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Abstract

In the last few years, nanoparticles and their 
applications have dramatically diverted sci-
ence in the direction of a brand new philoso-
phy. Nanoparticles are building the bridge of 
scientific knowledge connecting bulk materi-
als to atomic or molecular structures. In the 
present scenario, nanoparticle research is a 
very promising branch of scientific research 
owing to the wide range of potential and 
promising applications especially in biomedi-
cal, optical and electronic fields.

In the current pharmaceutical development 
pipeline, the poor water solubility of drug can-
didates remains the biggest challenge. Various 
processes have been developed to increase the 
solubility, dissolution velocity and bioavail-
ability of these active ingredients belonging to 
the biopharmaceutical classification system 
(BCS) II and IV classifications. Nanocrystal 

delivery is an emerging technique for over-
coming the limitations of drugs that dissolve 
poorly in water. Nanocrystals are produced in 
the form of nanosuspensions using top-down 
(e.g., wet milling) and bottom-up methods 
(e.g., antisolvent precipitation) in FDA-
approved drug products. An ultra cryo-milling 
technique using liquid nitrogen and dry ice 
beads has been used as a novel contamination-
free process. In the case of the antisolvent pre-
cipitation technique, ultrasound and rapid 
mixing devices have been used as new process 
intensification techniques. Technological 
advancements in milling as well as ant solvent 
precipitation now enable the production of 
drug nanoparticles on a commercial scale with 
relative ease.

This chapter provides an updated review of 
nanocrystal techniques along with marketed 
product evaluations and a survey of the com-
mercially relevant scientific literature.
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1	 �Introduction

Nanotechnology is a recent hot topic because of 
its potential to have an appreciable impact on a 
number of fields related to biology, chemistry, 
engineering, as well as medicine.

In the current scenario, approximately 90% of 
new drug candidates in the development pipeline 
can have a poor solubility problem that leads to 
poor dissolution velocity and ultimately variable 
bioavailability. These new drug candidates 
belong to biopharmaceutical classification sys-
tems (BCS) class II (70%) and class IV (20%). 
Over the last 10 years, progress in high-
throughput screening methods has led to an even 
higher number of newly discovered drug candi-
dates that have poor water solubility problems 
(Gigliobianco et al. 2018; Junghanns and Müller 
2008; Loftsson and Brewster 2010; Müller and 
Keck 2012). Given the higher number of poorly 
bioavailable drug candidates and their non-
specific distribution throughout the body may 
lead to different side effects and may further limit 
their clinical applications. To overcome the bio-
availability issue of drug candidates, appropriate 
innovative formulation technologies according to 
the route of administration, e.g., oral and non-
oral, need to be adopted (Trapani et al. 2012; Lu 
et al. 2016a; Keck and Müller 2006).

In the previous era, micronization was used to 
reduce the particle size and led to an increase in 
the dissolution velocity of poorly soluble drug 
candidates. But still, micronization cannot fulfill 
the needs and satisfy the pharmaceutical require-
ments to improve the dissolution velocity as well 
as the bioavailability of drug candidates. The 
demand for these pharmaceuticals makes the 
changeover to nanonization. Different and unique 
innovative nanonization approaches that have 
emerged to reduce the particle size and improve 
the dissolution velocity tend to increase the bio-
availability of poorly soluble drug candidates for 
target therapy. These unique innovative techno-
logical approaches help to overcome the physico-
chemical characteristics, including stability 
issues, that are associated with nanostructures 
(Jermain et al. 2018).

In this chapter, emerging manufacturing tech-
niques for drug nanoparticles are briefly intro-
duced, followed by a detailed review of the 
progress of targeted drug delivery. A short intro-
duction with recent advancements in conven-
tional technologies for nanoparticle 
manufacturing is also included.

2	 �Definition

The classical definition of “nanocrystals” is crys-
tals with a nanometer size range, typically 
between a few nanometers and a thousand nano-
meters and is crystalline in nature. Another char-
acteristic is that they are made up of 100% drug 
crystals or with a minimal amount of surface sta-
bilizing agents such as surfactant or polymeric 
carrier stabilizers. Drug nanocrystals, when sus-
pended in dispersion media, are called “nanosus-
pension.” Dispersion media can be either aqueous 
(e.g., water-based dispersion system) or non-
aqueous (e.g., different vegetable oils, polyethyl-
ene glycol, polypropylene glycol, and solvents). 
As per the biopharmaceutical classification sys-
tems (BCS), class II drugs are the most promi-
nent candidates for drug nanocrystals, but in 
some cases class IV drugs may have even more 
benefits when particle size is decreased.

Nowadays, nanosuspension formulations are 
used to increase the dissolution velocity and satura-
tion solubility of drug candidates belonging to BCS 
classes II and IV. Because of the nano-range parti-
cles with increased specific surface area, nanosus-
pensions have unique biological effects. Based on 
the above-mentioned physicochemical and biolog-
ical beneficial effects, the US FDA has approved 
several nanosuspension medications and these are 
currently marketed well. Owing to the factual 
information given above, we can say that nanosus-
pensions are a mature drug delivery system.

“Nanoparticles” are drug-embedded particles 
in a nanometer size range, but mainly include 
polymers or lipids, such as polymeric nanoparti-
cles, liposomes, and solid lipid nanoparticles. 
Nanoparticles can be in either a crystalline or an 
amorphous physical state, which depends on the 
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nanoparticle formation technologies. In precipi-
tation techniques, the nanoparticles are generally 
obtained in an amorphous physical state. Thus, 
eventually, amorphous drug nanoparticles should 
not be referred to as nanocrystals (Liu et al. 2012; 
Peltonen and Hirvonen 2018; Borchard 2015; 
Gao et al. 2012; Kesisoglou et al. 2007; Liu et al. 
2011). Amorphous drug nanoparticles have cer-
tain advantages, e.g., it has higher saturation sol-
ubility than equally sized nanocrystals. 
Furthermore, a unique combination of nanometer 
size range as well as amorphous state is consid-
ered ideal for drug candidates to reach the highest 
saturation solubility. However, to utilize the con-
cept in the pharmaceutical field, it should be 
equally as important to maintain the amorphous 
state throughout the shelf-life of product 
(Hancock and Parks 2000; Gu and Grant 2001).

