Chapter 2
Nanoprecipitation Process: From Particle
Preparation to In Vivo Applications

Karim Miladi, Sana Sfar, Hatem Fessi and Abdelhamid Elaissari

Abstract Nanoparticles have been widely prepared during the past decades. In
fact, encapsulation could provide several advantages over conventional pharma-
ceutical forms (Miladi et al. in Int J Pharm 445(1-2):181-195, 2013; Campos et al.
in J Colloid Sci Biotechnol 2(2):106-111, 2013; Grando et al. in J Colloid Sci
Biotechnol 2(2):140-145, 2013; De Melo et al. in J Colloid Sci Biotechnol 2
(2):146-152, 2013; Mazzaferro et al. in J Colloid Sci Biotechnol 1(2):210-217,
2012; Lira et al. in J Colloid Sci Biotechnol 2(2):123-129, 2013; Wang et al. in J
Colloid Sci Biotechnol 1(2):192-200, 2012). Although, several techniques have
been used for the preparation of submicron particles from preformed polymers,
nanoprecipitation is regarded as a quite simple and reproducible technique that
allows the obtaining of submicron-sized polymer particles. Additionally, many
research works have focused on the enhancement of the reproducibility of the
technique in order to render it more suitable for industrial applications.
Nanoprecipitation is still widely used to prepare particulate carriers which are based
on various polymers. Biomedical applications of such drug delivery systems are
multiple (Rosset et al. in J Colloid Sci Biotechnol 1(2):218-224, 2012; Khan et al.
in J Colloid Sci Biotechnol 1(1):122-128, 2012).
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Nanoprecipitation - Flash nanoprecipitation - Solvent displacement - Interfacial
deposition - Nanocapsules + Nanospheres

1 Introduction

Nanoprecipitation is also called solvent displacement or interfacial deposition. It is
considered as one of the first developed techniques used for the encapsulation of drug
molecules. This technique was developed by Fessi et al. (1989). Since its develop-
ment, the technique has been widely used for the encapsulation of mainly,
hydrophobic drugs in either nanocapsules or nanospheres. Many polymers were used
for this purpose, especially, biodegradable polyesters such as, poly(lactide) (PLA),
poly(lactide-co-glycolide) (PLGA), and poly(e-caprolactone) (PCL). Nanocapsules
are vesicular forms that exhibit core-shell structure in which the drug is mainly
confined to a reservoir or within a cavity surrounded by a polymer membrane.
Nanospheres are, however, matrix-type colloidal particles in which the drug is dis-
solved or dispersed within the polymer matrix. The drug molecule could be also
adsorbed on the surface of the nanocarrier (Mora-Huertas et al. 2010; Letchford and
Burt 2007). Nanoprecipitation is based on the interfacial deposition of polymers
following the displacement of a semi-polar solvent miscible with water from a
lipophilic solution (Fessi et al. 1989). It is an easy and reproducible technique that has
been widely used in the preparation of nanoparticles. Nanoprecipitation has many
advantages over other encapsulation techniques: (1) Simplicity (2) ease of scalability
(3) good reproducibility (4) large amounts of toxic solvents are avoided (5) obtaining
of submicron particle sizes with narrow size distribution, and (6) no need for using of
high energy input (Lassalle and Ferreira 2007). In 2005, Bilati et al. (2005) developed
a modified nanoprecipitation method designed for the encapsulation of hydrophilic

Fig. 1 a Scanning electron microscopy (SEM) micrographs of PLGA-PEG nanoparticles (Anand
et al. 2010). b SEM micrograph of nanoparticles prepared by nanoprecipitation (Costantino et al.
2005). Source: Elsevier
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molecules. Figure la, b show scanning electron microscopy (SEM) images of
nanoparticles prepared by nanoprecipitation.

2 Technical Aspects

2.1 Mechanism of Particle Formation by Nanoprecipitation

Nanoprecipitation is a simple and reproducible technique that produces particles with
narrow size distribution over a wide range of processing parameters (Budhian et al.
2007). It requires two miscible phases: an organic/oil phase and an aqueous phase
(see Fig. 1). Lince et al. (2008) showed that the process of particle formation in the
nanoprecipitation method includes three phases: nucleation, growth, and aggrega-
tion. Supersaturation was described as the driving force of all these phenomena. It is
defined by the ratio of polymer concentration to polymer solubility in the organic
solvent. Supersaturation is crucial because it also determines the nucleation rate.
Here, fluid dynamics and mixing of phases play an important role. In fact, they
influence supersaturation and owing to the rapidity of particle formation process,
they determine also the nucleation rate. Consequently, poor mixing produce few big
nanoparticles (low nucleation rate) while good mixing conditions give birth to high
nucleation rates, i.e., larger population of smaller nanoparticles (Lince et al. 2008).
Quintanar-Guerrero et al. (1998), however, explained nanoparticles formation as a
result of differences in surface tension. This finding was based on research carried out
by Davies on mass transfer between two liquids and on the Gibbs—Marangoni effect
(McManamey et al. 1973; Davies 1975). In fact, a liquid with a high surface tension
(aqueous phase) pulls more strongly on the surrounding liquid than one with a low
surface tension (organic phase solvent). This difference between surface tensions of
the aqueous and the oil phase causes interfacial turbulence and thermal inequalities in
the system. This leads to the continuous formation of vortices of solvent at the
interface of both liquids (Fig. 2). The organic solvent diffuses from regions of low
surface tension which causes gradual precipitation of the polymer on the oil surface
and forms nanocapsules (Mora-Huertas et al. 2010).

2.2 Drugs

Nanoprecipitation technique is essentially used to encapsulate hydrophobic mole-
cules. However, some good results were also obtained with hydrophilic molecules.
Table 1 contains some examples of drugs encapsulated by nanoprecipitation and
their corresponding nature. More examples will be given in the Chap. 13 by
Zandanel and Charrueau. Most of the drug encapsulation studies focused either on
poorly water-soluble or amphiphilic compounds that are highly soluble in water
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Fig. 2 The nanoprecipitation technique

miscible organic solvents. However, many studies used other approaches to allow
the encapsulation of hydrophilic molecules. Three main approaches have been
investigated: (1) The dissolving of the hydrophilic molecule in the external aqueous
phase, (2) the use of a cosolvent, or (3) the dissolution of small amounts of the
molecule in the organic phase. Bilensoy et al. (2009) encapsulated mitomycin C in
PCL-based nanoparticles coated with chitosan by dissolving the hydrophilic drug in
the aqueous phase. Peltonen et al. (2004) used ethanol and methanol as cosolvents
and added them to an aqueous solution of cromoglucate to allow drug dissolution in
the organic phase. Govender et al. used nanoprecipitation to prepare PLGA
nanoparticles containing the water-soluble molecule, procaine hydrochloride.
Experimental procedure consisted on the dissolution of PLGA and a specified
quantity of the drug in acetonitrile (Govender et al. 1999).

