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Biodegradable nanocarriers such as lipid- or polymer-based nanoparticles can be designed to improve the effica-
cy and reduce the toxic side effects of drugs. Under appropriate conditions, nanoprecipitation of a hydrophobic
compound solution in a non-solvent can generate a dispersion of nanoparticles with a narrow distribution of
sizes without the use of surfactant (“Ouzo” effect). The aim of this review is to present the main parameters con-
trolling the nucleation and growth of aggregates in a supersaturated solution and the characteristics of the ob-
tained nanoparticles. The importance of the kinetics of mixing of the solution containing the hydrophobic
compound and the non-solvent is highlighted. Illustrative examples of polymeric nanoparticles for drug delivery
or terpenoid-based nanoprodrugs obtained by nanoprecipitation are reported.
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1. Introduction

Nanocarriers can provide a crucial advantage to various drugs
and therapeutic biological molecules such as nucleic acids and proteins
by improving their efficacy and reducing potential toxic and side
effects. Biodegradable nanoparticles (NPs) offer possibilities to protect
therapeutic agents against degradation, to control their release, to over-
come biological barriers and to target specific sites of action [1–7]. The
physicochemical properties of nanoparticles, such as composition, size,
morphology and surface properties, can impact the biodistribution
views theme issue on “Editor's
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and pharmacokinetics of drugs by modifying interactions with the
biological environment [8–15].

Among these characteristics, nanoparticle size is a crucial parameter,
especially for intravenous administration, since it strongly influences
the adsorption of the plasma proteins (opsonins), which results in recog-
nition of the nanoparticles by themacrophages of the reticuloendothelial
system (RES) and rapid clearance from the bloodstream. It has been
shown that clearance of the smaller particles (~80 nm) was slower
than that of the bigger particles (~200 nm), due to a lower quantity of
adsorbed plasma proteins. Additionally, filtration of NPs by the spleen
and trapping in the hepatic parenchyma also depended on size. Regard-
ing cancer therapy, nanocarriers can take advantage of the so-called en-
hanced permeation and retention effect (EPR): the leaky vasculature of
some solid tumors, in combination with a weak lymphatic drainage,
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may result in a selective accumulation of colloidal carriers in the target
tissue [16,17]. The effective pore size in the endothelium of the blood
vessels in many human tumors has been reported to range from
200 nm to 600 nm [18,19]. Therefore, there is a consensus that particles
should measure less than 200 nm and preferably less than 100 nm to
benefit from the EPR effect. On the other hand, in healthy tissues, a diam-
eter larger than 10 nm usually hinders the diffusion of the NPs through
the vessel endothelium, minimizing side effects. At the cellular level,
themechanismsofNP internalization, either phagocytosis or endocytosis,
are also influenced by size [8–10]. Therefore, the size and the size distri-
bution of NPs need to be accurately controlled for efficient and safe drug
delivery.

Among the different methods described for NP preparation
[20–22], the solvent displacement method (or solvent shifting, or
nanoprecipitation) is a straightforward and fast process differing
from emulsion-based methods (emulsification–diffusion, emulsion–
evaporation and salting-out techniques) in that no precursor emulsion
is required. In practice, the hydrophobic solute (polymer or lipid mole-
cules) is first dissolved into a polar organic solvent (usually ethanol,
acetone or THF). This solution is then added to a large amount of a
non-solvent (generally water) of the solute with which the polar
solvent is miscible in all proportions. The mixed binary solution be-
comes a non-solvent for the hydrophobic molecules and the system
evolves towards phase separation, leading to the formation of particles
of the hydrophobic solute. The organic solvent can then be removed
by evaporation. This methodology is easy but the main practical limita-
tion lies in possible flocculation of particles and formation of large
aggregates.

Under appropriate conditions, this process instantaneously gen-
erates a dispersion of small droplets or nanoparticles with a narrow
unimodal size distribution in the 50–300 nm range. This spontane-
ous emulsification process, which does not require surfactant, has
been named the “Ouzo effect” by Vitale and Katz from the generic ex-
ample of the Greek beverage [23]. The major components of Ouzo
(Pastis in France) are water (~55%), alcohol (~45%) and trans-
anethol (~0.2%), a water-insoluble oil extracted from anise seeds.
Upon dilution with water, anethol is no longer solubilized in the
water/ethanol mixture. Ouzo becomes spontaneously milky due to
the formation of long-lived metastable oil droplets which scatter vis-
ible light. Reexamining publications (until 2005) dealing with the
preparation of various nanoparticles or nanocapsules via the solvent
displacement method, Ganachaud and Katz suggested that the for-
mation of these dispersions was triggered by the Ouzo effect [24].
Small hydrophobic organic molecules and lipids or polymers can
act similar to oil molecules and the Ouzo effect can therefore lead
to the formation of nanoparticles.

Numerous studies were intended to identify the most pertinent
experimental parameters controlling the size and polydispersity of
NPs. Some investigations have focused on the phase diagrams of
the ternary systems, solute/solvent/non-solvent, in order to deter-
mine the region of the composition map where only nanoparticles
are obtained (Ouzo region). Attempts have been made to clarify the
mechanisms controlling the kinetics of formation and the character-
istics of the obtained nanoparticles. This knowledge is of prime im-
portance for preparing monodisperse nanoparticles in an efficient
and reproducible manner, using a rational approach instead of a
trial-and-error process.

The purpose of this review is to present recent advances in
the knowledge of the formation of organic nanoparticles using the
solvent displacement method with emphasis on drug delivery
applications.

2. Brief theoretical background

When a solution comprised of a hydrophobic solute in a polar,
water miscible, solvent is mixed with a large amount of water, the
concentration of the solute in the resulting solution exceeds its ther-
modynamic solubility limit. The ratio of the actual solute concentra-
tion to the equilibrium solubility defines the supersaturation (S) of
the solution. On the phase diagram of the ternary system solute/
solvent/non-solvent, the binodal curve corresponds to the miscibili-
ty limit as a function of composition, whereas the spinodal curve de-
fines the limit of thermodynamic stability. The system evolves by
nucleation of solute particles (or droplets) in the metastable region
of the phase diagram (between the binodal and spinodal curves) or
by spinodal decomposition, i.e. spontaneous growth of concentration
fluctuations, in the area delimited by the spinodal [25].

The classical nucleation theory (CNT) is themostwidely usedmodel
to explain homogeneous nucleation in the metastable region. When a
critical supersaturation is reached, nuclei form spontaneously from
small local fluctuations in the concentration of solute molecules. CNT
assumes a globular shape for the nuclei and a constant surface tension
independent of the size of the nuclei. The free energy of formation of a
nucleus of radius r is thus given by:

ΔG ¼ 4π r2γþ 4=3π r2Δgv

where γ is the surface tension and Δgv the difference in free energy per
unit volume between the two phases. The two terms are of opposite
sign so that ΔG goes through a maximum when r varies.

The critical nucleus radius r*, corresponding to the maximum of the
free energy, is given by:

r� ¼ −2γ=Δgv

Particles with a radius smaller than the critical nucleus radius r*
vanish, whereas larger particles are stable and can grow further.