3	 �Prominent Attributes

3.1	 �Surface Area Enlargement

The main idea of nanotechnology is the ratio of 
surface area to volume. Surface area is increased, 
whereas the volume remains the same. Moreover, 
it can be explained as follows: an increase in the 
particle surface area leads to an increased possi-
bility of having a reaction (with atmosphere or 
gases or liquid/dissolution solvents around the 
nanoparticles, etc.). Size reduction via microni-
zation to nanonization (Fig. 3.1) leads to a drastic 
increase in the surface area and thus the possibil-
ity of having a reaction with liquid/dissolution 
solvents is also increased drastically, or what we 
call increased dissolution velocity, according to 
the Noyes–Whitney equation (Eq.  3.1) (Noyes 
and Whitney 1897).
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(3.1)

dC/dt, dissolution rate (concentration change as a 
function of time); D, diffusion coefficient; S, sur-
face area; V, dissolution volume; h, diffusion 
layer thickness; Cs, saturation concentration; C, 
concentration at time t.

Thus, if considering a particle size reduction 
from 1 mm (typical particle size for conventional 
drugs) to 100 nm (typical particle size for drug 
nanocrystals), then the dissolution velocity is 
increased 100-fold.

This reflects the fact that the particle size has 
become an important factor for the determination 
of dissolution velocity. However, when the dis-
solution parameter tests are performed under spe-
cific dissolution sink conditions, the differences 
are difficult to identify in numbers between dif-
ferent nanocrystal size fractions; thus, it required 
a more discriminating dissolution test protocol 
(Liu et al. 2013).

Therefore, surface area enlargement is the cor-
rect way to improve the bioavailability of BCS 
class II and IV drug candidates where the solubil-
ity and dissolution velocity is the rate limiting 
step. It also seems in most the cases that low dis-
solution velocity correlates directly with low 
saturation solubility (Owais et al. 2019; Alshora 
et al. 2016).

3.2	 �Increase in Saturation 
Solubility

Ideally, saturation solubility of drug candidates is 
dependent on the specific dissolution sink condi-
tions, which include dissolution medium, the 
concentration of the buffers, pH, and tempera-
ture. This is valid up to the micrometer range or 
above the size of the drug candidates. However, 
saturation solubility also depends on particle 
sizes of below approximately 1 μm. Saturation 
solubility increases with decreasing particle size 
below 1  μm. Also, according to the Noyes–
Whitney equation the dissolution rate dC/dt is 
proportional to the concentration gradient 
(Cs − Cx)/h (Cs – saturation solubility, Cx – bulk 
concentration, h – diffusional distance) and there-
fore the dissolution velocity is further increased. 
At the same time, increased saturation solubility 
also increases the concentration gradient between 
the gut lumen and the blood, which leads to 
higher absorption by the passive diffusion mech-
anism (Fig. 3.2).
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Generally, the diffusion layer starts to get thin-
ner for particle sizes below approximately 50 μm 
(Sheng et al. 2007), which furthermore become 
thinner for particle sizes in the nanometer range 
and hence enhances the dissolution velocity of 
nanoparticles compared with microparticles.

According to the Ostwald–Freundlich theory, 
for particle sizes below approximately 1 μm, the 
saturation concentration starts to increase. The 
increasing effect on saturation concentration is 
more pronounced once the particle size is below 
100  nm. Drug saturation solubility is theoreti-

cally predicted by the Ostwald–Freundlich equa-
tion (Eq. 3.2):
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Where SNP is the solubility of nanoparticles with 
a radius r, S0 is the solubility of bulk material, Vm 
is the molar volume, γ is the interfacial tension, R 
is the gas constant and T is the temperature.

In his dissertation of 1885, Robert von 
Helmholtz (son of the German physicist Hermann 

1 mm

10µm

100nm

Size Reduction (Micronization)

Size Reduction (Nanonization)

Conventional drug: Total surface area: 6mm
2

Micronized drug: Total surface area: 600mm
2

Nanonized drug: Total surface area: 60000mm
2

Fig. 3.1  Surface enlargement factor and increase in the number of crystals by size reduction
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von Helmholtz) achieved the Ostwald–Freundlich 
equation and explained that Kelvin’s equation 
could be translated into the Ostwald–Freundlich 
equation (Helmholtz 1886). One aftermath is that 
small liquid droplets (i.e., particles with more sur-
face curvature or nanoparticles) exhibit a more 

effective vapor pressure, because the surface is 
bigger in comparison with the volume. Now, con-
sider that the vapor pressure is equivalent to the 
dissolution pressure for nanoparticles in liquid; 
there should be an equilibrium of molecules dis-
solving and molecules recrystallizing in the state 
of saturation solubility. This equilibrium can be 
moved if the dissolution pressure increases, and 
hence the saturation solubility increases (Fig. 3.3).

The advantageous effect of nanoparticles, the 
increased dissolution velocity, and the increased 
saturation concentration all lead to a supersatu-
rated state and ultimately this increases the drug 
absorption as well as permeation (Brouwers et al. 
2007, 2009; Mellaerts et al. 2008).

The biggest challenge faced by scientists dur-
ing development is to maintain the supersaturated 
state in vivo until absorption and permeation have 
taken place, because there is the highest probabil-
ity of interference via uncontrolled precipitation 
or crystallization (Peltonen and Hirvonen 2018).

Fig. 3.2  Comparison of (a) a microcrystal and (b) a 
nanocrystal and their surface curvature and concentration 
gradient over the diffusional distance (h). Cs, drug-

saturated water at surface (M, microcrystal; N, nanocrys-
tal); Cx, bulk concentration at diffusional distance; h, 
diffusional distance. dc/dt ~ (Cs − Cx)/h

Fig. 3.3  Dissolution pressure (p) increased over (a) a flat 
surface, (b) a microparticle, and (c) a nanoparticle with a 
high surface curvature
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3.3	 �Crystalline or Amorphous 
Particle States

Based on the drug delivery applications of drug 
candidates, crystalline or amorphous particle 
states are anticipated to prevent or enhance the 
solubility, dissolution velocity, and pharmacoki-
netic profile.

The combination of nanometer size and amor-
phous state of drug candidate is ideal for higher 
saturation solubility compared with equally sized 
nanocrystals, but at the same time it is required to be 
maintained throughout the shelf-life of the product.

Concurrently, the importance of crystalline 
nanoparticles to the pharmaceutical field can be 
evaluated by the fact that more than 20 formula-
tions are already on the market and approxi-
mately 15–20 are at different stages of clinical 
trials (Kumar and Burgess 2012).

