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Nanoparticles are a drug delivery platform that can enhance the efficacy of active pharmaceutical ingredients,
including poorly-water soluble compounds, ionic drugs, proteins, peptides, siRNA and DNA therapeutics. To
realize the potential of these nano-sized carriers, manufacturing processes must be capable of providing
reproducible, scalable and stable formulations. Antisolvent precipitation to form drug nanoparticles has been
demonstrated as one such robust and scalable process. This review discusses the nucleation and growth of
organic nanoparticles at high supersaturation. We present process considerations for controlling
supersaturations as well as physical and chemical routes for modifying API solubility to optimize
supersaturation and control particle size. We conclude with a discussion of post-precipitation factors
which influence nanoparticle stability and efficacy in vivo and techniques for stabilization.
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1. Introduction

Engineered organic nanoparticles have been investigated for many
applications due to the enhanced material properties that result from
a reduction in particle dimensions. Perhaps the most active area of
research is in the pharmaceutical industry, where drug nanoparticles
have the potential to provide customized drug delivery vehicles [1]
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and targeted probes for bioimaging [2,3]. In recent years, many of
the new lead compounds coming from drug discovery efforts are
compounds that are difficult to deliver effectively. Examples are
compounds with low aqueous solubility and oral bioavailability, as
well as newer therapeutics which are sensitive to degradation or
opsonization and clearance [4,5]. To enable the use of therapeutic
compounds such as these, non-traditional dosage forms and delivery
routes have been intensely investigated. Many nano-constructs
including liposomes, dendrimers, lipid and polymeric nanoparticles
and nanocapsules have been developed in the effort to overcome
the aforementioned delivery barriers and their formation as drug
nanocarriers is reviewed elsewhere [6–10].

Pure drug nanoparticle delivery systems with high payloads,
extended circulation times and active targeting capabilities show
particular promise to help realize the potential of new therapeutic
entities [1] or to improve the delivery of currently used drugs [11] by
increasing the maximum tolerated dose (MTD) [12], limiting systemic
distribution of cytotoxic agents [13], protecting from opsonization
and clearance in the bloodstream [14,15], increasing dissolution rates
and bioavailability [16,17] and localizing drugs by passive [18–20]
and/or active targeting [21]. Therefore, there is strong motivation to
develop general techniques for the manufacture of therapeutic
nanoparticles. In the development of nanoparticle formulations with
multiple functionalities, success requires an understanding of the
phenomena controlling their synthesis, form and stability. To obtain
nanoparticles of drugs, “top-down” processes that involve breaking
down larger particles by milling are a relatively simple method to
produce nanoparticles [22], while “bottom-up” processes involving
assembling and controlling precipitations at the nanometer scale are
often more challenging. However, the latter route opens the way for
interesting possibilities to incorporate multiple APIs in a single nano
carrier and to tailor nanoparticle surface functionality.

The focus of this review is on the assembly and stability of drug
nanoparticles via supersaturation and precipitation. The nucleation
and growth kinetics dictate the final particle size and the size
distribution (Section 2) and are controlled via supersaturation, which
can be achieved by controlling process parameters (Section 3) and by
modifying API solubility (Section 4). The phase of the drug in
nanoparticle form (i.e. crystalline or amorphous) affects stability
and bioavailability in vivo (Section 5). Lastly, the stability of the
particles can be affected by aggregation or recrystallization, which is
driven by the high energy of the interface, and approaches to
stabilizing are described (Section 6).

2. Nucleation and growth

In classical crystallization theory, phase separation occurs at the
onset of supersaturation in order to reduce the system free energy. In
homogenous nucleation, local concentration fluctuations result in the
formation of primary nuclei, which grow by the association/
aggregation of molecular species, in a statistical manner, until a
critical size is reached and the nuclei are stable against dissolution.
The nucleation rate B follows an Arrhenius relationship [23]

B = K1 exp −ΔGcr

kT

� �
: ð1Þ

Here K1 is a constant, k is Boltzmann's constant, T is the absolute
temperature and ΔGcr is the critical free energy for nucleation. The
free energy change for nucleation of a spherical particle with radius, r,
is the sum of the contributions of the energy required to form an
interface, ΔGs, and the free energy to form the bulk phase, ΔGv, [24]

ΔG = ΔGs + ΔGv = 4πr2γ +
4
3
πr3ΔGv ð2Þ
where γ is the surface tension. The interfacial term is always positive.
Since precipitation only occurs when the solution is supersaturated,
the bulk free energy change for precipitation is negative. The critical
nucleus size, rc, comes from differentiating and minimizing this func-
tion with respect to the radius,

rc =
−2γ
ΔGv

ð3Þ

The supersaturation ratio, Sr, is defined as the ratio of the particle
solubility at the interface, cs, to the bulk solubility, c∞,

Sr≡
cs
c∞

ð4Þ

and the solubility at the nanoparticle interface is given by the Kelvin
equation [25,26], written in terms of the local supersaturation at the
particle surface, Sr,

ln Sr≡ ln
cs
c∞

=
2γM
ρRTr

ð5Þ

where M is the molecular mass of the solute, ρ is the density, R is the
gas constant and T is the absolute temperature. The supersaturation
at the critical radius, rc, is then given by the combination of Eqs. (3)
and (5).