The instantaneous nucleation rate and the critical nucleus radius are
linked to the supersaturation (S) of the solution and to the thermody-
namic properties of the particles/solution interface through γ. The nu-
cleation rate varies as exp (−γ3 / k3T3(logS)2) and r* is proportional
to (γ/kT logS). The nucleation rate and critical nucleus radius are there-
fore extremely sensitive to supersaturation. At low supersaturation few
stable nuclei are formed whereas high supersaturation yields a large
number of very small nuclei.

It should be emphasized that, in the case of nanoprecipitation,
homogeneous supersaturation requires that the mixing of the aqueous
and organic phases, and the associated molecular diffusion of compo-
nents, are extremely rapid as compared to the rate of nanoparticle
nucleation. Particles are then assumed to grow from a single batch in
which solute molecules are randomly dispersed.

Nuclei which exceed the critical size can grow further, by sticking
other solutemolecules from the surrounding solution, until the concen-
tration of the still-dissolved solute has decreased to the equilibrium
concentration. When the growth of particles is limited by diffusion of
the solute molecules to the nucleus surface, their rate of growth
depends on the supersaturation and on the diffusion coefficient (D) of
the solutemolecules. Beside this diffusion limited growth process, diffu-
sion limited cluster–cluster aggregation (DLCA) may occur. When the
number of nuclei is very high, growth occurs mainly through random
collisions of existingparticles. The probability of collision is proportional
to the square of the number of particles and it is assumed that each col-
lision causes aggregation of the two particles involved. Upon encounter,
soft NPs rearrange to formdense structures, often spherical. The average
size is predicted to increase linearly with time. It is expected that very
high supersaturation favors the DLCA mechanism whereas at low su-
persaturation, nucleation and growth is the dominant mechanism [26]
(Fig. 1).

Regarding the size distribution of NPs, the separation of nucleation
and growth in time is a key for the formation of NPs with low polydis-
persity [27,28]. A single nucleation burst is required, which may be
achieved by processes with very short mixing times to ensure uniform



Fig. 1. Schematic description of (a) nucleation and diffusion limited growth mechanism,
(b) diffusion limited cluster–cluster aggregation.

Fig. 2. Phase diagram of the ternary hydrophobic solute/solvent/water system
(top, reprinted from [33]) and schematic description of the liquid–liquid nucleation
process or Ouzo effect (bottom, adapted from [24]): the rapid dispersion within water
of the droplets of the organic solution containing the hydrophobic oil is followed by inter-
diffusion of solvent and water, leading to supersaturation of oil and nucleation of small oil
droplets. Droplet growth stops when the aqueous phase is no longer supersaturated with
oil. At the end of the process, the oil droplets are dispersed in the aqueous phase. A SEM
photograph of nanoparticles of PMMA obtained by nanoprecipitation in the Ouzo domain
is presented (reprinted from [26]).
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supersaturation. Nucleation may be followed by the diffusion limited
growth of nuclei. It has been shown that a narrow size distribution of
NPs may also be induced by coalescence of small nuclei [29–31].

Ostwald ripening (OR) is a potential mechanism involved in further
particle (or droplets) growth, on a longer time scale [32]. It consists of
the growth of the larger particles at the expense of smaller ones,
resulting from the diffusive transport of dissolved solute through the
continuous phase. The reduction of the interfacial energy term favors
this process. This leads to a reduction in particle number as small parti-
cles disappear. Solubility and diffusion coefficient of hydrophobic solute
in the continuous phase, and surface tension between aggregates and
solution are the main parameters involved in Ostwald ripening. They
are temperature dependent. A very low solubility of the hydrophobic
solute in water and/or homogeneously sized particles opposes Ostwald
ripening.

To summarize, the values of supersaturation (S), interfacial ten-
sion (γ) and diffusion coefficients of the solute molecules and clus-
ters during the different stages of nucleation, growth and Ostwald
ripening of particles should influence their final concentration, size
and polydispersity.

In a small domain of composition of the ternary hydrophobic solute/
solvent/water system, the “Ouzo domain”, nanoprecipitation yields a
dispersion of nanoparticles (or droplets) exhibiting a narrow size distri-
bution whereas, beyond the Ouzo boundary, the solvent displacement
process generates both nanoparticles and larger aggregates. Bimodal
NP size distributions can be observed. The “Ouzo domain” is a narrow
domain between the binodal and spinodal curves, corresponding to
low hydrophobic solute concentrations and solvent/water ratios [33]
(Fig. 2).

The Ouzo effect has been analyzed in details in model divinyl ben-
zene (DVB)/ethanol/water and in trans-anethol (t-A)/ethanol/water
systems [23,34–38]. It was found that the mean DVB droplet diameter
was primarily a function of one parameter, the excess oil-to-solvent
ratio, “excess oil” referring to the concentration of oil in excess of its sat-
uration concentration in the solvent/water continuous phase. Increas-
ing the excess oil-to-solvent ratio caused the mean droplet diameter
to increase [23]. Regarding trans-anethol (t-A)/ethanol/water system,
NMR spectroscopy has revealed that the spontaneous emulsification
of t-A in water began with the formation of very small aggregates
(~2 nm diameter). A very slow exchange between free t-A molecules
in the aqueous phase and t-A molecules within the aggregates was
observed. Rapid coalescence of these aggregates gave rise to larger
droplets (~μm), responsible for the cloudy aspect of the emulsion,
which have been investigated using dynamic light scattering (DLS)
and small-angle neutron scattering (SANS). Further growth of the drop-
lets occurred via Ostwald ripening, on a longer time scale, thus ensuring
the long life of the emulsion. OR was delayed by the homogeneous size
of the droplets, the very low solubility of oil in water and the low inter-
facial tension of t-A droplets in ethanol/water mixtures. Moreover, the
formation of an adsorbed layer of ethanol on t-A droplets could stabilize
them, as suggested by Monte-Carlo simulations [33].

Taken together, observations were consistent with homogeneous
liquid–liquid nucleation of the droplets and emphasized the importance
of Ostwald ripening. However, the factors involved in the growth and
stability of these spontaneous droplets are not fully understood.