To calculate the optimal nanosize and crystal-
line/amorphous state of the drug candidate, keep 
in mind the following parameters:
•	 Different administration route (oral, intrave-

nous, intramuscular, pulmonary, ocular, der-
mal, etc.) (Chen et al. 2014; Fu et al. 2013; Ige 
et  al. 2013; Mauludin et  al. 2009; Colombo 
et al. 2017; Zhai et al. 2014; Vidlářová et al. 
2016; Mitri et  al. 2011; Muller and Keck 
2004; Ganta et al. 2009; Patravale et al. 2004; 
Shegokar and Singh 2011; Gao et  al. 2016; 
Khan et al. 2013; Liu et al. 2010a, 2018; Yang 
et al. 2010; Zhao et al. 2011).

•	 Different pharmaceutical dosage forms (tab-
lets, capsules, suspensions, ointments, etc.) 
(Baba et al. 2007; Liversidge and Cundy 1995; 
Merisko-Liversidge et al. 1996; Moschwitzer 
and Muller 2006; Yang et al. 2017).

•	 Preservation of physical and chemical stabil-
ity (Hancock and Parks 2000; Merisko-
Liversidge and Liversidge 2011; Trasi and 

Byrn 2012; Lee 2003; Van Eerdenbrugh et al. 
2008).

–– Different lattice arrangements such as 
short-, long-range order (Kreuter et  al. 
1995).

–– Glass transition temperature (Tg), X-ray 
diffraction, birefringence characteristic, 
melting event, etc.

–– Presence of stabilizers such as polymers, 
surfactants, and sugars.

•	 Commanded pharmacokinetics profile.

–– Long circulating and favorable biological 
properties (Wang et al. 2018; Sharma et al. 
2016; Lu et al. 2016b).

–– Potential for passive and active targeting 
(Huang et al. 2010; Pawar et al. 2014).

4	 �Production Technologies

Previously, physical and chemical methods were 
only used to produce nanoparticles. Some of the 
commonly used physical and chemical methods 
are solvothermal synthesis, reduction, ion sputter-
ing, and sol gel technique. Basically, there are two 
main approaches to nanoparticle synthesis; namely, 
bottom-up approaches and top-down approaches.

Top-down approaches involve the reduction of 
large particles to the nanometer size range, for 
example, by milling, whereas bottom-up meth-
ods generate nanoparticles by fabricating them 
from drug molecules in solution, such as by pre-
cipitation (Fig. 3.4). Some approaches defined as 
combined technologies involve the application of 
two technologies in succession.

Top-down techniques, particularly media 
milling and high-pressure homogenization, have 
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become increasingly recognized by the pharma-
ceutical industry because it was easy to scale up 
to a commercial level. Top-down processes are 
universal techniques for preparing crystalline 
nanoparticles and have also been accepted by the 
regulatory authorities (Rabinow 2004).

Bottom-up technologies (i.e., starting from a 
dissolved molecule, precipitation) were difficult 
to control the process during scale up. One of the 
reasons was to remove the solvents and to control 
the process. The reality was that many poorly 
soluble drugs were poorly soluble not only in 
aqueous media but also in organic solvent media 
(Rawat 2015; Muller et al. 2001).

5	 �Nanocrystallization 
and Nanoprecipitation 
Technologies

Research and development (R&D) and the phar-
maceutical industry have to focus their efforts on 
optimizing scalable processes and formulations, 
and allow for an appropriate physicochemical 
and biological stability during the shelf life of the 
drug product.

6	 �Media Milling

A milling/grinding chamber, milling media, mill-
ing shaft, motor, screen, recirculating chamber, 
and coolant are the major components of the wet 
media milling process (Fig.  3.5). The milling 
chamber can be constructed in a horizontal or a 
vertical position. In the process, the milling 
chamber is filled to 70–90% with milling beads 
sized 0.03–30 mm. The milling beads are made 
of different materials as needed, such as yttrium-
stabilized zirconium oxide, stainless steel, glass 
alumina, titanium, or certain polymers, such as 
highly cross-linked polystyrene and methacry-
late. Milling/grinding beads are generally avail-
able in spherical and cylindrical forms. The 
milling chamber is filled with slurry containing 
the drug, water, stabilizers, and surfactants agi-
tated by the motor. The slurry occupies approxi-
mately 3–30% (w/v) volume of the milling 
chamber. The activation of the milling beads 
occurs by use of an agitator shaft with pegs, disks 
or smooth-shaped agitating elements. The mill-
ing media roll over inside the milling chamber 
during agitation, generating high energy forces 
by shearing and impacting large drug crystals to 

Bulk Powder
Atoms

Top-down approach Bottom-up approach

Fig. 3.4  Top-down and bottom-up approaches of nanofabrication
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reduce the particle size. Separation of the milling 
media from the product is done with the help of a 
screen at the outlet by separation (Yadav et  al. 
2012; Malamatari et  al. 2018; Stenger and 
Peukert 2003; Kwade 1999). The milling opera-
tion can be performed, depending on the produc-
tion scale and other formulation requirements, 
either in batch mode (discontinuous mode-single 
pass processing through one or more mills) 
(Fig.  3.6) or in recirculation mode (continuous 
mode-circulation processing with a single ves-
sel). Recirculation is advantageous for reducing 
costs and milling time.

6.1	 �Mechanism Involved

•	 Real comminution: the primary particles are 
ground during a liquid phase by high shearing, 
pressure, and impact forces.

•	 De-agglomeration and dispersing: agglomer-
ates are dispersed by high shearing, pressure, 
and impact forces. The surface air is removed 
and the surface of the particle is easily wetted 
(Fig. 3.7).
The fracturing of a particle can occur when the 

force exceeds the elastic limit of the particles. Different 
theories of size reduction are involved (Table 3.1).

Coolant drug drug, water

Re-circulation
chamber

Milling chamber

in chamber

Nanocrystals

Screen
retaining
milling media

Milling media

Motor

Milling
shaft

Charged
with

and
stabilizer

crystals

Fig. 3.5  Schematic diagram describing the continuous wet bead milling process with a single chamber
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Fig. 3.6  Batch wet bead milling process with (a) one or (b) more milling chambers

Fig. 3.7  Mechanism 
involved in the bead 
milling process

3  Nanocrystallization and Nanoprecipitation Technologies
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6.2	 �Selection of Bead Size

The bead diameter is limited by its relationship to 
the particles. The particles should be smaller than 
the void volume between the grinding beads. 
Generally, the selection of bead size depends on 
the following practical rules, which can form the 
basis of reference points:
•	 Diameter of the grinding media should be 

approximately 20–50 times larger than the d99 
of the particle.

