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Abstract. This review summarizes the different methods of preparation of polymer nanoparticles
including nanospheres and nanocapsules. The first part summarizes the basic principle of each method of
nanoparticle preparation. It presents the most recent innovations and progresses obtained over the last
decade and which were not included in previous reviews on the subject. Strategies for the obtaining of
nanoparticles with controlled in vivo fate are described in the second part of the review. A paragraph
summarizing scaling up of nanoparticle production and presenting corresponding pilot set-up is
considered in the third part of the review. Treatments of nanoparticles, applied after the synthesis, are
described in the next part including purification, sterilization, lyophilization and concentration. Finally,
methods to obtain labelled nanoparticles for in vitro and in vivo investigations are described in the last

part of this review.
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purification; scale-up.

INTRODUCTION

Today, polymer nanotechnologies are an important part
of the more promising future to achieve drug delivery
challenges such as those based on drug targeting and on the
delivery of undeliverable molecules such as oligonucleotides
or RNA interfering effectors (1-7). Methods for the prepa-
ration of nanoparticles are an important part if this challenge.
They allow to make polymer nanoparticles with suitable
properties to ensure proper drug delivery and targeting.
Thanks to progress in polymer chemistry and in polymer
colloid physico-chemistry, it is now possible to prepare
polymer nanoparticles with a wide range of properties under
controlled conditions (8,9). Also the possibility to synthesize
polymers with well controlled structures and composition
paves the road to the obtaining of nanoparticles with finely
tuned properties which are requested to achieve the goal of
drug targeting.

The aim of this review is to summarize the different
methods of preparation that have been proposed so far to
prepare polymer nanoparticles for the in vivo delivery of
drugs. It starts by giving the general principles of each
method and highlighting the main parameters that govern
nanoparticle formation and their physico-chemical character-
istics. This part of the review updates previous reviews made
on the subject and it points out the more recent progresses
brought in the different methods (4,10-17). The review also
focuses on works which aim to scale up the production of
nanoparticles designed for pharmaceutical applications. An-
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other part of the review presents post synthesis treatments
that are applied to package nanoparticles as a medicine. For
instance, this includes purification, sterilization, lyophilization
and concentration methods. Finally, the last part of the review
describes how the nanoparticles can be labelled to become
detectable during in vitro and in vivo evaluation experiments.
The three last parts include new subjects that were never
reviewed before and compose the most original part of this
review.

DEFINITIONS, STRUCTURAL FEATURES
AND MATERIAL COMPOSING NANOPARTICLES

Nanocapsules and Nanospheres: Definitions and Structural
Features

Nanocapsules differ from nanospheres in that they are a
reservoir form, in which a solid material shell surrounds a
core which is liquid or semisolid at room temperature (15—
25°C). In the first nanocapsule formulations, the core was
composed of oil hence allowing a high payload of a lip-
osoluble drug encapsulation. Nanocapsules with an aqueous
core able to encapsulate water-soluble compounds were
developed more recently. The content of the nanocapsules is
determined by the nature of the dispersed phase of the
emulsion or of the microemulsion constituting the basis of the
formulation (Fig. 1). Generally, the polymer shell surrounding
the liquid core is formed thanks to polymerization taking place
at the interface between the dispersed and continuous phase of
the emulsion (18-26) or by precipitation of a preformed
polymer at the surface of emulsion droplets (27-30).

Nanospheres are matrix particles, ie particles whose
entire mass is solid. These particulate systems are character-
ized by a size ranging from several tenths of nanometres to a
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Fig. 1. Structure of the different types of polymer nanoparticles (upper part) and steric arrangement of
coating material made of amphiphilic block copolymers of different structures (lower part).

few hundred of nanometres. In general they are of spherical
shape but nanospheres with shape different from a sphere
were described in the literature (31-33). To remain well
dispersed in liquid dispersion, nanoparticles, like all types of
colloids, need to be stabilized using amphiphilic molecules or
colloid protecting agents. Nanospheres and nanocapsules
designed as drug carriers can be loaded with drugs. Drugs
can be either entrapped inside the nanoparticles or adsorbed
on their surface. In general, fragile molecules are better
preserved from enzymatic degradation occurring in biological
medium when they are entrapped in the nanocarrier (20,34).
In this case, their association with the drug carrier should be
done during the preparation of the nanocapsules or the
nanospheres (19,20,35-39). However, when the drug is highly
susceptible to degradation which may occur during the
preparation process of the drug carrier or when it does not
associate during the preparation of the drug carrier, it can be
loaded by adsorption on the surface of already prepared
carriers (40-42).

Polymers Used to Design Nanoparticles for in vivo Delivery
of Drugs

Considering the potential offered by polymer chemistry
today, there are only a limited number of polymers which can
be used as constituent of nanoparticles designed to deliver
drugs in vivo (15,43-46). To explain this fact, one should
consider that a suitable polymer needs to fulfil several
requirements to be used in such an application. Firstly, it
needs to be biodegradable or at least totally eliminated from
the body in a short period of time allowing to repeat
administration without any risk of uncontrolled accumulation.
Secondly, it must be non toxic and non immunogenic. Its
degradation products, if any, must also be non toxic and non
immunogenic. Thirdly, it should be formulated under the
form of polymer nanoparticles with suitable properties
regarding the drug delivery goal for which the nanoparticles
are designed. The Table I gives a list of the most widely used

polymers in the composition of nanocarriers. At present, only
a few of them are accepted by health authorities for
parenteral administration. Others received agreements to be
used in oral or topical formulations or they are used in the
food industry. During the last decade, a large number of
copolymers including one part of poly(ethylene glycol) or
polysaccharides were developed. The rational behind the
development of these copolymers came out from the need of
nanoparticles with tuneable surface properties to modulate
their interactions with blood proteins and with mucosa hence
controlling their in vivo fate (6,47-49). The designed copoly-
mers were also proved efficient to be used as stabilizers to
insure nanoparticle stability without the need of other
additional surfactants (45,50-52).

PRINCIPLE OF METHODS OF PREPARATION
OF DRUG-LOADED NANOPARTICLES

Many methods for the preparation of nanoparticles
include two main steps. The preparation of an emulsified
system corresponds to the first step while the nanoparticles
are formed during the second step of the process. This
second step is achieved either by the precipitation or the
gelation of a polymer or by polymerization of monomers. In
general, the principle of this second step gives its name to the
method. In a few cases, the nanoparticles form in the same
time than the starting emulsified system. Suitable emulsified
systems can be emulsions, mini-emulsions, nano-emulsions
and microemulsions.

A few other methods do not require the preparation of
an emulsion prior to the obtaining of the nanoparticles. They
are based on the precipitation of a polymer in conditions of
spontaneous dispersion formation or thanks to the self
assembly of macromolecules to form nanogels or polyelec-
trolyte complexes from a polymer solution. These methods
occurring in one main step will be explained at the end of this
part of the review.
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Table I. Most Widely Used Polymers Constituting Nanoparticles Designed as Drug Carriers

Material Full name

Abbreviation or Commercial names*

Poly(lactide)
Poly(lactide-co-glycolide)
Poly(epsilon-caprolactone)
Poly(isobutylcyanoacrylate)
Poly(isohexylcyanoacrylate)
Poly(n-butylcyanoacrylate)
Poly(acrylate) and poly(methacrylate)
Chitosan

Alginate

Gelatin

Albumin
Poly(lactide)-poly(ethylene glycol)

Synthetic homopolymers

Natural polymers

Copolymers

Poly(lactide-co-glycolide)-poly(ethylene glycol)
Poly(epsilon-caprolactone)-poly(ethylene glycol)
Poly(hexadecylcyanoacrylate-co-poly(ethylene glycol) cyanoacrylate)

Dextran

Pluronic F68

Poly(vinyl alcohol)
Copolymers (see above)
Tween® 20 or Tween® 80

Colloid stabilisers

PLA
PLGA
PCL
PICBA
PIHCA
PBCA
Eudragit*

PLA-PEG
PLGA-PEG
PCL-PEG
Poly(HDCA-PEGCA)
F68

PVA

Two Steps Procedure: Preparation of the Emulsified System

During the last decade methods to prepare emulsified
systems have significantly evolved. Although, they still
require two immiscible phases and a surface active agent,
the methods used to achieve the dispersion of one phase in
the other were diversified.

A new way to generate nano-emulsions was proposed
using a phase inversion temperature method which uses the
specific properties of polyethoxylated surfactants to modify
their partitioning coefficient as a function of the temperature.
Bicontinuous systems formed at a temperature close to the
phase inversion temperature are broken up by dilution and
temperature drop to generate oil-in-water nano-emulsions (53).

Most of the new methods of emulsifications are based on
mechanical processes and are related to the high-energy
emulsification techniques. They allow the preparation of
emulsions with droplets of uniform size which can easily be
scaled up to produce large quantities of well characterized
emulsions. For instance, the design of colloidal mills allows to
transform a rough emulsion in a thin emulsion with emulsion
droplets of very well defined size and a narrow size
distribution. The heart of a colloidal mill consists in a rotor
stator device in which droplets of the pre-emulsion are
deformed under a shear stress into long threads that undergo
Rayleigh instability. This instability induced the breaking of
the parent droplet in smaller droplets of uniform size (54,55)
(Fig. 2). According to the authors, the obtained diameter of
the daughter droplets is mainly determined by the applied
stress and only weakly depends on the viscosity ratio between
the dispersed and continuous phases (55).

Other methods are using different machines suitable to
prepare emulsions with calibrated droplet size on methods
based on an extrusion process. In these machines, the
dispersed phase is forced to permeate through a micro-
filtration device which allows to extrude calibrated droplets of
the dispersed phase in the continuous phase. The different

apparatus differ from the design of their microfiltration unit
which can take the shape of a porous membrane (56), of a
series of small channels (57) or of a grid perforated with
calibrated holes (57,58). A couple of works was already
devoted to the understanding of the formation of the
dispersed phase droplets of the emulsion by the extrusion
methods. Numerical methods were applied to simulate the
formation of droplets extruded from perforated grids (58).
Geerken er al. (59) have investigated the mechanism of
formation of water droplets at the micro-engineered orifice of
the perforated grid during extrusion of an aqueous phase into
an organic phase composed of hexane. Such fundamental
works are useful to anticipate the characteristics of the
emulsion produced by these techniques in the view of large
scale production. The experimental set-up used by Charcosset
and Fessi (56) for the preparation of nanoparticles includes a
pump, a membrane contactor as the microfiltration device
equipped with two manometers placed at the module inlet
and module outlet, and a valve placed at the module outlet
(Fig. 3). The organic phase placed in a thermostated vessel is
forced to permeate through the membrane into the continu-
ous aqueous phase by pressurising the vessel using nitrogen
gas (1-7 bar) (56).

This set up was used to prepare nanoparticles by
nanoprecipitation and nanocapsules by interfacial polycon-
densation combined with spontaneous emulsification (56).
Examples of such preparations are given in Table II (56). In
this case, the aqueous phase circulates inside the micro-
filtration device sweeping away the oil droplets which form at
the outlets of the pores of the membrane.

It can be expected that further progresses on these
techniques will come from the microfluidic area which is
developing very fast at the moment and allows the prepara-
tion of emulsion droplets of very small size with well define
characteristics.

In parallel to the development of new mechanical
emulsification techniques, progresses have also been made




1028 Vauthier, Bouchemal

outlet: fine emulsion with
narrow size distribution

Exaniple of :
rotor istator Spte—
el =
device of a e —
f——

colloidal mill

e
e

& Sketch illustrating the principle of
. i fragmentation of emulsion droplets
inside the rotor stator

. ..feed: coarse emulsion
large polydispersity

Fig. 2. Scheme of principle of the obtaining of thin emulsions with narrow size distribution using a colloidal mill.

to better understand the existing and well established of polymer which is dispersed in an aqueous phase (63)

emulsification methods. For instance, it was shown that the (Eq. 1).
droplet size, D, of an emulsion prepared with a microfluidizer
is directly proportional to the viscosity of the organic solution D =" 1)

(B) Organic phase permeates under pressure
- I . -l-
Nanepssticies ""— Aqueous phase
(tangenual flow)
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Fig. 3. Experimental set-up for the nanoparticle preparation using membrane contactor. A General set up
M Manometer. B Enlargement of the microfiltration unit. The aqueous phase which circulates in the
microfiltration unit sweeps away droplets of organic phase which form at the pore outlet.
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Table II. Formulation Used for Nanoparticle Preparations by the Membrane Contactor Technique
Type of
Method Organic phase Aqueous phase References nanoparticles
Nanoprecipitation Acetone (0.6 L) Water (1.2 L) 60 NS
PCL (15 g) Tween® 20 (2.04 g)
Acetone (0.6 L) Water (1.2 L) 61 NC
PCL (2.4-3 g) Tween® 80 (2.8-4.8 g)
Labrafac® hydro
(9.6-12 mL)
Water pH>5.2 Water pH<2 62 NS
Eudragit® 1100 PVA
Water pH<5.2 Water pH>11 62 NS
Eudragit® E100 PVA
Interfacial polycondensation combined Acetone (0.6 L) Water (1.2 L) 60 NC

Span® 80 (1.2 g)
Oil: hexyl laurate (6 g)
Lipophilic monomer (3.3 g)

with spontaneous emulsification

Tween® 20 (2.04 g)
Hydrophilic monomer (19.65 g)

NS nanospheres, NC nanocapsules

In this equation, n corresponds to the viscosity of the
polymer solution, the o coefficient depends on the nature of
the polymer. The value of alpha was found to be 0.05 and 0.28
for solutions of ethylcellulose and PLA prepared in ethyl-
acetate respectively (63). This emulsion procedure is impor-
tant because it is widely used in the process of the preparation
of nanoparticles by solvent evaporation, solvent diffusion and
salting out using solutions of preformed polymers.

