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Summary Rapid precipitation is an efficient approach for engineering materials at the
nanoscale. By controlling solute nucleation and growth rates in solvent precipitation processes,
the size of the resulting nanoparticles (NP) can be controlled. This review discusses Flash Nano-
precipitation (FNP), a technique developed for NP formation using copolymer stabilization.
FNP has been explored for various applications, including NP formulation for drugs and imag-
Block copolymer;
Drug delivery

ing agents. The review highlights mixing considerations, supersaturation requirements, and
stabilizer selection to provide controlled size NP via FNP, and includes a summary of current
understanding of the FNP process, as well as relevant examples and applications.
© 2016 Elsevier Ltd. All rights reserved.
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he utility of nanoparticles from hydrophobic
onstructs

he recently acquired ability to engineer materials at
he nano-scale in order to achieve desired properties at
he macro-scale has made nanotechnology of interest in

everal fields. In particular, nanoparticles (NP) are being
xplored as novel tools for applications including solar
nergy conversion and photovoltaics [1], pigments and
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atalysts [2], and perhaps most actively, medicine [3,4].
n nanomedicine, formulating therapeutic components that
re often hydrophobic in nature into the nanoparticle
ize range of a few nm to about 100 nm provides several
dvantages, including: (1) solubilize hydrophobic drugs, (2)
ncrease bioavailability and total absorption of orally admin-
stered drugs [5], (3) concentrate cancer drugs at the tumor
ite by passive targeting through the Enhanced Permeabil-
ty and Retention (EPR) effect, and active targeting through
igand—receptor interactions [6], (4) deliver drugs to the
ungs [7], and (5) modify the drug activity through NP sur-
ace modification, for instance using polyethylene glycol

PEG), which reduces complement binding and decreases
he drug clearance rates during in vivo circulation [8].
esearch efforts in that area lead several nanomedicine-
ased therapies to reach the market [9].
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Flash nanoprecipitation

NP formation by rapid precipitation affords high drug
loading contents through the coating of NP surface using
protecting agents. The coating materials are of amphiphilic
nature, and include block copolymers and lipids. These
provide steric stabilization and limit instabilities due to
aggregation and Ostwald ripening [10]. In contrast, poly-
meric drug micelles formed by imbibing drugs into the
hydrophobic core of a micelle are fundamentally different
and are thermodynamically bound to lower drug loading
contents than NP [11].

The synthesis route used for NP formation determines
the resulting NP properties. Several factors require con-
sideration to afford stable, controlled-size distribution of
high loading NP of hydrophobic constructs. This can be
achieved through imposing rapid processing conditions that
yield short length scales where nucleation, growth, and the
subsequent equilibration of NP are controlled [12]. In rapid
precipitation, the nucleation and growth time of a hydropho-
bic molecule under supersaturated conditions is matched
with the aggregation time of the stabilizing amphiphilic
molecule, resulting in narrow, controlled size distribution
of NP.

This review summarizes factors controlling NP formation
by block copolymer directed, rapid precipitations.

Overview of particle size from rapid
precipitations

Precipitation is a commonly used technique in the pharma-
ceutical industry. Active pharmaceutical ingredients (API)
are often precipitated from solution through the addition
of a non-solvent, or through temperature quenching. Con-
trolled precipitation conditions are used to optimize the
API particle size, which affects drug product performance
requirements such as dissolution properties and bioavailabil-
ity [13]. NP formation by temperature quenching remains
challenging due to low supersaturation levels and non-
uniform spatial temperature distribution in the precipitation
vessel, resulting in wide particle size distributions.

In rapid precipitation, mixing conditions control the final
particle size distribution. Mixing characteristic time can be
categorized as macromixing (decimeter scale, e.g. on the
order of the vessel), mesomixing (millimeters, on the order
of the turbulent eddies that form when viscous forces domi-
nate over inertial ones), or micromixing (micrometer scale,
on the order of molecular diffusion in fluid lamellae) [14,15].
Micromixing conditions are required to afford characteristic
times on the order of nucleation and growth times needed
for the formation of NP with controlled size distributions.

Nucleation is a strong function of supersaturation

Starting from a single phase of molecularly dissolved molec-
ular species in solution, rapid precipitation is achieved
through imposing a condition of high supersaturation. This
leads to nucleation and growth of particles at a nucleation

rate J given by [16]

J = A exp

( −16��3v2

3k3T3(ln(S))2

)
(1)

p
s
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here A is a constant, � is the surface tension, � is the
olar volume, k is Boltzmann’s constant, T absolute temper-

ture, and S the supersaturation. The relationship reveals
he strong dependence of nucleation on both supersatura-
ion and temperature.

Starting from the supersaturated state, nuclei start to
orm once the critical nucleation concentration is reached.
s a result, the bulk solute concentration decreases. The
oncentration drop freezes any additional nuclei formation
nd leads to the growth of the already formed nuclei by
ggregation and association with solute molecules in the
ulk. The growth continues until the solute concentration
eaches the equilibrium saturation concentration.

From the processing aspect, creating homogenous
ucleation conditions are challenging, particularly because
chieving high local supersaturation levels is technically
ifficult. For instance, particle creation by solvent/anti-
olvent mixing in a batch vessel does not provide the
icromixing conditions needed for high local supersat-

rations. This results in wide particle size distributions
nd subsequent solute precipitation. Mahajan and Kirwan
17] overcame the mixing limitation by using a grid mixer
evice with a characteristic mixing time of <3 ms to study
he nucleation and growth kinetics of pharmaceuticals.
he short micromixing time provides rapid and uniform
olute mixing, which allows for the nucleation rates to be
ontrolled. The authors investigated the precipitation of
ovastatin and asparagine monohydrate over low to moder-
te supersaturation ranges. Their results reveal an increase
n supersaturation levels for both drugs is accompanied by
n increase in the nucleation rates as predicted by Eq. (1),
nd a decrease in the growth rates [16,17]. Therefore, in
rder to afford NP smaller than a few hundred nanometers,
ucleation should be favored over growth. High nucleation
ates provide high nuclei density resulting in high nanopar-
icle yield. When growth is favored over nucleation, few
uclei form and will likely grow to micron-size particles.

Particle formation can also occur through a spinodal
ecomposition mechanism. Starting with an unstable state
nder very high supersaturation conditions, phase separa-
ion occurs spontaneously to produce a solute-rich phase.
14]

ontrolling growth rates

ey diffusion limited processes for mass transport involved
n particle growth include [12]:

. Diffusion-limited stepwise molecular growth of solute on
the particle surface

. Particle aggregation determined by the Smoluchowski
kinetics with no barrier to aggregation

. Ostwald ripening by diffusion mass transfer

Calculated maximum growth rates and the corresponding
ependence on particle diameter for �-carotene obtained
or each process [12] are illustrated in Fig. 1. These

rocesses affect NP due to their small size and the
trong dependence of growth rate G (nm/min) on parti-
le diameter, d (nm), represented as n (G ∼ 1/dn), on the
econdary axis of the graph. The fast rates shown in the
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Figure 1 Estimated diffusion-limited processes growth rates
G (nm/min) for �-carotene. The secondary axis shows the
dependence of growth rate on particle size. Lines connecting
d
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ata points are added for clarity [12].

gure, particularly through stepwise growth and aggregation
Smoluchowski kinetics) lead to fewer particles and larger
article sizes over time. Strategies are put in place to favor
ucleation over growth and limit processes leading to larger
articles and low NP yield.