•	 1/1,000 diameter value of the selected grind-
ing media is the d50 of the final particle size.
Selection of the grinding media depends on 

the grinding characteristics of the particles, 
which have to be considered (such as hardness, 
grain shape, agglomerate/primary grain) to deter-
mine the best bead size. Different types of grind-
ing media are available on the market (Table 3.2). 
Selection of the media type is done based on the 
criticality of milling process and the formulation 
requirements. The design of the bead separation 
system must be suitable for the size of the beads 
and the feed material size. The screen opening 
should be from one-third to one-half the diameter 
of the beads. Thus, overall, the bead milling pro-
cess depends on the different parameters such as 
formulation, percentage solids, additives, vehi-
cle, viscosity, mixer speed, flow rate, inlet pres-
sure, outlet temperature, shaft speed, screen size, 

cooling water temperature and flow, motor power, 
bead density, bead size, and bead filling.

Currently, pharmaceutical milling machines 
are designed and built in accordance with the 
cGMP (Current Good Manufacturing Practices 
of the Food and Drug Administration), GAMP 
(Good Automated Manufacturing Practices), 
GAMP5, ASME BPE (Bioprocessing Equipment 
Standard of American Society of Mechanical 
Engineers). UL or CE Electrical components, 21 
CFR Part 11 Compliance, FDA (Food and Drug 
Administration) guidelines or meeting the speci-
fications of other regulatory bodies.

The major disadvantage of this technology 
includes high energy leading to stability concerns 
regarding the drugs, contamination from the mill-
ing media, and time consumption, as a long-term 
operation ranging from hours to days is generally 
required. The long-term operation is dependent 
on the properties of the drug, the milling media, 
and the extent of particle size reduction (Gao 
et  al. 2008; Peltonen and Hirvonen 2010). To 
overcome the above constraints to a certain 
extent, coolant is circulated to reduce the thermo-
genic effect. For long-term operation, it is also 
recommended to use special Yttrium Stabilized 
Zirconia (YSZ) grinding beads, which have the 
following special features/advantages:
•	 Highly cost-effective, low wear, and a long 

lifetime: YSZ milling/grinding material is the 
most durable and efficient medium for ball 
milling of ceramic materials. It reduces opera-
tional costs because of its ultra-low wear.

•	 Relatively high mechanical strength, beads do 
not break owing to toughness and impact 
resistance performance.

•	 High specific gravity, high efficiency, which 
saves processing time.

•	 Very smooth and extremely well-polished, 
even easy to clean, low abrasion to the internal 
wall of equipment.

•	 Highly resistant to acids and solvents.
•	 Because it is virtually contamination free it is an 

ideal solution for a variety of applications that 
demand minimal contamination, including, but 

Table 3.1  Different theories of size reduction

Theory Principle
Griffith 
theory

The amount of force to be applied, which 
depends on the length of the crack and the 
focus of stress at the atomic bond of the 
apex of the crack

Kick’s law Work required to reduce the size of a 
given quantity of material is constant for 
the same reduction ratio regardless of the 
original size

Rittinger’s 
law

Work useful to reduce particle size is 
directly proportional to the new particle 
surface area produced

Bond’s law Work useful to reduce particle size is 
proportional to the square root of the 
diameter of the particle produced

V. P. Patel et al.
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not limited to, nanomaterials, pharmaceuticals, 
foods, chemicals, batteries, inks, toner, dielec-
trics, solar cells, semiconductors, aluminum 
nanoparticles, etc. (Rijesh et al. 2018).
The wet milling approaches of crystalline 

nanosuspensions in the pharmaceutical industry 
can also be judged by the fact that more than 20 
formulations are already on the market and close 
to 15 are at different stages of clinical trials 
(Table 3.3). The modern and sterile wet milling 
process is a widely adopted processing technol-
ogy by the pharmaceutical industry for develop-
ing different commercial products (Kumar and 
Burgess 2012; Gulsun et al. 2009; Moschwitzer 
2013; Junyaprasert and Morakul 2015). Scaling 
up with a media mill is possible, but there is a 
certain limitation in media mill chamber size 
owing to its weight so that to produce a larger 
batch size the media mills can be configured in 
the circulation mode or more milling chambers 
can be attached. Typically, from a small labora-
tory scale to a larger production scale can be car-
ried out with different sized chambers from 5 to 
15  ml to a few liters, which are commercially 
available from the Nanomill® system (élan Drug 

Discovery, King of Prussia, PA, USA), Dynomill 
(Glen Mills, Clifton, NJ, USA), and Netzsch 
mills (Netzsch, Exton, PA, USA)).

6.3	 �Particle Surface Modification

Many orally administered nanosuspensions are 
modified on the surface using mucoadhesive 
polymers such as chitosan and carbomer, which 
can increase the adhesion to the gut wall. The 
residence time can be increased by improving the 
adhesiveness of nanocrystals to lumen in the gas-
trointestinal tract with the addition of mucoadhe-
sive polymers (Thanki et al. 2013; Müller et al. 
2001).

In other examples of ophthalmic nanosuspen-
sions, polymers such as carbomer, hydroxypropyl 
methyl cellulose (HPMC), polyvinylpyrrolidone 
(PVP), and polyvinyl alcohol (PVA) were used as 
suspension agents (Bartos et al. 2018).

In many examples, the addition of stabilizers 
on the particle surface works as physical stabiliz-
ers and they may have additional properties such 
as modifying their bioavailability and pharmaco-

Table 3.2  Different types of grinding media

Grinding media type Density (kg/dm3) Minimum diameter dmin (mm) Relative wear rate
Plastic 0.9–2.1 ≥ 0.15 +
Glass 2.5 ≥ 0.05 0
Quartz sand 2.65 ≥ 0.1 −0
Ottawa sand 2.65 ≥ 0.2 0 +
Al2O3 (99.7%) 3.2 ≥ 0.4 0
Al2O3 (99.9%) 3.2 ≥ 1.0 ++
Zirconium silicate 3.7–3.8 ≥ 0.2 0 +
Al2O3/ZrO2 4.1 ≥ 0.6 +
ZrO2/Y2O3/zirconium silicate 4.6 ≥ 0.2 +
ZrO2/MgO – stabilized 5.5 ≥ 0.4 −
ZrO2/Y2O3 – stabilized 6 ≥ 0.05 ++
ZrO2/CeO – stabilized 6.1–6.2 ≥ 0.4 +
Steel shot 7 ≥ 0.1 0
Steel 7.75 ≥ 1.0 0 +

Quality increased 

--    -    0    +    ++ 

3  Nanocrystallization and Nanoprecipitation Technologies



50

logical activity. For example, albumin, arginine, 
lecithin, leucin, vitamin E polyethylene glycol 
succinate (TPGS), and sodium cholic acid pro-
vided nanocrystals with additional favorable bio-
logical properties.