Several progresses were made for understanding the
formation of the oil droplets generated by spontaneous
emulsification. This method is based on a solvent displacement
phenomenon also called the ouzo or pastis effect which occurs
when the two bulk phases are brought into contact without
stirring during the very rapid diffusion of the organic phase
prepared with water miscible solvent i.e. acetone or ethanol in
the aqueous phase (64). Spontaneous emulsification processes
are another important emulsification technique used in the
formulation of drug carriers because it avoids the use of strong
energetic method to achieve the dispersion of one phase in the

other (65,66). It can be classified as a low-energy emulsification
method (53). It is widely used in the procedures of preparation
of nanocapsules by nanoprecipitation and interfacial poly-
merization/polycondensation (60-62) (Table II).

Apart from progresses coming from the introduction of
new processes, novel types of emulsions have appeared
composed of dispersions including two immiscible organic
phases. They are interesting to promote the encapsulation of
various types of compounds. For instance higher encapsula-
tion rates of ciprofloxacine were reported using a multiple
emulsion W/O/O compared with protocols based on the use
of the better known W/O/W multiple emulsion (67). The use
of miniemulsions, nano-emulsions and microemulsions in-
stead of classical emulsions has been suggested (53,65,68).
The main advantage of these systems is their higher stability
compared with the stability of classical emulsions (Table IIT)
hence leading to the possibility to obtain nanoparticles with
better controlled particle size and improving the reproduc-
ibility of the methods of fabrication.

Table III. Main Characteristics and Differences Between Major Dispersed Systems used to Prepare Nanoparticles by Two Steps Methods

(69,70)
Type Macroemulsion Miniemulsion Microemulsion
Principal Non thermodynamically stable Non thermodynamically stable system Thermodynamically stable System
characteristics system with an interfacial tension oil/water

close to zero

Droplet size range
(diameter)

Equipement
requirements

Stability seconds to months

1-10 pm

Large polydispersity

Simple mechanical stirrer
(ultraturrax, )

Membrane contactor

Optional: High pressure
homogenizeur

Ultrasounds

Colloidal mills

Stability hours to months

Droplet growth is limited by suppression
of Oswald ripening of the droplets

Oil/water interfacial tension much above
Zero

20 to 200 nm

Narrow size distribution

Required

High pressure homogenizeur
Ultrasounds

Colloidal mills
Or spontaneous emulsification process

Infinite stability upon constant storage

conditions

~10 nm
Narrow size distribution
Form spontaneously

Simple mechanical stirrer
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The nature of the surfactant has also evolved. The very
common pluronic or span are now replaced by new amphi-
philic copolymers which are composed of the polymer used to
constitute the nanoparticles linked to a hydrophilic moiety
chosen among poly(ethylene glycol) (44,48,71,72) or various
polysaccharides (51,73). They can be used to stabilize
emulsions even if they are not soluble in the liquid phases
composing the emulsion (50,52). In this case, they are
believed to dissolve at the interface, each part of the
copolymer being soluble in one phase of the emulsion. It is
noteworthy that the stability of the emulsion may depend on
the nature of the solvent. For instance, in a work considering
emulsions stabilized with Dextran-PCL copolymers, it was
clearly showed that ethyl acetate was a more suitable organic
solvent to be used to formulate the emulsion than methylene
chloride leading to emulsions with a much higher stability
(50). Tt was suggested that the stabilisation ability of such
copolymers depended on the way they arrange at the surface
of the emulsion droplet.

All emulsions prepared can serve as basis for the
preparation of polymer nanoparticles and also of nanoparticle
systems composed of lipids (solid lipid nanoparticles (SLN)
and lipid nanocapsules (LNC) (53).

Two Steps Procedures: Formation of Polymer Nanoparticles
from an Emulsion

Inducing Polymer Precipitation by Solvent Removal

There are several ways to provoke polymer precipitation
in the emulsion droplets by removing the polymer solvent.
Solvent can be extracted from the organic phase by different
methods such as solvent evaporation, fast diffusion after
dilution or salting out (Fig. 4). In general, these methods lead
to the production of nanospheres when they are performed
on simple oil-in-water emulsions (12,74-76). Oil containing
nanocapsules can be obtained simply by adding oil in the
polymer solution composing the emulsion droplets (28,30). It
is also possible to produce water containing nanocapsules
applying the methods to a multiple emulsion (29,77,78). In
this case, the multiple emulsion water-in-oil-in-water, is

(i). Emulsification step

Vauthier, Bouchemal

formulated with an oil phase, composed of a polymer solution
in a solvent which can easily be removed by evaporation or
by the other extraction methods. In general, the nanocapsules
formulated from multiple emulsions are much larger in size
than the oil-containing nanocapsules obtained from simple
emulsions (Fig. 5).

The nature of drug molecules which can be encapsulated
in the nanoparticles prepared by this group of methods
greatly depends on the type of the starting emulsion. In
general, lipophilic molecules are encapsulated in nanospheres
prepared from the simple oil-in-water emulsions and in oil-
containing nanocapsules. Hydrophilic molecules such as
peptides, proteins and nucleic acids can be encapsulated in
water-containing nanocapsules.

Obtaining nanoparticles by emulsification—solvent evapo-
ration. The obtaining of nanoparticles by emulsification—
solvent evaporation was the first method of preparation of
nanoparticles developed from a preformed polymer (79).
Although this method was originally proposed by polymer
chemists, it is in the field of pharmaceutical technology that it
founds its main developments thanks to the pioneer work of
Gurny et al. (74) who applied it to biodegradable polymers to
produce drug carriers. In this method, emulsions are formu-
lated with polymer solutions prepared in volatile solvents.
Dichloromethane and chloroform were widely used in the
past but are now replaced by ethyl acetate which displays a
better toxicological profile. Conversion of the emulsion into a
nanoparticle suspension occurs by the evaporation of the
polymer solvent which is allowed to diffuse through the
continuous phase of the emulsion (11,15,53). This is a slow
process performed under vacuum. For instance, the complete
evaporation of 10 ml of ethyl acetate from a 50 ml emulsion
can take 70 to 80 min under well controlled conditions (63). It
comprised a fast evaporation period lasting over 40 min and a
very slow evaporation period requiring another additional
40 min to remove the last few percent of remaining solvent.
As shown in the same report, the size of the emulsion
droplets is dropped down during the first period of the
solvent evaporation process to reach a minimal value. It
corresponds to a loss of more than 90% of the polymer

Solvent
extraction

;%5"@6&

B

polymer
+
oil

v

Nanocapsule @

(ii). Solvent extraction step

Fig. 4. Schematic description of the proposed formation mechanism of nanocapsules by emulsification (i)
followed by solvent extraction (if), where the orange dots and the blue lines are the oil droplets and polymer

respectively.
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(B)

Agqueous phase

Organic phase

(Drug + Polymer (Water +/- (Polymer + (Drug + water +/-
+ solvent +/- oil) surfactant) solvent +- oil) surfactant)
(i) Emulsification step using mechanical processes
Emulsion Aqueous ) Primary
ofw phase J emulsion
| |
L
Secondary
emulsion [(w/o)/w]
< (ii) Solvent extraction >
A L
Nanoparticle formation Nanoparticle formation

Fig. 5. Examples of single (A) and double (B) emulsion techniques for nanoparticle preparation.

solvent composing the emulsion droplets of the parent
emulsion. During the second phase of the evaporation, the
size of the dispersed objects increased again due to coales-
cence of droplets. The intensity of the coalescence phenom-
ena which define the increase in size occurring during this
stage of the process depends greatly on the nature of the
polymer and more specifically on its ability to adsorb on the
interface between the oil and water phase of the parent
emulsion which is generally stabilized by a surfactant. The
coalescence was found to be amplified with a polymer like
ethyl cellulose which showed surface active properties. In
contrast, it is reduced with a polymer like PLA which did not
show any interfacial adsorption in emulsions formed between
ethyl acetate and a water phase containing 2% w/w of sodium
dodecyl sulphate (SDS). In this later case the increase in size
of the dispersed particles during the second phase of the
solvent evaporation is very low.

Solvent evaporation conditions can be modified by
preparing the emulsion with partially mutual soluble solvents
and removing the volatile organic solvent contained in the oil
droplets of the dispersed phase by distillation (80). As the
mechanism of formation of the nanoparticles seems to be
very different in this case compared with the above described
method, the starting emulsions can be prepared with a simple
laboratory propeller stirrer working at 1,000 rpm. Neverthe-
less, it seems that this method provided with nanoparticles
with size larger than 250 nm (80).

The emulsification—solvent evaporation method has been
widely applied to prepare nanoparticles composed of PLA,
PLGA and PCL using pluronic F68 as stabilizing agent
(15,48,53,81). It can be apply to formulate nanoparticles with
amphiphilic copolymers including PEG-PLA, PEG-PLGA,
PEG-PCL, PEG-PACA and polysaccharide-PCL (48,71-
73,82). In this case there is no need to add a surfactant to
insure the formation of the emulsion and the stability of the

final nanoparticle suspension. One advantage of using such
copolymers is that their hydrophobic moiety is of the same
nature than the polymer generally used to make the core of
the nanoparticles, i.e. PLGA, PCL, PACA.

Obtaining nanoparticles by emulsification—solvent diffu-
sion. The emulsification—diffusion of solvent method also
called emulsification—solvent displacement has been success-
fully used to prepare biodegradable nanoparticles in an
efficient and reproducible manner (Table IV) (16). For the
success of this method, the polymer solvent used to prepare
the emulsion needs to be partly soluble in water (83). Then,
the emulsion is prepared with water saturated with the
polymer solvent composing the oil phase and with an oil
phase saturated with water as continuous phase. Mutual
saturation of both polymer solvent and water is obtained by
mixing the two liquids in equal volume and waiting for phase
separation to collect the solvent saturated water at the bottom
and the water saturated organic solvent at the top of the

Table IV. Example of Materials and Active Ingredients used in
Emulsification—solvent Diffusion Method

Materials Drug Diameter (nm) Reference
PLA - ~100-450 90
DNA <300 35
p-THPP ~125 93
PLGA Doxorubicin <1,000 94
p-THPP ~117-118 93
PCL - ~400-800 95
Indomethacin ~246-671 86
Eudragit® E - ~300-600 86

p-THPP mesotetra(hydroxyphenyl)porphyrin
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resulting two phase system. Once the oil-in-water emulsion is
obtained using the previous saturated solvents, it is diluted
with an extensive amount of pure water. As a result of this
dilution, additional organic solvent from the organic phase
contained in the dispersed droplets can diffuses out of the
droplets leading to the precipitation of the polymer (Fig. 6).
As suggested by the work of Quintanar-Guerrero et al. (84),
the formation of nanoparticles results from a pure diffusion
mechanism. Suitable solvents include benzyl alcohol, propyl-
ene carbonate (85), ethyl acetate (80,86), isopropyl acetate,
methyl acetate, methyl ethyl ketone (87), benzyl alcohol,
butyl lactate (88) and isovaleric acid (89). Surfactants like
pluronic F68, PVA and sodium taurodeoxycholate can be
added to the aqueous phase (85,86,89,90) while soy lecithin
may be added in the organic phase (89). Main suitable
polymers are PLA, PLGA, PCL and Eudragit® E (83,86,91).
As far as drug encapsulation is aimed, poorly water soluble
drug is incorporated in the organic phase of the initial
emulsion (91). Using approaches based on the formation of
ion-pairs, charged hydrosoluble molecules including oligonu-
cleotides were incorporated in PLA nanoparticles prepared
by this method (77,92).