Aggregation can be limited in the case of surface
harge formation due to the chemical nature of the solute.
lternatively, surface stabilizers such as amphiphilic block
opolymers provide steric stabilization and prevent parti-
le aggregation. Fig. 1 also shows that Ostwald ripening
ates can be drastically reduced by changing the sol-
ent quality for the solute, i.e. reducing the solute bulk
olubility. These results have been confirmed both experi-
entally and through numerical simulations based on the

ifshitz—Slyozov—Wagner (LSW) theory [10,18].
The next section provides an overview of flash nano-

recipitation (FNP), a recently established technology that
ontrols the process thermodynamic and kinetic conditions
o promote nucleation over growth of particles, yielding sta-
le, controlled-size NP.

verview of Flash Nanoprecipitation (FNP)

he FNP process provides the local supersaturation needed
or particle nucleation by fast mixing of a stream containing
molecularly dissolved solute and stabilizing molecule with
n opposing stream containing a miscible solvent, which acts
s a non-solvent for the solute and stabilizer. Mixing occurs
n the turbulent regime in a confined volume, affording high-
nergy dissipation rates, and providing the supersaturation
onditions required for simultaneous precipitation of the
olute and stabilizer. The block copolymer inhibits further
rowth of the solute particles, and provides steric stabi-
ization through the hydrophilic block on the surface of the
article. The work of Johnson and Prud’homme revealed a
haracteristic mixing time in this process on the order of
illiseconds [15]. This represents a key feature of FNP and
istinguishes it from the alternate solute NP/micelle forma-

ion technologies such as emulsification and diffusion, since
t allows for diffusion limited growth of particles that prevail
nder high supersaturation conditions. In contrast, emulsi-
cation and dialysis-based techniques involve precipitation

T
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b
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f the drug followed by block copolymer stabilization, which
esults in poor drug encapsulation efficiencies and loading
ontents.

he supersaturation condition

apid mixing, on the order of milliseconds, is required to
ffect homogenous conditions for the creation of uniform
ocal high supersaturation. This leads to precipitation of
ny solute or molecule existing above its saturation level,
rrespective of its chemical nature. As a result, rapid pre-
ipitation using solvent addition, including FNP, is a versatile
pproach for solute particle formation, particularly in the
harmaceutical industry where over 40% of new chemical
ntities under development are poorly water soluble [19].

Since imposing a condition of high supersaturation is
ufficient for particle creation, multiple species can be co-
recipitated using FNP. Depending on the application of
nterest, combinations of drugs, imaging agents, or other
olutes of interest can be easily formulated into the particle
ore. Some examples are discussed in subsequent sections.

tabilization using amphiphilic block copolymers

olecularly dissolved amphiphilic block copolymers which
ontain hydrophilic and hydrophobic blocks self-assemble
hen the solvent quality for one block is decreased. This fea-

ure renders them useful as surface stabilizers for nascent
articles and help control the particle size distribution
y adsorbing on the particle surface and preventing par-
icle aggregation. The self-assembly of surfactants and
mphiphilic polymers is driven by supersaturation. In the
ontext of FNP, the solvent quality jump imposed by rapid
ixing leads to precipitation of the organic solute and

dsorption of the hydrophobic block of the copolymer on the
article surface through hydrophobic interactions. Further
rowth of the solute particles is inhibited through the steric
tabilization provided by the polymer’s hydrophilic block.

The effect of polymer stabilization in FNP is illustrated in
ig. 2. In this example, vitamin E succinate (VES) particles
roduced without any stabilizing polymer using FNP result in
larger initial particle size and subsequent aggregation than
ES particles made using methoxy poly(ethylene glycol)-b-
oly(�-caprolactone) (PCL-b-PEG) as a stabilizer. The block
opolymer interferes with the nucleation and growth kinet-
cs of the solute particles and arrests particle growth. The
nd result is smaller particle size and a narrower particle
ize distribution (Fig. 2). The block copolymer provides par-
icle stabilization over prolonged periods, allowing for post
rocessing of the NP and maintaining the original particle
ize distribution. Similar results have been demonstrated
ith �-carotene [20].

lock copolymer NP form kinetically frozen
tructures
he final state of block copolymer NPs formed via FNP
s non-equilibrium, kinetically frozen. A study by Dormi-
ontova provides insight into the kinetics of formation of
lock copolymer NP from a unimer solution [21]. The study



Flash nanoprecipitation

Figure 2 Initial intensity-weighed particle size distribution
for VES particles (dashed line) produced via FNP as determined
by dynamic light scattering. The aggregation is limited when a
stabilizing polymer is used (PCL-b-PEG, solid line) with VES at
weight ratio of 1/1. The result is a smaller average particle size
and a narrower particle size distribution than VES precipitated
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via FNP without any stabilizers, which yields visible aggregates
shortly after particle formation.

uses a scaling model with Kramer’s theory to obtain asso-
ciation/dissociation rate constants for micelle formation
via the unimer exchange and micelle fusion/fission mech-
anism. The results show micelle fusion/fission dominates at
early stages of micelle formation, while unimer exchange
becomes active at longer times to bring the micelle to
the equilibrium size. Ligoure and Leibler [22] identify two
regimes in polymer chain grafting to a flat plate. A fast
regime dominated by diffusion of polymer chains in solution
until an overlapping brush is formed, and a slower regime
involving polymer moving across the soluble brushes, a slow
process leading to equilibrium.

In FNP, the fast mixing provides high initial supersatura-
tion conditions for the block copolymer. Following fusion up
to a critical size, that of overlapping coronas, the subse-
quent unimer exchange process that normally brings these
structures to dynamic equilibrium micelles is inhibited due
to the high energy cost associated with the polymer chain
diffusion under high supersaturation conditions. As a result,
the formed NP are kinetically frozen [23].

The following sections address aspects of mixing, super-
saturation, and polymer stabilization individually.

Mixing considerations

The starting point for NP formation by rapid precipitation is
mixing. In this section, the nature of turbulent mixing, and
the experimental and theoretical characterization of mixing
in the FNP process are discussed.

Nature of turbulent mixing

Since particle nucleation and growth events occur at the

molecular level, mixing at the same level, i.e. micromix-
ing is needed to control the process kinetics. In confined
mixing geometries such as CIJ and MIVM, a high turbulent
energy dissipation region is produced, which enhances the

t
d
m
c
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uid mixing rates and provides the proper mixing scale
or controlled nucleation and growth [15,16]. Micromixing
nder turbulent conditions involves engulfment, where two
iquid compartments surround each other to form increas-
ngly thinner lamellae, and deform through elongation and
hear. The resulting laminated structures allow for molecu-
ar exchange by diffusion [24,25].

The corresponding time scale for molecular diffusion �G

s given by [26]:

G = �E

(
0.030 + 17, 050

Sc

)−1

(2)

here Sc is the Schmidt number and �E the engulfment time
onstant, which describes the viscous convective deforma-
ion of the fluid elements:

E = 17.24

(
ϑ

ε

)1/2

(3)

here ϑ is the kinematic viscosity (m2/s) and ε the energy
issipation rate (J/kg s).

Controlling the mixing timescale is critical in the NP for-
ation process, since the mixing time has to match the

haracteristic nucleation and growth time of NP. As a result,
ixing characterization becomes the first step into designing
P production technologies.

eometries: CIJ, MIVM

n FNP, mixing of the organic solute and stabilizing polymer
ith the anti-solvent occurs in a confined mixing chamber.
he chamber geometry and size can vary [15].

In CIJ mixers, two streams collide against each other
n a cavity. The CIJ mixer geometry, however, limits the
atio of solvent/non-solvent that can be used in the mix-
ng process since the opposing jets need to collide at
qual momentum in the mixing chamber. This prevents
igher supersaturation levels from being achieved through
ncreasing the non-solvent/solvent ratios, and restricts the
se of the technology to the class of hydrophobic solutes
ith very poor water solubility. In order to overcome this

imitation, a multiple inlet vortex mixer (MIVM) design,
hich allows for unequal solvent/non-solvent ratio mixing,

s used for mixing conditions requiring flexibility in the inlet
treams content and flow rate ratios. Such a configura-
ion is practical for reactive systems or for mixing streams
ith immiscible components. Alternatively, a hand operated
IJ mixer that does not require pumps for operation was
eveloped in the Macosko lab [27]. In this setup, the two
treams are introduced into the CIJ mixer inlets through
andheld syringes, and the outlet stream further diluted in
solution of the anti-solvent (water) to quench aggrega-

ion and enhance the NP stability. The mixer is inexpensive
o produce and requires less volume to operate than the
ump-controlled CIJ mixer.