Coating the nanocrystals with surfactants was 
done to allow barrier crossing and access to treat-
ing brain diseases by modifying the permeation 
at the blood–brain barrier (BBB). For example, 
atovaquone was safely and effectively used 
against T. gondii in  vitro to treat toxoplasmic 
encephalitis, but the oral micronized solution 
showed poor bioavailability. In vivo studies con-
firmed the capacity of nanosuspensions coated 
with sodium dodecyl sulfate to cross the blood–
brain barrier and permit the treatment of toxo-
plasmic encephalitis and other cerebral diseases 
(Shubar et al. 2011).

7	 �Cryo-Milling

7.1	 �Definition

Cryo-milling is a technique that involves high-
energy ball milling performed in liquid nitrogen at 
cryogenic temperatures. Because of the intense 
ball milling at these temperatures, the size of the 
original powder is reduced to the nanoscale level 
in a relatively shorter time. Furthermore, the cryo-
milling process is capable of producing nanocrys-
talline materials with enhanced thermal stability of 
particles. Thus, among the different mechanical 
processes, such as inert gas condensation, elec-
trode position, rapid solidification, and sputtering, 
cryo-milling represents a new and effective tech-
nique for the production of nano-sized powders 
(Birringer et al. 1984; Back et al. 2005).

Table 3.3  Examples of FDA-approved nanocrystal products

Drug Trade name Dosage form Manufacturer Year
Dexamethasone; tobramycin Tobradex Ophthalmic suspension Novartis 1988
Verapamil hydrochloride Verelan PM® Capsule Schwarz Pharma 1998
Brinzolamide Azopt® Ophthalmic suspension Novartis 1998
Dexmethylphenidate 
hydrochloride

Focalin XR® Capsule Novartis 2001

Sirolimus Rapamune® Tablet Wyeth 2000
Tizanidine hydrochloride Zanaflex® Capsule Acorda 2002
Morphine sulfate Avinza® Capsule King Pharma 2002
Methylphenidate 
hydrochloride

Ritalin LA® Capsule Novartis 2002

Diltiazem Herbesser® Tablet Mitsubishi 2002
Aprepitant Emend® Capsule Merck 2003
Dexamethasone; 
ciprofloxacin

Ciprodex Ophthalmic suspension Novartis 2003

Fenofibrate Tricor® Tablet Abbott 2004
Fenofibrate Triglide® Tablet Skye Pharma 2005
Megestrol acetate Megace® ES Suspension Par Pharma 2005
Megestrol acetate Megace® ES Oral suspension PAR Pharmaceuticals 2005
Nepafenac Nevanac Ophthalmic suspension Novartis 2005
Naproxen sodium Naprelan® Tablet Wyeth 2006
Theophylline Theodur® Tablet, capsule Mitsubishi Tanabe 

Pharma
2008

Paliperidone palmitate Invega Sustenna® Monthly intramuscular depot 
injection

Johnson & Johnson 2009

Nepafenac Ilevro® Ophthalmic suspension Novartis 2012
Aripiprazole Abilify Maintena 

kit®
Intramuscular injection Otsuka Pharmaceutical 

Co. Ltd.
2014

Paliperidone palmitate Invega Trinza® Three-monthly intramuscular 
depot injection

Johnson & Johnson 2015

Aripiprazole lauroxil Aristada initio 
kit®

Intramuscular injection Alkermes INC 2018
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7.2	 �Ultra Cryo-Milling

An ultra cryo-milling technique uses liquid nitro-
gen and dry ice as beads. Liquid nitrogen is used 
as a dispersing solvent instead of water and dry 
ice was used as a milling medium instead of zir-
conia beads. The crystals are pulverized by colli-
sion with the dry ice beads at cryogenic 
temperatures. Because dry ice beads and liquid 
nitrogen spontaneously sublimate and vaporize 
under ambient conditions, both materials can be 
easily removed after the milling process, result-
ing in no residual solvent or bead material rem-
nants in the milled product. Even if beads are 
broken or eroded during the milling process, 
there is no concern about contamination. The 
milled material is easily and efficiently recovered 
because the separation process from the beads is 
not necessary. Thus, it is also called a 
contamination-free cryo-milling technique. It is 
also advantageous that the dried products are 
directly available owing to spontaneous vapor-
ization of liquid nitrogen so that a drying process 
is not required after the process. Thus, this 
approach encompasses the advantages of both 
dry and wet milling.

It has been reported that the milling efficiency 
is much higher than with dry milling using jet 
milling because dispersing the medium would 
actively disturb the coaggregation between the 
milled particles. In contrast, it has also been 
reported that the milling efficiency is slower 
compared with the zirconia beads at cryogenic 
temperatures, suggesting that dry ice is an infe-
rior milling material to zirconia in liquid nitrogen 
under cryogenic conditions. The mechanism of 
wet media milling has been reported as the colli-
sion between the beads and the vessel wall. The 
milling efficiency is mainly dependent on colli-
sion energy. Heavy zirconia bead density (6.0 g/
cm3) would likely provide a higher collision 
energy to the particles than a light dry ice bead 
density (1.56 g/cm3). In addition, zirconia beads 
have a more uniform size, a smoother surface, 
and a more rigid body than dry ice beads; thus, 
effective milling power would result from colli-
sion between heavier, similar-sized, and smooth-
surfaced beads (Uemoto et al. 2018) (Table 3.4).

8	 �Solvent–Antisolvent 
Precipitation

Antisolvent precipitation is a bottom-up method, 
and produces fine particles by starting at the 
atomic level. This method gives better control 
over particle properties such as size, morphology, 
and crystallinity, compared with top-down meth-
ods. Antisolvent precipitation is the most attrac-
tive method of all the bottom-up methods. 
Antisolvent precipitation techniques provide a 
more convenient procedure at room temperatures 
and atmospheric pressure with no specific 
requirement of expensive equipment, and is at the 
same time easily scalable compared with other 
bottom-up methods (Dua et al. 2015).