In general, the diameter of the nanoparticles produced
by this method is around 150 nm (85,90). During the process
of formation of the nanoparticles, the size of the initial
emulsion droplets is reduced due to solvent extraction. In
contrast with methods based on solvent evaporation, the
extraction of the polymer solvent from the emulsion droplets
occurs in a time scale of milli-seconds (30). Thus, the drop in
size of the dispersed particles is abrupt. For instance, mygliol-
containing PCL nanocapsules are formed in 20 ms from an
emulsion prepared with a solution of PCL dissolved in ethyl
acetate saturated with water in which mygliol was added and
an aqueous phase saturated with ethyl acetate containing
PVA. Several parameters can affect the size of the nano-
particles. The mean diameter can be significantly lowered
when the miscibility of water with the organic solvent is
increased (87). Size of the nanoparticles can also be reduced
by increasing the stirring rate and the concentration of
stabilizing agents added in the emulsion. On the contrary,
the size of the nanoparticles is increased by increasing the
concentration of polymer in the emulsion droplets (85,90). In
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this case, it is also accompanied by an increase of the
polydispersity of the size distribution. Modification of param-
eters such as the viscosity, the pH of the external phase and
volume ratio between the organic and aqueous phases have a
limited influence on the size of the nanoparticles produced by
this method (85).

Nanocapsules can be produced by the same method just
by adding a small amount of oil in the organic phase
(28,30,96).

Obtaining nanoparticles by emulsification—reverse salting-
out. The emulsification-reverse salting out method is very
close to the emulsification—solvent diffusion method. The
main difference comes from the composition of the emulsion.
The emulsion is formulated with a polymer solvent which is
normally totally miscible with water, i.e. acetone (75,97). The
artefact used to emulsify the polymer solution in the aqueous
phase consists in dissolving high concentration of salt or
sucrose (several mol/L) chosen for their strong salting out
effect in the aqueous phase. Examples of suitable electrolytes
are magnesium chloride, calcium chloride, and magnesium
acetate (97). These components retain the water molecules
for their own solubilisation; hence modify the miscibility
properties of water with other solvents such as acetone. The
precipitation of the polymer dissolved in the droplets of the
emulsion can be induced through a reverse salting out effect
which is simply obtained by dilution of the emulsion with a
large excess of water. Indeed, the dilution produces a sudden
drop of the concentration in salt or sucrose in the continuous
phase of the emulsion inducing the polymer solvent to
migrate out of the emulsion droplets.

In practice, mechanical processes are used to prepare the
emulsion. A Colloid stabilizer such as PVA can be added to the
aqueous phase to improve the stability of the final polymer
nanoparticles produced during the process (75,97). Once the
emulsion is done, it is diluted with a sufficient amount of water
to provoke acetone diffusion into the aqueous phase, inducing
the polymer precipitation resulted in nanosphere formation.
The nanoparticles are then purified by eliminating both the
polymer solvent and the salting-out agent. This method can be
used to encapsulate lipophilic drugs which are generally added
in the polymer solution (98,99).
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[Phases saturation ] [ Phases preparation ] [ Emulsification ] [Dilution and np formation ]

Fig. 6. Sketch of the manufacturing of nanoparticles (np) by the emulsification—solvent diffusion method.
(1) Partially water miscible solvent saturated with water. (2) Water saturated with solvent. (3) Organic phase
composed of polymer (2% w/w) and oil (5% w/w) in (10 mL) of phase (/). (4) Aqueous phase composed of
water (40 mL) and surfactant (2.5% w/w). (5) Emulsification. (6) Dilution with 200 mL of water.
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Obtaining Nanoparticles by Gelation of the Emulsion
Droplets

Other methods to produce nanoparticles from emulsion
are to gelify the polymer dissolved in the emulsion droplets.
This method can be applied with polymers displaying gelling
properties. Most of the polymers which were used in such a
method of preparation of nanoparticles for drug delivery so
far were soluble in water (32,100,101). However, the method
can theoretically be applied to gelling polymers solubilizing in
organic solvents.

The gelling properties of the polymers defined the
procedure which will be followed to obtain nanoparticles
from the emulsion. With a polymer like agarose, gels can be
formed by cooling down the temperature of the solution
which is prepared at a high temperature (100). In this case,
emulsions are prepared at high temperature. The nano-
particles form by cooling down the emulsion resulting in the
gelation of the emulsion droplets. With other polymers like
alginate and pectin, gels form by adding a second component
or by modifying the pH of the polymer solution. In this case,
two different emulsions will be prepared, one containing the
gelling polymer in the dispersed phase and the other
containing the gelling agent or the pH controlling agent in
the dispersed phase (101). The two emulsions will be mixed
together under strong agitation to enhance collisions between
droplets which are required to induce the gelation of the
polymer; hence formation of nanoparticles. When it is applied
with water soluble polymers, this method allows the forma-
tion of hydrogel nanoparticles in which hydrophilic drugs
such as insulin can be encapsulated (102).

Inducing Nanoparticle Formation by “in situ”
Polymerization

Polymerization of Alkylcyanoacrylates

To produce nanoparticles by in situ polymerization, a
monomer is added in the emulsion instead of a polymer
solution and the polymer forms by polymerization to give
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birth of nanoparticles. While very well characterized nano-
spheres can be produced by polymerization of various types
of monomers in emulsions or miniemulsions (68,103-106),
nanocapsules are obtained by performing interfacial poly-
merization or polycondensation reactions in emulsions or in
microemulsions (18,20,25,26,107-109). So far, only a few
monomers were found suitable to produce nanospheres and
nanocapsules for in vivo applications as drug delivery carriers.
An abundant literature is devoted to nanoparticles made
from alkylcyanoacrylates (see for example 110). All kinds of
nanoparticles, i.e. nanospheres, oil-containing nanocapsules
and water-containing nanocapsules, can be prepared by in situ
polymerization of such monomers (Fig. 7). This is an
advantage because a wide range of drugs can be associated
with poly(alkylcyanoacrylate) nanoparticles. This actually
includes small and large drug molecules which are either
hydrophilic or lipophilic (15,110,111). The different methods
of polymerization developed to prepare poly(alkylcyanoacry-
late) nanoparticles are now quite well understood leading to
the obtaining of nanoparticles with very defined properties.
The majority of poly(alkylcyanoacrylate) nanospheres and
nanocapsules are obtained by the anionic polymerization of
the corresponding monomer which is spontaneously initiated
by hydroxyl groups of water or by any types of nucleophilic
groups found on molecules dissolved in the polymerization
system.

In general, emulsion polymerizations used to produce
nanospheres is performed in acidic conditions to slow down
the rate of the anionic polymerization and allow nanospheres
to form instead of polymer aggregates. Nucleophilic compo-
nents initiating the polymerization of alkylcyanoacrylates can
be included in the structure of the polymer forming the
nanospheres. They can be used to functionalize the nano-
particles (112,113) or to synthesize amphiphilic copolymers
which in turn serve as stabilizing agents for the nascent
polymer nanoparticles (105,114,115). Very strong acidic
polymerization media, i.e. nitric acid 0.2 M, are required to
initiate redox radical polymerization using a redox couple
including cerium IV and polysaccharides (104,116). In this
case, the polymerization is initiated on the chain-end of the
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CN CN CN

Initiator - CH -—C —CH,—C — CH,— C — CHZ_ CH
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Initiator = OH from water
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any compounds containing a nucleophilic group
polysaccharide grafted by redox radical polymerization

Fig. 7. General structure of alkylcyanoacrylate monomers (upper part) and of their corresponding polymer
(lower part).
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polysaccharide. The structure of the resulting amphiphilic
copolymers is very different from those obtained by anionic
polymerization (105). This is interesting because nanospheres
with finely tuned surface properties can be obtained in an
easy way simply by changing the conditions of polymeriza-
tion. Indeed, surface properties can be adjusted by choosing
the nature of the polymer stabilizing agent serving as coating
material (106,117-121) and by controlling the conformation
taken by the polymer chains of the coating material defined
by the structure of copolymers and in turn by the polymer-
ization mechanisms, i.e. anionic or redox radicalar (105).
Having easy method to modify surface properties of nano-
particles is advantageous because they are critical parameters
to control the in vivo fate of nanoparticles as drug carrier
after in vivo administration (106,122-124).

Although to obtain nanospheres it is necessary to slow
down the anionic polymerization of the alkylcyanoacrylate
monomers, the capacity of these monomers to develop
extremely rapid polymerizations is advantageous to achieve
successful encapsulation of drugs within nanocapsules. High
payload of lipophilic drugs can be encapsulated in oil-
containing nanocapsules prepared by interfacial polymeriza-
tion of alkylcyanoacrylate but hydrophilic macromolecules
such as insulin were also well encapsulated in these nano-
capsules. The nanocapsules are formed by anionic polymer-
ization of the monomers when the oil-in water emulsion is
prepared by the spontaneous emulsification method (18,125).
The polymerization occurs at the interface of the fine oil
droplets which forms when the organic phase including a
water miscible solvent, the oil and the monomer is mixed with
the aqueous phase containing a surfactant like pluronic F68.
In this method, critical factors are the phase separation of the
oil droplets occurring during the diffusion of the water
miscible organic solvent in the aqueous phase and the
simultaneous precipitation of the nascent polymer at oil/water
interface (126). Nanocapsule dispersions may be contaminat-
ed with nanospheres. To reduce the contamination, it can be
recommended to optimize the ethanol/oil ratio of the organic
phase and to acidify the organic phase in order to inhibit the
start of the anionic polymerization of the monomer
(21,125,126). Improvements can also be obtained by replacing
ethanol by aprotic solvents such as acetone and acetonitrile
which are not able to initiate the polymerization reaction
(127). A wide range of oils can be incorporated in the organic
phase, ranging from vegetal and mineral oils to pure
compounds including ethyl oleate, the principal criterium of
choice being the solubility of the compound to be encapsu-
lated in the nanocapsules.

More recently, the use of a miniemulsion was suggested
as an alternative method to prepare oil-containing nano-
capsules by interfacial polymerization of alkylcyanoacrylate
(128,129). The monomer is directly dissolved in the oil
(mygliol), and emulsified in acidified water using ultrasounds
to achieve a rapid dispersion of the oily phase. Once the
miniemulsion is obtained, the pH of the aqueous phase is
raised to boost the anionic polymerization of alkylcyanoacry-
lates which is initiated at the oil/water interface. Avoiding
premature polymerization of the monomer during the prep-
aration of the miniemulsion is a critical step in this process to
avoid aggregates and to promote the formation of well
characterized nanocapsules. This explains why the continuous
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phase of the miniemulsion should be acidified. The interfacial
polymerization leads to the formation of a thin polymer
membrane around the oil droplets of the miniemulsion.
Compared with the previous method, oil-containing nano-
capsules prepared from miniemulsions are characterized by a
smaller size (diameter 100 nm instead of 250 to 300 nm). The
main advantage of this technique is that the concentration of
nanocapsules in the final suspension can be increased by
increasing the volume fraction of the dispersed phase of the
starting mini-emulsion without changing the size character-
istics of the nanocapsules recovered at the end of the
preparation (128).

Water-containing nanocapsules are mostly prepared
from inverse emulsions and inverse microemulsions (19,20,
24,39,108,129,130). Generally, the emulsions or the microemul-
sions are prepared without incorporating the monomer which
is added to the continuous phase after preparation of the
formulation. The anionic polymerization of the monomer is
initiated by the contact with water molecules at the surface of
the water containing droplets. The diameter of the nano-
capsules depends on the type of surfactant added to the
polymerization medium. The smallest aqueous containing
nanocapsules having a diameter of 50 nm were obtained with
poly(ethyleneoxide) lauryl ester (Brij 35) while the addition
of an anionic surfactant led to the formation of nanocapsules
with diameter around 300 nm (19). With non-ionic surfac-
tants, nanocapsules with diameter ranging from 250 to 350 nm
were reported (20,39,129). Aqueous-containing nanocapsules
obtained from inverse emulsions and microemulsions are
dispersed in oil. They can be transferred in an aqueous phase
by centrifugation over a layer of an aqueous solution of
surfactant (20,39). In these preparations, drugs to be incor-
porated in the nanocapsules are dissolved in the aqueous
phase of the inverse emulsion or microemulsion. Peptides and
short chains of nucleic acids including antisense deoxynucleo-
tides, small interfering RNA can be encapsulated straightfor-
ward from an aqueous solution (34,39,108). Small molecules
are hardly retained by the polymer membrane of the nano-
capsules and tend to escape rapidly the aqueous core of the
nanocapsules. An artefact can be used to retain small
anionic molecules inside the nanocapsules by forming an
ion pair with a polycation dissolved in the aqueous core of
the nanocapsules (23).

Obtaining Nanocapsules by Interfacial Polycondensation
Reactions

Interfacial polycondensation leads to the formation of a
polymer film at the interface between two non miscible
phases from the reaction of two monomers each dissolved in
one phase. To obtain nanocapsules by interfacial polycon-
densation, the reaction is carried out at the interface of oil
droplets dispersed in the aqueous phase of an emulsion which
is obtained by a spontaneous emulsification technique.
Typically, the organic phase is composed of a water miscible
solvent, the lipophilic monomer, the oil and a lipophilic
surfactant while the aqueous phase contains water, the
hydrophilic monomer and a hydrophilic surfactant. As the
monomers are included in the composition of both phases of
the emulsion, the polycondensation can readily occur at the
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interface of the oil droplets which form during the mixing of
the two phases leading to spontaneous formation of the oil-in-
water emulsion (Fig. 8) (25,26,131,132). The nature of the
monomers used defines the type of polymer shell which forms
the nanocapsule envelope. For instance, the polymeric wall of
the nanocapsules can be composed of polyamides, polyurea,
polyurethanes and poly(ether urethanes) (Table V) (25,26,
109,133).