2.3 Oil Phase

The oil phase consists on an organic solvent which is miscible to water such as,
ethanol or acetone. The organic phase contains also the polymer and the
hydrophobic drug. Other compounds could be added to the solvent such as
triglycerides, mineral or vegetable oils, or hydrophobic surfactants. Addition of
mineral or vegetable oils allow obtaining nanocapsules rather than nanospheres.
Surfactants hamper the aggregation of the particulate carriers. Table 2 shows some
examples of oil phases that could be used in nanoprecipitation. One can notice that
acetone is the most commonly used organic solvent in nanoprecipitation.
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Table 1 Examples of drugs encapsulated in polymer nanoparticles by nanoprecipitation

Hydrophilic molecules References Hydrophobic References
molecules
Cromoglucate Peltonen et al. (2004) Olanzapine Seju et al.
(2011)
Doxorubicin Sanson et al. (2010), Paclitaxel Wang et al.
Han et al. (2013) (2013)
Bovine Serum Albumin Gao et al. (2006) Amphotericin-B Van de Ven
et al. (2012)
Levofloxacin Cheow and Hadinoto Aceclofenac Katara and
(2010) Majumdar
(2013)
10-Hydroxycamptothecin | Zhang et al. (2007) Curcumin Mazzarino et al.
(2012)
Mitomycin C Bilensoy et al. (2009) | Retinoic acid Almouazen
et al. (2012)
Heparin Eidi et al. (2010) Naringenin Krishnakumar
et al. (2011)
Stevioside Barwal et al. (2013) Efavirenz Seremeta et al.
(2013)
Salbutamol Hyvonen et al. (2005) Naproxen Rosset et al.
(2012)
Procaine Govender et al. Chloroaluminum Siqueira-Moura
(1999) phthalocyanine et al. (2013)

2.4 Water Phase

The aqueous phase is usually water but some other excipients such as hydrophilic
surfactants could be added to avoid particles’ aggregation. These surfactants could
be natural or synthetic. Likely, some polymers could be added to aqueous phase as
coating materials. Hydrophilic drugs could be dissolved in the aqueous phase.
Table 3 shows some examples of aqueous phases that could be used in the nano-
precipitation method. As it can be seen, the most used aqueous phase is simply
water and the most used surfactant is Pluronic® F68.

2.5 Polymers

Numerous polymers have been used to prepare nanoparticles by nanoprecipitation.
To be suitable for in vivo applications, polymers must be biodegradable and bio-
compatible. The most used materials are biodegradable polyesters such as PLGA,
PCL, PLA, and Eudragit®. Coating materials could also be grafted or adsorbed to the
initial polymer to confer new surface properties such as, mucoadhesion, protection
from reticuloendothelial system (stealth particles) or to tune hydrophilicity.
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Table 2 Examples of organic phases used in nanoprecipitation

Composition of the oil phase

| References

Oil phases comprising one solvent

Acetone

Bazylinska et al. (2013), Bernabeu et al. (2013), Shah
et al. (2014), Siqueira-Moura et al. (2013), Barwal et al.
(2013), Peter Christoper et al., Pavot et al. (2013), Das
et al. (2013a), Cirpanli et al. (2011), Gupta et al. (2010),
Liu et al. (2010), Joshi et al. (2010), Cheng et al. (2008),
Muthu et al. (2009), Pertuit et al. (2007), Danhier et al.
(2009a), Cirpanli et al. (2009), Yuan et al. (2008), Vila
et al. (2004), Fonseca et al. (2002), Leroueil-Le Verger
et al. (1998), Nafee et al. (2013), Zili et al. (2005), Yenice
et al. (2008), Memisoglu-Bilensoy et al. (2005), Ali et al.
(2013), Zhang and Zhuo (2005), Das et al. (2013b),
Kumar et al. (2012), Paul et al. (2013), Musumeci et al.
(2013), Mazzarino et al. (2012), Eidi et al. (2012)

Ethanol

Ubrich et al. (2005), Perret et al. (2013a, b)

Ehtylacetate

Tao et al. (2013)

Acetonitrile

Wang et al. (2010), Dong and Feng (2004, 2007), Leo
et al. (2004)

THF

de Miguel et al. (2013), Peracchia et al. (1999),
Kaewprapan et al. (2012)

DMF

Suen and Chau (2013)

DMSO

Esfandyari-Manesh et al. (2013)

PEG

Ali and Lamprecht (2013)

Oil phases comprising solvent mixtures

Acetone/ethanol Noronha et al. (2013), das Neves et al. (2013), Le
Broc-Ryckewaert et al. (2013)
Acetone/methanol Das and Suresh (2011)

Acetone/coconut oil

Bazylinska et al. (2013)

Solution of capric/caprylic
triglyceride mixture in acetone

Moraes et al. (2009)

Acetone and mixture of
chloroform and NEt3

Loyer et al. (2013)

Sorbitan monostearate, mineral oil
and acetone

Raffin Pohlmann et al. (2002)

thf/water

Kaewprapan et al. (2012)

THF tetrahydrofuran, DMF dimethylformamide, DMSO dimethylsulfoxide, PEG poly(ethylene

glycol)

Copolymers could also be used (Miladi et al. 2014). Table 4 contains some examples
of polymers used for the preparation of nanoparticles by nanoprecipitation.
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Table 3 Examples of aqueous phases used in nanoprecipitation

Composition of the water phase

References

Water

Esfandyari-Manesh et al. (2013), de Miguel et al. (2013),
das Neves et al. (2013), Suen and Chau (2013), Das et al.
(2013a), Le Broc-Ryckewaert et al. (2013), Le
Broc-Ryckewaert et al. (2013), Liu et al. (2010), Danhier
et al. (2009a), Dong and Feng (2007), Yuan et al. (2008),
Nafee et al. (2013), Loyer et al. (2013), Yenice et al.
(2008), Memisoglu-Bilensoy et al. (2005), Peracchia et al.
(1999), Zhang and Zhuo (2005), Perret et al. (2013a, b),
Kaewprapan et al. (2012)

Aqueous solution of Pluronic®
F68

Noronha et al. (2013), Shah et al. (2014), Siqueira-Moura
et al. (2013), Barwal et al. (2013), Cirpanli et al. (2011),
Cirpanli et al. (2009), Dong and Feng (2004), Leroueil-Le
Verger et al. (1998), Ubrich et al. (2005), Das et al.
(2013b), Kumar et al. (2012), Paul et al. (2013), Eidi et al.
(2012)

Aqueous solution of poloxamer
407

Peter Christoper et al., Muthu et al. (2009)

Aqueous PVA solution

Ali and Lamprecht (2013), Gupta et al. (2010), Das and
Suresh (2011), Pertuit et al. (2007), Tao et al. (2013),

Aqueous solution of Tween® 80

Moraes et al. (2009), Zili et al. (2005)

Aqueous solution of Cremophor
EL

Bazylinska et al. (2013)

Water containing TPGS

Bernabeu et al. (2013)

Water/ethanol

Pavot et al. (2013), Cheng et al. (2008)

Solution of Pluronic® F 127 in
phosphate buffer (pH 9.0)

Joshi et al. (2010)

PBS (0.01 M, pH 7.4)

Letchford et al. (2009)

Ethanol

Vila et al. (2004)

Aqueous poloxamer 188 solution

Fonseca et al. (2002)

Aqueous sodium cholate solution

Leo et al. (2004)

Aqueous solution of polysorbate
80

Raffin Pohlmann et al. (2002)

Aqueous sodium taurocholate
solution

Ali et al. (2013)

Water/ethanol mixture containing
Tween® 80

Musumeci et al. (2013)

Aqueous solution of acetic acid
and poloxamer 188

Mazzarino et al. (2012)

PVA poly(vinyl alcohol), TPGS alphatocopheryl poly(ethylene glycol) 1000 succinate, PBS

phosphate buffer saline

2.6 Influence of Operating Conditions

The technique is based on the addition of one phase to the other under moderate

magnetic

stirring (see Fig. 1).