The CIJ, two-jet MIVM, and four-jet MIVM geometries
sed in FNP are shown in Fig. 3. The sole requirement in

he FNP process is the creation of turbulent mixing con-
itions in a confined volume. Hence, other mixer designs
ay be considered provided they lead to turbulent mixing

onditions.
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igure 3 Various mixer geometries are used to produce cond
olume: (a) CIJ mixer, (b) two-inlet MIVM top and side views, a

haracterization using competitive reactions

n the precipitation of organic actives by crystallization,
icromixing affects the final crystal size distribution [28].

ohnson and Prud’homme characterized micromixing effects
n CIJ mixers used for the production of sub-micron particles
f organic solutes [15].

The experimental approach used for evaluating
icromixing efficiency in opposed jets reactors involves

unning competitive reactions in series or in parallel [29].
n such experiments, reactions yielding few, easily analyzed
roducts, with well characterized kinetics and good repro-
ucibility are selected [29]. Generally, these reactions are
f the type

+ B
k1−→P1 (4)

+ B
k2−→P2 (5)

here A, B, D, are chemical reactants, P1, P2 reactions prod-
cts, and k1 and k2 are chemical reaction kinetic constants
15]. In these parallel reaction systems, k1 � k2. Efficient
ixing renders the first reaction instantaneous and favors

ormation of P1, while P2 formation is not detected. There-
ore, monitoring P1, P2 formation provides an indication
f mixing efficiency. Johnson and Prud’homme used the
ydrochloric acid/sodium hydroxide neutralization reaction
fast) competing with the acid catalyzed hydrolysis of 2,2-
imethoxypropane (DMP, slow) to characterize micromixing
n CIJ mixers [15]. They used the Damköhler number (Da) to
auge mixer performance. Their study reveals the reaction
electivity was proportional to Da, and provides scale-up
riteria for CIJ mixers.

imulations with computational fluid dynamics

IJ and MIVM mixers have been characterized using compu-
ational fluid dynamics (CFD) studies. In some cases, CFD
s complemented with experimental measurements aiming
t characterizing flow behavior. For instance, mixing in an
IVM mixer was characterized in the laminar and turbu-
ent regimes using microscopic particle image velocimetry
30,31].

Fox et al. developed a CFD model for the prediction
f reactive micromixing under turbulent conditions, and

F
t
u
t

of turbulence with high energy dissipation rates in a confined
) four-inlet MIVM.

alidated their results with experimental data for both
IJ [32] and MIVM [33] mixer geometries. The model
ses the direct quadrature method of moments coupled
ith the interaction by exchange with the mean (DQMOM-

EM) to solve the composition probability density function
ransport equation. CFD results for DMP conversion vs.
eynolds number (Re) in parallel competitive reactions
ere in good agreement with experimental data with no
djustable parameters. In the case of MIVM geometry, mix-
ng was characterized under various inlet configurations and
emonstrates homogeneous mixing conditions for mixing
t Re > 1600 [33]. In separate studies, CFD predictions for
ixing and reaction in CIJ mixers correlated well with exper-

mental data at various jet Re values, for different mixer
eometries and reactant concentrations [34,35]. The energy
issipation profiles within the mixers were identified. The
tudies provide a reliable CFD model for aiding in the design
nd scale up of CIJ and MIVM mixers.

Significant advances have been achieved in CFD predic-
ion of polymer-based nanoparticle formation through the
ork of Di Pasquale et al. [36,37], who modeled nanopar-

icle formation using DQMOM-IEM. Their initial results for
oly(�-caproloactone) (PCL) show good agreement between
imulation and experimental data when the polymer molec-
lar volume was used as a fitting parameter for each
olvent/non-solvent ratio used in the precipitation process
36]. The model relies on the classical nucleation the-
ry developed for small solute molecules, for which most
arameters are known, including the diffusion coefficient,
iameter, and molecular volume [37]. In the case of polymer
recipitation, the parameters change with changing solvent
ompositions and are difficult to determine. Di Pasquale
t al. improved on the previous model by introducing an aug-
ented nucleation theory model [37], resulting in a better
t with experimental data without the need for parameter
tting.

upersaturation considerations
NP is centered on exploiting high supersaturation condi-
ions to induce nucleation and growth of solute particles
nder controlled solvent/non-solvent mixing conditions. In
he case of therapeutic compounds, several approaches can
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Flash nanoprecipitation

be used to increase supersaturation levels and optimize the
conditions for NP formation.

Determining hydrophobicity

Determining the solubility profile of solutes of interest under
various solvent/non-solvent ratios aids in determining the
optimal conditions for imposing high supersaturation condi-
tions needed for controlled particle growth. For hydrophobic
solutes, a low ratio of organic solvent/water results in high
supersaturation levels and favors NP formation by FNP. A high
organic solvent content enhances the hydrophobic solute
solubility in the solvent mixture and results in lower super-
saturation ratios, which limits the effectiveness of FNP at
producing controlled size NP.

A commonly used indicator for drug hydrophobicity is
the octanol/water partition coefficient, Log P, which can
be used to estimate drug solubility via the semi-empirical
relationship [38]

Log S = 0.5 − Log P − 0.01(Tm − 25) (6)

Where S is the solute molar concentration in a saturated
aqueous solution in equilibrium with the most stable solute
crystalline form, and Tm is the solute melting temperature
(◦C). A higher Log P value indicates higher hydrophobicity
and lower water solubility, which results in higher NP solute
loadings. Therefore, Log P values are used as an indicator
of the tendency of solutes to partition into the core of NP
rather than dissolve in the surrounding aqueous environment
[39]. Log P values are obtained experimentally, computa-
tionally, or through semi-empirical methods [40].

Mixed solvents and solvent selection

Supersaturation levels can be modified through changing the
solute concentration or the solute solubility in the mixed
solvent, both of which can be controlled in FNP. The solute
concentration can be increased in the pre-mixed solvent
stream through selecting water-miscible solvents afford-
ing high solute solubility. The solute solubility is modified
through changing the mixed solvent quality. Using the MIVM
mixer geometry, the solvent/water ratio can be changed by

changing the individual stream flow rate, providing a wide
range of solute solubility in the mixed product, and resulting
in different values of supersaturation. As a result, both the
choice of solvent and the water/solvent ratio used during

s

c
s

Table 1 Representative examples of solvents used in FNP.

Solvent Boiling point [41]

THF 65 ◦C
THF 65 ◦C
Cyclopentanone 130.57 ◦C
Ethanol 78.29 ◦C
Dimethylformamide (DMF) 153 ◦C
Dimethyl sulfoxide (DMSO) 189 ◦C
1-Methyl-2-pyrrolidone (NMP) 202 ◦C
Methanol 64.6 ◦C
217

ixing can be used to affect solute supersaturation levels.
igher supersaturation levels are achieved through increas-

ng water/solvent ratios to reduce the solute solubility in
he final solution, up to a maximum beyond which solute
ilution reduces the supersaturation level [16].

Representative examples of solvents used in FNP are
isted in Table 1. The table also includes the solvent boiling
oint, which is used to determine the most efficient sol-
ent removal technique. High boiling point solvents such
s dimethyl sulfoxide (DMSO) are best removed by dialy-
is, while low boiling point solvents such as tetrahydrofuran
THF) can be removed by vacuum evaporation.

upersaturation and solids concentrations affect
nal particle size

article size in FNP can be modified through changing super-
aturation levels, solute concentrations, or the addition of
o-precipitates that alter the nucleation process, resulting
n a different particle size.