The nanocapsule wall thickness and porosity which are
important parameters influencing loading, protection and
release of drugs was found to depend on the monomer
concentrations and on their molecular weight (133). Enough
experimental and simulated data were collected from nano-
capsule preparations obtained by this method to establish a
correlation between the monomer molecular weights and
concentrations and the membrane properties which include
its thickness, its porosity, the polymer swelling and flexibility
properties and the resistance to the storage conditions
(109,127). The simulated method suggested by Bouchemal et
al. (127) is capable of predicting the thickness of the nano-
capsule wall from the concentration of the monomers. It can
be shown that the thickness of the polymer wall of the
nanocapsules depends on the concentration of the lipophilic
monomer whereas it is independent from the concentration of
the hydrophilic monomer.

The method of preparation of oil-containing nanocap-
sules by interfacial polycondensation is well adapted for the
encapsulation of lipophilic drugs. An oily drug such as alpha-
tocopherol can be encapsulated with high yield of encapsu-
lation ranging from 65% to 92% (25,26,109). The yield of
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encapsulation of the nanocapsules was found to be improved
by using macromers such as PEG instead of conventional
small monomers like ethanediol, butanediol and hexanediol
(Table V). Interestingly, the polymer wall of the nanocapsules
showed important stability and good protection of alpha-
tocopherol against damages caused by the effect of the
temperature and the ultraviolet irradiations much better than
a nanoemulsion prepared in the same conditions (109).

One Step Procedure: Obtaining Nanospheres by Methods
Based on Nanoprecipitation of a Polymer

The nanoprecipitation method also called solvent dis-
placement was developed by Fessi ef al. (134). It is one of the
easiest preparation procedure of nanospheres. Additionally
to its simplicity, this procedure is reproducible, fast and
economic and it uses preformed polymers as starting materi-
als rather than monomers (15,134-136).

The basic principle of this technique is close to the one
described above for the preparation of emulsions by sponta-
neous emulsification. Nanoprecipitation is performed using
systems containing a number of three basic ingredients: the
polymer, the polymer solvent and the non-solvent of the
polymer. The polymer solvent is chosen among organic
solvents being miscible in water and easy to remove by
evaporation. For this reason, acetone is the most frequently
used polymer solvent in this method (134,137,138). Some-
times, it consists in binary blends of solvents, acetone with
small amount of water (137), blends of ethanol and acetone
(139). To produce the nanoparticles, the polymer solution is

(1) Organic phase (2) Aqueous phase monomer A,
(Solvent + monomer A (Water + monomer B — )
+ surfactant + oil) + surfactant)

Solvent,

Mixing of the two
phases (1) and (2)
under magnetic
stirring

v

Formation of
nanocapsules

Purification of
nanocapsules

Aqueous phase,
monomer B

Fast diffusion of solvent
through the aqueous phase
and interfacial
polycondensation of
monomers A and B

O

Nanocapsule

Fig. 8. Preparation of nanocapsules by interfacial polycondensation combined with spontaneous emulsifi-
cation and hypothesis about the mechanism of formation. [adapted from (25)]. (Z) Organic phase: organic
solvent (40 mL), lipophilic monomer (A), oil (400 mg), lipophilic surfactant (86 mg of Span®85). (2)
Aqueous phase: water (80 mL), hydrophilic monomer (B), hydrophilic surfactant (136 mg of Tween®20).
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Table V. Nanocapsules Prepared by Interfacial Polycondensation Combined with Spontaneous Emulsification: Characteristics and Yield of
Encapsulation of Alpha-Tocopherol (25,26,109,133)

Mean diameter of Yield of encapsulation

Polymer Water soluble monomer Oil soluble monomer nanoparticles (nm) (%)
Polyamides Diethlenetriamine Sebacoyl chloride 300-500 75
Polyurea Dipropylenetriamine Hexamethylene diisocyanate 250450 65-70
Polyurethanes 1,2-Ethanediol 230-310 85-90

1,4-Butanediol
1,6-Hexanediol
Poly(ether urethanes) Poly(ethylene glycol) oligomers Isophorone diisocyanate 218-620 90

(M,, 200, 300, 400 and 600)

added in the non-solvent. The nanoparticles form instanta-
neously during the rapid diffusion of the polymer solution in
the non solvent. The resulting colloidal suspension contains
polymer particles with well defined size (typically 200 nm in
diameter) characterized by a narrow distribution. They are
smaller than those produced by the emulsification solvent
evaporation procedure. In general, the organic phase is added
to the aqueous phase but reversing this protocol by adding
the non solvent phase on the polymer solution also leads to
the formation of nanospheres. Important parameters condi-
tioning the success of the method and affecting the physico-
chemical properties of the nanoparticle preparation are the
miscibility of the organic solvent with the non-solvent and the
nature of the polymer/solvent interactions. Optimal condi-
tions of nanoprecipitation were described when the polymer
was dissolved in a theta solvent and when the concentration
in polymer dissolved in the solvent remained below the limit
between the semi-dilute and dilute solubilization regime
(138). Although a surfactant is not required to insure
formation of nanospheres by nanoprecipitation, the amphi-
philic character of the polymer may influence the yield of the
amount of nanospheres produced during the nanoprecipita-
tion process. For sure, it has been shown that the method is
well adapted to be applied on the new generation of
amphiphilic copolymers which are synthesized to formulate
nanoparticulate drug carriers by nanoprecipitation (140). In
previous studies, surfactants added in nanoprecipitation
systems help to preserve nanoparticle suspensions from
aggregation over long storage periods (134).

The method can be applied to a wide range of polymers
(66) including peptides (141) and even to non polymer material
such as amphiphilic cyclodextrins (142) and drugs (143,144)
(Table VI). Depending on the solubility properties of the
material to be nanoprecipitated, water can be replaced by
ethanol, methanol or propanol (78). In general, the drug to be
encapsulated in the nanospheres produced by this technique is
added in the polymer solution (145-147). In general, the
polymer solution and the non solvent are mixed together just
by pouring one phase in the other under a gentle agitation. It
can be achieved in normal laboratory glasswares and does not
require any sophisticated material. Limayem et al. (148) have
suggested to use the ultrafiltration device of a membrane
contactor developed to prepare emulsions with well character-
ized droplets to achieve the dispersion of the polymer solution
in the aqueous precipitating medium (Fig. 3). In this device, the
polymer solution is forced to pass through the porous
membrane to reach the aqueous phase in which precipitation
of the polymer occurs in the same time the droplets are formed.

One Step Procedures: Methods Based on Self Assembling
Macromolecules

Formation of Polyelectrolyte Complexes

Typical examples of nanospheres obtained from poly-
electrolyte complexes are formed between polyamines and
nucleic acids thanks to complementary charge annealing
(7,158). These nanospheres, also named nanoplexes, are
widely developed as drug carriers to make possible the in
vivo delivery of nucleic acids including plasmid genes, siRNA
and antisens oligodeoxynucleotides. In this case, the drug
being the nucleic acid is incorporated in the nanocarrier as a
constituent of the drug delivery device. The main formulation
parameter to take into account to obtain the nanospheres
within the desired size range is given by the N/P ratio which is
defined as the ratio of the number of amine groups of the
polycation divided by the number of phosphate groups of
the nucleic acid. Thus, the “N” value also corresponds to the
number of positive charges involved in the formation of
the complex while the “P” value gives the number of
negative charges. In general, the net charge of the polyplexe
appears positive when the N/P ratio is above 1. The internal
structure of polyplexes can be described as a gel like
structure in which the complexed polyelectrolyte chains are
swollen by water molecules. Typical polycations used to
prepare polyplexes are poly(ethylenimine) (PEI), poly
(Iysine) (PLL), poly(ornithine) or chitosan. Some types of
polyamines also include dendrimers which form very small
complexes with nucleic acids.

Nanosized polyelectrolyte complexes were reported to
form with other types of polyelectrolytes. For instance,
Rajaonarivony et al. (159) have pointed out the formation
of aggregates in the nanosized ranged after the mixing
alginate, a negatively charged polysaccharide, with polylysine,
a positively charged peptide, in very well defined concen-
trations of the two polyelectrolytes. A more extensive work
has considered the obtaining of nanoparticles by polyelectro-
lyte complex formation from polysaccharides of complemen-
tary charged (160,161). The polysaccharides were dextran
sulfate containing negatively charged sulfate groups and
chitosan containing positively charged amino groups. In this
case, the nanoparticles are elaborated by a one shot addition
of the polyelectrolyte used in default in the one used in
excess. According to the nature of the polyelectrolyte used in
excess, either positively or negatively charged nanoparticles
can be synthesized. This is an interesting property because it
can affect the way the nanoparticles will interact with cells,
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Table VI. Example of Materials and Active Ingredients used in Nanoprecipitation Methods

Materials Drug Diameter (nm) Reference

Synthetic polymers PLA Dexamethasone ~300 134

Doxorubicin 270 149

Insulin ~302 150

Lysozyme ~351 150

Sodium cromoglycate ~470-780 151

Taxol ~260 134

Vitamin K ~270 134

PLGA Cyclosporin A ~170 151

Doxorubicin 274 149

Indomethacin ~168 151

Insulin ~105-170 151

~133-173 150

Ketoprofen ~167 151

Lysozyme ~137-570 150

Valproic acid ~166 151

Vancomycin ~187 151

PCL Cyclosporin A ~100-200 152

PEG-PCL-PEG BSA <100 153

DMEP
Poly(methyl vinyl BSA ~279-308 154
ether-co-maleic anhydride)

Amphiphilic cyclodextrins Indomethacin ~204-342 155
Progesterone 156,157

Proteins/Gliadin - ~100-500 141
Small hydrophobic molecules Cholesterol acetate 143,144

PEG poly(ethylene glycol), BSA bovine serum albumin, DMEP 4’-demethylepipodophyllotoxin

hence their in vivo fate after administration to animals. The
nanoparticles featured a core/shell structure. The hydropho-
bic core is composed by the complexed segments whereas the
excess of component not incorporated in the polyelectrolyte
complex is segregated in the outer shell ensuring the colloidal
stabilization of the nanoparticles against coagulation and
conferring the charge of the nanoparticle surface. The
molecular weight of the two polyelectrolytes influences the
size of the nanoparticles. A correlation between the chain
length ratio of the polyelectrolytes and the size of the
nanoparticle formed could be established on the basis of a
host/guest concept. According to this concept, the polyelec-
trolyte of the highest molecular weight serves as host for the
guest polyelectrolyte of lower molecular weight (160). The
mechanism of formation of the nanoparticles was found to
vary according to the polyelectrolyte used in excess during
the preparation. This was attributed to the differences in
chemical reactivity of the ions of the polycation in excess and
to the flexibility of the macromolecular chains.

These nanoparticles were primary designed as antigen
presenting device (162). In this purpose, antigenic proteins
should be highly purified to insure successful loading on
nanoparticles. Indeed, the binding capacity in antigenic
proteins of these nanoparticles depends on the degree of
purity of the protein antigen. It also depends on the charge of
the nanoparticles. For instance the protein P24 from the
capside protein of the HIV-1 virus associated up to a
concentration of 600 mg/g protein-nanoparticle with nega-
tively charged nanoparticles whereas lower association
was reported on the corresponding positively charged
nanoparticles.

Formation of Nanoparticles from Neutral Nanogels

Gref et al. (163) have developed polymers that can
associate together to form supramolecular nanoassemblies of
spherical shape (Fig. 9). One polymer consists of dextran on
which alkyl chains of different length were grafted. The
second polymer includes a polymer of beta-cyclodextrins.
Nanoassemblies form instantaneously when the two polymers

Modified dextran Poly-beta-cyclodextrin
oJ ~—
Dext ] ) Cyclodextrin
Alkyl chain ——» — Drug
€ !
AN J

Self-assembling
nanogels

Fig. 9. Schematic representation of formation of nanogels by self
assembling of neutral macromolecules. The concentration of the
polymer in the suspension of nanogels ranges from 2.5% to 7.5% (w/
w) and the ratio of the two polymers modified dextran/poly-beta-
cyclodextrin varied from 20/80 to 80/20 (w/w) [adapted from (164)].
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in solution in water are put together because the hydrophobic
cavities of the poly(beta-cyclodextrin) can serve as host for
the pendant alkyl chains grafted on the hydrophobised
dextran. The cohesion of the whole assembly is based on a
“lock and key” scheme. The submicronic nanoparticles that
are formed are composed of a hydrogel in which a large
amount of water is entrapped in the polymer network formed
by the assemblies of the two polymers. For this reason, the
resulting nanoparticles which are nanospheres were also
named nanogels.