Substituting Eqs. (3) and (5) in Eq. (2) yields the expression for
ΔGcr and B is given by [23]

B = K1 exp − 16πγ3υ2

3k3T3 ln Srð Þ½ �2
 !

ð6Þ

where υ is the molar volume. Therefore, the nucleation kinetics are
controlled through both the local supersaturation and the temperature.

In precipitations, the supersaturation is often not uniform
throughout the volume, which leads to some confusion in evaluating
the literature. For processes involving precipitation by cooling, the
walls of the vessel will be colder than the average vessel volume and
so the value of Sr in Eq. (4) becomes spatially inhomogeneous. In
solvent-exchange precipitations where a dissolved solute is added to
a large volume of non-solvent, the supersaturation is often reported as
the total mass of solute added divided by the final solution volume, c,
divided by bulk solubility in the final solvent mixture [27]

S≡ c
c∞

: ð7Þ

This definition of supersaturation has no relationship to the actual
thermodynamic driving force for precipitation, which happens locally,
and changes over time. Mass transfer or mixing limitations in both of
these cases may make the actual supersaturation that controls
nucleation and growth orders of magnitude smaller than the average
value. This distinction becomes important for rapid precipitations at
high supersaturation.

Nucleation stops when the growth of earlier nuclei depletes the
solution supersaturation. The nuclei continue to grow until the
concentration of solute c is at the equilibrium value c∞. The precise
control of nucleation is often difficult, and so “seed” crystals are often
added to the system for heterogeneous crystallizations of large sized
particles. In heterogeneous nucleation, the inclusion of foreign sub-
strates reduces ΔGcr and thus nucleation occurs at a lower super-
saturation with the assembly of molecular species on the substrate.
The seeds control the number of particles by acting as the nuclei. The
area of large particle crystallization and seeding is outside the scope of
this review, but the reader is referred to Mullin [28,29]. Seeding is not
viable for the production of nanoparticles because the production of
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nanometer-sized seeds would be more challenging than producing
10–100 nm nanoparticles!

As an alternative to seeding to produce API nanoparticles,
hydrophobic macromolecules may be used to reduce the activation
energy for particle growth, induce nucleation, control the number of
nuclei and thus reduce particle size [30]. Saad added homopolymer
polycaprolactone (PCL) dissolved with paclitaxel in a water miscible
solvent, tetrahydrofuran, to drive heterogeneous nucleation in water.
For a series of experiments at constant mass of PCL but withmolecular
weights of 1250, 2000 and 10,000 g/mol, nanoparticles of 80, 95 and
147 nm, respectively, were produced. There are fewer PLC chains at
higher molecular weight and therefore fewer nuclei produced. The
drug accumulates on the fewer nuclei and produces larger particle
sizes. This area of heterogeneous nucleation to control nanoparticle
formation is largely unexplored at this time.

The relative kinetics of nucleation and growth dictate the quality of
the final particle size distribution. In the rapid precipitation of
pharmaceuticals, Mahajan and Kirwan explored the nucleation and
growth kinetics of lovastatin at low andhigh supersaturations, ranging
from S=1.8 to 7.4 in the absence of mixing limitations by using a grid
mixer with a quantified mixing time of 3 ms [31]. The grid mixer does
not suffer from the problem of spatially dependent supersaturation, as
described above for batch crystallizations, because all of the solute is
rapidly and uniformlymixedwithin 3 ms in a knownfluid volume. The
results are summarized in Fig. 1. As expected, the nucleation rate is
found to increase with increasing supersaturation. Further, as
supersaturation increases, both the nucleation rate and growth rate
undergo a distinct transition, corresponding to a transition from
heterogeneous to homogenous nucleation. In the high supersaturation
regime, secondary nucleation is largely avoided and formation of
nuclei is favored prior to significant growth, since the rate at which the
nucleation rate increases is four orders of magnitude greater than that
for the growth kinetics.

To gain insight on the growth mechanism for the nuclei, growth
models were fit to the experimental data. While a number of theories
exist for themechanism of growth of a crystal face [31], in general, it is
most energetically favorable for a molecule to desolvate and
incorporate on a growing crystal with a maximum number of contacts
at a kink site, rather than on the surface of a growing face or at the
edge of a growing face. A new crystal face then grows by absorption
and diffusion of solute particles. At high supersaturations and in the
absence of transport limitations, a surface nucleation growth
mechanism best fits the data of Mahajan and Kirwan. Therefore, the
rate of particle growth, G, is limited by the incorporation of molecules
at kink sites and surface growth of “steps” across the surface, which
-1

-1
-1

Fig. 1. The nucleation and growth rate of lovastatin crystals as a function of
supersaturation. At low supersaturation, the growth rate increase dominates the
changing precipitation kinetics. However, after a transition from heterogeneous
nucleation to homogenous nucleation, the rate of increase in the growth rate decreases
and the nucleation rate increases dramatically. Adapted from [31].
develop by a polynuclear nucleation mechanism on the face of the
growing crystal [31].