3. Stabilization of nanoparticles

The stabilization of primary NPs is critical for maintaining small NPs.
Slow processes occurring on a longer time scale, such as Ostwald
ripening and/or further aggregation of NPs, may lead to large polydis-
perse particles. The removal of the organic solvent from the aqueous
phase may reduce Ostwald ripening, thus enhancing NP stability [39].
The aggregation of the NPs may be prevented by the presence of addi-
tives such as a low molecular weight surfactant, an amphiphilic poly-
mer, a polyelectrolyte or a polysaccharidic polymer like dextran,
adsorbed or anchored at the NP surface. To stabilize the particles, the
nanoprecipitation may therefore be carried out in the presence of a
small quantity of a stabilizer. The stabilizer is usually not needed
if NPs display hydrophilic moieties or non zero zeta potential [40,41].
Interestingly, Roger et al. have shown that aggregation of soft polymeric
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Fig. 3. Effect of surfactant (C12E5)/hydrophobic solute (hexadecane) ratio CS/CH on the
average volumes Vav of hexadecane droplets in water. Hexadecane and C12E5 were both
dissolved in acetone and the solution was mixed with a large amount of water. For each
set of data the concentration of hexadecane, CH, in acetone was kept constant. The evolu-
tion of Vav as a function of CS/CH shows the existence of 2 regimes (adapted from [45]).
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NPs limited by long-range electrostatic repulsion between charged
NPs may lead to the decrease of the NPs polydispersity. Indeed, the
size-dependent repulsive potential favored encounters involving a
large NP and a small one rather than two large NPs [42]. Moreover,
the aggregation of NPs may be limited by the presence of additives
that increase the viscosity of the continuous medium and lower the
diffusion rate of clusters.

Nature and properties of the stabilizer affect NP size, size distribu-
tion and colloidal stability. Zhu et al. have compared the influence of
the adsorption of three polyelectrolytes, ε-polylysine, poly(ethylene
imine) (PEI) and chitosan on the stability of hydrophobic β-carotene
NPs. Highmolecularweight PEI and chitosan, able to provide both steric
and electrostatic stabilization, yielded the smallest NPs and had the best
stabilizing effect [43]. NPs are most frequently stabilized with amphi-
philic diblock copolymers which are either added to the aqueous
phase, such as water dispersible polypropylene oxide–polyethylene
oxide block copolymers (Pluronics@ or Poloxamers@), or dissolved
in the organic solvent, such as PEGylated poly(lactic-co-glycolic
acid) (PLGA-b-PEG). It has been found that some copolymer chains
could be kinetically trapped inside the NP core when NPs were
formed by fast precipitation (flash nanoprecipitation) of an organic
solution containing both hydrophobic molecules (β-carotene) and
the copolymer. The impact of four widely used copolymers on β-
carotene NPs has been systematically investigated and the size and sta-
bility of NPs related to the properties of the different hydrophobic
blocks (glass transition temperature Tg, ability to crystallize and solubil-
ity parameter). The best stabilizing effect was obtained with PLGA-b-
PEG which displays a non crystallizable hydrophobic block with high
Tg [44].

When the NP growth is stopped by adsorption of additives, the
concentration of additive and the relative time-scales of the different
processes involved in NP formation are expected to be of primary
importance in determining their final size. This was underlined by
Lannibois et al. who studied the precipitation of hydrophobicmolecules
(cholesteryl acetate) in water in the presence of an added amphiphilic
diblock copolymer made of a styrene block (molecular weight 1000)
and an oxyethylene block (molecular weight 1000) (PS-PEO) [45].
They were both dissolved in acetone and the solution was mixed with
a large excess of water. Cholesteryl acetate being nearly insoluble in
water, aggregates formed immediately and grew through aDLCAmech-
anism, as suggested by the variation of the average NP volume versus
cholesteryl acetate concentration. A stable dispersion was obtained
when the surface of NPs was fully covered by amonolayer of surfactant.
The final average NP size depended on the concentrations of hydropho-
bic (CH, g/g) and surfactant molecules (CS, g/g). For a given CS/CH ratio
(e.g. CS/CH = 1), the NP volume increased linearly with the initial con-
centration of hydrophobic molecules in acetone (from CH = 10−4 g/g
to CH = 10−2 g/g). The evolution of the NP volume with CS/CH ratio
showed that, at high surfactant concentrations, the NP sizes were larger
than those anticipated if all surfactant molecules had been adsorbed.
Only a fraction of the copolymer was effective in controlling aggrega-
tion. It was found that part of the copolymer formed micelles in water.
Experiments involving the hydrophobic hexadecane and the C12E5 sur-
factant confirmed the existence of two regimes. Atmoderate surfactant/
hydrophobic solute ratios, all surfactant molecules coated the surface of
the droplets but aggregation yielded rather large particle sizes. At high
CS/CH ratios the aggregation was stopped at an earlier stage but part of
the surfactant remained in water. Therefore, attempts to obtain smaller
and smaller NPs by adding increasing amounts of surfactant should fail
at some point (Fig. 3).

These experimental results could be explained by comparison with
numerical simulations of the competition between aggregation of hy-
drophobic molecules and adsorption of surfactant. Two different
power laws were evidenced in the log–log plot of the NP volume Vav

as a function of the CS/CH ratio, accounting for the two regimes in the
use of surfactant molecules. The exponentmeasured at low CS/CH ratios
was close to the theoretical value of−3 (Vav α [CS/CH ]−3), correspond-
ing to all surfactant molecules adsorbed on the surface of growing NPs,
whereas it was about −1.3 at high CS/CH ratios. The influence of the
time delay between aggregation of hydrophobic solute and adsorption
of surfactant was also investigated. Aggregationwas allowed to proceed
unimpeded for a time τ before adsorption of the surfactant began. For a
constant CS/CH ratio (e.g. CS/CH = 4), theNP sizewas determined by the
initial concentration of hydrophobic molecules (CH) and by the value of
this time delay τ. For τ = 0 theNP volume increased slightly with CH. In
the limit of long time delays, the NP volume increased linearly with the
initial concentration of hydrophobic molecules, reflecting the experi-
mental results.

4. Solvent elimination

Removal of solvent from the NP suspensions is important for biomed-
ical applications. As the solvent is miscible with both the hydrophobic
molecules and water, NPs prepared by nanoprecipitation should contain
a fraction of solvent, determined by the partition coefficient, in equilibri-
umwith solvent in the aqueous phase. As an example, the partition coef-
ficient of ethanol, defined as the ratio of the weight fraction of ethanol in
water to that in the organic phase, was reported to be 6.9 for DVB [23]. In
some cases, the suspensions are dialyzed againstwater or buffer [46]. The
usual solvents (ethanol, THF, and acetone) are generally removed by
evaporation under reduced pressure since their boiling points are lower
than that of water. Kumar and Prud'homme have recently designed an
efficient and scalable process of solvent removal based on flash evapora-
tion. It consists of partial vaporization of a preheated liquid stream
sprayed inside a vacuumchamber. It has been shown that THF concentra-
tion was reduced by over 95% after two flash stages, dropping from ~10
to less than 0.5 wt.% in residual liquid [39]. A new approach has also
been proposed recently, using a supercritical CO2 extraction process
for an effective elimination of acetone and acetone/ethanol mixtures
from suspensions of polymeric nanoparticles. Lower quantities of residu-
al solvent (few ppm) were measured with respect to the usual evapora-
tion process [47]. Despite its practical importance, the issue of residual
solvent in NP suspensions was seldom addressed.