The subsequently obtained suspension of
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Table 4 Examples of polymers used in nanoprecipitation

Polymer

References

PLGA

Bazylinska et al. (2013), Shah et al. (2014), Siqueira-Moura
et al. (2013), Peter Christoper et al., Ali and Lamprecht
(2013), Das et al. (2013a, b), Le Broc-Ryckewaert et al.
(2013), Cirpanli et al. (2011), Gupta et al. (2010), Wang
et al. (2010), Joshi et al. (2010), Moraes et al. (2009), Cheng
et al. (2008), Muthu et al. (2009), Pertuit et al. (2007),
Danbhier et al. (2009a), Cirpanli et al. (2009), Fonseca et al.
(2002), Leroueil-Le Verger et al. (1998), Ali et al. (2013),
Paul et al. (2013), Tao et al. (2013), Musumeci et al. (2013)

PCL

Noronha et al. (2013), das Neves et al. (2013), Cirpanli et al.
(2011), Cirpanli et al. (2009), Leroueil-Le Verger et al.
(1998), Zili et al. (2005), Yenice et al. (2008), Raffin
Pohlmann et al. (2002), Mazzarino et al. (2012)

PLA

Barwal et al. (2013), Pavot et al. (2013), Leroueil-Le Verger
et al. (1998), Leo et al. (2004), Raffin Pohlmann et al. (2002)

Eudragit® RL

Ali and Lamprecht (2013), Ubrich et al. (2005)

Eudragit® RS 100

Das and Suresh (2011)

Eudragit® RS

Ubrich et al. (2005)

Eudragit® RS PO

Eidi et al. (2012)

PEG-PLGA Ali and Lamprecht (2013), Liu et al. (2010), Danhier et al.
(2009a), Musumeci et al. (2013)

PEG-b-PCL Suen and Chau (2013), Danhier et al. (2009a), Nafee et al.
(2013)

PEG-PCL-PEG Zhang and Zhuo (2005)

PLA-PEG Vila et al. (2004)

PCL conjugated to
S-aminosalicylic acid

Pertuit et al. (2007)

PCL-TPGS Bernabeu et al. (2013)
mPEG-PLA Wang et al. (2010), Dong and Feng (2004, 2007)
MePEG-b-PCL Letchford et al. (2009)

PLA and hydrophobically
modified Chitosan

Yuan et al. (2008)

PBLG derivatives

de Miguel et al. (2013)

Amphiphilic derivatives of
poly(benzyl malate)

Loyer et al. (2013)

B-CDC6

Memisoglu-Bilensoy et al. (2005)

B-amphiphilic cyclodextrin

Perret et al. (2013a)

PEGylated and non
PEGylated PHDCA polymer

Peracchia et al. (1999)

PLGA and DOTAP

Kumar et al. (2012)

Dextran decanoate

Kaewprapan et al. (2012)

PBLG poly(y-benzyl-l-glutamate), -CDC6 cyclodextrin modified on the secondary face with
6C aliphatic esters, PHDCA poly(methoxypolyethyleneglycol cyanoacrylate-co-hexadecyl-
cyanoacrylate), DOTAP 1,2-dioleoyl-3-trimethylammonium-propane
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nanoparticles is subjected to evaporation of the organic solvent by a rotavapor or at
ambient temperature. The next step consists of the removing of the aqueous phase
either by ultracentrifugation or freeze drying. The obtained nanoparticles are
characterized by the measurement of size, zeta potential, and by transmission
electron microscopy (TEM) or scanning electron microscopy (SEM). Many oper-
ating conditions could exert important effect on the characteristics of the obtained
nanocarriers. Effects of these parameters are summarized in Table 5.

2.6.1 Amount of Polymer

Many studies evaluated the effect of the variation of polymer amount on the
characteristics of the nanoparticles. Table 5 presents some examples for the effect
of polymer amount on nanoparticle characteristics. As it can be seen, an increase of
polymer amount generally increased particle size and encapsulation efficiency. This
could be explained by an increase of the viscosity of the oil phase which gives birth
to bigger particles and render drug diffusion more difficult. According to Legrand
et al. (2007), polymer concentration in organic solvent should remain below the
limit between the dilute and semi dilute regime to avoid formation of aggregates.

2.6.2 Molecular Weight of the Polymer

Polymer molecular weight is a crucial parameter that could exert strong influence
on particles’ properties. Lince et al. evaluated the effect of PCL molecular weight
on particle size. The greater the molecular weight, the smaller the size of the
particles. An increase of polymer molecular weight led to a decrease of particles
size from 144.1 to 93.6 nm. This phenomenon was explained by faster precipitation
of the high molecular weight PCL owing to its more limited solubility in the
acetone/water medium (Lince et al. 2008; Seremeta et al. 2013). Conversely,
Blouza et al. reported an increase of particles size following an increase of polymer
molecular weight. This finding was explained by higher viscosity of the organic
solution in the case of high polymer molecular weight (Limayem Blouza et al.
2006). In another study, Legrand et al. showed no influence of the molecular weight
of PLA on the size of nanoparticles produced in the absence of surfactant. In
contrast, they found that the yield of formation of nanoparticles was greatly
influenced by the molecular weight of the polymer highlighting that there is an
optimal molecular weight of PLA to obtain high production rate of nanoparticles. It
was suggested that all PLA chains with molecular weight outside the optimal range
are precipitating as aggregates and contribute to reduce the yield of production of
nanoparticles (Legrand et al. 2007).
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Table 5 Influence of operating conditions on nanoparticles’ properties

Operational Action Effect References
parameter
Drug amount | Increase | No significant Chorny et al. (2002)
effect on particles
size
Increase of Govender et al. (1999), Khayata et al.
particles size (2012a)
No significant Chorny et al. (2002)
effect on drug
loading
Polymer Increase | Increase of Chorny et al. (2002), Limayem Blouza et al.
amount particles size (2006), Simsek et al. (2013), Dong and Feng
(2004), Ali et al. (2013), Bazylinska et al.
(2013), Khayata et al. (2012a), Lince et al.
(2008), Plasari et al. (1997), Nehilla et al.
(2008) and Guhagarkar et al. (2009)
Increase of drug Chorny et al. (2002), Dong and Feng (2004)
loading
Polymer Increase | Increase of Limayem Blouza et al. (2006), Holgado et al.
molecular particles size (2012)
weightb Decrease of Seremeta et al. (2013)
particles size
No significant Budhian et al. (2007)
effect on particles
size
No significant Budhian et al. (2007)
effect on drug
loading
Qil to water Decrease | Decrease of Budhian et al. (2007), Bazylinska et al.
phase ratio particles size (2013) and Fonseca et al. (2002)
Increase of Limayem Blouza et al. (2006), Nehilla et al.
particles size (2008)
No significant Chorny et al. (2002)
effect on particles
size
Increase | Decrease of drug | Budhian et al. (2007), Limayem Blouza et al.
loading (2006) and Guhagarkar et al. (2009)
Decrease of Dong and Feng (2004)
particles size
Increase of Stainmesse et al. (1995)
particles size
Organic phase |Increase | Decrease of the Lince et al. (2008)

addition rate

particles size

(continued)
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Table 5 (continued)

Operational Action Effect References

parameter

Surfactant Increase | Decrease of the Contado et al. (2013), Siqueira-Moura et al.

amount particles size (2013) and Guhagarkar et al. (2009)
Decrease then Budhian et al. (2007), Limayem Blouza et al.
increase in (2006) and Khayata et al. (2012a)

particles size
No significant Dong and Feng (2004)
effect on particles
size

No significant Budhian et al. (2007)
effect on drug

loading
Stirring rate Increase | Decrease Asadi et al. (2011)
Organic Increase | No significant Chorny et al. (2002)
solvent effect on particles
evaporation size
rate No significant Chorny et al. (2002)
effect on drug
loading

“Yield of nanoparticle formation increases while concentration of polymer remains in the dilute
regime (Legrand et al. 2007)