3. Creating supersaturation

Understanding the influence of supersaturation on particle
nucleation and growth has motivated the development of techniques
which are capable of optimizing supersaturation in order to reduce
the size and distribution of precipitated particles. In this section, we
review the major two processing techniques for inducing supersat-
uration of drug compounds. Traditionally, temperature quenching has
been applied to create micro-scale powders with narrow size
distributions while antisolvent addition has emerged as an approach
to achieve much high supersaturations for the production of
nanoparticles.

3.1. Temperature quenching

In the preparation of traditional dosage forms, the precipitation of
drug crystals is a critical step after chemical synthesis in which the
crystal polymorph, purity and size are determined. Supersaturation
and crystallization of drug compounds is often accomplished on an
industrial scale by cooling saturated drug solutions to induce
supersaturation in batch or semibatch processes. Open loop temper-
ature control of cooling profiles is most often used to control the
particle size distribution, though sophisticated control of the
supersaturation under the metastable zone limit has been shown to
be an alternative route to limiting polydispersity [32–34].

These techniques for crystallization of drug compounds are
unsuitable for the production of exclusively nanoscale drug particles.
The supersaturations that can be obtained by cooling a vessel are not
spatially uniform and are typically low [31], where values of S=10 are
considered high [35]. In contrast, supersaturations of 10,000 have
been achieved for solvent-switching and micromixing [36]. The
cooling applied at the walls of a crystallization vessel induces local
API nucleation in fluid which is then convected by mixing into the
bulk of the solution. Additional nuclei are formed by further
convection of fluid which creates a continuous process of nonuniform
nucleation, subsequent growth and yields a broad distribution of
particle sizes. In the Chemical Engineering field, this would be termed
the “residence time distribution” problem.

Supersaturation reached in this way is also limited by the thermal
stability of the drug. While traditional small molecule drugs are more
robust, newly developed biological therapeutic compounds are not
amenable to heating and cooling cycles. Thus, while temperature
quenching to induce supersaturation is viable for traditional crystal-
lization processes, new technologies to robustly produce nanoparti-
cles are required.

3.2. Antisolvent addition

An alternative technique to temperature quenching is the addition
of an antisolvent to the API solution to reduce solubility, or the reverse,
diluting the dissolved API into an antisolvent [37–40]. In thisway,mild
temperaturesmay bemaintained and supersaturations high enough to
yield nanoparticles are attainable. For hydrophobic APIs, self assembly
is initiated via a change from organic media to a poor solvent, such as
water or an aqueous buffer, while precipitation has been accomplished
for water-soluble compounds via addition of a organic solvent [41,42].
Though high supersaturation decreases both the size of the critical
nucleus rc and increases the nucleation rate B, it demands processes
with very short characteristic mixing times to ensure a suitable
particle size distribution. A review of mixing technologies by Johnson
and Prud'homme details the development of improved mixing
technologies which have enabled the use of anti-solvent addition to
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Fig. 2. Anti-solvent precipitation geometries: (a) batch and (b–c) continuous confined mixing geometries. In each schematic, B represents the water-miscible organic stream with
the dissolved API. The anti-solvent (typically water) is A. For the batch mode, the vessel is initially filled with A, whereas in the continuous precipitation geometry the A stream is
continuously injected with the B stream. Fluid dynamics simulations reveal that (b) for the CIJ, the highest energy mixing occurs at the collision of the impinging streams, whereas
(c) in the MIVM, this point of highest energy occurs at the exit of the mixing chamber. Figure adapted from references [43,48]. Color version available online.
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achieve high supersaturation and nucleation under homogenous
conditions [43].

There are two modes of operation for anti-solvent precipitation:
batch and continuous confined flow, as depicted in Fig. 2. For
simplicity we will consider the case of hydrophobic actives that are
precipitated by the addition of water as the anti-solvent. In the batch
processes, the API in a water-miscible organic solvent such as
methanol, ethanol, dimethylsulfoxide, tetrahydrofuran, N-methyl-2-
pyrrolidone, dimethylformamide or acetone is injected from a small
orifice into a vessel which is being rapidly mixed (Fig. 2a) [27,44,45].
Dilution of the organic stream by the bulk water initiates precipita-
tion. To limit particle aggregation and maintain nanometer particle
size, a water dispersible polymer is added to the aqueous phase.
The polymers most frequently used are polypropylene oxide-
polyethylene oxide block copolymers (Pluronics® or Poloxamers®),
polyvinyl alcohol or polyvinyl caprolactones. This process has the
advantage of using existing batch vessels but has the disadvantage of
poorer mixing than in the continuous confined geometries and,
therefore, less control of particle size and generally produce larger
sized particles.

We will focus on the newer approach of continuous confined
precipitation geometries (Fig. 2b and c). As shown in Table 1, the
advantage of these geometries is that higher mixing intensities can be
achieved by these mixers with shorter characteristic mixing times. In
these processes, the antisolvent stream and the organic solvent stream
containing drug and the stabilizing polymer are brought together in a
confined mixing chamber. The geometry may involve two streams
injected into a cavity, which has taken the name “confined impinging
Table 1
Approximate energy dissipation rates for process equipment. The rate of mixing two
fluids in turbulence increases as the energy dissipation rate increases. The data in the
table is compiled from the work of Bourne and coworkers from a variety of sources
[106–109].