The method for the obtaining of those nanogels is very
simple and not very sensitive to the protocol which was
followed. Indeed, it was reported that nanogels with the same
size form whatever was the manner of mixing the two
polymer solutions: order of introduction of the solutions of
modified dextran and poly(beta-cyclodextrin), method of
mixing, temperature, etc....It seems that the simple diffusion
of one solution in the other is sufficient to form the nanogels
(164). The production yields can reach 95% of the incorpo-
ration of the solubilised polymer in the nanogels, showing the
remarkable efficiency of the polymer association phenomena.
The feasibility and stability of the nanogels were influenced
by the percentage of substitution of the glucose units of
dextran by the alkyl chains, the number of carbons in the
alkyl chains, the polymer concentration in the solutions, the
poly(beta-cyclodextrin) molar mass and the weight ratio
between the hydrophobised dextran and the poly(beta-
cyclodextrin) (163). The nanospheres can be freeze-dried for
long term storage without the necessity to add cryoprotecting
agent. Moreover, very encouraging results were recently
reported on the sterilization of these nanoparticles (164).

Interestingly, hydrophobic drugs such as benzophenone
and tamoxifen can be incorporated in the nanogels. Loading
efficiencies up to 90% were reported. The drug can be loaded
by formation of an inclusion complexes with beta-cyclodex-
trin residues of the poly(beta-cyclodextrin) polymer before
the preparation of the nanoparticles or after formation of the
nanogels. The release of the entrapped drug can be controlled
over a period lasting for 16 days (164). Thus, these nanogels
appear as remarkable controlled sustained release formula-
tions under the form of nanoparticles.

One Step Procedures: Methods based on Ionic Gelation

Nanoparticles obtained from ionic gelation procedure
are synthesized in totally aqueous media. They are included
among the few organic solvent free methods. Ionic nanogels
can be obtained from aqueous solutions of charged poly-
saccharides which gel in the presence of small ions of opposite
charges. The gelation of the polysaccharide should be
performed in very dilute solution using concentrations of
the gelling agent below the gel point. This corresponds to the
pre-gel phase in which the chains of the polymer reacting with
the gelling agent are forming small clusters that can be
highlighted by electron microscopy or by a clear reduction of
the viscosity of the polysaccharide solution. Clusters formed
in the pre-gel phase are stabilized by forming complex with
opposite charged polyelectrolytes. Using alginate, the gela-
tion is induced with calcium and the pre-gel phase is then
stabilized with polycations like polylysine (159) and chitosan
(165-167). Considering the alginate nanoparticles, it can be
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pointed out that the size of the nanoparticles greatly depends
on the concentration of alginate and also on the molecular
weight of the polylysine used to stabilize the nanoparticles
(168) (Fig. 10). Although alginate complexed with polylysine
alone can form nanoparticles based on the formation of a
simple polyelectrolyte complex, the formation of a pre-gel
phase with calcium before the addition of polylysine allow the
obtaining of a more compact structure of the nanogel. This
was indicated by the large difference in size between the two
nanoparticular systems that formed in each case (159). De
and Robinson (165) have identified an optimal mass balance
between sodium alginate:CaCly:cationic polymer (poly-L-
lysine [PLL] or chitosan) to obtain nanospheres. This mass
balance: 100:17:10 ensured that the calcium alginate is
maintained in the pre-gel phase and sufficient cationic
polymer is present to form nanospheres. At low cationic
polymer concentrations, nanospheres are not formed, where-
as microspheres are formed at higher concentrations. Algi-
nate nanoparticles can be loaded with oligonucleotides
(169,170) and with peptides (167) by means of ionic
interactions with the nanoparticle components. In contrast
to what was expected, the loading of the alginate nano-
particles with oligonucleotides was mediated by interactions
with calcium ions while interactions with polylysine were only
marginal (169). The zeta potential of the oligonucleotides-
loaded nanoparticles is negative which is in contrast with
most of the other drug carriers of nucleic acids but open
better perspectives for their in vivo application. Regarding
the loading of the nanoparticles with peptides, the association
efficiency of insulin into alginate nanoparticles and loading
capacity were found to be mainly influenced by the alginate:
chitosan mass ratio (167).

Chitosan is the second gelling polysaccharide which was
used to produce nanoparticles through a gelling process.
Conversely to alginate, it is positively charged in an aqueous
solution of neutral pH. Ionic gels can form by adding small
polyphosphates ions like tri-polyphosphates. As in the case of
alginate, chitosan nanoparticles were obtained from diluted
solutions of chitosan which gelation was induced by small
amounts of tri-polyphosphate to remain in the pre-gel phase
of the gelation process. The nanoparticles are stabilized by
copolymers of poly(ethyleneglycol) and poly(propylenegly-
col) (pluronic) (171,172). The size of the nanoparticles which
form is not influenced by the concentration of the polyphos-
phate but it increases above a certain concentration of
chitosan (172). Such nanoparticles are capable of swelling
and shrinking as a function of the pH and ionic strength of the
dispersing medium. A modification of pH from acid to basic
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Fig. 10. Effect of the concentration in alginate (A) and of the
molecular weight of polylysine (B) on the diameter of the alginate
nanoparticles obtained by ionic gelation (168).
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values caused a shrinking on the gel because the intramolec-
ular electric repulsions inside the particle mesh are reduced.
Indeed, glucosamine groups of chitosan are deprotonated by
raising the pH. Ionic strength variations also induced
important structural changes in the nanoparticles. For in-
stance, nanoparticles swell by the addition of low to moderate
concentration of KCl in the dispersing medium. The swelling
process can even rapidly turn on particle disintegration due to
the weakness of chitosan-TPP ionic interactions (173). These
properties may be used to trigger the release of a drug
encapsulated in the nanoparticles upon the action of a pH or
an ion concentration variation stimulus. The chitosan nano-
particles prepared by ionic gelation were mostly investigated
for the delivery of therapeutic agents like peptides (174-175)
and nucleic acids (176-178) by routes of administrations
involving a transmucosal transport of the drug (178-180).

OBTAINING DRUG-LOADED NANOPARTICLES
WITH CONTROLLED IN VIVO FATE

The most challenging goal motivating the development
of nanoparticle drug delivery systems is to achieve a perfectly
control of the bioavailability of the drug at the site where the
therapeutic activity is needed. This implies that the drug
carrier needs to be programmed to reach the desired tissues
and cells in the body and even, in certain cases, the relevant
intracellular compartment. A way to achieve this goal is to
control interactions occurring between drug carriers and
biological barriers so that a maximum of the dose of the
administered drug will be conveyed down to the target site.
The number and types of barriers that the drug needs to cross
over to reach their target site depend on the route of
administration of the formulation. The physical barriers
require that the drug needs to be transported across a
physical obstacle such as the digestive epithelium, the
endothelium of the blood vessels and the cell membranes.
The chemical and biochemical barriers are generally consid-
ered as obstacles responsible for premature degradation of
drug molecules requesting their association with a drug
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carrier to improve their stability in the body fluids. However,
they are also involved in the opsonisation mechanisms of
nanoparticles and in the activation of the complement system
which occur in the blood and highly influence the fate of the
drug carrier in the blood compartment.

According to these considerations, most studies aiming
to design nanoparticles to improve the in vivo performance of
the drug delivery approach were primary focused on the
route of administration. The most advanced studies
concerned the delivery of drugs by the intravenous route
but much work has also been done to achieve controlled
drug delivery through mucosa, especially by the oral and
nasal route of administration. As a general rule, small enough
particles can diffuse through different biological barriers
allowing transport of the drug from the administration site
down to the target tissue and/or cells (181). Apart from the
size, surface properties are key factors controlling the in vivo
fate of the nanoparticles. Indeed, the nanoparticle surface is
in first line to interact with biological components of the
surrounding biological medium. Thus, nanoparticles with
controlled in vivo fate need to show very well defined surface
properties which suit with the drug delivery goal. This may
require the design of nanoparticles with different levels of
sophistication of the nanoparticle surface which depend on
the route of administration and the targeted goal.

As illustrated by the different examples summarized in
Table VII and Fig. 1 (lower part), surface properties of nano-
particles will greatly depend on the nature of the component
exposed at the nanoparticle surface. For this reason, nano-
particles are now generally prepared using amphiphilic
copolymers in which one part is included in the nanoparticle
core and the other part confers the nanoparticle surface with
the desired properties regarding in vivo application require-
ments. The structure of the copolymer is influencing the spatial
arrangement of the chains of the hydrophilic part which are
anchored on the nanoparticle surface by the hydrophobic
moiety (Fig. 1 lower part). For instance, the grafting of thiomers
at the nanoparticle surface improved the interactions of the
modified nanoparticles with the intestinal mucosae by enhancing

Table VII. Influence of Nanoparticle Coating Properties on the in vivo Fate of Nanoparticles After Intravenous and Mucosal Administration

Coating material Method of association Properties and Interest Reference
Pluronics Adsorption Short half life in the blood (several min) 189
Activation of complement system
Targeting of organs of MPS
PEG Incorporation as copolymer Half life in the blood of several hours (Stealth)
Brush conformation Low complement activation capacity 190
Loop vs brush conformation Targeting of the brain 191
Modulation of complement activation capacity 121
Polysaccharides Incorporation in copolymer Low complement activation 106,118,122

Brush conformation
Loop conformation

PEG +targeting moiety Chemical grafting of targeting moiety

Chitosan Adsorption
Incorporation in copolymer
Thiomer Adsorption

Incorporation in copolymer

Half life in the blood of several hours (Stealth)
High complement activation
Short half life in the blood (several min)

73,106,118,192

Half life in the blood of several hours (stealth) 183,184,193
Achievement of targeting of specific cells in vivo

Promote adhesion to mucosae 176,194
Promote adhesion to mucosae 195
Increase intestinal epithelium permeability by 124

opening of the tight junctions 123
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Fig. 11. Schematic representation of different functionalities which can be attributed to nanoparticles
(Adapted from 196).

the permeability properties of the epithelium (124). Such a
surface modification also induced modification of the bioadhe-
sive properties of the carrier compared with nanoparticles not
coated with thiomers. Surface modifications applied to nano-
particles designed for the intravenous route play an important
role controlling the biodistribution of the carriers. They regulate
protein adsorption phenomena which are involved in the
opsonisation of foreign bodies entering in the blood and which
are part of the defense mechanisms of the body (118). The
coating of nanoparticles with poly(ethyleneglycol) chains
considerably reduces the opsonisation of the nanoparticles
and the rate of the complement system activation. As a
consequence, the nanoparticles are less recognized by the
macrophages of the mononuclear phagocyte system and can
remain in the blood stream and distribute in tumors located
outside organs of the mononuclear phagocyte system (liver
and spleen). According to a recent study, the conformation of
the hydrophilic polymer chains at the nanoparticle surface can
dramatically influence the capacity of the nanoparticles to
activate the complement system; hence the in vivo fate after
intravenous administration (106,182). The more spectacular
effect is given by the example of nanoparticles coated with
dextran. Although the nanoparticles coated with dextran
chains taking the conformation of loops are highly activating
the complement system and concentrate in macrophages of
the mononuclear phagocyte system, the nanoparticles coated
with the same dextran in a hairy conformation are able to
escape the intense capture by macrophages and can remain in
the blood stream for a longer period of time (122,192).
Additional functionalities and specific targeting ligands
can be further added at the nanoparticle surface to promote
interactions with very well defined target cells (Fig. 11). In
this case, they can be either grafter on already prepared
nanoparticles or incorporated in the copolymer used to
formulate the nanoparticles (183-185). In the more recent
works, it is suggested to prepare nanoparticles with molecules
serving as platform to anchor any types of ligands depending
on the requirements of the in vivo application. Examples of
suitable molecules are cyclodextrins and biotin (183,186-188).
Cyclodextrins form inclusion complexes with small
hydrophobic molecules. To use cyclodextrins as anchor

point of a ligand on the nanoparticle surface, the small
hydrophobic molecule making inclusion complex with the
cyclodextrin is grafted on the ligand (187,197). In the case
the anchorage platform is composed by a biotin residue, the
ligand is attached on the nanoparticle surface via avidin-
biotin complex formation (188,198). Neutravidin can be
grafted at the nanoparticle surface as alternative to biotin
(177). The characterization of different functionalities car-
ried by the nanoparticles as well as their interactions with
living systems can be achieved using different techniques
including isothermal titration calorimetry (196) and Surface
Plasmon Resonance (185).