Supersaturation levels can be changed easily in FNP. The
IVM mixer geometry can be used to vary the ratio of organic

olvent/non-solvent (water) mixing streams. Supersatura-
ion affects nucleation rates by means of Eq. (1), which in
urn affects the resulting particle size distributions. Higher
upersaturation levels leads to a higher number of nucle-
ting sites, resulting in smaller NP. While NP size control
ia nucleation involving amphiphilic block copolymers is not
ully understood, two mechanisms are proposed to explain
he shift in particle size distribution following a change in
upersaturation [49]. In one case, the high solute supersa-
uration levels induce homogeneous nucleation and growth
hich is arrested by polymer assembly on particle surface.
lternatively, hydrophobic domains on the block copolymers
erve as nucleating sites for solute molecules to nucleate
eterogeneously. Particle dilution and steric hindrance of
he hydrophilic block of the copolymer lead to a halt in
article growth. In one application, �-carotene supersatu-
ation was modified using an MIVM mixer by changing the
olvent (THF) to non-solvent (water) streams ratio from 1/20
THF/water, vol%) to 1/4. The corresponding NP size was
hanged from about 70 nm at 1/20 (THF/water) to about
20 nm at 1/4 (THF/water) as a result of decreasing super-

aturation through decreasing the water fraction [10].

NP size can also be modified by changing the solute
oncentration. As solute concentration increases, its corre-
ponding nucleation and growth rates increase faster than

Removal technique Reference

Vacuum evaporation [42]
Dialysis [43,44]
Spray drying [45]
Dialysis or ultrafiltration [46]
Dialysis [47]
Dialysis [47]
Dialysis [47]
Dialysis [48]
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Figure 4 Effect of active concentration on particle size pre-
pared by FNP. Increasing the solute initial concentration leads
to an increase in particle size. Data shown for paclitaxel-VES
conjugate/VES mixed with PCL-b-PEG in THF using the MIVM
m
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ixer. Lines connecting PDI data points are added for clarity.
he secondary (top) horizontal axis highlights the drug conju-
ate content in the final NP.

he polymer aggregation rate, providing additional time for
article growth before polymer stabilization, and resulting
n larger particle size. Fig. 4 demonstrates control of parti-
le size by changing solute concentration for paclitaxel-VES
onjugate/VES mixture (1/1 weight ratio) stabilized with
.5 wt% PCL-b-PEG (7000-b-5000 g/mol, respectively). NP
ize was varied by changing the starting solute concentra-
ion in THF, while the stabilizing polymer concentration was
ept constant.

Alternatively, particle size can be modified using
ydrophobic solutes that act as seeding agents promoting
article growth. In one application, PCL homopolymer was
o-precipitated with paclitaxel to produce NP with con-
rolled particle size under fixed mass concentrations of
aclitaxel and PCL. The number of nucleating sites that
ontrols the number of growing paclitaxel particles was

odified by changing the PCL molecular weight. Higher
CL molecular weight means fewer nuclei are available for
ubsequent drug growth, resulting in larger particle sizes.
his effect is shown in Fig. 5 for paclitaxel NP formulated

igure 5 Effect of PCL homopolymer molecular weight on
article size prepared by FNP. Particle size is represented by
ars and the corresponding PDI by filled squares. Lines connect-
ng PDI data points are added for clarity. This approach allows
or particle size to be controlled independently of the active
oncentration.
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sing PCL homopolymer with molecular weight ranging from
250 g/mol to 80,000 g/mol, and stabilized with PCL-b-PEG
2900-b-5000 g/mol, respectively). This technique has the
dvantage of controlling NP size independently of the active
oncentration.

reating insoluble species

he supersaturation requirement in FNP makes the solute’s
ow aqueous solubility a key requirement for its success-
ul incorporation into NP. For solutes where supersaturation
evels are low, several routes can be used to modify
ydrophobicity, including conjugation, ion pairing, and com-
lex formation.

In solute conjugation, the solute of interest is first conju-
ated to a hydrophobic species anchor, and then formulated
nto NP using FNP. This method aims at modifying the solute
olubility through covalent attachment of to a hydrophobic
olecule, such as a hydrophobic polymer or vitamin to form
drug conjugate exhibiting lower water solubility than the

riginal active drug. The resulting increase in hydrophobic-
ty is due to the hydrophobic nature of the anchor and the
ncreased molecular weight of the resulting solute. Using
his approach, hydrophilic solutes are rendered hydrophobic
hrough conjugation to a hydrophobic anchor, and formu-
ated into NP via FNP. The linker chemistry involved in the
nchor-drug forming the conjugate controls the drug release
ate. In one application, the nature of the linker chemistry
nd the hydrophobicity of the anchor were modified in pacli-
axel conjugate NP prepared via FNP, resulting in extended
irculation times and improved therapeutic efficacy in vivo
ompared with unmodified drug [50]. Hoye et al. proposed
ovel silicate ester prodrugs of paclitaxel and docetaxel,
nd determined the corresponding hydrolysis rates and cyto-
oxicity, providing a novel platform for modulating the drug
elease rate in drug conjugate NP [51]. The concept of conju-
ation to enhance supersaturation also applies to inorganic
gents with applications to chemotherapy and in vivo imag-
ng [16].

Alternatively, hydrophobicity can be increased through
on pair formation. Modification of weakly hydrophobic, ion-
zable API through ion pair formation results in salts with
ufficient hydrophobicity to form stable NP via FNP. The solu-
ility and crystallinity of cinnarizine, clozapine, and �-lipoic
cid were modified in situ through pairing with salt forming
gents during the FNP process to yield stable, controlled
ize NP [52]. The encapsulation efficiency and drug load-
ng were controlled through the base-to-acid ratio in the
rganic stream. Unlike drug conjugation, the resulting for-
ulation modifies API properties through ionic interactions,

hus avoiding the need for FDA approval as a new chemical
ntity. Ion pairing expands the range of solutes which can be
ormulated into NP via FNP, to include weakly hydrophobic,
onizable molecules.

A similar approach has been used to precipitate siRNA and
lucidate the mechanism of macromolecular structure for-
ation during particle assembly [46,53]. In this approach,
iRNA precipitation is induced through rapid mixing of a
ipids solution dissolved in ethanol with an acidic aque-
us solution of siRNA at a predetermined molar ratio of
he ionizable lipid amine to siRNA phosphate (N/P). High
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suggest the hydrophobic block of the diblock copolymer
should be amorphous, possess a glass transition tempera-
ture (Tg) higher than the usage temperature, and have a
large difference in its solubility parameter compared with
PEG. The last requirement minimizes the risk of PEG chains
partitioning into the NP core instead of providing surface
protection, which reduces stability. Based on the results and
the literature [58] PLGA-b-PEG provided the most suitable
stability profile among the polymers tested due to its high
Tg, biocompatibility, biodegradability, and amorphous state.

Kumar et al. evaluated the effect of the stabilizing poly-
mer type used in NP of itraconazole and odanacatib prepared
by FNP [59]. Two stabilizing polymers were used in the study:
a diblock copolymer of PS-b-PEO (PS Mw 1000 g/mol, PEO
Mw 3000 g/mol), and poloxamer P407, a block copolymer
of polypropylene oxide and PEG. Both polymers have sim-
ilar solubility parameters, leading to similar attachment
energies on the NP surface. The resulting initial particle
sizes produced by FNP were similar for both polymers. How-
ever, the state of the hydrophobic blocks differs under the
experimental temperature conditions (5 ◦C and room tem-
perature), where PS is a glassy structure (Tg = 95 ◦C), while
P407 exists in a liquid state (Tg = −75 ◦C). As a consequence,
P407 is kinetically active, capable of desorbing from the NP
surface along with solute molecules, leading to increased
solubilization of the drug. The end result is increased Ost-
wald ripening rates due to the increased drug effective bulk
concentration. In contrast, the PS-b-PEO is better anchored
on the NP surface due to the frozen state of PS, making the
block copolymer less prone to desorption, and resulting in a
more stable NP formulation, as shown by the experimental
results.