Method Energy dissipation Comments

Impinging jets 1000–100,000 Based on momentum balance
Single turbulent jet 1000–40,000 Peak, large spatial variation
Rotor-stator mixer 500–5000 Peak near rotor
Static mixers 10–500 Inject in elements
Stirred tank 0.1–33 Depending on position
Centrifugal pumps 1 In volute
Turbulent pipe 1 0.1 axis, up to 10 near wall
jet” (CIJ) mixers (Fig. 2b) [43,46]. A variation of the impinging jet
geometry is coaxial flow of the two streams [47] but has poorer mixing
efficiency than impinging jets. The mixing time in a CIJ mixer has been
quantified to demonstrate that mixing times on the order of
milliseconds can be achieved [43]. The mixing in a CIJ requires the use
of streams of equal momentum which impinge upon each other,
dissipating their momentum upon collision, resulting in efficient
micromixing. The requirement for equal momentum limits the control
over supersaturation that can be achieved.

The other class of geometries involves multiple streams that are
directed into a central cavity (Fig. 2c) which has taken the name,
“multiple inlet vortex mixers” (MIVM) [48]. The flows into the
confined mixing chamber are continuous and the time scale for
mixing is well defined. All of the fluid elements pass through the high
energy mixing zone and experience the same history. Mixing in the
chamber has been characterized using competitive fast reactions and
it was shown that homogenous conditions were achieved in the
mixing chamber when the Reynolds number is N1600 [48].

The inserts in Fig. 2b and c for the CIJ and MIVM mixers are
computational fluid mechanics calculations of the energy dissipation
rates in the mixers [46,48]. In the CIJ, the highest energy density is in
the center of the cavity, whereas the MIVM has the highest energy
density at the exit port of the chamber. Production volume is
determined by time that the process operates, rather than the volume
of the batch vessel. These jet mixers scale from laboratory to
production sized devices, whereas the scale up of batch mixers to
larger volumes is generally difficult for nanoparticle precipitation
[43].

Antisolvent precipitation using confined mixing geometries has
been applied to the production of complex and multifunctional
therapeutic nanoparticles, including proteins and peptides [49],
imaging agents and therapeutics [50,51], and composite nanoparticles
with organic and inorganic cores [52,53]. When multiple streams are
used, it is possible to separate drugs, excipients and/or stabilizers
which may not all be miscible in the same solvent. Supersaturation
according to Eq. (7) can be controlled through (1) the concentration c
of drug in the system and (2) the drug solubility c∞ after mixing
through the quality of the mixed solvent. The flexibility of the MIVM
allows for control over the solvent mixing ratios through relative flow
rates, due to the fact that all streams contribute independently to
mixing in the chamber, and thus a wide range of values of c∞ can be
reached.
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To determine the optimal solvent/antisolvent mixing ratio for
supersaturation (e.g. volumetric flow ratio) in a precipitation process,
a supersaturation curve can be constructed as shown in Fig. 3. The
data in Fig. 3 are calculated from the measured solubility c∞ versus
solvent composition data and Eq. (7). The solubility at each solvent
composition is determined by preparing a saturated solution of the
active in a 100% organic solution, which is thenmixed as the indicated
volume ratios and allowed to equilibrate. The precipitated drug is
filtered out and the remaining drug in solution is quantified.

The commercial pesticide Boscalid (BASF) has an equilibrium
water solubility of 5 μg/L and a solubility in THF of 2.3×108μg/L. In
Fig. 3a, at too low a mixing ratio of water to solvent, low
supersaturations are achieved due to inadequate reduction in c∞. As
the volume fraction of the solvent is decreased, the supersaturation
increases dramatically, reaching nearly 1000 at 5 vol.% organic.
Beyond 5%, very high ratios of water to solvent dilutes the drug
concentration, c, so that, despite low solubility c∞, the supersaturation
is low. The competition between c∞ and c results in a maximum
supersaturation. For a compound such as Peptide B, a 7 residue model
peptide, that has a considerably higher water solubility of 10 mg/L
[49] and a solubility of 2×105mg/L in a 50/50 (v/v) mixture of DMF
and NMP, the maximum attainable supersaturation is only 3 at 30 vol.%
organic. The data for these systems indicates that the value of the
maximum supersaturation and the corresponding mixing ratio de-
pends on the solubility of the solute of interest in the particular solvent/
anti-solvent system. The latter parameter can be optimized through the
construction of solubility curves in several solvents, while the solubility
of the solute in a solvent system may be tailored through means
described in Section 4.