PILOT SCALE PRODUCTION OF NANOPARTICLES

Although the synthesis of nanoparticles by different
methods is clearly mastered at a lab scale level as explained
above, the transformation from the lab production to an
industrial scale lack of information in the literature
concerning the manufacture of pharmaceutical grade nano-
particle suspensions. For instance, nothing is known about the
transposition of the lab production of doxorubicin loaded
poly(alkylcyanoacrylate) nanoparticles, Transdrug®, which
are now produced in large quantities to provide with clinical
batches used in the phase II/III clinical trials (199). This is
also the case with the production of paclitaxel-loaded albumin
nanoparticles, nab-paclitaxel or Abraxane®, used in clinics in
the USA in treatment of metastatic breast cancer (200). Scale
up of methods for the production of pharmaceutical grade
nanoparticle suspensions were only described for two types of
methods: the emulsification—solvent diffusion method and the
nanoprecipitation method. By extension, the scale up ap-
proach developed for the method of emulsification—solvent
diffusion was also applied to produce large batches of
nanoparticles by the emulsification-reverse salting out meth-
od. Going back to the classification of nanoparticle prepara-
tion methods proposed above, there are two methods based
on two steps procedures requiring the formation of an
emulsion, i.e. emulsification—solvent diffusion, emulsifica-
tion—reverse salting out, and one method classified in the
one step procedures, i.e. nanoprecipitation. These three
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methods were scaled up to a pilot-scale production which is
intermediate between the laboratory and the industrial
production. Pilot size production is aimed to simulate as close
as possible the industrial production and hence needs to
integrate all parameters that need to be optimized before
reaching the industrial production.

Pilot-Scale Production of Two Steps Procedures Requiring
the Preparation of an Emulsion: Emulsification-Solvent
Diffusion and Emulsification-Reverse Salting Out Methods

To develop pilot production of nanoparticles by the
emulsification—solvent diffusion method, the whole protocol
developed on the lab scale have been reviewed and further
decomposed to set up a complete procedure including the
preparation of saturated solvents. The Table VIII summarises
the differences in the organization and equipments used in
laboratory (volume of 60 mL) and pilot scale production of
the nanocapsules (volume of 2 L) (201).

The Fig. 12 presents the scheme of the pilot plant
assembled to prepare nanocapsules by the emulsification—
solvent diffusion technique (201,202).

In this set up, the reservoir A is on the top and the
reservoir C of higher capacity is placed at the bottom of the
assembly. The reservoir B is placed at an intermediate
position. These positions of the three reactors allow the
transfer of solution by gravity from A to B and from B to C.
In the procedure, the reservoir A is first used to prepare the
mutually saturated solvents. Water and partially miscible
organic solvent are mixed together to achieve the mass
transfer process and reach the thermodynamic equilibrium
of both liquids. Then, they are let to separate to give the two
mutually saturated solvents required for this method. After
phase separation, the lower phase, i.e. water saturated with
the organic solvent, is transferred in the reactor B through the
valve V1 while the organic solvent saturated with water is
retained in the reactor A. Ingredients are then added in A
and in B to complete the preparation of the organic and
aqueous phases respectively. For instance, polymer, oil and
drugs are added in reactor A while a surfactant is added in B.
The organic phase prepared in A is then transferred in B by
gravity through the valve V1 and the emulsion is prepared in
B under vigorous stirring (201). To obtain an emulsion with
the desired characteristics, the design of reactor B and the
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Fig. 12. Pilot set up proposed for the scaling-up of nanoparticle
production by the emulsification-solvent diffusion method (Adapted
from 202).

mechanical mixer device were carefully optimized. The
rational behind this choice was to reproduce as much as
possible fluid motions produced in the laboratory scale set up
production glass wares (202). Agitation for the emulsification
is maintained over 30 min and the emulsion is then
transferred through the valve V2 in the reactor C containing
the amount of water required for the dilution step. This
reactor has the larger capacity, 6 L in the pilot plant designed
by Colombo et al. (201) and 15 L in the pilot plant production
used by Galindo-Rodriguez et al. (202)

Few modifications of the pilot plant developed for the
preparation of large batches of nanoparticles by the method
of emulsification—solvent diffusion method were introduced
to allow large scale production of nanoparticles by the
emulsification—reverse salting out method. The scheme given
in Fig. 13 clearly highlights these differences. Firstly, the three
reactors have almost the same capacity. Secondly, positions of
the reactors were rearranged making possible transfer of the
content of reactor A in B and content of C in B by gravity.
Finally, the procedure itself was also slightly different. The

Table VIII. Comparison of the Equipment used to Prepare Nanoparticles by the Emulsification-solvent Diffusion Method at a Laboratory and
Pilot Scale Production [adapted from (201)]

Laboratory Pilot
Steps Recipient Agitation Reactor Agitation
Saturation Settling flask Manual Double-jacketed Turbine, 4 paddles
Preparation of the Round-bottom flask, Magnetic reactor (2-2.5 L)
aqueous phase (100 mL)
Preparation of the Beaker Turbine

organic phase
Emulsification

(150-300 mL)

Turbine
Evaporation under -
reduced pressure

Dilution
Purification

Ultraturrax T25

Ultraturrax T50 + Turbine,
4 paddles
Reactor, (6 L) Turbine, 6 paddles
Evaporation under -

reduced pressure
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Fig. 13. Configuration of the pilot set up proposed for the scaling-up
of nanoparticle production by the reverse salting-out technique
(Adapted from 202).

aqueous phase (1,000 g) was prepared in A to be added in the
organic phase (600 g) prepared in B. The emulsion obtained
in B remained in B for the dilution step was achieved by the
addition of the pure water (1,000 g) contained in C.

For these emulsion-based methods, the most important
parameter which influences the size of the nanoparticles is the
stirring condition applied during the preparation of the
emulsion while this parameter has only a marginal effect
during dilution step having no influence on the nanoparticle
size (201). In the pilot plant designed to produce nano-
particles by the emulsification-reverse salting out method, the
size of the produced nanospheres were ranging from 557 to
174 nm using stirring rates of 790-2,000 rpm respectively. The
size of nanocapsules produced in the pilot plant set up to
applied the emulsification—solvent diffusion method were
ranging from 562 to 230 nm. As explained by Galindo-
Rodriguez et al. (202), an increase in the stirring rate
enhances the breakage of the emulsion droplets and leads
to the formation of a thinner emulsion which in turn gives
smaller nanoparticles. It was pointed out that applying a
stirring rate above 1,000 rpm for the emulsification—solvent
diffusion method and 790 rpm for the emulsification-reverse
salting-out method gives nanoparticles with a reasonably
narrow size distribution and a good reproducibility from
batch to batch. This revealed that uniform emulsification
process can be achieved in these conditions. Below these
optimal stirring rates, the batch to batch reproducibility of the
preparation of nanoparticles is poor which is believed to
result from a rather heterogeneous dispersion of the organic
liquid phase in the aqueous phase during the emulsification
step (201).

Pilot-Scale Production of Nanoparticles by a One Step
Procedure Based on the Nanoprecipitation of a Polymer

In the nanoprecipitation method, the organic and the
aqueous phases which are miscible are allowed to mix
together producing the precipitation of the polymer as
nanoparticles. In this method a critical point is the mixing of
the two phases which is driven by the miscibility of the
solvents. Thus, designing the pilot plant, efforts were stressed
on the development of a specific mixing device allowing the
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two phases to come in contact and mix together with a
continuous feeding process. This mixing device, which T shape
was optimized, is the central piece of the pilot plant set up
(202,203). The whole pilot plant includes a total of three
reactors with capacities of 3 L. The reactors A and B are
filled out with the stock solutions of the aqueous and organic
phases respectively which are used to feed the T-shape mixing
device at flow rates perfectly monitored under the control of
peristaltic pumps. The outlet of the T shaped mixing device is
connected with reactor C used as a receiver of the nano-
particle suspension which actually formed in the T-shaped
mixing device (Fig. 14). In this configuration, the T-shaped
mixing device can be continuously feed with the aqueous and
organic phases insuring a continuous production of well
characterized nanoparticles. The obtained raw nanoparticle
suspensions collected in the reactor C present good inter-
batch reproducibility. The size of nanoparticle batches
produced in the pilot plant can be up to 20-fold larger than
batches produced in the laboratory scale (202,204). One batch
corresponding to a total volume of 1.5 L nanoparticle
suspension, i.e. 7 g polymer, needs about 2 h to be produced
(202). The only drawback inherent to the method is related to
the low polymer concentration in the organic phase which
needs to remain in the dilute regime of the polymer solution
(138). This significantly limits the amount of nanoparticules
recovered in the final raw dispersion.

TREATMENT OF NANOPARTICLES
AFTER PREPARATION

Several types of treatments can be applied to nano-
particle suspensions after synthesis. They include purification,
sterilization, drying and concentration.

Purification of Nanoparticle Suspensions

Once nanoparticle suspensions are obtained, purification
may be further needed to remove impurities and excess of
reagents involved during manufacture. Depending on the
method of preparation, impurities include organic solvents,
oil, surfactants, residual monomers, polymerization initiators,

B@3L)
A@BL) organic phase
aqueous phase 500 mL
1000 mL

p1 =
(125 mL/min)

nanoparticles

i Purification of ‘ ) EJ i

nanoparticles

Fig. 14. Pilot set up proposed for the scaling-up of nanoparticle
production by the nanoprecipitation method. P-1 and P-2 are
peristaltic pumps working at flow rates indicated in the parenthesis
[adapted from (202,204)].
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salts, excess of surfactants or stabilizing agents and large
polymer aggregates. Although, it seems obvious to obtain highly
purified nanoparticle suspensions to be used as pharmaceutics,
the purification is also needed to obtain nanoparticle suspen-
sions which can be administered in vivo by a specific route. For
instance, nanoparticles synthesized by the reverse salting-out
method are provided in suspensions containing high concen-
trations in salt (83). They must be desalted before they can be
administered in vivo by the intravenous route. In another
example, water containing nanocapsules dispersed in oil as
provided from the synthesis can be administered by the oral
route (205). However, they need to be cleaned and transferred
in an aqueous medium before they will suit prerequisites for an
administration by the intravenous route (20).

There are several suitable methods that can be applied to
purify nanoparticle dispersions. They include evaporation
under reduced pressure, centrifugation, ultracentrifugation
techniques (20,25,109,171,206-208) filtration through mesh or
filters (139,206), dialysis (51,209), gel filtration (210), ultrafiltra-
tion (99,211), diafiltration (212,213) and cross-flow microfiltration
(90,99,148).

Evaporation under reduced pressure is the most com-
mon approach to remove large quantities of volatile organic
solvents and a part of water. This process is usually used after
the obtaining of nanoparticle suspensions by nanoprecipita-
tion (138,141,147,153), emulsification-reverse salting-out,
emulsification-solvent diffusion (30,95) and interfacial poly-
condensation combined with spontaneous emulsification
(25,109). Filtrations through mesh or filters are applied to
remove large particles or polymer aggregates which formed
during preparations (139,206). Such purification is systemat-
ically applied on nanoparticle suspensions designed for
intravenous injections.

A centrifugation at low gravity force can also be applied
to remove aggregates and large particles on most of the
polymer nanoparticle suspensions. However, it does not
warranty the elimination of all particles with a diameter
above a very define size as filtration on calibrated membrane
does. Moreover, it is not suitable to purify nanoparticles
having a high density because they will sediment with
aggregates. For instance, this restriction applies in the case
of metal colloids containing nanoparticles which are designed
for applications in diagnosis by imaging techniques or in
techniques based on thermal treatments applied in cancer
therapy.