"Yield of nanoparticle production decrease when polymer molecular weight diverge from the
optimal value (Legrand et al. 2007)

2.6.3 Amount of Surfactant

Stabilizer amount influence on particle properties has been largely studied. An
increase in size of PLGA nanoparticles at high poly(vinyl alcohol)
(PVA) concentrations (5-10 %) has been reported by Zweers et al. (2003) and
Arica and Lamprecht (2005), while Allemann et al. (1992) reported a continuous
decrease in particle size. Lamprecht et al. (2001) noticed also that an increased
sodium cholate concentration led to a particle size reduction. In order to explain this
contradiction, Budhian et al. (2007) and Arica and Lamprecht (2005) proposed the
presence of two competing effects at high PVA concentrations: an enhanced
interfacial stabilization that caused a size decrease and an increased viscosity of the
aqueous phase which led to a less favorable mixing efficiency and thus, to a size
increase. The concentration of PVA at which one effect starts dominating over the
other depends on the system and processing parameters. For PLGA nanoparticles,
the size first decreased due to better stabilization and then increased at higher PVA
concentrations due to high aqueous phase viscosity (Arica and Lamprecht 2005;
Budhian et al. 2007). Guhagarkar et al. noticed a sharp decrease in particle size
from greater than 1000 nm to around 300 nm as PVA concentration increased from
0.1 to 0.5 %. Further increase in PVA concentration to 4 % resulted in an increase
in particle size. In fact, the subsequent increase in viscosity of external aqueous
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phase hampered effective diffusion of organic phase leading to larger droplet for-
mation and thus, an increase of mean size (Guhagarkar et al. 2009). Similar results
at higher PVA concentrations have been reported (Quintanar-Guerrero et al. 1996;
Moinard-Chécot et al. 2008; Murakami et al. 1997).

Stabilizer nature is another crucial parameter that could have an impact on
particle size. For instance, Van de Ven et al. (2012) showed that smaller
nanoparticles were prepared using Poloxamer 188 in combination with sodium
cholate, whereas the largest ones were obtained with PVA. Likely, studies per-
formed by Limayem Blouza et al. (2006) and Khayata et al. (2012a) showed that
surfactant type changed the size of vitamin E-loaded nanocapsules as Tween® 80
gave the smallest particles.

2.6.4 Oil to Water Phase Ratio

Fonseca et al. (2002) reported that doubling the aqueous phase volume resulted in a
significant decrease in the size of PLGA nanoparticles. In fact, in nanoprecipitation,
the nanoparticles are formed due to rapid solvent diffusion to the aqueous phase
(Quintanar-Guerrero et al. 1997). Consequently, as the volume of the aqueous
phase increases, the diffusion of the organic solvent in the aqueous phase increases
which decreases particle size. Additionally, an increase of the aqueous phase vol-
ume increases the drug amount that can be dissolved in the aqueous phase, which
causes more drug loss into the aqueous phase (Budhian et al. 2007).

2.6.5 Solvents Nature and Order of Phases’ Addition

Choice of solvents depends on requirements of the method and physicochemical
properties of the polymer. In fact, organic solvent must respond to three criteria:
(1) dissolving capacity toward polymer (2) miscibility with water, and (3) low
boiling point in order to facilitate evaporation. Aqueous phase consists, however, of
a nonsolvent for the polymer. This phase would thus cause polymer precipitation to
form nanoparticles. It was shown that theta solvent (a solvent in which polymer
coils act like ideal chains) tends to give smaller nanoparticles than other solvents
(Flory 1969; Legrand et al. 2007). The nature of the aqueous and oil phase and the
order of phases’ addition could strongly influence nanoparticles’ properties. For
instance, influence of aqueous phase pH was described by Govender et al. who
reported an increasing drug entrapment and drug content trend due to an increase of
aqueous phase pH from 5.8 to 9.3. In fact, aqueous phase pH influenced the
ionization of the encapsulated drug, procaine hydrochloride and hence, its solu-
bility. Consequently, an increase of the aqueous phase pH decreased the solubility
of procaine hydrochloride and enhanced drug entrapment into nanoparticles
(Govender et al. 1999). The effect of oil nature was also evaluated by (Khayata
et al. 2012a) who noticed that nanoparticles prepared with castor oil were the largest
ones. This was explained by the higher viscosity of this oil. In fact, it was shown
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that as oil viscosity was higher, dispersed phase viscosity increased. Polydispersity
index (PDI) also augmented when the oil viscosity increased. This finding was
similar to results reported by Raffin Pohlmann et al. who noticed an increase in
particle diameter and PDI with an increase of oil viscosity (Raffin Pohlmann et al.
2002; Khayata et al. 2012a). Effect of organic solvent nature was evaluated by other
studies that had shown that solvents of high polarity like acetone gave birth to small
nanoparticles by promoting rapid diffusion to the aqueous phase (Legrand et al.
2007; Thioune et al. 1997). It was shown that a lower dielectric constant of the
organic solvent resulted in larger particles size (Bilati et al. 2005). Guhagarkar et al.
compared particles size and entrapment efficiency of poly(ethylene sebacate) (PES)-
based nanoparticles. Particle size decreased significantly when tetrahydrofuran
(THF) and acetone were used in combination as solvent compared to THF alone at
all polymer concentrations. This was explained by more rapid diffusion of the more
polar solvent acetone into the nonsolvent phase that favored the formation of
smaller nanoparticles. In fact, the dielectric constant of THF/acetone (1:1) was
found to be 14.5 compared to 7.5 for THF alone. In addition, increased diffusivity
of the organic solvent due to addition of acetone could cause leaching of the drug
into the aqueous phase thus, decreasing encapsulation efficiency (Guhagarkar et al.
2009). The order of phases’ addition seems also to exert an effect on particles
characteristics. The effect of adding the aqueous phase into the organic phase versus
adding the organic phase into the aqueous phase was determined by Khayata et al.
who prepared vitamin E-loaded nanocapsules. Obvious aggregation between par-
ticles was observed when the aqueous phase was added to the organic phase. This
was explained by the presence of the stabilizer in the aqueous phase that plays an
important role in stabilizing the nanocapsule formed. This aggregation disappeared
when organic phase was added to the aqueous phase (Khayata et al. 2012a). Bilati
et al. used proposed a nanoprecipitaion technique which is intended to hydrophilic
drugs encapsulation. Used solvents consisted of polar aprotic solvents, ketones, or
esters. Dimethylsulfoxide was described as an interesting solvent especially for
protein dissolution. Nonsolvent was chosen on the basis of its polarity in order to
enhance final drug loading. Here, alcohols were shown to be suitable nonsolvents
that could provide nanoparticles with different sizes. The same mechanism
described previously for the particles formation is involved in particles formation as
miscible solvents are always used (Bilati et al. 2005).

2.6.6 Stirring Rate

In nanoprecipitation, the most commonly used stirring method is magnetic stirring.
An increase of the stirring rate generally results in a decrease in the particles’ size.
This is explained by more efficient shear mixing and thus, more rapid diffusion of
the organic solvent to the water phase (Asadi et al. 2011).