In addition to adjusting the solvent quality via mixing ratios, the
supersaturation depends on solute concentration, c. The highest
supersaturation is achieved by saturating both streams prior to
a

b

230 mg/mL230 mg/mL
12 mg/mL12 mg/mL

Fig. 3. Supersaturation, S, as a function of the relative mixing ratios of organic solvent to
water. (a) Comparison of highest attainable supersaturation for (○) Boscalid, a
pesticide, and (■) Peptide B, a seven residue model peptide. The organic stream
contains Boscalid at a concentration of 230 mg/mL and Peptide B at 200 mg/mL, their
saturation concentrations. There is a maximum superpersaturation that depends on
each API/solvent system. (b) When the concentration of Boscalid in the organic stream
is decreased 20-fold, the conditions at which supersaturation and nanoprecipitation is
achieved becomes limited.
mixing. When the concentration of API in the organic stream is
decreased from saturation to 20× below the equilibrium solubility in
the organic phase, c∞, organic, the supersaturation drops, so that
supersaturation is only attainable at a limited range of solvent
compositions as shown in Fig. 3b for Boscalid.

4. Methods for supersaturating therapeutic compounds

In cases where water solubility limits supersaturation, it may be
desirable to modify the hydrophobicity of a drug compound to
increase supersaturation in aqueous media to facilitate nanoparticle
formation and stabilization. We now describe the modifications to
therapeutic agents which may be applied to increasing the hydro-
phobicity of poorly water soluble, hydrophilic, ionic and inorganic
therapeutic agents.

4.1. Increasing hydrophobicity by covalent conjugation

Conjugation of a drug compound to a poorly-soluble “anchor” (i.e.
a hydrophobic compound to which it can be conjugated) results in a
prodrug that will have decreased water solubility owing to (i) the
hydrophobicity of the chosen anchor and (ii) the increased molecular
weight of the prodrug. With a suitably hydrophobic anchor, prodrugs
may also be formed to make hydrophilic compounds water insoluble.
The decreased water solubility of the prodrug enables nanoparticle
formation in aqueous media via rapid precipitation.

For pharmaceutical applications, there are design constraints on
the architecture of the prodrug, such as the chosen linker chemistry.
While the Federal Code of Regulations Title 21 314.108 notes that
attaching moieties to an active compound by chemistries that do not
include the formation of an ester, salt or other noncovalent complex
results in the formation of a new chemical entity, any covalent
modification of a drug requires reevaluation of toxicity and efficacy. It
is desirable that the original API be released from the prodrug via a
degradable linkage to retain the therapeutic activity. Through various
conjugation chemistries [54], the release half-life and release
mechanism [55] may be modulated to tailor release on the hour of
hours to days under desired environmental conditions.

Without conjugation, the anticancer drug paclitaxel has sufficient
aqueous solubility to inhibit the formation of stable nanoparticles,
even with the use of block copolymers. In a study by Saad and Ansell
et al. a series of paclitaxel prodrugs were synthesized, varying the
cross linking agent and the hydrophobicity of the anchor molecule,
which enabled precipitation of block copolymer stabilized nanopar-
ticles with diameters of 50–120 nm [30] and extended circulation
half-lives of 24 h [56]. The release half-times were modulated
between 1 and 24 h, depending on the hydrophobic anchor [56].
This is advantageous for stabilizing nanoparticles, controlling release
and extending the therapeutic effects which is not possible for the
unmodified drug, which rapidly partitions out of emulsion oil droplets
on the order of minutes [56]. Similarly, Sengupta et al. tailored the
precipitation of doxorubicin via conjugation to a hydrophobic poly
(lactide-co-glycolide) polymer which was precipitated and stabilized
with a phospholipid layer [57].

4.2. Ion pair formation to increase hydrophobicity

The formation of complexes driven by electrostatic interactions is
an alternative to prodrugs which does not require chemical synthesis
and is a well established technique for modulating solubility in the
pharmaceutical industry. Hydrophobic ion pairs (HIP) are formed
through a specific interaction with an oppositely charged molecule,
which can reduce the solubility of ionic, peptide and protein APIs [58]
by neutralizing the charge which facilitates solvation in aqueous
media. HIPs may be pre-formed according to established procedures
[59] and subsequently precipitated from organic media or may be
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formed in-situ by reactive mixing to induce precipitation. While prior
research on the formation of HIPs has been to improve drug
permeability, intestinal absorption and to decrease dissolution rates
[60], the typical complexes with logP values between 0 and 4 can
result in HIP partitioning and destabilization of nanoparticles.
Therefore, this technique is best applied through the choice of highly
hydrophobic counter ions, such as long chain fatty acids as detailed by
Stahl [59].

Similar techniques have been investigated for the precipitation of
plasmid DNA and siRNA, which are vulnerable to degradation by
polymerases and thus require protection for efficient delivery and
transfection into cells [61]. The anionic charges on the phosphate
backbone rapidly condense into polyplexes when in solution with
cationic natural polymers [62], synthetic polymers [63,64] or lipids
[65,66]. This is carried out in practice by mixing the two components
in predetermined charge ratios, defined as the N/P ratio, where
N=number of positive charges and P=number of negative charges.
An excess of positive charge (high N/P ratio) is desirable to improve
encapsulation or “trapping” of the drugs into the complex. A net
charge on the resulting particles produces electrostatic stabilization in
aqueous buffers N/P ratios closer to 1 may aggregate with time [62].