5. Experimental processes of mixing

Nucleation in the metastable region of the phase diagram or
spinodal decomposition in the unstable region should depend on the
mixing conditions of the organic solution containing the hydrophobic
component andwater. Specifically, the local instantaneous supersatura-
tion, resulting from interdiffusion of solvent andwater in small droplets
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of the organic solution dispersed within the aqueous phase, is expected
to dependon themixingprocess. The nucleation and growth of particles
may be initiated within the droplets before complete mixing can occur.
When nanoprecipitation is performed by dropwise addition of the or-
ganic solution into the aqueous phase, a continuous change in the com-
position of the solute/solvent/ non-solventmixture is induced. Different
experimental devices have therefore been implemented to achieve a
better control of the mixing of the two phases (Fig. 4). In a stopped-
flow setup, defined volumes of the two phases are rapidlymixed and in-
troduced into a cell where NPs grow. In a continuous flow apparatus
converging channels carry the organic solution and water which are
mixed at the T (or Y)-junction and then flow out through the exit chan-
nel where nanoprecipitation takes place. The suspension of nanoparti-
cles is recovered at the outlet of this channel. Several types of mixers
have been inserted into these devices, e.g. a millifluidic or microfluidic
mixer or a confined impinging jet mixer, to ensure a fast and reproduc-
ible mixing of the two solutions [28,40,48–51]. Depending on the
mixing conditions, the mixing may be laminar or turbulent and the
mixing time varies. Mixing times of less than 1 ms have been achieved
with amicrofluidic device using hydrodynamic flow focusingwhere the
organic polymer solution was squeezed into a narrow stream flowing
between two water streams. The thin width of the focused stream
enabled rapid interdiffusion of solvent and water [49]. Numerical simu-
lations of the fluid dynamics have been recently performed to evaluate
the mixing efficiency for a high pressure interdigital multilamination
micromixer [52]. In this device, thin layers of polymer solution and
water are alternatively stacked before entering a flow-focusing section,
where their width is decreased. The water-to-solvent ratio R is set
by their relative flow rates. The mixing efficiency was defined as the
fluid volume fraction in the flow-focusing section where nucleation
was possible due to supersaturation. Simulations indicated that increas-
ing the flow rates while keeping R constant increased the mixing
efficiency. Smaller polymeric NPs were obtained experimentally.
Nanoprecipitation was therefore determined by the hydrodynamics
within the micromixer, for given water-to-solvent ratio and initial con-
centration of polymer in solvent.

In a pioneering work, Horn and co-workers developed a continuous
mixing chamber process for the industrial production of nanodispersed
carotenoid hydrosols [25]. These tetraterpenes, displaying various moi-
eties at the chain ends, are insoluble in water and poorly soluble in
lipids. In this process, a solution of a carotenoid in a water miscible sol-
vent, usually ethanol, was nanoprecipitated by turbulent mixing with
an aqueous phase containing dissolved gelatin that provided colloidal
stability to the NPs. The resulting monodisperse NPs exhibited a core/
shell structure with a carotenoid core surrounded by a gelatin shell. In
a recent review, D'Addio andPrud'hommehave discussed the formation
of drug nanoparticles by rapid solvent shifting [48]. They have pointed
Fig. 4. Different nanoprecipitation devices: (a). Scheme of a dropwise process, (b). Pres-
sure driven injection device (adapted from [53]), (c). Impinging jet mixer (adapted from
[40]) and (d). Y-junction in a continuous-flow nanoprecipitation device.
out the advantages of the continuous confined jet mixers which can
scale up from laboratory experiment to industrial production.

Stopped-flow or continuous flow devicesmay be coupledwithmea-
surement techniques such as synchrotron small-angle X-ray scattering
(SAXS) to follow the early stages of nanoparticles formation. Kinetic
studies of the formation of nanoparticles may enable to assess nucle-
ation and growth models. Hitherto, almost all time-resolved studies of
the formation of colloidal particles in liquid media dealt with inorganic
NPs, such as gold NPs. In many experiments, the supersaturation of the
inorganic precursor was induced by chemical reactions occurring upon
rapidmixing of two solutions [28,30,31,54]. For instance, gold NPs could
be obtained from the reduction of an aqueous solution of gold salt
by ascorbic acid. This chemical reaction was analogous to the rapid
decrease of solvent quality in nanoprecipitation process.

6. Nanoprecipitation of small organic molecules: can spinodal
decomposition play a role?

The formation of amorphous NPs from small organic molecules
(cholesteryl acetate, β-carotene, dyes…) for which the crystalline
phase is the thermodynamically stable phase seems to be a common
feature of the nanoprecipitation of low molecular weight compounds
at high supersaturation. The mechanism behind is a subject of debate.
According to Lannibois et al., amorphous cholesteryl acetate aggregates
were due to residual solvent and water plasticizing the NPs [45]. The
amorphous state of polyelectrolyte stabilized β-carotene NPs obtained
by very fast precipitation was considered to result from kinetic barriers
to crystallization. The β-carotene molecules did not have enough time
to align and pack tightly [43]. However, Brick et al. suggested that the
preferential formation of amorphous dye NPs was consistent with a
spinodal decomposition process, following counterdiffusion of solvent
and water in organic solution droplets. Phase separation could occur
faster than crystallization [55].

According to Horn and Rieger, either homogeneous nucleation or
spinodal decomposition can occur in most systems containing low
molecular weight hydrophobic solutes, depending on solute supersatu-
ration. Nucleation and growth can take place at moderate solute super-
saturationwhereas at high supersaturation spinodal decomposition can
occur. The borderline between the metastable region and the spinodal
region can be crossed during mixing of solvent and water, especially if
the organic solution droplets in water are small and the diffusive trans-
port of solvent and water is fast [25,55]. The current mechanism of
nanoprecipitation is very difficult to unravel because of the short time
scales and space scales involved. The aggregates formed at the very be-
ginning of the process can evolve rapidly. Attempts have been made to
observe the early stages of quinacridone and boehmite particle forma-
tion using transmission electron microscopy. Samples were quenched
immediately (~10 ms) after establishment of supersaturation [56].

The formationof amorphousNPs uponnanoprecipitation opens new
perspectives for the preparation of poorly soluble pharmaceutical com-
pounds NPs with enhanced bioavailability, due to increased dissolution
rate.

7. Nanoprecipitation of polymers: which parameters matter?

Since the pioneering work of Fessi et al. numerous nanoparticles,
prepared with different polymers and solvents, have been obtained
using the solvent displacement method [22,57,58]. The most widely
used polymers were poly(lactic acid) (PLA), poly(lactide-co-glycolide)
(PLGA), poly(alkyl cyanoacrylate) (PACA) and poly(ε-caprolactone)
(PCL), and the corresponding copolymers with poly(ethylene-glycol)
(PEG) moiety, which fulfill drug delivery device requirements of biode-
gradability, biocompatibility and absence of immunogenicity (Fig. 5).
Systematic experiments have provided information regarding the loca-
tion of the “Ouzo region”, where only nanoparticles are obtained, and
identified the relevant parameters controlling the yield of production,
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Fig. 5. Chemical formula of several polymers widely used to produce nanoparticles by sol-
vent displacement method: PLA (poly(lactic acid)), PLGA (poly(lactide-co-glycolide)),
PACA (poly(alkyl cyanoacrylate)) and PCL (poly(ε-caprolactone)). n, x and y correspond
to the number of respective monomers.
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size and polydispersity of nanoparticles. The respective influences of
solvent/water ratio, polymer/solvent ratio, polymer molar mass, nature
of the solvent, interfacial tension and solvent/non-solvent mixing time
have been investigated.