8.1	 �Fundamental Principle 
of Antisolvent Precipitation 
Techniques

Antisolvent precipitation techniques proceed in 
steps of mixing of the solution and antisolvent, 
the generation of supersaturation, nucleation, and 
growth by coagulation and condensation, fol-
lowed by agglomeration in the case of uncon-
trolled growth (Fig. 3.8).

The precipitation driving force is speedy and 
eminent supersaturation. The crucial crystal 
properties, such as size, morphology, and purity 
are significantly dependent on the rate, magni-
tude, and uniformity of supersaturation that gen-
erated during the process of crystallization 
(Mullin and Nyvlt 1971; Jones and Mullin 1974).

One component of the crystals’ supersatura-
tion (S) in liquids is defined in Eq. (3.3):

	
S

C

C
�

� 	
(3.3)

where C is the actual drug concentration in the 
solution (mol/l) and C* is the drug equilibrium 
solubility (mol/l) in a mixture of organic solvent 
and antisolvent.

It has been frequently observed that a higher degree 
of supersaturation typically results in lower Gibbs free 
energy and leads to higher nucleation rates (Dirksen 
and Ring 1991; Sugimoto 2003; Cushing et al. 2004).
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Table 3.4  Examples obtained from the scientific literature on the use of cryo-milling for the production of drug 
nanoparticles

Drug Observations Equipment References
Phenytoin Novel ultra cryo-milling micronization 

technique using dry ice beads and liquid 
nitrogen

Wet milling machine 
(RMB-04, Aimex, Tokyo, 
Japan)

Sugimoto et al. 
(2012a, b)

Griseofulvin Continued mode of attrition with milling 
time

Cryogenic impact mill 
(Spex CertiPrep 6750, 
Metuchen, NJ, USA)

Otte and Carvajal 
(2011)

Ketoconazole Continued milling caused apparent 
particle growth

Furosemide Solid state amorphization and chemical 
decomposition

Cryogenic impact mill 
(Spex CertiPrep 6750)

Adrjanowicz et al. 
(2011)

Indomethacin Dissolution rate depended on the milling 
time

Oscillatory ball mill 
(Mixer Mill MM301, 
Retsch, Haan, Germany)

Karmwar et al. (2011, 
2012), Botker et al. 
(2011)

Phenytoin, ibuprofen, 
salbutamol sulfate

No change in crystal form and 
amorphization after milling

Wet milling machine 
(RMB-04, Aimex)

Niwa et al. (2010)

Glibenclamide Transformation from crystalline to 
amorphous state without chemical 
decomposition

Cryogenic freezer/mill 
(Spex SamplePrep 6770)

Wojnarowska et al. 
(2010)

Ranitidine 
hydrochloride

Ranitidine hydrochloride polymorph 
forms 1 and 2 could be fully converted to 
the amorphous form

Oscillatory ball mill 
(Mixer Mill MM301, 
Retsch)

Chieng et al. (2008)

Carbamazepine Higher amorphization with cryogenic 
co-grinding than with room temperature 
co-grinding

Cryogenic impact mill 
(Spex CertiPrep 6750)

Jayasankar et al. 
(2006)

Whole inactivated 
influenza virus

Dry powder influenza vaccine 
successfully formulated

Micro-ball mill (SPEX 
CertiPrep 3117)

Garmise et al. (2006)

Indomethacin 
polymorphs and 
solvates

Amorphous materials obtained after 
milling possessed similar Tg, but 
significant differences in their physical 
stability

Cryogenic impact mill 
(Spex CertiPrep 6750)

Crowley and Zografi 
(2002)

Fig. 3.8  The particle precipitation process

V. P. Patel et al.



53

	
B

Gcr

kT
0 � �

�
�

�
�
�exp

�

	
(3.4)

where B0 is the nucleation rate, k is Boltzmann’s 
constant, ∆Gcr is the critical free energy, and T is 
the absolute temperature.

There are two mechanisms of “primary” nucle-
ation, homogeneous and heterogeneous nucle-
ation. In homogenous nucleation, the new solid 
phase generation is in the absence of foreign par-
ticles and surrounding surfaces. While in hetero-
geneous nucleation, the existing foreign particles 
promote nucleation (Söhnel and Garside 1992). In 
contrast, “secondary nucleation” is started by 
existing native crystals through mechanical abra-
sion or through thermodynamic effects.

The free energy for homogeneous nucleation 
is given in Eq. (3.5):
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Thus, after combining Eqs. (3.4) and (3.5), the 
rate of homogeneous nucleation in the solution is 
derived by (Eq. 3.6)
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where B0 is the nucleation rate, Ahom is the pre-
exponential factor, γsl is the interfacial tension at the 
solid–liquid interface, υ is the molar volume, and T 
is the temperature. Nucleation rates are primarily 
dependent on supersaturation and interfacial energy 
(γ), and the order of magnitude of Ahom typically 
varies from 1032 to 1036. Furthermore, Ahom is depen-
dent on the attachment mechanism of the solute on 
the growing particle surface, i.e., either interface 
transfer control or volume diffusion control 
(Johnson 2003; LaMer and Dinegar 1950; Guo 
et al. 2005; Matteucci et al. 2006; Dalvi and Dave 
2010). Table 3.5 summarizes the various examples 
of drugs obtained from the scientific literature on 
the use of the antisolvent precipitation technique.

To obtain nanoparticles with a narrow size dis-
tribution, the following parameters should be 
kept in mind:
•	 Create a high degree of super saturation
•	 Uniform spatial concentration distributions in 

solutions
•	 Negligible growth of all crystals

There are two important parameters. One is 
the meta stable zone, the range of concentration 
where no crystallization is observed within a 
given time. It also called the energy barrier for 
particle precipitation from saturated solution. In 
order to achieve higher nucleation rates, a meta 
stable zone width should be shorter. Another 
parameter is the induction time. The induction 
time is the time elapsed between suspension of 
supersaturation and the appearance of detectable 
crystals (Granberg et al. 2001; Dixit and Zukoski 
2002; Lyczko et  al. 2002; Barrett and Glennon 
2002; Omar et  al. 2006; Schöll et  al. 2007; 
Lindenberg and Mazzotti 2009; Kelly and 
Rodr’guez-Hornedo 2009; Mahajan and Kirwan 
1993; Kim and Mersmann 2001; Chen et  al. 
2000; Dalvi and Dave 2009).

The nucleation and growth of particles occur 
simultaneously and both compete for consumption 
of supersaturation. Once nucleation occurs, the 
particles grow by condensation (τcond) and by coag-
ulation (τcoag). Condensation competes with nucle-
ation by decreasing supersaturation. Coagulation 
can reduce the rate of condensation by reducing the 
total number of particles and the surface area 
(Thybo et al. 2008; Sun 2002; Jones 2002).