The condensation of DNA may proceed similarly to the nucleation
and growth of organic nanoparticles, but there is very limited detailed
work that has been conducted in this relatively new area of research.
Using time-resolved multiangle laser light scattering, Lai and van
Zanten have explored the effect of theN/P ratio on the condensation of
plasmid DNA with poly-L-lysine, finding that at very high or very low
N/P, the aggregate molecular mass is lower. The maximum sizes and
densities were achieved at N/P near 1, which indicates that
electrostatic stabilization is key in limiting extensive aggregation,
through excess surface charge [67].

In contrast, success of siRNA condensation has been limited due to
the smaller size and lower charge density when compared to plasmid
DNA. Binding of siRNA to the polycation poly(ethyleneimine) (PEI) is
100 times weaker after administration in vivo, which leaves siRNA
unbound and vulnerable to enzymatic attack [68]. To demonstrate the
benefit of increased charge, modified siRNA “monomers” were
polymerized through thiolated end groups and complexed with low
molecular weight PEI, forming dense 235 nm spherical aggregates, in
comparison to polydisperse, fractal objects yielded by complexation
of “mono” siRNA to PEI [68].
4.3. Hydrophobic chelated radionuclide

Inorganic agents are useful in both chemotherapy [69] and the
enhancement of in vivo imaging. Traditionally, these ions are
complexed to low molecular weight chelating agents and are rapidly
distributed systemically. Assembly of chelated radionuclides into
particulate form holds the potential to achieve high loadings of
cytotoxic radioactive agents into antibody targeted nanoparticles,
which will improve localization and tumor eradiation. However, the
traditional complexes which have been used are water soluble and
generally have a net charge. Therefore, chemical modification is
necessary to enable supersaturation in aqueous media and self
assembly into a nanoparticle with extended circulation.

A number of synthetic routes may be pursued to arrive at a
hydrophobic complex that can be self assembled via rapid precipita-
tion, similar in concept to a therapeutic prodrug. Towards the design of
a hydrophobic complex, DOTA has been conjugated to a cholesterol
molecule, which eliminates one of the negatively charged carboxylic
acid groups on the chelator, resulting in a net charge of −3 on the
conjugate, which is neutralized upon reaction with Gd (III) [70]. In
contrast, modifying DTPA with cholesterol renders a conjugate with a
net −4 charge. Therefore, upon reaction with Gd (III) the final
complex has a net negative charge and takes on amphiphilic character,
self assembling into micellar structures with the chelated Gd exposed
to the aqueous media [71].

5. Nanoparticle morphology

5.1. Effects of drug morphology

The morphology of a precipitated compound may change
depending on the nucleation and growth kinetics—in fast processes,
precipitation can effectively trap the drug in a less stable, high energy
polymorph or amorphous phase in contrast to slower assembly or
precipitation processes which yield thermodynamically stable poly-
morphs. On one hand, amorphous compounds offer significantly
higher dissolution rates for hydrophobic compounds and, therefore,
greater bioavailability. On the other hand, crystalline materials
generally offer greater stability against degradation in storage. These
factors must be balanced for a particular formulation.

While nanoparticles have enhanced dissolution kinetics over
microparticles due to high surface to volume ratios (Section 6.3),
drugs in amorphous form achieve higher supersaturations during
dissolution owing to a higher chemical potential. A study of the
solubility of bulk drugs in different crystal polymorphs and in
amorphous form confirmed the increased drug solubility when in
the amorphous form [72]. Oral administration of amorphous
indomethacin capsules showed improved pharmacokinetics and in
vivo absorption over the crystalline form, which correspond to the
authors' findings of increased dissolution rate for the same drugs in
vitro [73].

For the case of nanoparticles, high local concentrations of drug
resulting from rapid dissolution may produce local drug concentra-
tions above the MTD limit. A recent study directly compared the in
vitro dissolution and in vivo bioavailability of crystalline and
amorphous Itraconazole nanoparticles formed via wet milling and
ultra rapid freezing processes, respectively [74]. Amorphous particles
displayed an 8-fold increase in in vitro solution supersaturation and
4-fold increase in the bioavailability over crystalline nanoparticles.
The implication of this study is that, in nanoparticle form, the
crystalline or amorphous state of the drug still plays a key role in the
observed bioavailability. More work in this area, including the
administration of nanoparticles via alternate routes, is needed to
further understand the effects of morphology on drug bioavailability.
This result highlights the need to be able to determine the drug phase
behavior and stability to achieve reproducible pharmacokinetic
profiles.