It has been shown that, at the Ouzo boundary, the initialweight frac-
tion of polymer decreased exponentially with increasing solvent/ water
ratio: the log [weight fraction of polymer in solvent] was a linear func-
tion of [solvent/water ratio]. This trend was evidenced in several sys-
tems, e.g. poly(methymethacrylate) (PMMA)/ acetone, PCL/acetone
and PLGA/acetone [26,59,60]. The relevant parameters for the Ouzo
boundary are, therefore, the initial concentration of polymer in organic
solvent and the solvent/water ratio. As pointed out by Aubry et al., the
Ouzo limit is actually different from both the binodal and the spinodal
Fig. 6.Mean diameter of polymeric nanoparticles as a function of the final weight fraction of po
the concentration of PCL in acetone (b). (c): Symbols are experimental data and lines are theore
PLGA nanoparticles as a function of the ratio fPLGA/fa (adapted from [26,60,62]).
lines [26]. Optimal conditions for nanoprecipitation were achieved
when the polymer was dissolved in a theta solvent and when the solu-
tion was in the dilute regime, so that the polymer coils did not overlap.
Nanoparticles with a smaller mean size and lower polydispersity in
addition to a better production yield were obtained. Conversely, above
a critical polymer concentration in solvent, large aggregates were formed
in addition to the NPs, even when increasing the water/solvent ratio
[21,61].

In the PMMA/acetone, PCL/acetone and PLGA/acetone systems the in-
fluence of the initial concentration of polymer in the organic solvent on
themeanparticle size has been investigated [26,60,62]. Nanoprecipitation
was performed by adding in one shot a large volume of aqueous
phase into the organic phase (PMMA/acetone) or by injection at con-
trolled flow rate of the organic solution into water (PLGA/acetone and
PCL/acetone). Increasing the polymer concentration resulted in an
increase inmeanparticle size. In theOuzo region, themean particle diam-
eter varied as a power law of polymer weight fraction. The log–log repre-
sentation of the mean diameter of PMMA and PCL NPs as a function of
initial polymer weight fraction or concentration (mg/mL) was a straight
line with slope close to 1/3, indicating that the volume per particle was
proportional to the concentration of polymer in the initial solution.
Kissel and co-workers have shown that the log–log curves of PLGA nano-
particles obtained for different weight fractions of acetone (fa = 0.1,
fa = 0.2, fa = 0.3) superimposedwhen themeandiameter of nanoparti-
cles was redrawn as a function of (fp/fa) (fp was the final weight fraction
of PLGA) [60]. This suggested that the mean size of the formed nanopar-
ticles depended only on the ratio of polymer to solvent fp/fa. The slope
of the resulting log–log curve was 1/3 (Fig. 6).

Experimental data dealing with the influence of the polymer molar
mass on nanoprecipitation are rather scarce. Legrand et al. have studied
a homologous series of poly(lactic acid) polymers (PLAs) with molar
masses from 22 600 g/mol to 124 800 g/mol. At low polymer concen-
tration (5 mg/mL), the molar mass had little influence on the yield of
nanoparticles formed when acetone was the solvent. However, for
molar masses higher than 32 100 g/mol, the mean hydrodynamic
lymers, fPLGA (a) and fPMMA (c), for different weight fractions of acetone, or as a function of
ticalfits according to a nucleation–aggregationmechanism. Insert of (a): mean diameter of
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diameter of NPs increased with increasing molar mass (from less
than 100 nm at 22 600 g/mol and 32 100 g/mol to about 250 nm at
124 800 g/mol). These results were tentatively correlated to the lower
amphiphilic character of long PLA chains since chain ends bear a polar
group [61]. On the other hand, Kissel et al. did not observe a significant
difference in particle size upon varying the molar masses of PLGA
(12, 34, and 48 kDa) dissolved in acetone at different concentrations
(5–15 mg/mL), although the viscosities of the polymer solutions dif-
fered substantially as a function of themolarmass [60]. The same results
have been found for nanoparticles of PCLwithmolarmass varying from
2 to 80 kg/mol [62].

The influence of the interfacial tension between the solvent and the
non-solvent on NP formation has been investigated by Kissel et al. [60].
They injected PLGAdissolved in acetone into either purewater or amix-
ture of water and acetone, having a lower interfacial tension than pure
water. No significant differences in NP size were seen, as would be
expected if nanoprecipitation was mainly governed by the so-called
Marangoni effect, described as “surface tension-driven flow”. The
Marangoni effect has been assumed to induce turbulences at the inter-
face of the solvent and the non-solvent, resulting in the fingering of
the organic phase into the aqueous phase and then formation of smaller
and smaller droplets. In that case, the formation of particles should be
due to the aggregation of the chains present in the droplets [22].
Other investigators also pointed out that interfacial tension and me-
chanical turbulencewere not the driving forces for spontaneous emulsi-
fication [23,37].

The mean size of NPs was found dependent on the nature of the sol-
vent used to solubilize the polymer. For instance, whatever the polymer,
the NPs obtained from acetone solutions were always smaller than
those prepared from THF under the same conditions. It has been sug-
gested that the lower viscosity and higher diffusion coefficient of ace-
tone in water, compared to THF, should promote faster mixing of
solvent and water, resulting in more uniform supersaturation leading
to smaller particles [60,61]. Cheng et al. have investigated the impact
of solvent miscibility with water on PLGA–PEG NP size, using four sol-
vents (acetonitrile, THF, acetone and DMF). They observed a decrease
in the mean NP size when solvent/water miscibility increased [63].

Themixing time of the organic solution containing the polymerwith
the aqueous phase is a crucial parameter. It has been shown that faster
mixing led to a reduced mean size of the resulting nanoparticles
[40,49,52]. Outstanding results have been obtained by Johnson and
Prud'homme whose experiments encompassed mixing times ranging
from ~5 ms to 10 000 ms, thanks to a confined impinging jet mixer
[40]. The mixing cell was fed with two opposed jets, one of a solution
of an amphiphilic diblock poly(butylacrylate)-b-poly(acrylic acid)
(PBA(59)-b-PAA(104)) copolymer in methanol, the other of water.
The mixing time for the two phases was controlled by the velocity of
the jets. The sudden drop in solvent quality for the hydrophobic PBA
blocks entailed rapid self-assembly of these blocks, inducing nucleation
Fig. 7. Mean diameter of PBA(59)-b-PAA(104) nanoparticles as a function of the water-
solvent mixing time with different initial concentrations of polymer in methanol
(0.10 wt.%, 0.15 wt.%, 0.25 wt.% and 0.65 wt.%), adapted from [40,62].
and growth of monodisperse spherical aggregates. The growth process
was arrested by a corona brush of hydrophilic blocks covering the NPs.
Johnson and Prud'homme have evidenced two regimes for the variation
of NP size as a function of the mixing time: as the mixing time de-
creased, the NP size also decreased until a breakpoint, beyond which
the particle size remained constant. At this breakpoint the mixing
time τmix and aggregation time τag were equivalent. This characteristic
aggregation time decreased from 60 to 26 mswhen the copolymer con-
centration in methanol increased from 0.1 wt.% to 0.65 wt.%. At very
short mixing times, the time corresponding to the formation of NPs
decreased with increasing initial concentration of polymer but the NP
size was independent of the concentration. At larger mixing times, in-
creasing the polymer concentration in the organic phase increased the
mean size of the resulting particles (Fig. 7).