One can conclude that many operating parameters have to be managed to obtain
nanoparticles bearing good characteristics. Table 6 contains some approaches to be
followed to monitor major particles properties.
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Table 6 Principles and parameters that control particle size and drug content for nanoparticles
prepared by nanoprecipitation (from Budhian et al. 2007) with modifications)

Principles Parameters
Decrease Increase shear stress Increase stirring rate
particle size Increase volume of aqueous phase

Decrease polymer concentration in

organic phase

Increase surfactant concentration in
aqueous phase

Decrease polymer molecular weight

Increase Increase shear stress Decrease stitring rate

particle size Decrease volume of aqueous phase
Increase polymer concentration in
organic phase

Decrease surfactant concentration in
aqueous phase

Increase polymer molecular weight

Increase Inhibit drug diffusion during Increase particle size
drug organic solvent evaporation Decrease relative volume of organic
loading Increase drug-polymer interaction solvent

Increase polymer concentration in
organic phase

Intermediate polymer molecular weight
Select organic solvent with intermediate
drug-solvent interactions

Reduce drug solubility in the aqueous
phase (alter pH)

Include specific interactions between
drug and polymer end groups

3 Innovative Approaches Using Nanoprecipitation

Since the first discovery of the technique, many efforts have been made to improve its
reproducibility, scalability, and safety. Enhancement of reproducibility could mini-
mize inter-batch variations while improvement of scalability allows the obtaining of
formulations which are easily applicable in the pharmaceutical industry. Safety could
be provided by avoiding the use of toxic organic solvents. Most common approaches
are presented in Table 7. They consisted of the use of innovative mixing devices such
as, “T”-shape mixer (Briancon et al. 1999), membrane contactor (Khayata et al.
2012b), microfluidics (Bally et al. 2012) or flash nanoprecipitation technique
(D’Addio and Prud’homme 2011).

3.1 Membrane Emulsification

Scalability is one of the major encountered limitations in the manufacture of
nanoparticles. Conventional nanoprecipitation did not allow the production of large
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scale batches. Membrane contactor could be an interesting alternative in such cases.
The technique is relatively simple and could be used to produce large volumes of
colloidal dispersions (Yedomon et al. 2013). It has also been shown to be suitable for
the preparation of polymer nanoparticles (Charcosset and Fessi 2005; Limayem
Blouza et al. 2006; Khayata et al. 2012b). Membrane emulsification involves the
permeation of the dispersed phase through a porous membrane into a tangentially
moving continuous phase (see Fig. 3a, b). The organic phase is pressed through the
membrane pores allowing the formation of small droplets. The precipitation occurs
between the droplets of the organic phase and the aqueous phase flowing tangen-
tially to the membrane surface (Khayata et al. 2012b). Khayata et al. performed
accelerated stability studies on vitamin E-loaded nanocapsules prepared by con-
ventional nanoprecipitaion and by a membrane contactor. These studies showed
good physical and chemical stability for both particles. However, nanocapsules
prepared by conventional nanoprecipitation were stable for a longer time
(Khayata et al. 2012b).

Fig. 3 a Experimental setup (a) I Q M

of the membrane contactor

technique (Limayem Blouza Pressurized vessel
et al. 2006). b The membrane Organic phase
module (Khayata et al.

2012b). Source: Elsevier M | M

Stirrer Membrane module
N; bottle
M @
Pump
Aqueous phase
(b) ﬂ Organic phase + vitamin E
Aqueous phase LI FRTRATRTREATEC

o O
:> g O Nanocapsules o oo o
o (o] (o] o
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3.2 Microfluidics Device

Nanoprecipitation is usually performed via one-pot pouring of the polymer solution
into the nonsolvent, or by dropwise addition of one phase into the other.
Microfluidic processes, using a hydrodynamic flow-focusing setup (Karnik et al.
2008; Rhee et al. 2011) or a confined impinging jet reactor (Johnson and
Prud’homme 2003b; Lince et al. 2011; Nagasawa et al. 2005) have emerged to
improve the mixing of the two phases. Bally et al. used a continuous-flow nano-
precipitation process in which, a diluted polymer solution and water were separately
pumped and nanoprecipitation occurred within the micromixer. The latter consisted
either of either a T-junction or a High Pressure Interdigital Multilamination
Micromixer (HPIMM) (see Fig. 4 for HPIMM). The obtained suspension of
nanoparticles could be collected at the outlet of the micromixer (Bally et al. 2012).

Effect of the proportion of solvent and nonsolvent which is defined by the
parameter R was investigated by Bally et al.

Volume flow rate(water)

~ Volume flow rate(polymer solution)

It was shown that R managed the number of formed particles whatever was the
mechanism considered. In nucleation mechanism, increasing R leads to higher
supersaturation and more nuclei, which decrease the final particle size. In the
“mechanical” mechanism, a higher value of R increases the potential interface and
more droplets are formed during phase separation. As a consequence, the local
concentration of the polymer is decreased which leads to smaller nanoparticles. It
was shown also that particles size depended both on initial polymer concentration
(C) and on the value of R. At low R value, (R = 3), particle size did not significantly
change at variable C. This was explained by the presence of two competing

Nanoparticles suspension

Polymer solution t -
‘J

Staggered streams
of fluids

-

8 7

,l' -l -
’ 1]
Flow-focusing section Microchannel
thickness = 60 pm width = 20 um Water

Fig. 4 Overview of HPIMM inner microstructure, used for nanoprecipitation (Bally et al. 2012).
Source: Elsevier



34 K. Miladi et al.

mechanisms which are nucleation and growth mechanism. Nucleation rate was
shown to increase with C which decreased particle size. Conversely, at high
polymer concentrations ( > 1 wt%), growth phenomena appeared due to proximity
of polymer chains. It was concluded that higher nucleation rate finally compensated
with higher growth probability when C increases. However, following an increase
of R to 10, size of the particles increased from 106 to 210 nm with C. This sig-
nificant difference was attributed to more aggregation at high polymer concentra-
tion. Aggregation of growing particles also contributed to the increase of particle
size. The effect of the mixing process on the particles size was also studied as it was
previously shown to affect nanoparticles’ properties (Lince et al. 2008). Bally et al.
compared conventional T-junction, (operating via bilamination mixing) with a
multilamination micromixer. Obtained data showed that bilamination mixing gave
bigger particles with sizes close to ones obtained by conventional nanoprecipitation.
This proves a poor mixing ability. Consequently, fine mixing was described as
crucial to produce small nanoparticles at an initial polymer concentration of 1 wt%.
Additionally, it was shown that micromixer-assisted nanoprecipitation gave small
nanoparticles using less nonsolvent. According to Bally et al, a value of R = 2 led
to nanoparticles lower than 200 nm whereas at least R = 10 is required for con-
ventional nanoprecipitation to obtain the same size. In addition, micromixing allow
nanoprecipitation of polymer solution with concentrations up to 5 wt% which is
impossible in conventional method in which polydisperse samples were obtained
(Bally et al. 2012).

3.3 Flash Nanoprecipitation (FNP)

Simple nanoprecipitation carried out with a conventional process results in
heterogeneous mixing resulting in polydispersed particle sizes. FNP, however, is a
scalable process that could be used to prepare nanoparticles with controlled size
distribution and a high drug loading rate. This technique was first described by
Johnson and Prud’homme (2003a) to produce nanoparticles encapsulating
hydrophobic drugs. FNP produces nanoparticles with a narrow size distribution
ranging from 80 to 1 um. The nanoparticles are obtained via a rapid precipitation
process. FNP offers also high loading capacity and the ability to encapsulate
multiple drugs in the same nanoparticle. Several successful applications of FNP
have been reported for encapsulation of various hydrophobic drugs, peptides,
imaging agents, or a combination of both therapeutics and inorganic colloids
(Chen et al. 2009; Budijono et al.; Kumar and Adamson 2010; Shi et al. 2012).
More information about the potential of this technique is given in Chap. 3 from
Tang and Prud’Homme (Fig. 5).


http://dx.doi.org/10.1007/978-3-319-41421-8_3
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Fig. 5 A schematic A
representation of mutli-inlet /l‘\
vortex mixer used in FNP ¢ )

(D’Addio and Prud’homme : g
2011). Source: Elsevier A . B

4 In Vivo Applications of Nanoparticles Designed
by Nanoprecipitation

Nanoparticles designed by the nanoprecipitation technique were intended to various
in vivo applications. Some of these formulations are summarized in Table 8, which
also contains some technical aspects of the formulations such as the used polymers,
the different phases, and the corresponding in vivo application. Only recent for-
mulations that have been assessed in vivo were taken into account.