Block copolymer concentration

The amount of stabilizer affects particle size until a crit-
ical size corresponding to Da = 1 is reached. In the region
of turbulent mixing (Da < 1), particle size is not significantly
affected by the stabilizing polymer concentration [60]. The
effect of polymer concentration on average particle size for
NP formed under turbulent mixing conditions is shown in
Fig. 6. The polymer concentration has a minor effect on

Figure 6 Particle size (bar) as a function of stabilizing PCL-
Flash nanoprecipitation

encapsulation efficiency can be obtained at low N/P through
appropriate buffer species selection. Particle formation was
followed by an annealing step in the 50% ethanol solu-
tion resulting from the mixing process. The annealing step
enables the initially disorganized macromolecular structure
to rearrange into ordered lamellar structures in the final
product. Instability caused by Ostwald ripening was signif-
icantly inhibited through the use of structurally matched
co-lipids and the modulation of lipid nanoparticle size [54].

The creation of insoluble species can also be achieved
through pH change. In one study, Peptide B, a nine residue
analog of an agonist for Bombesin Receptor Subtype 3, was
precipitated into NP via FNP through organic/water solvent
exchange and by a rapid pH switch from a value of three to
a value of seven in aqueous media [47]. The study includes
qualitative Brownian dynamics simulations that confirm the
experimentally observed dependence of nanoparticle size
on supersaturation.

Polymer stabilizers selection

This section provides an overview of the amphiphilic
diblock copolymer selection and the corresponding proper-
ties affecting NP production by FNP.

Why use amphiphilic diblock copolymers?

Aqueous suspensions of hydrophobic solute NP are non-
equilibrium systems. As evident from the discussion above,
the high interfacial surface area resulting from reduced par-
ticle size renders such systems prone to aggregation, unless
the surface is charged, or modified through adsorption of
ionic surfactants or polymers. Highly charged surfaces yield
flocculation at high salt concentrations, and increased pro-
tein binding, which limits their efficacy in vivo [55].

The use of amphiphilic diblock copolymers for NP stabi-
lization offers several advantages in formulation processing
and in vivo efficacy. Using PEG as the hydrophilic block leads
to prolonged circulation times [55]. Diblock copolymers
exhibit lower critical micelle concentration (cmc) than sur-
factants, which reduces the partitioning of the hydrophobic
segment off of the NP surface in vitro and in vivo, resulting
in enhanced stability and longer protection from opsoniza-
tion in vivo. During NP formation by FNP, amphiphilic diblock
copolymers arrest solute particle growth and provide stabi-
lization before aggregation to the micron size occurs. Unlike
graft and triblock copolymers, aggregation through bridging
does not occur.

Block copolymer selection

The nature of the polymer used plays an important role in
controlling the stability of NP produced by FNP. One study
by Pustulka et al. investigated the structure and stabil-
ity of �-carotene NP prepared by FNP using four different
amphiphilic diblock copolymers, with a hydrophobic block

Mw of about 10,000 g/mol, and a PEG Mw of 5000 g/mol as the
hydrophilic block [56,57]. The hydrophobic blocks consisted
of polystyrene (PS), PCL, polylactide (PLA), or poly(lactic-
co-glycolic acid) (PLGA). For optimal stability, the results

b-PEG (3000-b-5000 g/mol, respectively) concentration at fixed
VES concentration (1 wt%). Concentrations are based on the THF
stream prior to mixing. Lines connecting PDI data points are
added for clarity.
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Figure 7 Paclitaxel-VES conjugate remaining in plasma four
hours following injection in mice using NP stabilized with block
copolymers of varying block lengths. Numbers subsequent to the
block designation refer to the block molecular weight (kg/mol).
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article size beyond a critical amount needed for particle
tabilization.

In one study, P407 was used to stabilize itraconazole NP
nder various mixing conditions [61]. Particle stabilization
as tested through antisolvent precipitation with P407 sta-
ilizer in the organic phase or in the aqueous phase, at
oncentrations below the cmc. When mixing with P407 in the
queous phase, the polymer chains have to diffuse through
he bulk aqueous phase and the aqueous/organic interface
efore providing drug stabilization, leading to insufficient
urface coverage and particle growth by condensation and
oagulation. The end result is larger particle sizes (600 nm at
he lowest stabilizer concentration). Particle size decreased
ith increasing stabilizer concentration up to the region
f Da < 1. Mixing with the stabilizer in the organic phase
esulted in smaller particle sizes (290 nm under the same
onditions) due to faster diffusion of the stabilizing polymer
o the precipitating drug molecules.

Surface coverage on NP was studied using PS latex NP
oated with PS-b-PEG (PS block molecular weight of 1 and
.5 kg/mol, and PEG block molecular weight of 3 kg/mol)
sing FNP [62]. Surface coverage was elucidated through
ynamic light scattering analysis and the Baleux iodine com-
lex assay to quantify PEG concentrations on latex spheres
r in the micellar phase. Above a polymer concentration
f 0.53 wt%, a distinct population of free micelles was
bserved along with coated PS spheres. The results reveal
n increase in the original particle size from 246 nm without
tabilizing polymer to plateau at 300 nm with increasing PS-
-PEG concentrations. The size increase is comparable to an
dded layer equivalent to the radius of a free micelle. PEG
acking density analysis reveals a PEG surface coverage of
.29 nm2/polymer, which is less than the fully equilibrated
hain of the same length (0.75 nm2/polymer), and closer
acked than the Flory size (13.6 nm2/polymer).

w effects

he block copolymer properties affect the drug NP in vivo
learance behavior. The relationship between block copoly-
er structure and clearance is elucidated in a study using

arious amphiphilic diblock copolymers of PEG associated
ith a hydrophobic block of PS, PCL, PLA, or PLGA, of var-

ous molecular weights [63]. The NP clearance behavior of
aclitaxel-VES conjugate NP in vivo stabilized using selected
lock copolymers, and the in vitro complement assay analy-
is, provided insight on the effect of polymer chemistry and
w on NP circulation in vivo. The amount of paclitaxel-VES

emaining in plasma four hours following injection of NP in
ice was determined by HPLC and is shown in Fig. 7.
Reducing the PCL Mw while keeping the PEG Mw constant

t 5000 g/mol increases protection, thanks to a more lat-
rally compressed dense PEG layer. At constant PCL Mw,
educing the PEG Mw to 2000 g/mol provided less protec-
ion. These results suggest the relative anchoring area of the
ydrophobic block compared with the solvated PEG chain, as
ell as the absolute PEG molecular weight affect the poly-

er stabilizing efficiency. Another effect identified through

he study is the anchoring strength of the hydrophobic block
elative to the solvation energy of the hydrophilic block.
he hydrophobic block with the largest Log P value provided

w
t
T
m

rror bars represent standard deviation (n = 3). Figure adapted
rom [63].

etter protection in vivo. Log P combines both the Mw effect
nd the hydrophobicity of the polymer. At the same Mw, PCL
s an order of magnitude less hydrophobic than PS, which
rovided superior protection. Increasing the hydrophobicity
f PCL through increasing its Mw makes it unfit for FNP due
o kinetic limitations. The crystallinity of the hydrophobic
lock also affects its protection efficiency. As discussed ear-
ier, stable formulations prepared by FNP require amorphous
olymers. The in vivo results also reveal the poorest circu-
ating NP were stabilized using PCL-b-PEG with the highest
CL Mw, which correlates with a higher tendency for crys-
allization.

