
with Cremophor EL or with Poloxamer 388. Sucrose alone was not
particularly effective, as the final mean size of the nanoparticles was
567 ± 109 nm. Better results were obtained when using Cremophor EL
with sucrose, because the mean particle size after the freeze-drying
process decreased from 494 ± 45 nm to 382 ± 40 nm when Cremo-
phor EL concentration was increased from 1% to 2.5% (and the sucrose
concentration is decreased from 4% to 2.5%). Even better results were
obtained in presence of Poloxamer 388, and also in those experiments
the results were almost unaffected by the percentage of Poloxamer 388,
being the mean diameter equal to 325 ± 9 nm with 1% of Poloxamer
388 (and 4% of sucrose), and to 322 ± 11 nm with 2.5% of Poloxamer
388 (and 2.5% of sucrose). With respect to the Zeta potential, it re-
mained positive in all cases, with values higher than +30mV. When
mannitol was used as excipient, results were significantly worsened, as
it appears from Fig. 9, graph b. The mean particle size increased up to
1368 ± 130 nm when only mannitol was present in the system, while
slightly better results were obtained in presence of Cremophor EL
(698 ± 69 nm with 4% mannitol and 1% Cremophor EL). Better results
were obtained in presence of Poloxamer 388, 456 ± 15 nm when

Fig. 9. Comparison of the mean size (graphs a and b)
and Zeta potential (graphs c and d) of the chitosan
containing nanoparticles obtained from different
water/TBA nanosuspensions (listed in Table 3) be-
fore (■) and after (□) freeze–drying (operating
conditions: FR= 80mlmin−1, cp=5mgml−1,
cpol388=2.5mgml−1, cchi=2.5mgml−1, pchamber

=10 Pa, and Tshelf=−20 °C).
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Poloxamer concentration was 1% (and mannitol is 4%) and
457 ± 29 nm when Poloxamer concentration was 2.5% (and mannitol
is 2.5%). In all cases, the couple sucrose-Poloxamer 388 appears to be
the optimal one for particle stabilization in the freeze-drying process,
and the nanoparticles obtained appear to be perfectly suitable for the
desired delivery through the mucosal route.

As it was stated in the Introduction, the investigation was carried
out in absence of a drug, aiming to focus on the manufacturing system,
as quite often the presence of the drug does not affect significantly the
final mean particle size, especially when it is entrapped in the poly-
meric matrix. The optimization of the drug encapsulation in the optimal
manufacturing system identified in this work will be the subject of a
future paper, but some preliminary tests have been carried out with
ciprofloxacin, to test that (i) the drug is effectively entrapped in the
particles, and that (ii) the presence of this drug, entrapped in the
polymeric nanoparticles, poorly affects the particles size and the zeta
potential. Experiments were carried out in the MIVM, using TBA as
polymer solvent. Results are shown in Fig. 10: graphs a and b show the
comparison between the values of mean particles diameter and zeta
potential, respectively, with or without the drug, while graph c shows
the values of mean particles diameter obtained for different cipro-
floxacin concentrations in the feed. Results point out that the presence
of this drug has a poor effect on the investigated parameters. The
measured drug entrapment efficiency was 61.2%.

4. Conclusions

The manufacturing of chitosan coated PCL nanoparticles using the
solvent displacement method in two different microreactors, namely
the confined impinging jets mixer and the multi inlet vortex mixer, was
investigated in this paper, considering also the following freeze-drying
stage, aiming to provide long term stability to the nanoparticles. Results
evidenced that the MIVM can be used as an alternative to the CIJM, as it
allows avoiding the quenching. In case TBA is used as PCL solvent, the
nanosuspension can be directly freeze-dried and, thus, the solvent
evaporation stage is no longer necessary. Suitable lyoprotectants and
steric stabilizers have to be added to the formulation. Nanoparticles
with a mean diameter of 221 ± 44 nm were obtained in the MIVM,
with a Zeta potential of 27.1 ± 6.8mV, thus perfectly suitable to fulfill
the mucoadhesive function. The optimal combination of excipients for
the freeze-drying stage resulted to be 5% sucrose/2.5% Poloxamer 388,
being the final size of the nanoparticles of 306 ± 8 nm with a Zeta
potential larger than +30mV. Future investigations will focus on the
encapsulation of a test drug, ciprofloxacin, in the nanoparticles pro-
duced through this way, and on the study of the release of this drug.

List of symbols

cchi chitosan concentration, mg ml−1

cp polymer concentration, mg ml−1

cpol 388 Poloxamer 388 concentration, mg ml−1

dp particle diameter, nm
E effect
Mw molecular weight, kg kmol−1

n number of repetitions of each test
pchamber chamber pressure, Pa
Tshelf temperature of the heating shelf, K

Abbreviations

CIJM Confined Impinging Jets Mixer
FR Flow rate, ml min−1

MIVM Multi Inlet Vortex Mixer
PCL Polycaprolactone
W/A Water to Acetone ratio
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