Once the particles grow, they also start to 
agglomerate because the process depends on the 
population density. Further agglomeration also 
depends on the Brownian motion of nanoparti-
cles. It has been reported that at higher tempera-
tures, the Brownian motion increases and results 
in a further increase in the growth rates of crys-
tals. While at lower temperatures, the smaller 
crystals and the larger population density with 
higher surface energy cause agglomeration 
(Lince et al. 2008).
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Table 3.5  Examples of various drug nanoparticles by antisolvent precipitation

Drug

Water 
solubility (mg/
ml) Nucleation type/model

Particle 
size (nm) References

Alpha ketoglutarate – – 110 Sultana et al. (2011)
Ascorbyl palmitate 0.34 Classical theory of homogeneous 

nucleation
780 Beck et al. (2010)

Atropine sulfate 2.2 – 100–600 Ali et al. (2009a)
Atorvastatin 
calcium

0.12 – 240 Zhang et al. (2009a)

Beclomethasone 
dipropionate

0.049 Classical theory of homogeneous 
nucleation

440

Bicalutamide 0.005 Classical theory of nucleation with some 
modification

115 Lindfors et al. 
(2008)

β-Carotene – Primary nucleation 100 Zhu et al. (2007)
β-Carotene and 
C12-Au

– – 103 Gindy et al. (2008a)

Cefuroxime axetil 0.145 Primary nucleation 80 Dhumal et al. 
(2008a)

Cefradine 21.3 Homogeneous nucleation 300 Zhong et al. (2005)
Curcumin 0.00019 Nonclassical pathway 30–50 He et al. (2010, 

2011)
Danazol 0.238 Homogeneous nucleation 364 Zhao et al. (2007)
Danazol 0.238 Homogeneous nucleation 190 Zhao et al. (2009)
Diatrizoic acid 0.39 – 136 El-Gendy et al. 

(2010)
Docetaxel 0.000025 – 180 Cheng et al. 

(2007a)
Felodipine 0.356 – 60 Lindfors et al. 

(2007)
Fenofibrate 0.25 Classical theory of homogeneous 

nucleation
882 Meng et al. (2009)

Hydrocortisone 0.32 – 80 Ali et al. (2009b)
Ibuprofen 0.049 Classical theory of homogeneous 

nucleation
702 Dalvi and Dave 

(2010)
Insulin – – 200 Klingler et al. 

(2009)
Itraconazole Insoluble Homogeneous primary nucleation 300 Matteucci et al. 

(2006, 2008)
Maleimide – – 85 Gindy et al. (2008b)
Megestrol acetate 0.002 Classical theory of homogeneous 

nucleation
208 Zhang et al. 

(2009b)
Nitrendipine 0.19 Classical theory of homogeneous 

nucleation
209 Xia et al. (2010)

Norfloxacin 0.264 – 170 Panagiotou et al. 
(2009)

Odanacatib – Classical theory of homogeneous 
nucleation

350 Kumar et al. 
(2009a)

Paclitaxel 0.277 – 100 Pattekari et al. 
(2011)

PLGA and PLA – – 84–168 Bilati et al. (2005)
PLGA-PEG and 
PLGA-lipid

– – 70–80 Valencia et al. 
(2010)

Progesterone 0.00881 – 267 Salem (2010)

(continued)

V. P. Patel et al.



55

Particle engineering requires the fine-tuning 
of different variables such as meta stable zone 
width, induction time, interfacial surface energy, 
and supersaturation, to obtain the desired particle 
characteristics. However, fine tuning and control 
of these variables require prior observations and 
in situ measurements. Several methods have been 
reported for the detection and measurement of 
nucleation and growth kinetics so far and are 
summarized in Table 3.6.

8.2	 �Step-Up Antisolvent 
Precipitation Process

8.2.1	 �Mixing
Mixing generates supersaturation followed by 
nucleation and growth in a step-up antisolvent 
precipitation process. There are two main time 
scales, mixing time (τmix) and the precipitation or 
induction time (τprecipitation), both of which are asso-
ciated with the process of particle formation. 
Mixing time (τmix) comprises the time required for 
macro mixing, meso mixing, and micro mixing. 
Mixing that occurs on a crystallizer scale is called 
macro mixing. Meso mixing is also known as tur-
bulent mixing and it consists of the large-scale 
mass transfer of a solution. Molecular diffusion 
and engulfment of different solvent composition 
regions below the Kolmogorov micro scale is 
called micro mixing (Johnson and Prud’homme 
2003a, b; Gradl et al. 2006; Shekunov et al. 2001; 

Baldyga et  al. 1997). τprecipitation is composed of 
nucleation time (τnucleation) and growth time (τgrowth). 
The Damköhler number (Da), dimensionless is 
the ratio of τmix to τprecipitation. Thus, when Da is 
greater than 1, the mixing process is slower than 
the precipitation process, supersaturation is 
accomplished at a slower rate, and the metastable 
zone is crossed very slowly. This leads to particle 
growth and the formation of large crystals. On the 
other hand, when Da is less than 1, τmix is reduced 
compared with τprecipitation, the solution is mixed 
uniformly at the micro level, where supersatura-
tion is accomplished rapidly and nucleation takes 
place swiftly. The mixing process is faster than 
the precipitation step and controls overall particle 
formation. In a situation where supersaturation is 
highly accomplished, then the meta stable zone is 
crossed quickly, and nucleation dominates in the 
precipitation process. This leads to a large number 
of nuclei and the precipitation of nanoparticles 
with a narrower size distribution.

Currently, two approaches have been report-
edly used for increasing the mixing rate; namely, 
the high jet velocity mixing device and ultrasound 
precipitation (Muntó et  al. 2005; Zhao et  al. 
2007; Beck et al. 2010).