4.1 Example of Nanoparticles Developed for Cancer
Therapy

Many anticancer agents were encapsulated by the use of the nanoprecipitation
technique. Nanoparticles may target cancer cells by passive and active way. Passive
way is related to the reduced particles size which allows nanocarriers to cross
through fenestrations of endothelial cells and reach tumors. Thanks to the leaky
vasculature and the poor lymphatic drainage, Enhanced Permeability and Retention
effect (EPR) appears, which enhances the uptake of drugs. Active targeting, how-
ever, permits the delivery of the drug to a well-defined tissue or cell by the help of a
molecular recognition which occurs between a ligand grafted on the nanoparticles
and a receptor exposed on the outside of target cell surface membrane.
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4.1.1 Intravenous Administration

Han et al. formulated Doxorubicin-loaded gelatin-co-PLA-dipalmitoyl-sn-glycero-
3-phosphoethanolamine nanoparticles. In vivo experiments showed decreased
toxicity of the drug formulated in the developed nanoparticles compared to free
Doxorubicin (DOX). In addition, it was shown that developed nanoparticles bore
smaller tumor volumes than free doxorubicin when administered to mice.
Nanoparticles were then more efficient and less toxic than the free drug (Han et al.
2013). Another alternative was assessed to improve DOX efficacy in liver cancer by
enhancing liver targeting. In spite of being a drug of choice for hepatic carcinoma
treatment, DOX hydrochloride presents major drawbacks such as the obtaining of
low concentrations in the liver. Other limitations consist of cardiotoxicity,
nephrotoxicity, myelosuppression, and multiple drug resistance due to
P-glycoprotein efflux. To circumvent those shortcomings, the authors aimed to
develop long circulating nanocarriers targeted to the liver. The objective was to
target Asialoglycoprotein receptor (ASGPR) which is predominantly present in
large numbers in the hepatocyte membrane. Polysaccharide including pullulan
(PUL), was chosen as a ligand. In fact, pullulan was described to be internalized by
hepatocytes via ASGPR mediated endocytosis. Poly(ethylene sebacate) (PES) was
used to encapsulate the drug. This polymer presents some advantages such as its
ease of synthesis, its good hydrolytic stability, and low cost. In vivo biodistribution
studies were performed on healthy female Sprague Dawley rats. Three formulations
were assessed: a DOX solution, PES nanoparticles loaded with doxorubicin (PES—
DOX), and PES nanoparticles coated with PUL and containing doxorubicin (PUL-
PES-DOX). It was shown that PES-DOX and DOX provided higher concentra-
tions of the drug molecule in the liver. Conversely, PUL-PES-DOX gave higher
blood concentrations of the drug. These results were explained by a higher uptake
of PUL-PES-DOX nanoparticles by Kupffer cells and by the prolonged circulation
provided by pulluan. The authors explained lower liver concentration of PES—
DOX-PUL by a bypass of kuppfer cells. High blood concentrations of PES-DOX-
PUL were explained, however, by long circulating property and stealth effect
conferred by pullulan. Moreover, PES-DOX and PUL-PES-DOX nanocarriers
gave significantly lower heart concentration of DOX which could be interesting to
reduce cardiac toxicity (Guhagarkar et al. 2010).

Lee et al. prepared nanoparticles based on hydrophobized pullulan (pullulan
acetate) and containing paclitaxel (PTX). An in vivo study using HCT116 human
colon carcinoma-bearing mice showed that nanoparticles reduced tumor growth
more than free PTX. Efficient accumulation of nanoparticles in tumors was
explained by EPR effect and the passive targeting function, although the
nanoparticles did not have an active targeting ligand (Lee et al. 2012). Danhier et al.
prepared PTX loaded and PEGylated PLGA-based nanoparticles. Tripeptide
arginine-glycine-aspartic acid (RGD) has been shown to bind preferentially to
particular integrin o, 3 which is highly expressed on tumor cells and neighboring
endothelium. RGD pepetidomimetic (RGDp) was developed to mimic the activity
RGD. Prepared nanoparticles were grafted either with RGD or RGDp in order to
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target tumor endothelium and thus, enhance the antitumor efficacy of PTX. Both of
the ligands were grafted on PCL-PEG chains included in the nanoparticles. The
used polymers were shown to be safe as drug-free nanoparticles resulted in the
same tumor growth profile as Phosphate Buffer Saline solution. In vivo targeting of
tumor endothelium was assessed by fluorescence studies. It was shown that
fluorescence obtained following the administration RGD conjugated nanoparticles
was higher than the fluorescence obtained with RGDp conjugated nanoparticles and
nonconjugated nanoparticles. RGDp was, however, higher than in nonconjugated
nanoparticles. Furthermore, in vivo antitumor efficacy was evaluated in transplanted
liver tumor bearing mice. Obtained data showed that RGD conjugated nanoparticles
were more efficient to inhibit tumor growth than RGDp conjugated nanoparticles
and nonconjugated nanoparticles. In addition, survival rate provided by RGD
conjugated nanoparticles was significantly higher than RGDp conjugated
nanoparticles and nontargeted nanocarriers (Danhier et al. 2009b).

Docetaxel (DTX), which is a taxane, possesses an anticancer activity. This drug
may cause several side effects due to its nonspecific action. Bone marrow
depression, hypersensitivity reactions, and febrile neutropenia are among those
toxicological manifestations. PEGylation of carriers has emerged as a smart alter-
native to prolong circulation time of nanoparticles which facilitates their accumu-
lation in tumors. In fact, stealth surface hampers binding to serum proteins and thus,
recognition by reticuloendothelial system. Poly(e-caprolactone)—poly(ethylene
glycol) (PEG-PCL) has the advantage of being approved by the Federal Drug
Administration to be used clinically. Efficiency of nanoparticles was assessed in
H22 tumor bearing mice (a model of hepatic cancer) and compared to the com-
mercialized formulation of DTX Taxotere® and DTX solution. Obtained results
indicated that nanocarriers significantly reduced tumor growth compared to the
other formulations. In addition to enhanced uptake by cancer cells and prolonged
circulating time, it was shown by in vivo near-infrared fluorescence imaging that
nanocarriers were also eliminated from other normal cells which diminished their
toxicity. Penetration studies showed a passive penetration of the nanoparticles
through leaky vessels surrounding cancer cells thanks to their submicron size (Liu
et al. 2012).