As emphasized by the authors, this mechanism of nanoprecipitation
is fundamentally different from the self-assembly of dynamic copoly-
mer micelles at equilibrium, characterized by a fast exchange of poly-
mer chains. Nanoprecipitation generates kinetically frozen NPs, not in
a thermodynamic equilibrium but long-lived. During nanoprecipitation,
the NP size increases until the energy barrier for insertion of single
chains (unimers) becomes too high which happens for an aggregation
number smaller than the equilibriumvalue. This energy barrier depends
on themagnitude of solvent quality change. It has been suggested that it
is lower when water-solvent interdiffusion is not complete, explaining
why the NP size increases with increasing mixing time for τmix N τag.
Larger NPs can form before being kinetically frozen. When τmix b τag,
the NP size may be expected to become independent of polymer
concentration.

Reaching equilibrium would require further exchange of single
chains between aggregates, involving a change in the number of aggre-
gates. These two stages of aggregation, a fast nucleation and growth lead-
ing to metastable NPs followed by a slow equilibration process, have
been observed by synchrotron SAXS with millisecond time resolu-
tion for another amphiphilic block copolymer poly(ethylene–pro-
pylene)–poly(ethylene oxide) (PEP–PEO) [64]. Aggregation was
induced by very fast mixing (4.5 ms) of dilute copolymer solution
with water using a stopped-flow apparatus. The fast initial aggregation
(~5–20 ms) led to metastable NPs while in the slow last step (~103–
105 ms) the NP aggregation number increased, as the thermodynamic
equilibrium was approached. The growth process was based on inser-
tion and exchange of unimers. The rate of exchange of chains between
aggregates formed by block copolymers may vary in a very large
range, depending on the system. The main parameters that influence
the exchange rate are the length and chemical nature of the hydropho-
bic blocks and the interfacial tension between the hydrophobic blocks
and water [65]. Control of the exchange kinetics is important when
aggregates are used as nanocarriers for drug delivery [66].

Amphiphilic block copolymer NPs prepared by nanoprecipitation
did not always display a spherical core formed by hydrophobic blocks
surrounded by a shell of hydrophilic blocks (typically PEG blocks).
Some of the hydrophilic blocks could be buriedwithin the NP core rath-
er thanwell segregated in the corona, especially at high polymermolec-
ular weight when the length of the hydrophobic blocks was large
compared to the length of the PEG blocks. This was mainly evidenced
by the NP sizes larger than those estimated for micelles, based on the
polymer molecular weights. Slower mixing during nanoprecipitation
resulted in a higher proportion of PEG entrapment within the NP
cores. In contrast, core–shell structures, reminiscent of micelles formed
by small surfactants, have been obtained for PLA–PEG copolymers with
low molecular weights [67,68,44,49].

Stepanyan et al. have recently proposed a universal relationship
between the NP size and two parameters, the ratio of the mixing time
to the aggregation time and the initial polymer concentration [62].
When themixing time is greater than the aggregation time of collapsed
chains, the NPs size depends mainly on the mixing time and the initial
polymer concentration if the surfactant concentration is sufficient. The
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Fig. 8. Example of polymeric nanoparticles with a PACA core, a PEG outer shell, a rhoda-
mine B-based dye and ligands for specific active targeting: vitamin B7 for specific recogni-
tion of different cancer cell lines or curcuminoids as ligands for abeta peptide, a marker of
Alzheimer's disease (adapted from [71]).
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NP diameter is predicted to display a 1/3 power law as a function of
these parameters but is independent of the polymer molar mass. The
nanoprecipitation of a PCL/acetone solution in a 1 wt.% Pluronic P127
aqueous solution was well described by this model. The predictions of
the model of Stepanyan et al. were also supported by the experimental
data of Johnson and Prud'homme [40].

In summary, stable suspensions of nearly monodisperse polymeric
NPs can be obtained using spontaneous emulsification in a narrow do-
main of composition of the polymer/solvent/non-solvent (water) terna-
rymixture. TheOuzo domain, located between the binodal and spinodal
curves, corresponds to dilute polymer solutions and large amounts of
water. The formation of NPs is accounted for by a nucleation and growth
mechanism in a supersaturated polymer solution in the presence of a
stabilizing agent. Alternatively, hydrophilic blocks of amphiphilic copol-
ymers may play the role of surfactant. The initial system consists of
isolated polymer coils in the solvent. As the solvent quality drops
upon rapid mixing with a large amount of water, the polymer coils
collapse, then collide and stick together. In parallel, the stabilizing mol-
ecules adsorb on the NPs formed and stop their coalescence. Themixing
time parameter is of critical importance for the final NP size. For typical
experimental conditions, i.e. relatively slowmixing in the presence of a
stabilizer, the final NP size increases with the initial polymer concentra-
tion but is independent of the polymer molar mass.

8. Examples of application of polymeric nanoparticles obtained by
nanoprecipitation for the delivery of therapeutic molecules

Hydrophobic drugs have been incorporated into nanocarriers by co-
precipitation of the polymer/drug solution into water. For example,
poor water soluble paclitaxel and docetaxel have been loaded into
PLGA NPs taking advantage of nanoprecipitation. NPs containing these
potent antimitotic agents have shown lower toxicity and enhanced effi-
cacy compared to micelle-based formulations using low molecular
weight surfactants [69]. Bilati et al. proposed to extend the use of
nanoprecipitation to the encapsulation of more hydrophilic molecules,
e.g. proteins, by an accurate selection of the solvent and non-solvent.
They have shown that PLGA and PLA NPs could be obtained by precipi-
tation of a DMSO solution into alcohol, enabling the incorporation of
proteins [70].