In terms of particle stability, Zhu demonstrated that the
ydrophobic block molecular weight does not affect particle
ize for PLGA-b-PEG NP of �-carotene prepared via FNP [58].
he study provides a guideline for block copolymer selection

n NP formulation of hydrophobic drugs.

ther polymeric stabilizers

he use of polymer stabilizers in FNP is not restricted to
lock copolymers. For instance, Gelatin was adsorbed on
olystyrene NP via FNP, and the stability of the resulting
elatin coated NP was investigated by ex situ dynamic light
cattering as a function of mixing intensity. The results show
trend of increasing stability with increasing mixing inten-

ity [64]. In another application, polyvinylpyrrolidone (PVP)
nd polyvinyl alcohol (PVOH) were used to produce stable
P of the pesticide bifenthrin using FNP [48].

Other examples of polymer stabilizers include polyelec-
rolytes. For instance, branched polyethyleneimine (PEI, Mw

50,000) was incorporated into NP via FNP using poly(acrylic
cid)-b-poly(ethylene oxide) (PAA-b-PEO) [49]. Precipitation

as induced through electrostatic interaction by mixing

he block copolymer and PEI at equal charge in an MIVM.
he resulting particle size was dependent on mixing until
ixing was fast enough (Re > 2000) to provide homogenous
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Figure 8 Long wavelength fluorescent dye NP used for in vivo
imaging. Mice were injected with a 2 mg dose of the long wave-
length dye particles through a 100 �L tail-vein injection, and
were imaged 30 min post-dose. The center mouse is used as
control. The two mice on the right and left are injected with
fl
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conditions. In another application, NP of �-carotene were
successfully stabilized by steric and electrostatic effects
using linear PEI, branched PEI, �-polylysine (PL), or chitosan,
with solute loadings up to 90 wt% [20]. The study results
reveal enhanced NP stabilization using branched PEI com-
pared with linear PEI, and with higher molecular weight
polyelectrolytes.

More recently, non-polymers have been used in FNP
for the production of curcumin NP via FNP [45]. Using
the non-polymeric surfactants phosphatidylcholine and gly-
cyrrhizinate salts, curcumin emulsions were processed via
FNP to obtain stable, controlled size NP. The study demon-
strates the use of a volatile oil-in-water emulsion as an
alternative for the organic solution typically used in the FNP
process.

Examples and applications

This section provides some examples of solutes formulated
via FNP for various applications. Since its introduction in
2003, many solutes have been formulated into NP via FNP
for various applications, as discussed in this review and sum-
marized in Table 2.

Multiple actives NP

Recently, significant interest has been dedicated toward
engineered nanomaterials with multifunctional capabilities,
such as imaging, diagnostic and therapy, and multiple drug
delivery [83]. Based on the previous discussion, it is now
clear that FNP relies primarily on the condition of super-
saturation followed by polymer arrested growth to yield
controlled size solute NP. Therefore, co-precipitation of
chemically different solutes is possible using FNP provided
the condition of supersaturation is met for each precipi-
tated component. The work of Gindy et al. illustrates this
approach through co-precipitation into controlled size NP
of colloidal gold (Au) as an illustrative imaging contrast
agent and �-carotene as a model therapeutic [80]. Using
FNP, inorganic Au colloids of about 5 nm in diameter were
co-encapsulated with �-carotene as a model drug using PCL-
b-PEG via FNP. The particle size was changed from 75 nm to
275 nm using PCL homopolymer. In another application per-
taining to sunscreens, organic and inorganic UV filters were
co-encapsulated using FNP to achieve broad-spectrum UVA,
UVB, and UVC wavelength absorption [44]. Composite NP
formulations were prepared using organic UV filters Uvinul
A Plus, Uvinul T150, or Uvinul M 40, and the inorganic fil-
ters zinc oxide or titanium dioxide. Co-aggregation of T 150,
A Plus, and titanium dioxide resulted in strong absorption
over the UVA, UVB, and UVC wavelength. Additionally, par-
ticle size was tuned using PS as an inert co-solute, which
allows for enhanced UV mitigation through both absorption
and scattering.

Imaging
Formulating imaging agents into NP provides a formulation
route for hydrophobic dyes, enhanced shielding from the
biological environment, increased stability against oxidative

r
p
p
e

uorescent dye NP directed to the lungs.

egradation or photobleaching, and potentially increased
rightness [84]. NP-based imaging contrast agents, partic-
larly those based on iron oxide, gold, and semiconducting
etals, provide improvements to imaging techniques such

s X-ray, near-infrared fluorescence imaging, and magnetic
esonance imaging [84]. Fig. 8 illustrates the use of long-
avelength fluorescent dyes for in vivo imaging.

One type of materials currently explored for bioimaging
nd photodynamic therapy applications are up-conversion
hosphors (UCP) [78]. Using near-infrared light irradia-
ion, UCP produce emissions in the visible spectrum, which
ddresses the limitation in tissue penetration observed with
onventional down-converting imaging agents [85]. FNP was
sed to produce a stable composite NP system consisting of
UCP core, an intermediate coat of tetraphenylporphyrin,

nd a PEG layer allowing for oxygen penetration, singlet
xygen diffusion, and providing a biocompatible layer for
nhanced in vivo circulation [78,85]. The NP dispersions for-
ulated using PLGA-b-PEG or PLA-b-PEG were stable under
hysiological conditions. Particle size remained unchanged
or seven days for samples in water, PBS buffer, or culture
edia. In contrast, the PCL crystallinity lead to instability

n PCL-b-PEG stabilized NP [78].
FNP provides a platform for the preparation of multi-

unctional NP. Akbulut et al. use FNP for the preparation
f fluorescent NP using nile red, coumarin, pyrene,
nthracene, and porphyrin, and combinations of an organic
olute (vitamin E) and a fluorophore in a single NP for
imultaneous drug delivery and biological imaging [79]. NP
ere stabilized using PS-b-PEG, providing NP with emission
eaks ranging from, but not limited to, 320 to 720 nm. More
ecently, FNP was used to produce high loading NP of a
entacene-based fluorescent dye with high hydrophobicity,

hotobleaching resistance, and a relatively long wavelength
mission of 695 nm [74].
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Table 2 Examples of NP formation via FNP.

Solute Solute/study description Stabilizer Reference

Iron oxide-based nanocrystal and
NIR dye
tris-(porphyrinato)zinc(II)

MRI and fluorescent imaging
agents

PLA-b-PEG [65]

Hydrophobic
aggregation-induced emission
(AIE)-active dye of EDP

Fluorescent imaging agent PCL-b-PEG [66]

Curcumin Many potentially
beneficial therapeutic
applications [67]

Phosphatidylcholine and
glycyrrhizinate salts

[45]

PLA-b-PEG [68,69]
None Study illustrates the use of

Zein, a corn product, in FNP
Zein [70]

Rifampicin, antibiotic SQ641,
cyclosporine A

Tuberculosis treatment PLGA-b-PEG [71]

Tannic acid Antioxidant PS-b-PEG [72]
Au or Pt Hybrid metal nanoparticle

deposited onto spherical
polymer assemblies

PS-b-PVP [73]

Et-TP5 Formation of fluorescent dye
NP of a pentacene derivative
dye for biomedical imaging

PS-b-PEG [74]

�-Carotene, hydrocortisone,
betulin, paclitaxel

NP stability enhancement using
chemical conjugation, and
correlation with Log P of drug
molecules

PLGA-b-PEG [18]

CdSe core-only and CdSe—ZnS
core—shell nanocrystals

Formation of stable quantum
dots NP.

PS-b-PEG; Pluronic F127 [75]

�-Carotene, hydrocortisone,
betulin, paclitaxel,
triiodophenol

Effect of BCP, solute, and
formulation conditions on the
formation and stability of NP.

PS-b-PEG; PCL-b-PEG,
PLA-b-PEG, PLGA-b-PEG

[56—58]

Progesterone NP formation of a promising
therapeutic for treating
traumatic brain injury

PLA-b-PEG [42]

SR13668 NP formation of an anti-cancer
drug candidate with limited
bioavailability.