Letrozole (LTZ) is an oral nonsteroidal aromatase inhibitor indicated for the
treatment of breast cancer. Mondal et al. prepared PLGA nanoparticles and eval-
uated them in vivo to see if nanocarriers would provide better tumor targeting. In
vivo studies were conducted in normal mice and Ehrlich Ascites tumor-bearing
mice by injection in tail vein. The blood concentration of drug-loaded nanocarriers
at 24 h post-injection was threefold higher than that of free LTZ. This was
explained by a slower blood clearance of the nanoparticles. The tumor uptake of the
nanoparticles was significantly higher than the free drug (1.99 % of initial dose/g
compared to 0.43 % of initial dose/g) (Mondal et al. 2010).
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4.1.2 Local Administration

Another anticancer agent, all trans retinoic acid (TRA), was encapsulated in
PLA-based nanocapsules prepared by nanoprecipitation. Retinoic acid is an active
derivative of vitamin A which can inhibit the macrophage production of inflam-
matory cytokines and can, thus, be indicated for some tumors where macrophages
play a major role. However, TRA possesses some drawbacks such as poor water
solubility and low stability. It was found that nanoparticles injected intratumorally
were efficiently phagocytized by glioma infiltrating macrophages (Almouazen et al.
2012). Camptothecin (CPT) is also an efficient anticancer agent. This drug presents,
however, some drawbacks such as its extremely high insolubility in water and its
chemical instability even in physiological pH which may lead to a loss of the
pharmacological activity and cause toxic effects. Cirpanli et al. aimed to develop
beta-cyclodextrin nanoparticles and polymer nanoparticles (PLGA and PCL) loaded
with CPT for brain cancer treatment. Antitumor efficacy of nanoparticles was
assessed on a 9L rat brain tumor model. Cyclodextrin nanoparticles gave the best
results (33 and 27 days as median survival time compared to 23.5 and 25.5 days for
PLGA and PCL nanoparticles). This significant improvement of survival was
explained by the high loading efficiency exhibited by these nanocarriers compared
to other formulations (Cirpanlt et al. 2011).

4.2 Example of Nanoparticles Developed for Brain Delivery

Brain delivery could be alternative to treat central nervous system disorders but
passage could be poor because of the presence of the Blood Brain Barrier (BBB).
Many nanocarriers have been prepared to circumvent this concern and improve
brain targeting. Olanzapine (OLZ), for example, is a second generation antipsy-
chotic which is effective on the associated negative symptoms of schizophrenia.
The drug, has, however, low bioavailability due to an important hepatic first-pass
metabolism. In addition, OLZ presents low penetration through BBB because of an
efflux by P-glycoproteins. Moreover, many side effects may appear such as
hypotension, dry mouth, tremor, akathisia and somnolence. Seju et al. assessed nose
to brain drug delivery. In vivo efficiency of the prepared PLGA nanoparticles was
evaluated versus a drug solution. It was shown that after 3 h of nasal administration,
nanoparticles provided a tenfold much higher accumulation of OLZ in the brain
compared to the solution form. PLGA nanocarriers showed also no significant
toxicity on nasal mucosa, indicating their suitability as carriers for nasal delivery of
drugs (Seju et al. 2011). Joshi et al. prepared PLGA nanoparticles loaded with
rivastigmine tartrate (RIV) and indicated for the management of Alzheimer disease.
Clinical use of RIV has shown a poor entry to the brain from blood circulation due
to its hydrophilic nature. In vivo studies were performed in scopolamine-induced
amnesic mice. An increase in learning and memory capacities was obtained for RIV
solution as well as for the nanocarriers but this improvement was slower in the case
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of RIV solution. This was explained by better brain targeting provided by
nanoparticles which could present an interesting alternative for better management
of Alzheimer disease (Joshi et al. 2010). Loperamide (LOP), an opioid drug, is
known to cross blood—brain barrier (BBB) but also to be immediately pumped back
out due to the action of the P-gp. The possibility to cross the BBB and to be retained
in the brain tissue may make LOP able to exert some opioid effects such as the
antinociceptive activity. Tosi et al. prepared LOP loaded nanoparticles in order to
target the brain. PLGA nanoparticles were decorated with sialic acid (SA) and/or
simil-opioid peptide (g7). Two properties were then allocated to the prepared
nanocarriers: First, the ability to cross the BBB due to the presence of g7, (a
BBB-penetrating peptide) and second, the capacity to interact with SA receptors in
the brain which prolongs the time of residence of the nanoparticles in the brain.
This ensured a sustained pharmacological action of the encapsulated drug. In vivo
nociceptive study was performed on male albino rats to determine the Maximal
Possible Effect (MPE) to measure the intensity of the opioid effect. Two doses of
nanoparticles coated with g7 (LOP-PLGA-g7) and nanocarriers coated with SA and
g7 (LOP-PLGA-SA-g7) nanoparticles were assessed. It was concluded that, at both
doses, nanocarriers reached rapidly the brain (15 min after the injection). After 30—
60 min, MPE decreased then increased after 6 h. Obtained values remained then
constant for about 15 h but diminished subsequently after 24 h. It was shown also
that pharmacological activity of LOP was prolonged compared to other formula-
tions (Tosi et al. 2007). Moreover, LOP-PLGA-SA-g7 nanoparticles exhibited more
prolonged pharmacological activity than LOP-PLGA-g7 nanoparticles. In fact,
conjugation of SA modified the surface characteristics of the nanoparticles which
resulted in a prolongation of the pharmacological action (Tosi et al. 2010).
Risperidone (RIS) is an atypical antipsychotic agent which may cause
dose-dependent extrapyramidal side effects (EPS). Consequently, the use of low
doses is necessary to avoid such manifestations. RIS is practically insoluble in
water and undergoes important first-pass metabolism. Long-acting injectable for-
mulations have been already developed but presented poor initial drug release
which implied initial oral supplementation. Prepared nanoparticles were assessed
in vivo by studying the antagonism of apomorphine-induced climbing and sniffing
(antipsychotic activity) in Swiss albino mice. It was shown that PLGA nanoparti-
cles significantly inhibited apomorphine-induced climbing and sniffing up to 72 h
while the RIS solution exhibited inhibition up to only 12 h. Furthermore, the
incorporation of the nanocarriers in an in situ gel system controlled the initial rapid
release of RIS from nanoparticles and showed the maximum inhibition in the
apomorphine-induced climbing and sniffing. This was explained by a control of the
initial burst by the incorporation in the in situ gel. It was show also that
nanoparticles significantly reduced catalepsy which is an EPS (Muthu et al. 2009).
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4.3 Example of Nanoparticles Developed to Treat Ocular
Diseases

The delivery of drugs into the eye must challenge poor drug ocular bioavailability
which is principally caused by precorneal loss. In fact, it was reported that barely
90 % of the applied drug undergoes a precorneal loss by lacrimation and drainage.
Precorneal loss ways include rapid tear turnover, nonproductive absorption, tran-
sient residence time in the cul-de-sac, and the relative impermeability of the drugs
to the corneal epithelial membrane (Katara and Majumdar 2013). Nanoparticles
have several advantages over conventional drug delivery systems intended to ocular
delivery. In fact, they have slower ocular elimination and they could provide sus-
tained release of drugs. While ocular delivery of poly(alkylcyanoacrylate)
nanoparticles was described to cause disruption to the corneal epithelium cell
membrane, other polymers were shown to be safe such as, PCL and Eudragit® RL.
The latter has a positive charge which allows a better adhesion to eye tissue and
thus, more prolonged residence time in the cornea (Das et al. 2010).
Encapsulation of melatonin in PLGA and PLGA-PEG nanoparticles was
assessed for glaucoma (an optic neuropathy characterized by elevation of intraoc-
ular pressure: IOP) treatment by Musumeci et al. Obtained nanoparticles showed
ocular tolerability in rabbit eyes. Furthermore, both formulations provided pro-
longed decrease in IOP but PLGA-PEG-based nanoparticles were more efficient by
providing greater decrease. These results were explained by the higher mucoad-
hesion of the PLGA-PEG nanoparticles thanks to the PEG groups. In addition, the
cornea and conjunctiva have a net negative charge. Thus, the lower negative zeta
potential of PLGA-PEG nanocarriers allowed a better and more prolonged inter-
action with the eye (Musumeci et al. 2013). Particulate nanocarriers would be then
well-tolerated alternatives to prolong contact with the eye tissue. Eudragit-based
nanoparticles containing the anti-inflammatory drug, aceclofenac were prepared and
their efficiency was evaluated in vivo by administration to rabbits. Eudragit®
RL100 is a positively charged polymer due to many quaternary ammoniums in its
structure. This property allows mucoadhesion to the anionic cornea. Katara and
Majumdar assessed the effect of the prepared nanoparticles versus an aqueous
solution of the drug on arachidonic acid-induced polymorphonuclear leukocytes
migration and lid closure in rabbit eyes. Obtained results showed lower lid dis-
closure for both aceclofenac formulations but nanoparticles provided smaller lid
closure compared to the drug solution. Furthermore, more enhanced
anti-inflammatory effect was exerted by nanoparticles compared to drug solution
(Katara and Majumdar 2013). Das et al. developed Eudragit® RL nanoparticles
loaded with amphotericin-B (AmB) which is a polyenene antibiotic indicated in
fungal keratitis. Other formulations consisting mainly of liposomes and colloidal
dispersions were successfully used but presented stability concerns. Stability
studies performed at room temperature and at 2—6 °C showed good stability of the
nanoparticles during 2 months. Eye irritating effects of the formulation was
assessed in vivo in albino rabbits. All the obtained data showed that values of
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irritation and opaqueness were almost zero which confirmed the suitability and the
safety of the formulation for ocular delivery. Positive charge of the polymer
facilitated effective adhesion of the nanocarriers to the corneal surface and ensured a
strong interaction with the negatively charged mucosa of the conjonctiva and the
anionic mucin present in the tear film (Das et al. 2010).