A versatile nanoparticulate platform has been recently designed via
nanoprecipitation of poly(alkyl cyanoacrylate) (PACA) based copoly-
mers in an aqueous solution [71]. The nanocarriers combined a PACA
core, a PEG outer shell imparting colloidal stability and stealth proper-
ties, fluorescent properties provided by covalent linkage of a rhodamine
B-based dye to the polymer backbone of some chains, and terminal li-
gands for specific active targeting (Fig. 8). Regarding potential cancer
therapy applications, stealth characteristics allow the NPs to escape
the RES system, thereby prolonging NP blood circulation and enhancing
the EPR effect in tumors. This passive targeting can be improved by
using ligands that selectively bind to receptors overexpressed on
tumor cells. Biotin has been used as a ligand for specific recognition of
different cancer cell lines (i.e., human breast carcinomaMCF-7 andmu-
rine lung cancerM109). The efficient internalization, via biotin-receptor
mediated endocytosis, of fluorescent targeted NPs was evidenced by
flow cytometry. The encapsulation of paclitaxel in these functionalized
NPs has been achieved, leading to a specific anticancer activity against
MCF-7 cells in vitro. The relevance of this platform was further demon-
strated in the field of Alzheimer's disease (AD). NPs were functionalized
with either curcumin derivatives, known for their potential role in the
prevention and treatment of AD, or with a novel specific antibody, in
order to bind not only the β-amyloid peptide 1–42 (Aβ1–42) monomer,
a biomarker of AD, but also the corresponding fibrils, usually located in
AD brains. These NPs displayed strong affinity for both monomeric and
fibrillar peptides. This versatile platform paves the way to multifunc-
tional NPs, targeting different pathologies when functionalized with
appropriate ligands and carrying different hydrophobic drugs in their
PACA core. This holds great promise since PACA NPs alone have already
shown significant preclinical results in different pathologies. Currently
in phase III clinical trials, doxorubicin-loaded PACA NPs (i.e., Transdrug)
improved survival, compared to the standard treatment, of patients
with multidrug resistant hepatocarcinoma.

Besides NPs, the nanoprecipitation process also allowed the prepara-
tion of nanocapsules. A small amount of oil, in which an active
compound could be dissolved, was added to the polymer solution.
When this solution was rapidly mixed with water, core–shell NPs
(or nanocapsules) were formed by precipitation of the hydrophobic
polymer at the surface of oil droplets [57].

Natural phospholipids that self-assemble in liposomes have
inspired to Discher and co-workers a new class of vesicles, termed
polymersomes, made from amphiphilic diblock copolymers [72,73].
These polymer vesicles have been obtained by different methods, in-
cluding nanoprecipitation. Aggregation was driven by the interaction
between hydrophobic blocks, while the morphology was determined
by the hydrophilic-to-hydrophobic volume fraction. Polymersomes
were compared to viral capsids due to the high stability and low perme-
ability of their shell. These properties were mainly correlated to the
membrane thickness that could bemodulated to a large extent by varying
block lengths. Lecommandoux and co-workers have used a new genera-
tion of poly(g-benzyl L-glutamate)-block-hyaluronan (PBLG-b-HA), poly-
peptide–block–polysaccharide copolymers, to prepare polymersomes
targeting overexpressed CD44 glycoprotein receptors in cancer cells,
thanks to the hydrophilic hyaluronanmoiety. Doxorubicine was success-
fully loaded in these polymersomes using co-precipitation and efficiently
delivered to breast cancer cells (MCF-7) [46].

It is also worth mentioning a recent study of Bui et al., taking advan-
tage in an original way of solvent shifting to self-assemble a capsid-like
shell of block copolymer around a condensed complex of siRNA and
polyethyleneimine (PEI) [74]. In the first step, branched PEI and siRNA
were complexed in aqueous buffer, yielding positively charged NPs.
These polyplexes were then dispersed in a DMSO-rich solution in
which the amphiphilic hyaluronan-poly (g-benzyl-L-glutamate) block
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copolymer was dissolved. Negatively charged hyaluronan moieties
interacted with the preformed NPs via electrostatic interactions, giving
rise to a surface monolayer of adsorbed copolymer. Excess copolymer
chains in solution coexisted with adsorbed ones. In a last step, a large
amount of water was added to this suspension, so that the solution be-
came a non-solvent for the highly hydrophobic PBLGmoieties, resulting
in the self-assembly of isolated copolymer chains with chains adsorbed
on the NPs. Hydrophobic interactions between the PBLG blocks allowed
the formation of a copolymer bilayer membrane around the core of
siRNA–PEI complexes (Fig. 9). This nanoconstruct mimicking the
morphology of a virus showed a higher gene silencing activity than
the PEI–siRNA complex alone.

These few illustrative examples show the important contribution of
the nanoprecipitation/Ouzo effect to the design of nanocarriers for drug
delivery and targeting.

9. Terpenoids-based nanoparticles: a new platform for theranostics

Drug-loaded NPs represent an attractive strategy for the treatment
of severe diseases, especially in the field of cancer. However, increasing
drug loading, usually less than 5–10 wt.%, remains a challenge and NPs
often exhibit the so-called “burst release”, inwhich a significant fraction
of the cargo, generally corresponding to molecules simply adsorbed
(or anchored) at the surface of the nanocarrier, is rapidly released
upon parenteral administration.

Building nanocarrierswithmolecules covalently bound to the drug by
a cleavable linkage (prodrug approach)may help to overcome these lim-
itations [75]. A recent breakthrough has been achieved by Couvreur and
co-workers who designed a unique and versatile platform for drug deliv-
ery, taking also advantage of the Ouzo effect. It consists in linking an iso-
prenoid chain to a biologically active drug molecule. Nanoassemblies of
the bioconjugate are then obtained by nanoprecipitation without the
need of any surfactant. Isoprenoid chains were chosen because isoprene
Fig. 9. Design of virus-like polymer nanoparticles by self-assembly of amphiphilic block copo
is the basic structural motif of naturally occurring terpenoids which are
extraordinary diverse in chemistry, structure and function. Among
them, squalene is an acyclic triterpene, widespread in nature. In humans
it is a precursor of the cholesterol biosynthesis.

The proof of concept of this nanoprodrug approach has been provid-
ed using the squalene as polyterpenoid moiety and gemcitabine as a
model anticancer nucleoside analogue [76,77]. Gemcitabine is a fluori-
nated cytidine analogue used in clinic against various solid tumors
and also active against lymphoid and myeloid cancer cell lines. Howev-
er, its therapeutic potential is restricted by a poor stability in vivo, a lim-
ited intracellular diffusion and the induction of resistance. To overcome
these drawbacks, squalene was covalently coupled to the amine func-
tion of gemcitabine, giving the 4-(N)-tris-nor-squalenoyl–gemcitabine
bioconjugate (Sq–Gem) (Fig. 10a). This prodrug self-assembled in
water as NPs with a diameter of about 120–140 nm. After intravenous
administration, these Sq–Gem nanoassemblies, with a drug loading of
almost 50% w/w, exhibited impressively higher anticancer activity
than gemcitabine against both solid subcutaneously grafted tumors
(panc-1, L1210 wt and P388) and aggressive metastatic leukemia
(L1210 wt, P388 and RNK-16 LGL). This concept was then applied
to other nucleosides or nucleosides analogues such as ddC, ddI,
thymidine or adenosine. Remarkably, whatever the nucleosidic
headgroup, the squalene-based bioconjugates spontaneously formed
Nps upon nanoprecipitation of ethanolic solutions in water. These NPs
exhibited a variety of supramolecular structures (ie. lamellar, inverse
bicontinuous cubic or inverse hexagonal phases) [78–80].