5.2. Characterizing drug crystalline or amorphous state

Since the phase of the drug strongly influences its bioavailability,
variation in nanoparticle composition over time is undesirable. This
can occur by slow crystallization of amorphous phases and can alter
release profiles and adversely affect the therapeutic effect of the
formulation. There exist a number of useful techniques which have
been developed to determine the state of bulk drug materials, such as
X-ray diffraction, solid state NMR spectroscopy, differential scanning
calorimetry and FTIR [75–78]; yet measurement becomes problematic
when applied to nanoparticles, arising from reduced crystal length
scales. For example, X-ray diffraction (XRD) for the characterization of
crystal phases in nanoparticles often yields spectra with decreased
signal and changes in relative intensities of characteristic crystal peaks
after nanosizing. This has led researchers to conclude either that there
is no change in crystal structure [39] or a decrease in crystal quality
[40]. XRD has been applied to tracking the stability of drugs in solid
lipid nanoparticles, where it was found that drug recrystallized from
an amorphous state over time and manifested as expulsion of drug
from the matrix upon storage [79]. Recently, Kumar, Adamson and
Prud'homme [51] determined the crystallization or solubilization of
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fluorescence probes in nanoparticle cores using fluorescence quench-
ing, which revealed that the Flory–Huggins theory can be used to
predict probe solubility or phase separation in the core of a
nanoparticle. However, quantitative experimental assessment of the
degree of crystallinity in nanoparticles cores remains a research
challenge.

6. Particle stability

While a robust understanding of factors which influence nano-
particle formation and properties are essential to size control, equally
as important are the colloidal stability and dissolution properties of
the final suspension. As the size of particles is reduced, surface
thermodynamics change and controlling the chemical and physical
stability increases in difficulty. Here we briefly describe processes by
which nanoparticles can undergo a loss of suspension stability, factors
which influence nanoparticle dissolution, and stabilization and drying
techniques, which are still an active area of research.

6.1. Nanoparticle stabilization

Irreversible aggregation of nanoparticles is caused by van der
Waals interactions between particles. If there is no inherent surface
charge, without stabilization via surface modification, aggregation of
hydrophobic nanoparticles in aqueous media will occur soon after
particle formation. Though nanoparticles can be stabilized via the
adsorption of ionic surfactants or polymers in water, Zu et al. found
that β-carotene nanoparticles stabilized by inherent surface charge or
ε-polylysine were found to flocculate in a 1% saline solution [78].
Furthermore, research in the liposome literature has demonstrated a
correlation between clearance times and the ability to bind protein
[80,81], which is enhanced for highly charged surfaces. Hence, for in
vitro and in vivo applications, particles with high surface charge are
likely to flocculate at high salt concentrations or in the presence of
blood proteins.

Surface modification via the addition of surface active molecules
which create a steric barrier against aggregation, protein adsorption
and macrophage clearance is an effective route towards stabilization
of nanoparticles suspensions. It has been applied to “stealth”
liposomes [82] and nanoparticles [14] with a PEG corona. Di-block
[37], tri-block [36] and graft copolymers [83] have been used to coat
nanoparticles through adsorption of blocky hydrophobic regions.
Amphiphilic copolymers are particularly advantageous since the
critical micelle concentration (CMC) is significantly lower than for
surfactants. Furthermore, the larger hydrophobic segment of the
molecule prevents the molecule from partitioning off of the
nanoparticle surface in vivo. Amphiphilic polymers with multiple
anchoring sites provide strong binding via cooperative multi-site
attachment [84] but with the potential for aggregation through
bridging interactions [84,85]. Diblock copolymers play a key role in
both halting nanoparticle growth and stabilizing nanoparticle
suspensions during rapid antisolvent precipitation because they are
incapable of forming branched aggregates of nanoparticles [37,86].

6.2. Dissolution from nanoparticles

Many features of nanoparticles are common to larger crystals, but
surface thermodynamics are not. We briefly summarize the key
aspects which differentiate nanoparticle dissolution phenomenon,
which becomes important after administration. For a spherical
particle, the dissolution rate dm

dt of a particle with radius r and mass
m at time t is described by Fick's first law for diffusion [87]

dm
dt

= −DA
∂c
∂r
���
r

ð8Þ
where D is the diffusion coefficient of the solute, A is the surface area
of the particle, and ∂c

∂r j r is the concentration gradient of the solute at
the surface of the particle with radius r. The standard approach to
model dissolution of a drug particle is to assume there is a thin
“boundary layer” of thickness h surrounding the particle in which the
steady state flux of the solute is constant and beyond which the
concentration of drug is uniform and constant. For large crystals, the
particle surface is approximated as a planar surface and a linear
concentration gradient in the boundary layer applies. Due to the high
radius of curvature, this approximation is not appropriate for
dissolving nanoparticles under sink conditions. It can be shown that
the appropriate concentration profile is given by [87]

∂c
∂r = cs

1
r
+

1
h

� �
ð9Þ

where cs is the concentration at the particle surface. Therefore,

dm
dt

= −DAcs
1
r
+

1
h

� �
ð10Þ

and the dissolution rate increases based on A and the inverse size

dependence
1
r
.

For particles with diameters smaller than 200 nm, the thermody-
namic solubility of the particle cs in Eq. (10) is enhanced due to the
high curvature at the particle interface according to the Kelvin
equation [25,26],

cs rð Þ = c∞ exp
2γM
ρRTr

ð11Þ

where γ is the interfacial free energy, M is the molecular mass of the
solute, ρ is the density, R is the gas constant, T is the absolute
temperature, and c∞ is the equilibrium solubility for a bulk material.
The increased surface area and solubility enhance dissolution rates
and have been demonstrated to increase the bioavailability of drugs
that are difficult to deliver by oral tablets and capsules [16,17,88].