Yenice et al. prepared hyaluronic coated PCL nanospheres containing cyclos-
porine A (CyA). CyA is a neutral hydrophobic peptide which is indicated for
multiple ocular immune disorders. Systemic use of the drug is limited because of
the various significant side effects that may appear such as, hypertension,
nephrotoxicity, and hepatotoxicity. Diffusion to the ocular tissue is thought to occur
only when the eye is significantly inflamed. Hyaluronic acid (HA) was used due to
its mucoadhesion properties which may enhance ocular residence time of cyclos-
porine A and thus, enhance its ocular bioavailability and prolongs its activity. In
vivo studies were performed by topical administration of three different formula-
tions to Male albino New Zealand rabbits: a solution of CyA in castor oil, PCL
nanospheres, and PCL nanospheres coated with HA. Obtained corneal concentra-
tion of CyA for nanospheres formulations were 68 fold higher than those of castor
oil solution. HA-coated nanospheres provided significant increase in CyA corneal
uptake and similar results were obtained for the conjonctival tissue (Yenice et al.
2008). Sparfloxacin is a newer generation hydrophobic fluoroquinolone used in
bacterial conjunctivitis. This drug is poorly water soluble and presents bioavail-
ability concerns. Gupta et al. aimed to enhance sparfloxacin bioavailability by the
preparation of PLGA naopatrticles. An in vivo ocular retention study was performed
on Male New Zealand albino rabbits. Developed nanocarriers were compared to a
marketed formulation. A good spreading was observed over the entire precorneal
area for both formulations but the marketed formulation showed rapid clearing from
corneal region. PLGA nanoparticles, however, adhered to the cornea for a longer
duration providing, thus, a more extended release of drug. Particles size seems to be
the key factor to explain this prolonged residence time on the cornea as PLGA is a
negatively charged polymer and is not known to be naturally mucoadhesive (Gupta
et al. 2010).

4.4 Other Applications

AmB is a polyene antibiotic which is commonly indicated for invasive fungal
infections and visceral leishmaniasis. This drug has a poor water solubility which
limits its oral bioavailability. In addition, many side effects were described in
patients receiving AmB such as fever, chills, vomiting, headache, nausea, and renal
malfunctions, especially with the commercialized formulation Fungizone®. Newer
lipid-based formulations are more tolerated but their expensiveness and the need of
well-defined daily doses limited their success. Van de Ven et al. aimed to develop a
more potent and cost-effective formulation of AmB. Hemolysis assay showed that
PLGA nanoparticles were less hemolytic than drug solution and some of them were
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even not hemolytic at all. A selected formation was evaluated in the acute A.
fumigatus mouse model and its potency was compared to a nanosuspension of
AmB, Fungizone®, and Ambiosome®. Obtained data revealed that PLGA
nanoparticles reduced A. fumigatus more efficiently than Fungizone®. In addition,
nanocarriers were about two times more efficient to clear mice organs from the
fungi than Ambiosome®. The nanosuspension was, however, four times more
efficient than Ambiosome® (Van de Ven et al. 2012).

The nasal route possesses many advantages over the oral and the parenteral
routes in the delivery of biomacromolecules. In fact, it is noninvasive, painless,
does not require sterile preparation, and allow self-administration. However, the
development of drug delivery systems intended to nasal delivery must challenge
poor absorption through the nasal mucosa and eventual enzymatic degradation.
New generation phenylboronic acid-functionalized glycopolymers were developed
to avoid these shortcomings. Their properties are linked to the presence of boronic
acid and its derivatives which could bind to glycoproteins and glycolipids within
cell surfaces. Moreover, boronic acid derivatives could resist to enzymatic degra-
dation because they exert potent inhibition toward serine proteases such as trypsin,
chymotrypsin, elastase, and leucine aminopeptidase. These properties made inter-
esting the use of these special polymers in the development of nanocarriers,
especially in the case of the encapsulation of biomacromolecules. Insulin was
encapsulated in poly(3-acrylamidophenylboronic  acid-ran-N-maleated glu-
cosamine) p(AAPBA--MAGA) copolymers and administered to mice by the
intranasal route. The potency of the developed nanoparticles was compared to an
insulin solution. It was concluded that the insulin solution was not able to reduce
significantly glucose blood levels while a significant decrease was provided by
nanoparticles. This confirmed enhanced nasal absorption of insulin provided by
phenylboronic acid-functionalized glycopolymer nanocarriers (Zhang et al. 2012).
Curcumin (CUR) is a yellow pigment in the spice turmeric (Curcuma longa). This
drug is poorly soluble in water and presents very low oral bioavailability. CUR
exhibits  antioxidant, anti-inflammatory,  anti-survival,  antiproliferative,
anti-invasive, and antiangiogenic activity. The assessment of the bioavailability of
PLGA-PEG nanoparticles was performed in Balb/c mice versus pure CUR.
Obtained results showed that serum levels of CUR provided by nanocarriers were
almost two times higher than those provided by CUR solution. Moreover,
nanoparticles insured a sustained release of the drug (Anand et al. 2010).

5 Conclusion

Several hydrophobic or hydrophilic drugs could present bioavailability, stability, or
unpleasant taste concerns. Encapsulation of such molecules in nanoparticles could
be a very interesting alternative to solve these problems in order to enhance the
efficacy of such molecules and promote patient compliance. Nanoprecipitation is a
simple and reproducible technique that has been widely used for the preparation of
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polymer nanoparticles intended for several biomedical applications since its first
discovery. Operating conditions have to be well managed to obtain nanoparticles
with suitable properties for the biomedical applications they are designed for.
Several research works have been made to use nanoprecipitation in a conventional
way while other works focused on the enhancement of its scalability, repro-
ducibility, and safety. Membrane technology, microfluidics, and flash nanoprecip-
itation were introduced to achieve such purposes. Advantages of submicron carriers
prepared by nanoprecipitation in the biomedical field have been confirmed in vivo
by numerous studies. These achievements include enhanced bioavailability, better
targeting and tolerance, sustained release, and enhanced absorption of the drug
through biological barriers.
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