PLGA [43]

Ethylhexyl triazone (Uvinul T
150), benzophenone-3 (Uvinul
M 40), diethylamino
hydroxybenzoyl hexyl
benzoate (Uvinul A Plus), zinc
oxide, and titanium dioxide

Inorganic and organic
hydrophobic sunscreen filters
incorporation into NP

PS-b-PEG [44]

Bioactive amphiphilic
macromolecule (AM)

NP containing AM, a potential
active for counteracting
atherosclerotic plaque
development

PLA-b-PEG [76]

�-Carotene and PEI NP formation of a model
hydrophobic drug and a
macromolecule.

PS-b-PEG; PCL-b-PEG,
PAA-b-PEO

[49]

Upconverting nanophosphors
(UCNP) and meso-tetraphenyl
porphyrin (TPP)

NP formation of UCNP and TPP
for photodynamic therapy and
bioimaging.

PLA-b-PEG [77]

Upconverting nanophosphors
(UCNP)

NP formation of UCNP with
enhanced stability in DI water,
PBS buffer, or culture media.

PLC-b-PEG; PLA-b-PEG,
PLGA-b-PEG

[78]

�-Carotene NP formation using
polyelectrolytes.

Linear/branched PEI,
chitosan, PL

[20]
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Table 2 (Continued)

Solute Solute/study description Stabilizer Reference

Pyrene and vitamin E Formation of multifunctional
fluorescent NP for
simultaneous drug delivery and
biological imaging.

PCL-b-PEG; Functional
PCL-b-PEG

[79]

Bifenthrin NP formation of bifenthrin, a
model pesticide.

PCL-b-PEG; PS-b-PEG;
pluronic F127; PVOH;
PVP; poly(acrylic
acid)-b-poly(butyl
acrylate)

[48]

�-Carotene and Au Simultaneous encapsulation of
organic actives and inorganic
nanostructures

PCL-b-PEG [80]

Clarithromycin NP formation of a macrolide
antibiotic.

Carboxylmethyl cellulose
acetate butyrate

[81]

Paclitaxel NP formation of paclitaxel
prodrugs resulting in enhanced
efficacy in vivo.

PS-b-PEG [50]

�-Carotene NP formation of a hydrophobic
solute.

PS-b-PEG [82]

Targeting

In addition to exploiting passive targeting through the EPR
effect, functionalizing NP surfaces by tumor-specific ligands
provides opportunities for active targeting of cell surface
receptors that triggers NP internalization into the cell. FNP
provides a platform for the development of NP carriers
with targeting capabilities. One application uses NP func-
tionalized with the Luteinizing Hormone-Releasing Hormone
(LHRH) targeting peptide, resulting in enhanced in vitro
cellular uptake [79]. Fig. 9 demonstrates uptake of 80 nm
PEG-protected NP into MS578T breast cancer cells with LHRH
targeting.

The versatility and ease of preparation of such formula-
tions was illustrated using bovine serum albumin (BSA) as a
model ligand for the formation of BSA bioconjugated NP with

Figure 9 MS578T breast cancer cellular uptake of LHRH PEG-
protected NP containing Nile Red fluorescent dye. The red areas
are Draq-5 stained cell nuclei.
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ccurate control of ligand density [86]. The study uses reac-
ive block copolymers of PCL-b-PEG with PEG terminated
aleimide functionality, which provide reactive sites for

ubsequent conjugation. The surface density of PCL-b-PEG-
aleimide is simply controlled by the fraction of reactive
lock copolymers used in the inlet stream of the MIVM mixer.
P formation is followed by surface conjugation with BSA
ia thiol-maleimide reaction, with up to 22% PEG-maleimide
ethers reaction. Another study demonstrates the use of FNP
o produce and optimize NP with targeting ligands for tuber-
ulosis drug delivery [87]. The NP surface was functionalized
ith mannoside moieties that bind to the mannose recep-

or, a transmembrane protein that binds to mannose caps on
he mycobacterium tuberculosis. Binding and uptake were
valuated in vitro using the murine macrophage J774 cell
ine. The study reveals the effect of several factors on the
inding and internalization of targeted NP, including the
erminal groups on PEG covering the NP surface, NP size,
nd ligand density. Using methoxy-terminated PEG chains
assivates the NP surface and evades recognition irrespec-
ive of particle size, while using hydroxyl-terminated PEG
hains shows a size-dependent association, whereby larger
articles provide increased association. Mannoside function-
lization of PEG chain ends provides a threefold increase
n binding compared with non-targeted NP independent of
EG molecular weight. A maximum was observed at a ligand
ensity of 9%, beyond which binding decreases. The study
llustrates the flexibility of FNP as a simple method for devel-
ping and optimizing novel drug NP formulations with active
argeting functionalities.

In another application focusing on atherosclerotic
laque development, FNP was used to formulate bioactive

mphiphilic macromolecules (AM) into NP with enhanced
tability and cell-targeted biological efficacy [76]. AM are
eing explored as therapeutic ligands for inflammatory
ells with increased inhibition of atherosclerosis. Unlike
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inetically assembled NP, micelle-based assemblies of AM
imit their efficacy due to micellar integrity limitations
nder physiological conditions. NP formulations were pre-
ared using bioactive AM composed of PEG conjugated
o mucic acid modified with lauroyl groups, and either

carboxylic acid or propyl amide terminal functional-
ty. PLA or mucic acid modified with lauroyl groups were
ixed with AM to provide hydrophobic core anchoring

ites with high affinity to the AM hydrophobic domains.
nder physiologically relevant conditions, the resulting for-
ulations reveal colloidal stability and biological activity,

hown through the degree of inhibition of oxidized low-
ensity lipoprotein uptake in inflammatory cells consisting
f human monocyte-derived macrophages. The resulting NP
emonstrate enhanced efficacy compared with micellar for-
ulations, and show affinity toward cell surface receptors

nvolved in atherosclerotic lesions development.

rocess of optimization

ne example illustrating the optimization of solute NP
ormation using FNP is the formulation of high-loading pro-
esterone NP [42]. Progesterone is a neurosteroid with
romising therapeutic potential for traumatic brain injury
TBI). It exhibits high hydrophobicity and high crystallinity,
hich limits its administration at therapeutically relevant
oses. FNP processing of progesterone with PLA-b-PEG
ielded a cloudy solution with large aggregates due to the
elatively low supersaturation (progesterone solubility in
0% THF is 0.42 mg/mL) achieved through mixing. How-
ver, addition of D-�-tocopherol (TOC) as a nucleating agent
nd solubilizer for progesterone resulted in stable NP for-
ation with drug loading of about 24% and encapsulation

fficiency of 69.4% and a final progesterone concentration of
0.8 ± 0.2 mg/mL. Particle size distribution was monomodal
ith an average of 270 nm. TOC preferentially partitions

nto a polymeric shell instead of phase separating into the
queous media, and provides a sink for progesterone. The
tudy demonstrates the production of high concentration
rogesterone NP formulations with high drug loadings using
DA-approved GRAS components.

ost processing

olvent removal requirement

he FNP process yields solute NP dispersions in aqueous and
rganic solvent mixtures. The high interfacial area between
he solute NP and surrounding liquid leads to instabilities,
ncluding particle aggregation, recrystallization, and Ost-
ald ripening, which requires post processing of the NP

ormulations to ensure stability. One study investigated the
stwald ripening of �-carotene NP produced by FNP and
tabilized using PS-b-PEO at varying organic solvent con-
ent [10]. The Lifshitz, Slyozov, and Wagner theory for
article growth was numerically implemented to predict
iffusion-mediated particle growth, and revealed quantita-

ive agreement with experimental results. The study shows
hat the most effective means of reducing particle growth
hrough Ostwald ripening is reduction of solute solubility,
hich is achieved by removing residual solvent introduced

s
s
c
c
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hrough the FNP process. A subsequent study using itracona-
ole and odanacatib formulations prepared by FNP provides
urther information on factors affecting NP stability [59].
he time scale for diffusion-controlled growth kinetics, td is
iven by [59]

d = RT r3

�v2DCeq

(7)

here R is the gas constant, r the particle size, D is the
iffusion coefficient, and Ceq is the equilibrium solubility.
he scaling suggested by the time scale expression and the
xperimental results reveal that in addition to the equi-
ibrium solubility, temperature, particle size, and molar
olume affect the ripening rate. Reducing the storage tem-
erature and removing residual organic solvent enhances
he formulation stability profile. Additionally, drug product
esidual solvent content should be limited in pharmaceu-
ical applications based on the solvent classification and
ermitted daily exposure [88]. Methods for removing sol-
ents from NP dispersions are briefly discussed in the next
ections.