6.3. Ostwald ripening

Ostwald ripening is a slower process by which particle sizes shift
during storage, driven by the suspension polydispersity and the
solubility dependence on size. Though the particles may be protected
against aggregation, when the particle size distribution is large, the
smaller particles with increased solubility (Eq. (11)) shrink by
dissolution and the drug subsequently precipitates on the surface of
larger particles. The rate of this process is influenced by the chemical
nature of the drug and the dispersity of the particle size distribution, a
process which was modeled according to the average radius growth
rate, derived by Lifshitz, Slyozov, and Wagner and quantitatively
confirmed experimentally for a model system of β-carotene nano-
particles by Liu et al. [89].

6.4. Drying techniques

In addition to problems of colloidal stability and secondary
recrystallization, aqueous suspensions of nanoparticles limit the
concentrations of drugs that can be administered in a single dose, or
require that a large volume dose be delivered to achieve the
therapeutic concentration in circulation. As an alternative to liquid
suspensions, storage of nanoparticles as dry powders enables both
long term stability and the opportunity for drug concentration.
Traditional drying techniques are not suitable for nanoparticles due to
irreversible aggregation that occurs upon drying, which makes
restoration of the original suspension by rehydration impossible.
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Freeze drying and spray freeze drying are two viable techniques
for obtaining dry powders of nanoparticles without extensive
aggregation and are applicable to a number of therapeutic com-
pounds. In freeze drying processes, water is removed from frozen
nanoparticle suspensions by sublimation and desorption under high
vacuum. Due to the stresses which are generated during freezing by
the phase separation of pure water crystals and viscous concentrates
containing nanoparticles, nanoparticles can be irreversibly fused or
connected by interparticle bridging. To avoid these outcomes,
cryoprotectants including carbohydrates like glucose, mannitol,
sucrose and trehalose [86,90–92] and hydrophilic surfactants and
polymers like polyvinyl alcohol [93], polyvinyl pyrrolidone (PVP) [94],
Poloxamer 188 (Pluronic F68) [91], and hyrdoxypropyl methyl
cellulose (HPMC) [95,96] have been used to form dry formulations.
Combinations of carbohydrates and amphiphiles, such as trehalose
and Poloxamer 188 [12,97], have been found to bemore effective than
the use of a single cryoprotectant. After nanoparticle formation, the
presence of organic solvents can significantly hinder freeze drying and
removal by vacuum or dialysis is necessary first.

Abdelwahed et al. have extensively reviewed cryoprotectants and
methods for characterizing both dried and reconstituted powders
[98]. Process parameters such as freezing rate and temperature,
colloidal concentration, cyroprotectant type and concentration,
drying time and temperature can affect the ease with which the
dried powder can be resuspended back to the original size
distribution. To resuspend freeze dried nanoparticles mechanical,
sonic and thermal energy aid in the redispersion process. However,
powders which may be sufficiently resuspended by simple shaking
without the need for addition steps are ideal in a clinical setting.

Spray freeze drying has been applied in pharmaceutical research
towards the development of therapeutic microparticles for inhalation
[99–101] and to stabilize powders of proteins, often with the use of
cryoprotectants in the formulation [99,101,102]. This technology has
been translated to drying nanoparticle suspensions with and without
cryoprotectants [86]. In spray freeze drying, the nanoparticle
suspension is atomized and frozen in or over a cryogenic fluid, such
as liquid nitrogen [103,104], which is advantageous since the reduced
thermal mass of the droplets increases the cooling rate and can limit
aggregation due to freezing stresses. Alternatives to freeze drying and
spray freeze drying are techniques which flocculatete nanoparticles in
a reversible fashion to facilitate filtration, enabling complete drying
with reduced time and cost [86,105].

7. Conclusions

Advances in the development of new therapeutic agents have
dictated the need for advanced delivery techniques and new API forms.
The key to nanoparticle formation of APIs is the rapid and uniform
imposition of high supersaturation to drive high nucleation rates. This
kinetic control affords flexibility and enables high loadings of the API in
nanoparticle form. The keys to controlling rapid precipitations are:
(1) the control of micromixing in novel confined micromixers to afford
supersaturations as large as 104 in milliseconds to initiate rapid
nucleation of all components simultaneously, and (2) the balancing of
particle growth ratewith the adsorption kinetics of a stabilizing agent to
arrest growth at a controlled size. An advantage of the continuous
confined jetmixers is that they scale easily from laboratory experiments
with a few milliliters to industrial scales with 10,000 L. While these
precipitations can be effected for quite hydrophobic drug compounds,
other techniques such as ionic complexation or conjugation must be
employed to enable high supersaturations for less hydrophobic
compounds. Post processing issues which must be addressed include
the state of the drug—crystalline or amorphous—after the rapid
precipitation, and recent advances in nanoparticle recovery make the
preparation of redispersible nanoparticle formulationsmore promising.
The move to more hydrophobic drug compounds and more active
compounds makes the area of nanoparticle formulations particularly
fertile for research and new process development.
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