Ultracentrifugation methods consist in very high speed
centrifugations. In general, nanospheres, even those having a
slightly higher density than water, can sediment and concen-
trate in a pellet which is then separated from the dispersing
medium found in the supernatant. Oil-containing nanocap-
sules having a lower density than the aqueous dispersing
media are creaming (126). In both cases, the dispersing
medium containing all the unwanted impurities can be
removed and replaced by a new medium free from impurities.
Nanoparticles can be washed by applying several cycles
(generally three) of ultracentrifugation followed by dispersion
in a new dispersing medium of pellets containing the nano-
spheres or creams containing nanocapsules (105,125,138,141,
214-218). For most of nanospheres and oil containing nano-
capsules developed so far as drug carriers, ultracentrifuga-
tions are performed at 100,000-110,000xg for 30 to 45 min.
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The main problem of this technique is that nanospheres are
not always easy to re-disperse after ultracentrifugation
(106,219-221). Aggregates may remain and the uses of vortex
or ultrasounds are often mentioned as methods used to re-
dispersed pellets after ultracentrifugation (39,217). Interesting-
ly, Alphandary er al. (219) showed that purified nanospheres
under a fully dispersed form can be collected after ultracen-
trifugation of the original suspension over a gradient of
sucrose. The nanospheres concentrate in the gradient as a
band of suspension in region of the same density than
themselves while impurities remained in the upper phase of
the lower density. Nanocapsules are more difficult to separate
from the dispersing medium because the cream remains semi-
liquid. In addition, they are fragile and the application of
several cycles of ultracentrifugation is hazardous because they
can break easily (14,28). Despite these drawbacks, ultracen-
trifugation appeared as a method of choice to facilitate the
transfer of water-containing nanocapsules from the oil
dispersion medium of their synthesis to an aqueous phase
required for their in vivo administration by intravenous
injections (20,39). In this case the ultracentrifugation is
performed by overlaying the oil dispersion of nanocapsules
on a cushion of an aqueous solution of surfactant. The
nanocapsules are transferred in the aqueous phase during the
ultracentrifugation crossing the interface between the oil and
the aqueous solution of surfactant. Then, they concentrate at
the bottom of the ultracentrifuge tube to form a pellet.
Although the method for the re-dispersion of the pellet
obtained still needs to be improved, this is the only method
that was found suitable to overcome this difficult task.
Purification by dialysis can be performed using different
kinds of cellulose membranes of various molecular weight cut
off allowing substances having low or high molecular weight
to diffuse toward the counter dialysing medium thanks to the
concentration gradient of solutes. Although dialysis is a
simple and common method used to purify nanoparticles,
premature release of nanoparticle payload can occur during
the long purification period it requires and, because large
volume of counter dialysing medium are required to make the
purification efficient. Furthermore, the application of dialysis
in a large-scale is disputable from an economical point of view
and from the high risk of microbial contamination of the final
product due to the long duration of the process. Alternative
methods based on cross-flow filtration, diafiltration, ultrafil-
tration and microfiltration were suggested (96,148,212,213,
221,222). For instance, batches of nanoparticles can be purified
completely in less than 3 h by cross-flow filtration using a
microfiltration membrane (11). The method of cross-flow
filtration can also be applied with ultrafiltration membrane
and it generally requires only very little manipulations. In
addition to their rapidity, these purification procedures are
more efficient than dialysis and can be applied with minimal
detrimental impact on nanoparticle size and drug-loading
capacity (148). Although these methods show many advan-
tages, caking is a common problem found when a colloidal
suspension is pressed through a filtration membrane. This
corresponds to the formation of a precipitate of particles on
the filtration membrane surface. If the adhesion of the
particles is stronger than the repulsion, the cake formed is
irreversible and membrane permeability decreases dramati-
cally (223). The cake formation can be reduced by using the
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cross-flow filtration mode, by using hydrophilic membranes
(224), or by using diafiltration with suction (213). The
purification of nanoparticle suspensions by cross-flow micro-
filtration was investigated at a large scale (90,96). The process
involves two steps, a concentration step in which the nano-
particle suspension is concentrated by a factor of 1/5, followed
by a diafiltration step in which the volume of the feed
suspension is kept constant by continuous addition of pure
water (148).

As another purification process, gel filtration can be used
(210). Tt is also much faster than methods based on simple
dialysis but it is greatly limited by the relatively small volume
of sample which can be processed at a time. In addition,
irreversible adsorption of actives onto the column stationary
phase and the poor resolution between large impurities and
small nanoparticles can restrict the use of this technique for
purification of drug-loaded nanoparticulate formulations.

Among all the purifications methods described in this
part of the review, it can be concluded that the methods based
on cross flow filtration and diafiltration present many
advantages. They combine a high efficacy with the possibility
to operate a concentration of the suspension without causing
aggregation of the nanoparticles. Moreover, these methods
are applicable in large scale productions suitable for industrial
developments.

Sterilization

For clinical uses, parenteral drug delivery systems have
to meet the pharmacopeia requirements of sterility. Sterili-
zation techniques include autoclaving, gamma irradiation,
membrane filtration, high hydrostatic pressure sterilization
and sterilization by using ethylene oxide or formaldehyde.

The more convenient and first tested method is heat
sterilization also called moist sterilization or autoclaving
which is an effective method accepted by most Pharmaco-
peias. However, heat sterilization by autoclaving involves
high temperatures (120°C), which may influence decomposi-
tion or degradation of active ingredient as well as of the
nanoparticle material. Specifically, mechanical properties of
polymers having a glass transition or/and a melting point
below 120°C are strongly diminished after autoclaving. It was
reported that nanocapsule size increased from 200 to 500 nm
after sterilization. This effect was attributed to either the
swelling of polymeric membrane composed of poly(isobutyl-
cyanoacrylate) or the expansion of oily phase (225). It was
also shown that autoclaving can catalyse some reactions with
additives such as surfactants which can modify the polymers
constituting the nanoparticles (226). A significant increase of
poly(butylcyanoacrylate) nanosphere size was reported by
Sommerfield et al. (227). Finally, autoclaving of polymer
based gene transfer complexes may result in total loss of
transfection capacity (228).

Gamma irradiation is another effective method of
polymer sterilization accepted by European Pharmacopeia
which can be applied on heat-sensitive materials. This process
has the advantage to insure a homogeneous sterilization. It
can be applied on packaged products avoiding further risk of
microbial contamination. However, gamma irradiation may
affect the performance of a drug delivery system because
energy transfer may induce fragmentation of covalent bonds
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and produce free radicals which, in turn, can damage the
polymer forming the nanoparticles or induce production of
compounds with toxicological hazard (226,229,230). Gamma
irradiations of PCL nanoparticles resulted in an increase of
molecular weight due to cross-linking reactions occurring
between polymer chains or between PCL and surfactants
(226). The nanoparticle size was not altered after application
of this type of treatment on the PCL nanoparticles. The size
of PLA nanoparticles was also unchanged after gamma
irradiation, but polymeric chain scissions were reported. As
a consequence to the modification of the polymer composing
the nanoparticles during gamma irradiation, the release
properties of a drug, e.g savoxepine, entrapped in the
nanoparticles and the degradation rate of the nanoparticles
were accelerated (98,231). In another example, gamma-
irradiation and electron beam irradiation at a dose of
15 KGy were sufficient to sterilize doxorubicin-loaded poly
(butyl cyanoacrylate) (PBCA) nanoparticles. The formula-
tion showed excellent stability to irradiation. The drug was
stable to radiolysis while the molecular weights of the PBCA
polymer remained nearly unchanged (232).

Sterile filtration may be considered as an alternative
method for chemically or thermally sensitive material since
no adverse effect on the polymer or the drug was reported
(233). This technique involves a filtration of the nanoparticles
on membrane filters with pore diameters of 0.22 um which
represents a limitation for many types of nanoparticle
suspensions. Indeed, this technique of sterilization can only
be applied on nanoparticle suspension of a low viscosity and
containing nanoparticles with size having a diameter below
the pore size. It is not suitable for nanoparticles showing a
diameter larger or in the range of 220 nm. If the size
distribution of small nanoparticles is too large, this method
of sterilization is also hardly applicable. When the drug is
adsorbed on the particle surface and when the nanoparticle
dispersion is too viscous are other cases in which sterile
filtration cannot be applied (98,228,234). In general, these
unfavourable factors induced a clog of the membrane making
the filtration of the samples impossible.

Finally, High Hydrostatic Pressure (HHP) treatment was
tested for the sterilization of poly(alkylcyanoacrylate) nano-
particles (235). It is a method which can be applied on large
batch of nanoparticles by circulation of the nanoparticles
through the high hydrostatic pressure apparatus. The data
obtained with this method demonstrated that the HHP
treatments did not induce physical damage on the different
nanoparticle suspensions and did not modify physically or
chemically the poly(alkylcyanoacrylate) nanospheres, and
nanocapsules, regardless of their preparation method and
their surface characteristics (235). Although this method
proved its efficacy to destroy all vegetative microorganisms,
improvements are needed to completely eliminated bacteria
spores which resisted to the treatments applied in this first
work considering such a sterilization method.

Drying of Nanoparticles

As in case of many pharmaceutical preparations, storage
of nanoparticles as suspensions presents many disadvantages
such as risk of microbiological contamination, premature
polymer degradation by hydrolysis, physicochemical instabil-
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ity due to particle aggregation and sedimentation and loss of
the biological activity of the drug (234). To circumvent such
problems, pharmaceutical preparations are stored under a dry
form. In general, the transformation of a liquid preparation
into a dry product can be achieved using freeze-drying (235-
241) or spray-drying processes (204,242). Both processes can
be used at an industrial scale and their applications were
tested on nanoparticle suspensions.

Freeze Drying of Nanoparticles

Freeze drying, also known as lyophilization, is a very
common technique of conservation used to ensure long term
stability of pharmaceutical and biological products preserving
their original properties (243). A review on the application of
the freeze drying process to nanoparticle suspensions was
proposed by Abdelwahed et al. (240). The basic principle of
this process consists on removing water content of a frozen
sample by sublimation and desorption under vacuum. In
general, freeze-drying processes can be divided in three steps:
freezing of the sample (solidification), primary drying
corresponding to the ice sublimation and secondary drying
corresponding to desorption of unfrozen water. In the case of
nanoparticle suspensions, the cryo-concentrated phase
includes nanoparticles, remaining free surfactants, buffer
and free drugs. During the freeze drying process, several
problems may arise which can lead to a loss of integrity of the
nanoparticle characteristics. For instance, crystallization of ice
may exert a mechanical stress on nanoparticles leading to
their destabilization. This effect is more critical during the
lyophilization of nanocapsules which are very fragile upon
lyophilization (240). The high concentration in nanoparticles
in the final dried product may favour aggregation and even in
some cases irreversible coalescence of nanoparticles. The
addition of cryoprotectants can improve the resistance of
nanoparticles toward freezing and drying stresses and also
increase stability during long term storage (240). In general,
the type of cryoprotectant is selected in the aim to ensure a
maximum of stabilization of nanoparticles. Sugars including
trehalose, mannose, sucrose, glucose, lactose, maltose and
mannitol are often used but the level of stabilization generally
depends on their concentrations (237,241,244,245). The
weight ratio cryoprotectant/nanoparticles is an important
parameter to consider to preserve the stability of the nano-
particles during freeze drying. For instance, weight ratio
trehalose/nanoparticles (1/1) was found as optimal to pro-
mote the complete redispersion of freeze-dried PLA-PEG
nanoparticles (244). In some cases, increasing cryoprotectant
concentration above the optimal value can compromise the
stability of the nanoparticles and even promote their desta-
bilization (245). Although sugars are the most popular
cryoprotectants, other components can protect nanoparticles
during lyophilization. For instance, PCL nanocapsules
remained intact after lyophilization in the presence of an
excess of PVA added to the preparation medium at concen-
trations ranging from 2.5% to 5% (246). Similarly, poly
(isobutylcyanoacrylate) and poly(isohexylcyanoacrylate)
nanoparticles can be freeze-dried without any modification
of their size in presence of 2% of pluronic® F68 (247).

Besides excipients, the freeze-drying process parameters
can impact the texture of the frozen matrix and the final
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morphological characteristics of the freeze-dried cake (248).
In general, the optimization of freeze-drying cycle is aimed to
shorten the sublimation duration which is the longest step of
the whole process (235,241).

Finally, freeze-dried nanocapsules should be stored at a
temperature below the glass transition temperature of the
formulation to maintain the glassy state of cryoprotectant and
to prevent aggregation of the nanocapsules. This was the case
of freeze-dried nanocapsules made of poly(vinylpyrrolidone)
(PVP) which remained stable after six months of storage
under accelerated stability conditions (40°C) (249).

Spray-drying

The spray-drying technique transforms liquids into dried
particules under a continuous process. It might be an
interesting alternative to freeze-drying thanks to advantages
like low price, rapid process and possibility to modulate
physicochemical characteristics of the produced powders by
varying process parameters (250). It is one treatment which
suits with heat-sensitive molecules like proteins preserving
them from significant degradation (251). Nanoparticle for-
mulations submitted to spray drying are generally aqueous
suspensions and contain one soluble compound added as
drying auxiliary. Examples of drying auxiliaries are colloidal
silicon dioxide (242,252), lactose, mannitol and PVP (204).
Spray-drying process includes four important steps: (1)
atomisation of the feed, i.e. nanoparticle suspension, into a
spray, (2) spray-air contact, (3) drying of the spray and (4)
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Fig. 15. Method of radiolabelling of PACA nanoparticles by the
formation of a complex between gamma emitting isotopes and
diethylene triamine penta-acetate (DTPA) which is entrapped in the
nanoparticles during the preparation by anionic emulsion polymeri-

zation (112). Other radiolabelled isotopes used with this method were
99mTe, 1257 1317,
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Fig. 16. Method of coupling of a complexing agent for radioactive cations to polymer bearing carboxylic
acids (265). DIPEA N,N-diisopropylethylamide, DMF dimethylformamide, EDCI 1-[3’-(dimethylamino)
propyl]-3-ethylcarbodiimide methiodide, HOBt 1-hydroxybenzotriasole.

separation of the dried product from the drying gas (242,253). Concentrating Nanoparticle Dispersions

Similarly to freeze drying techniques, the nanoparticle

suspension is converted into a dry formulation. The powder Many of the methods of preparation of nanoparticles to
form should be stored at temperature under the glass be used as drug carriers are providing with suspensions of low
transition temperature of the polymer forming the nano-  solid content (63,110,138). Therefore, the clinical use of the
particles. The main problem can be found during redispersion  drug formulation can be seriously hampered if the volume of
of the powder where aggregates may be difficult to dissociate.  suspension that has to be administered in order to reach
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Fig. 17. Method of radiolabelling of polyesters by introducing a tritium atom in the polymer structure
(267,268).
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Fig. 18. Method of preparation of fluorescent poly(lactide) from
preformed polymer (267).

therapeutic concentrations is too high. For this reason, drug-
loaded nanoparticles often need to be concentrated before
they can be administered in vivo.