ialysis

ne method for the removal of organic solvent following NP
ormation by FNP is dialysis. This technique uses a dialysis
embrane with specific molecular weight cutoff that allows

or solvent exchange but prevents larger particle diffusion.
P dispersions are placed in a dialysis bag and exchanged
gainst a batch of water, which is replaced several times
ver roughly 24 h, resulting in reduction of the amount of
rganic solvent. Care should be taken in selecting the dialy-
is bag materials of construction to ensure proper membrane
esistance to the solvent used. While this method is conve-
ient at the bench scale, it is time consuming for industrial
cale applications. Additionally, depending on the formu-
ated solute, the processing time scale involved in dialysis
ight be sufficient for solvent mediated instabilities to

ccur. To overcome this limitation, crossflow microfiltration
an be used to remove solvent and other residual impuri-
ies such as excess ligands, monomers, or stabilizers. In this
echnique, efficiency is enhanced by continuous exchange of
he NP dispersion with water across a membrane with a spe-
ific area and molecular weight cutoff. In one application, a
wo liter feed is processed in 2.5 h through crossflow micro-
ltration in a concentration step followed by a diafiltration
tep [89].

lash evaporation

ypical solvents used in FNP such as THF have lower boil-
ng points than water, and can be conveniently removed
y evaporation under reduced pressure conditions [90]. In
ash evaporation, liquid effluent product from the FNP
ixer is preheated and subjected to reduced pressure

hat induces partial vaporization, resulting in organic sol-
ent removal [91]. Using �-carotene as model hydrophobic

olute, NP suspensions prepared with THF as the organic
olvent were preheated to 45 ◦C, and fed to a vacuum
hamber twice. The process reduced residual solvent con-
entration to levels acceptable for drug applications, with
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Flash nanoprecipitation

96% solvent removal after two-stage flash evaporation, in
agreement with phase equilibria calculations. The success
of this method was partially attributed to the non-ideality
in the vapor—liquid equilibrium of the water—THF mixture,
which favors solvent removal. Flash evaporation is suited for
volatile organic solvents that do not exhibit azeotropes with
water.

Freeze drying

Alternatively, freeze drying or lyophilization can be used
for complete removal of both water and organic solvent
from NP dispersions, resulting in dry powder solids with
prolonged chemical and physical stability [92]. Lyophiliza-
tion is typically conducted in three phases under controlled
temperature and pressure conditions: first, the NP dis-
persion is solidified by freezing below the glass transition
temperature for amorphous formulations or the eutectic
temperature for crystalline formulations, followed by ice
sublimation, and finally secondary drying to achieve desorp-
tion of unfrozen water [92]. The freeze drying process is an
expensive unit operation in pharmaceutical manufacturing
that involves several tunable parameters, including temper-
ature, heating/freezing rates, and cryoprotectant type and
concentrations [92]. Simply drying NP dispersions by rotary
evaporation causes irreversible aggregation and the forma-
tion of aggregates larger than 1 �m, while freeze drying
requires addition of significant amounts of cryoprotectant
to minimize aggregation upon NP redispersion [43,93]. For
instance, to minimize aggregation, �-carotene NP disper-
sions produced by FNP and stabilized with PLGA-b-PEG
were freeze dried using sucrose as a cryoprotectant at a
NP/sucrose weight ratio of 1/60 [93]. The large amounts of
cryoprotectant needed present limitations to the NP concen-
tration that can be administered in vivo while maintaining
isotonic conditions. Alternative excipients have been iden-
tified for optimal cryoprotection. For instance, nitric oxide
prodrug NP produced by FNP were freeze dried using tre-
halose and Pluronic F68 at a NP/cryoprotectant weight ratio
of 1/18.5 [94]. In the case of progesterone formulated with
TOC, freeze drying using Pluronic F68 as a cryoprotectant
at a NP/Pluronic weight ratio of 3/4 yielded stable dry
powders that can be reconstituted at clinically relevant con-
centrations and osmolarity by simple hand agitation, while
maintaining original particle size [42].

Alternatively, concentrating and drying NP can be
achieved through hydrogen bonding coacervate precipita-
tion (HBCP) [93]. HBCP is a fast process that exploits
hydrogen bonding interactions between PEG on the NP
surface and polycarboxylic acid compounds to reversibly
precipitate NP suspensions, while avoiding sample exposure
to thermal stress. Addition of the acid to the NP suspen-
sion following FNP leads to a fast, reversible precipitation
of a coacervate, induced by hydrogen bonding of the acid
and the PEG chains. The coacervate is recovered by cen-
trifugation or filtration, which removes most of the liquid,
and dried by conventional drying or freeze drying. Recovery

of the NP suspension is achieved by ionization of the acid
groups to pH > 7, which breaks hydrogen bonding and causes
complex dissociation and resuspension of the NP to within
10% of their original size.
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pray drying and spray freeze drying

olvent removal can also be achieved through spray dry-
ng. In one application involving the formation of porous
P aggregate particles (PNAP) for drug delivery to the lung,
he MIVM was integrated to a spray dryer to allow for NP
ormation and drying in one step [95]. Using this setup, a
rug conjugate of the antibiotic rifampicin was formulated
nto NP via FNP and spray dried with the amino acid leucine
rom an ethanol/water solution to yield PNAP. The result-
ng particle size and structure were suitable for deep lung
eposition.

Spray freeze drying involves atomization of the NP sus-
ension in a cryogenic liquid to induce fast freezing followed
y the lyophilization drying steps [96]. This method has been
sed with FNP to produce NP embedded micron sized par-
icles for therapeutics delivery by aerosol inhalation [97].
elivery of NP to the lungs is attractive because NP in the
00—200 nm size range are retained in the lung longer than
icron-sized particles. However, in the ∼100 nm size range,
article delivery to the lung surface as a powder aerosol is
ifficult [98]. One approach to resolve this is to embed NP in
soluble matrix to form micron sized particles, which can be
elivered to the lung surface as a powder aerosol. The larger
articles dissociate quickly to yield NP deposited on the lung
urface. Using FNP, cholesterol NP were spray freeze dried in
mannitol matrix using ultrasonic atomization. The result-

ng powders increased in size upon redispersion, but yielded
article sizes <250 nm upon sonication. In contrast, spray
rying resulted in irreversible aggregation and low powder
ields.

onclusions

he factors controlling NP formation by FNP have been
lucidated. The current understanding of particle forma-
ion by rapid precipitation and subsequent stabilization
akes FNP a platform technology that can be exploited

or several applications thanks to high loading efficiencies,
oading contents, control of particle size, and flexibility in
ncorporating multiple actives. The starting point in FNP
s imposing uniform high supersaturation conditions that
ffect nucleation and growth rates. This is achieved by
ast mixing through various geometries (CIJ, MIVM), lead-
ng to simultaneous incorporation of multiple species, and
lock copolymer arrested particle growth. Conjugation, ion
airing, and the use of co-solutes provide NP formulation
pportunities for a wide range of actives, while the produc-
ion of multifunctional NP expands the scope of applications
here FNP can be beneficial. The method is easily scal-
ble and the post processing of formulations produced by
NP ensures particle stability. The range of applications for
NP is bound to grow as the understanding of the process
echanism is further elucidated.
cknowledgements

he authors thank Mr. Emilio El Zir for assistance with the
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