The significant improvement in the activity of gemcitabine when
coupled to squalene has led to extend the concept of squalenoylation
to other drugs such as paclitaxel and penicillin G [81,82]. Unlike the
amphiphilic nucleosidic bioconjugates, the hydrophobic squalenoyl–
paclitaxel and squalenoyl–penicillin G conjugates self-assembled upon
nanoprecipitation as dense spherical NPs devoid of internal structure
(Fig. 10b). Squalenoyl–paclitaxel NPs showed antitumor efficacy
lymer molecules around siRNA-based polyelectrolyte complexes (reprinted from [74]).
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Fig. 10. (a). Squalenic acid coupled with gemcitabine molecules spontaneously self-assemble in water by nanoprecipitation, and form nanoparticles with a mean diameter (d) around
130 nm. (b). Selected Cryo-Tem images of squalenoyl–paclitaxel nanoparticles (left: d = 142 nm, PdI = 0.073) and squalenoyl–penicillin G (right: d = 140 nm, PdI = 0.1). Nanopar-
ticles are dense spheres (adapted from [81,82]).
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comparable to that of the parent drug but with much lower toxicity.
Squalenoyl–penicillin G NPs increased the antibacterial activity of pen-
icillin G against Staphylococcus aureus infection of macrophages thanks
to their cell internalization through the endocytic pathways. Both
these NPs were very stable and fairly monodisperse. Their colloidal sta-
bility could be correlated to their negative zeta potential (~−20 mV)
and the insolubility of the conjugates, thus hindering Ostwald ripening.
Interestingly, it was found that the initial concentration of the
squalenoyl–paclitaxel in ethanol was a crucial parameter to control
the final size of the NPs; the higher the concentration in ethanol, the
smaller the size of the NPs. This trend is consistent with a nucleation
and growth mechanism: as the number of nuclei varies exponentially
with the supersaturation, higher solute concentrations are expected to
yield higher numbers of nuclei and, therefore, smaller NPs if nuclei
grow by capturing surrounding solute molecules.

Further studies focused on systematic modulation of the chain
length used for the conjugation of gemcitabine. Either natural or synthe-
sized terpenes, with a number of isoprenyl units varying from 1 to 6,
were coupled to gemcitabine and the ability of the resulting bioconju-
gates to form NPs was assessed [83]. All the compounds yielded
nanoassemblies active against several cancer cell lines but the prodrugs
displaying a short hydrophobic chain precipitated soon after NP forma-
tion in the absence of stabilizer, upon ethanol evaporation. Ostwald
ripening could be involved in the instability of the NP suspensions pre-
pared with the shorter isoprene moieties.

Beyond short chains, well defined polyisoprene–gemcitabine conju-
gates were obtained by a living radical polymerization technique [84].
This method allowed the growth of polyisoprene chains of controlled
molarmasswith a gemcitabinemoiety attached to one of the extremities
of the polymer chains by a hydrolysable amide linkage. Upon
nanoprecipitation in water from a THF solution, these conjugates formed
NPs with a high payload (Wgem/Mn,PI) of gemcitabine, ranging from
10.5 wt.% for Mn,PI = 2510 g/mol to 31.2 wt.% for Mn,PI = 840 g/mol.
The NPs size (~137 nm in diameter) did not show significant depen-
dence on PI molar mass for Mn varying between 1190 g/mol and
2510 g/mol. The remarkable colloidal stability of the suspensions could
be explained by the negative zeta potential of NPs (~−68 mV) and by
the likely very low water solubility of PI–gem conjugates. The PI–gem
NPs exhibited efficient anticancer activity both in vitro, on various cancer
cell lines, and in vivo, on human pancreatic carcinoma-bearing mice
while suppressing the inherent toxicity of gemcitabine. Noteworthy, the
in vivo anticancer activity of the PI–gem conjugate increased with
increasing PI molar mass.

The squalene-based platform for drug delivery has further been
endowed with both magnetic responsiveness and imaging capabilities
to combine diagnostic and therapeutic activities [85]. Multifunctional
nanocarriers were prepared by one-step nanoprecipitation of a
squalenoyl bioconjugate solution containing magnetite nanocrystals
(USPIO). The USPIO/Sq–gem nanocomposites, injected to mice bearing
the L1210 wt subcutaneous tumor model, could be guided by an exter-
nal magnetic field toward the tumor tissue where they could be tracked
by magnetic resonance imaging (MRI). To extend this theranostic
concept to other contrast agents for MRI, nanocomposites associating
Sq–Gem and a gadolinium Gd3+ contrast agent coupled to squalene
were also designed.

10. Conclusion

Nanoprecipitation is a general strategy for obtaining a diversity
of colloidal particles such as polymeric or lipidic nanospheres,
nanocapsules, nanovesicules… It has also been used for the design of
terpenoid-based nanoprodrugs. It may enable the preparation of fine
dispersions of poorly water soluble, or even insoluble, pharmaceutical
organic compounds, thus improving their bioavailability. The simplicity
of the process and versatility of thematerials that can be used have also
given a decisive impulse to the design of nanocarriers intended for
parenteral drug delivery. For the purpose of nanomedicine, the size
distribution of NPs needs to be accurately controlled, which can be
achieved taking advantage of the “Ouzo effect”. This spontaneous pro-
cess does not require a precursor emulsion and generates a dispersion
of quasi-monodisperse nanoparticles. The key factors controlling the
formation of nanoparticles have been discussed but unsolved issues
remain. NP characteristics are not determined only by the composition
of the ternary system in a metastable state. The “Ouzo effect” and
nanoprecipitation are strongly related to the kinetics of mixing of the
organic solution containing the hydrophobic compound and the non-
solvent, giving rise to supersaturated systems. Few experimental stud-
ies or simulations exist on the phenomena takingplace during turbulent
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or laminar mixing of the two phases which triggers particle formation.
Furthermore, it is hard to investigate the early stages of NP formation
because of the short time scales along with the small space scales of
the process. The underlying mechanisms are often inferred from the
dependence of final NP characteristics on experimental parameters.
Specifically, the question of spinodal decomposition in systems contain-
ing small hydrophobic molecules at high supersaturation remains.
Kinetic studies using synchrotron X-ray scattering might allow testing
the mechanisms of NP formation and growth despite the limited
scattering contrast between water and organic compounds. Little is
known about co-precipitation of different compounds, either to load
drug into nanocarriers or to arrest growth of NPs and to stabilize
them. Co-precipitation of drugs and polymers influences drug loading
into nanocarriers and NP size distribution. Investigation of the effects
of amphiphilic block copolymer properties on NP stability should be
extended. Residual solvent, as well as additives and drugs, could also
interfere with the particle formation and stabilization processes. There
is therefore an urgent need for further experiments and simulations in
all these domains.

Part of the results disclosed in this review was supported by the
European Research Council under the European Community's Seventh
Framework Program FP7/ 2007–2013 (Grant Agreement no 249835).
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