Concentrated suspensions of nanoparticles can be
obtained through different methods. For instance, dried
preparations obtained either by freeze drying or spray drying
can be reconstituted in a much smaller volume than the
original volume. In the same way, nanoparticles separated by
ultracentrifugation can be redispersed in a smaller volume
than the parent suspensions. The main problem encountered
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with these techniques is the difficulty to fully redisperse the
nanoparticles especially when the volume of the final
suspension should be much smaller than the initial volume
of the parent suspensions (48,240,254,255). Additionally,
aggregates are difficult to dissociate because they can be
formed during the concentration process due to over-concen-
tration of nanoparticles which appears in some regions of the
suspensions during the drying process or the ultracentrifuga-
tion. It should also be mentioned that these method are not
suitable to be applied to all types of nanoparticles. For
instance nanocapsules are very fragile and they do not always
resist to such treatments (240).

Concentration by evaporation of part of the dispersion
medium is adapted to remove volatile organic solvents
involved in several preparation methods, i.e. emulsification—
solvent evaporation (63), emulsification—solvent diffusion
(86,95), nanoprecipitation (138) and interfacial polyconden-
sation combined with spontaneous emulsification (26,65,
109,133,256). In contrast, this method is difficult to apply to
remove part of the water contained in nanoparticle suspen-
sions. The temperature needs to be kept below the glass
transition temperature of the polymer forming the nano-
particles and as with the previous methods, aggregates can
form due to loci of over concentrated region of nanoparticles
which forms in the suspension during water evaporation
(255).

Methods based on ultrafiltration have been proposed as
alternative methods to avoid problems of aggregation of
nanoparticles. However, simple ultrafiltration also presents
difficulties because membranes can be clogged by nano-
particles. The problem can be solved using diafiltration or
tangential filtration methods (148).

Very recently, a new method based on a dialysis achieved
by application an osmotic stress on the nanoparticle suspen-

1st step: 1st part fo the synthesis of the radiolabelled monomer precursor

K“CN 4 CICH,-COONa Ll .
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Fig. 19. Radiolabelling of poly(alkylcyanoacrylate) during the synthesis of the polymer (258).
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sion entrapped in a dialysis bag gives very promising
perspectives (255). Through the osmotic stress applied on
the nanoparticle suspension, water molecules are displaced
from the inside of the dialysis bag towards the outside dialysis

solution until equilibrium is reach

ed from both side of the

dialysis membrane. Because the amount of water removed

from the nanoparticle suspension

can be controlled by the

polymer concentration in the counter-dialysis medium, it is
possible to predict the concentration in nanoparticles that will
be reached in the final suspension. The method presents
many advantages. It is simple to apply, does not require any
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sophisticated material and is safe for both types of nano-
particles including nanocapsules that are notoriously fragile
objects. The concentration of nanoparticles in pharmaceutical
suspensions can be increased from initial formulation values
by factors ranging from 10 to 50 without causing any
aggregation of the nanoparticles.

METHODS FOR NANOPARTICLE LABELLING

Labelling of nanoparticles is required as soon as one
wants to study the fate of nanocarriers in vivo and in cells
during in vitro investigations (see for instance 122,192,257-
260). The choice of the labelling method depends greatly on
the type of method of detection that is expected to be used
and on the aim of the work. Three types of labelling were
suggested including the use of radioisotope containing com-
pounds, fluorescent molecules and metal colloids.

To label nanoparticles, the easiest way to proceed is to
encapsulate the label-bearing probe in the nanoparticles. This
can be a specific compound like technicium or gadolidium
complexes which can be detected by gamma scintigraphy or
magnetic resonance imaging techniques (MRI), a drug such
as doxorubicin which is fluorescent or a metal colloid having
superparamagnetic properties making them detectable by
MRI. Using this approach, it is necessary to control carefully
the stability of the assemblies in the biological media to be
used (261). Indeed, as the probe will not be a component
taking part of the structure of the nanoparticles, dissociation
of the probe from the drug carrier may lead to misinterpreted
results. This approach is very popular and was used in many
works (see for instance: 218,259,262-264). The entrapment of
the labelled species can be promoted using chelating agent
bearing polymers (112,265). For instance, a chelating agent
can be grafted on PACA polymer during the initiation stage
of the anionic polymerization of the alkylcyanoacrylate

B
ICN
CH, = ? Dextran
ICO Fluoresceine
OR

Anionic Emulsion
Polymerization

HCl,pH25 3h

luorescein dextran

Fig. 21. Preparation of fluorescent labelled PACA nanoparticles by copolymerization of a fluorescent
comonomer (119) (A) or by using fluorescent dextran (219) (B).
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monomers. By this way, it is also incorporated in the PACA
nanoparticles which form during the emulsion polymerization
process. This technique was used to associate gamma
emmitors radioisotopes including Ui, 99mTe, 1257, BT with
the nanoparticles (Fig. 15). The labelled nanoparticles can be
detected in vivo by gamma scintigraphy imaging after
intravenous administration in rabbits and in man (112).
Chelating agents can also be grafted on a preformed
polymer bearing free carboxylic groups in their structure
(265). An example of the chemistry developed to achieve

such a grafting is given in Fig. 16. Using “*Cu as the
radiolabelled compound, the nanoparticles prepared from
the radiolabelled polymer can be detected by positon
emission tomography.

When the purpose of the work is to follow the drug
carrier, the most relevant methods of labelling are those
considering the labelling of the polymer composing the
nanoparticles. For nanoparticles prepared from preformed
polymers, the polymer can be labelled either by grafting a
label on the polymer or by incorporating it during the

Table IX. General Advantages and Disadvantages of the Nanoparticle Preparation Methods

Method

Advantages

Disadvantages

Nanoparticles obtained using
colloidal mill

Emulsification-solvent
evaporation

Emulsification—solvent diffusion

Emulsification-reverse salting-out

Obtaining nanoparticles by
gelation of the emulsion droplets

Polymerization of
alkylcyanoacrylates

Interfacial polycondensation
reactions

Nanoprecipitation of a polymer

Formation of polyelectrolyte
complexes

Formation of nanoparticles from
neutral nanogels

One step procedures: Methods
based on ionic gelation

Production of well characterized emulsions, uniform
size, Easy to scale-up

Possibility to encapsulate both hydrophilic and
lipophilic drugs

Possibility to control the size of the nanoparticles

Easy to scale-up

Minimization of the stress to fragile drugs,

High loading efficiency,

Easy to scale-up

Possibility to use natural macromolecules,
hydrophilic and biocompatible

Easy method to obtaining core-shell tuned
nanoparticles

Control the size of the nanoparticles by using
surfactant

Low concentrations of surfactants

Modulation of the nanocapsule thickness by varying
the monomer concentration

High simplicity, fast and reproducible

Low concentrations of surfactants

Easy to scale-up

Easy to achieve

According to the nature of the polyelectrolyte used
in excess, either positively or negatively charged
nanoparticles can be synthesized

Organic solvent free method

Controlled release of the drug

Organic solvent free method

Possibility to control the release of a drug
encapsulated in the nanoparticles upon the action
of a pH or an ion concentration variation stimulus

High energy for the emulsification process

Possible coalescence of the nanodroplets during
the evaporation process

High volumes of water to be eliminated

Leakage of water-soluble drug into the
saturated-aqueous external phase

Possible incompatibility between the salts and
the drugs

Purification is needed to remove electrolytes

Limited to the encapsulation of hydrophilic
drugs

Possible reaction between the drug and CeVI in
the case of radical emulsion polymerization

Purification is needed

Limited to the encapsulation of lipophilic drugs
Purification is needed

Low polymer concentration in the organic phase
Necessity to optimize the ratio between
negatively and positively charged molecules

Is not yet applicable to hydrophilic drugs

Possible particle disintegration due to the
weakness of the ionic interactions
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synthesis of the polymer chain. For instance, PLA and PCL
can be tritiated post synthesis using a rapid method occurring
in organic solution at low temperature and which can be
applied even on high molecular weigh polymers. It consists on
a substitution of a proton of the polymer by a tritium from
tritiated water under the presence of lithium diisopropyla-
mide (266-268) (Fig. 17).

It is interesting to point out that the same approach can be
used to achieve a fluorescent labelling of these polymers by
substituting one proton of the polymer by a fluorescent residue
(267) (Fig. 18). PEG-containing poly(alkylcyanoacrylate)
copolymers can be radiolabelled with ['*C] isotope during the
synthesis of the copolymer (258) (Fig. 19). The labelling was
achieved on the nitrile group of hexadecylcyanocrylate
residues of the copolymer. Although the labelling procedure
required several steps, this method had the advantage to
provide with a polymer in which the labelled is well associated
with the polymer without risk to be removed during the
degradation of the polymers produced by esterases.

Easier labelling procedures were suggested to label
PACA nanoparticles prepared by emulsion polymerization.
In these cases, either a radioactive monomer or a fluorescent
monomer can be incorporated in the polymerization medium
as a co-monomer (Figs. 20 and 21a). The co-monomer is then
spontaneously incorporated in PACA chains during the
polymerization leading to the labelling of the nanoparticles
(119,122,192). It is noteworthy that the location of the
labelling in the structure of the labelled monomer is
important to know. In the case of PACA nanoparticles, the
labelling should preferentially be located on a stable position
like in the main polymer carbon chain or on the nitrile group
to avoid removal during degradation of the polymer by
esterases. Another option is to use a labelled comonomer
which will not be degraded by esterases (Fig. 21a). By using
labelling approaches based on the incorporation of a labelled
co-monomer in the PACA chain, the label is incorporated in
the core of the nanoparticles (Figs. 20 and 21a). As an
alternative method, a fluorescent label can also be incorpo-
rated during nanoparticle preparation by using fluorescent
dextran, In this case, the labelling will be located on the
surface of the PACA nanoparticles (219) (Fig. 21b). The
location of the probe in the structure of the nanoparticles is
important to consider especially in the case of the use of a
fluorescent labelling. Indeed, this type of labelling often
implies the incorporation of quite large molecules in the
structure of the nanoparticles which can modify the original
properties of the nanoparticles. Taking place at the nano-
particle surface, such changes may disturb interactions of the
nanoparticles with proteins hence modify the fate of the
nanoparticles either in vivo or in their interactions with cells.

Finally, nanoparticles can be labelled after their synthese
when they display suitable functional groups on their surface.
The methods of coupling which can be applied are very
similar to those used to attach ligands at the nanoparticles as
targeting moieties (183). The Fig. 22 illustrates the labelling
of polysaccharide-coated PACA nanoparticles with a spin
probe (4-amino TEMPO). Although this approach of nano-
particle labelling method can easily be achieved by rather
simple chemistry, modifications of the nanoparticle surface
properties may be induced (269). It can also be pointed out
that the colloidal stability of the nanoparticles in suspension
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may be compromised by the introduction of new chemical
groups on the nanoparticle surface.

CONCLUSION

This review highlights the diversity of methods that can
be applied to produce polymer nanoparticles either from
preformed polymers or by in-situ polymerization together
with their advantages and disadvantages, are summarized in
Table IX.

Although a low number of polymers were taken in the
examples because the scoop of this review was limited to the
production of nanoparticulate drug carriers, the methods
described in this paper can be applied to a much larger range
of polymers. It is noteworthy that during the last decades,
progresses were mainly focused on the improvement of
existing methods thanks to innovation coming out from the
emulsification methods. Another important achievement was
the appearance of methods which allow the production of
large batches of nanoparticles in a reproducible manner. Post
treatment methods have also greatly evolved especially for
the obtaining of sterile and lyophilized nanoparticle prepara-
tions. Finally, methods of labelling of the nanoparticles were
diversified.

Future evolutions will probably come from the introduc-
tion of new types of polymers fulfilling the requirements to be
used as constituent of a drug delivery system. For instance,
they will include stimuli responding polymers which can
confer triggered released properties to drug nanocarriers.
With most of these polymers, nanospheres and nanocapsules
should easily be obtained by applying the existing methods
with only a few adjustments. New structures like polymer-
somes found in the domain of polymer colloids are waiting to
join the family of nanoparticulate drug delivery systems. The
method for their production is more likely the method of
production of liposomes but polymers to built suitable
polymersomes for in vivo applications still need to be
developed.
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