8.2.2	 �Mixing Devices
There are various mixing device designs reported, 
such as a static mixer, high gravity precipitation, 
a confined impinging jet, a multi-inlet vortex 

Table 3.5  (continued)

Drug

Water 
solubility (mg/
ml) Nucleation type/model

Particle 
size (nm) References

Roxithromycin 0.0000189 Classical theory of homogeneous 
nucleation

– Guo (2005)

Salbutamol sulfate 0.003 Classical theory of homogeneous 
nucleation

100 Hu et al. (2008)

Salmeterol xinafoate 0.11 Classical theory of homogeneous 
nucleation

254 Murnane et al. 
(2008)

Sirolimus 0.086 Classical theory of homogeneous 
nucleation

863 Gandhi and Murthy 
(2010)

Spironolactone 0.022 A spherical cluster was formed first, 
followed by rearrangement of the spheres 
into ordered nanocrystals

330 Dong et al. (2011), 
Erdemir et al. 2009)

Theophylline 5 – 290 Salem et al. (2011a)

PEG poly(ethylene glycol), PLGA poly(lactide-coglycolide), PLA polylactic acid
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mixer (MIVM), a Y-shaped micro channel reac-
tor, and a T-mixer.

Mixing devices facilitate the process and 
intensify nanoparticle formation by reducing the 
diffusion length between drugs containing a sol-
vent and those containing an antisolvent. Mixing 
devices help to achieve mixing time by milli- to 
microseconds. In some mixer designs, additional 
ultrasound as an external energy can help in rapid 
mixing to achieve higher supersaturation in a 
very short time.

A static mixer consists of a series of motion-
less identical elements with a specific structure of 
mixing elements. The mixing elements are able 
to redistribute fluid in the radial and tangential 
directions to realize rapid and homogeneous mix-
ing. Many of the research groups reported the use 
of static mixing for antisolvent precipitation of 
drug nanoparticles, as summarized in Table 3.7 
(Gassmann et  al. 1994; Douroumis and Fahr 
2006; Douroumis et al. 2008; Dong et al. 2010; 
Hu et al. 2011).

High gravity antisolvent precipitation 
(HGAP), where, under the high gravity, the rotat-
ing packed bed disseminates or breaks up the flu-
ids into very fine droplets. The rate of mass 
transfer is higher in a rotating packed bed than in 
a conventional reactor. The particle size decreases 
as the rotating speed is increased. The use of 
HGAP in the production of fine particles of dan-
azol, cefuroxime axetil, salbutamol sulfate, and 
cefradine has been reported (Hu et al. 2008; Zhao 
et al. 2009; Chiou et al. 2007; Zhong et al. 2005; 
Chen et al. 2006).

A multi-inlet vortex mixer has been reported for 
many organic and inorganic compounds via flash 
nanoprecipitation, as summarized in Table  3.7, 
where the mixing rate is too rapid and requires less 
time compared with nucleation and drug particle 
growth time. The flow rate can be adjustable with 
the entry of solvent and antisolvent into the mixer 
in such a way that different levels of supersatura-

Table 3.6  Methods for the detection and measurement of 
nucleation and growth kinetics

Purpose
Characterization 
techniques References

Nucleation 
and growth 
kinetics

ATR-FTIR Schöll et al. 
(2007)

FBRM Barrett and 
Glennon (2002, 
Schöll et al. 
(2007)

Laminar flow 
diffusion chamber

Dong et al. 
(2011)

Raman spectroscopy Ali et al. (2011)
Microscopic analysis Zhu et al. 

(2010b)
Metastable 
zone width

FBRM Barrett and 
Glennon (2002)

Saturation temperature 
measurement

Lyczko et al. 
(2002)

Visual appearance Liu et al. 
(2010b)

Induction 
time

FBRM Barrett and 
Glennon (2002), 
Lindenberg and 
Mazzotti (2009)

ATR-FTIR Schöll et al. 
(2007), 
Lindenberg and 
Mazzotti (2009)

Visual appearance Omar et al. 
(2006)

Laser scattering 
method

Zhi et al. (2011)

Conductivity 
measurement

Lyczko et al. 
(2002)

Lasentec PVM Omar et al. 
(2006)

SEM Teychene and 
Biscans (2008)

Interfacial 
energy

Theoretical correlation 
by Mersmann and 
Bennema

Teychene and 
Biscans (2008)

Contact angle 
measurement using 
KVS CAM 200 
equipped with a CCD 
camera
Contact angle 
measurement using 
Young equation

Granberg et al. 
(2001)

Using tensiometer: 
(Krüss processor 
tensiometer K12, 
Wilhelmy plate 
method)

(continued)

Table 3.6  (continued)
ATR-FTIR attenuated total reflection-Fourier transform 
infrared spectroscopy, CCD charge-coupled device, 
FBRM focused beam reflectance measurement, PVM par-
ticle vision and measurement, SEM scanning electron 
microscopy
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tion can be achievable. An adjustable facility can 
help to control the adsorption of the stabilizer, par-
ticle growth, and the size of the nanoparticles. 

Based on the literature, it has been observed that 
the end fluid phase, which contains mostly antisol-
vent and a smaller amount of organic solvent in the 

Table 3.7  Summary of mixing devices used for the antisolvent precipitation technique

Process Drug
Particle 
size (nm) References

Static mixer Betamethasone valerate-17 250 Douroumis and 
Fahr (2006)Oxcarbazepine 970

Spironolactone 500 Dong et al. (2010)
Fenofibrate 328 Hu et al. (2011)

 HGRP Benzoic acid by reacting sodium benzoate and HCl 10 Chen et al. (2004)
Cefradine 300 Zhong et al. (2005)
Competitive boric acid, iodate, and iodide reaction – Yang et al. (2005)
Cefuroxime axetil 305 Chen et al. (2006)
Danazol 190 Zhao et al. (2009)

 CIJ Competitive Bourne reactions – Johnson and 
Prud’homme 
(2003a)

β-Carotene 100 Johnson and 
Prud’homme 
(2003b)

Cyclosporine A 18–700 Chiou et al. (2008)
Competitive iodide–iodate model reaction 300 Hu et al. (2008)
Poly-ε-caprolactone and 
poly(methoxypolyethyleneglycol cyanoacrylate-co-
hexadecyl cyanoacrylate)

150 Lince et al. (2011)

Impinging device Spironolactone 302 Dong et al. (2011)
Multi-inlet vortex mixer Competitive Bourne reactions – Liu et al. (2008)

β-Carotene and C12-Au 103 Gindy et al. (2008a)
Maleimide 85 Gindy et al. (2008c)
β-Carotene 100 Zhu et al. (2010a)

Mixing tee with 
ultrasound

Itraconazole 145 Cheng et al. (2009)
Odanacatib 350

YMCR Danazol 364 Zhao et al. (2007)
Hydrocortisone 295 Ali et al. (2011)
Atorvastatin calcium 480 Zhang et al. (2010)
Cefuroxime axetil 350 Wang et al. (2010)

Microporous tube-in-
tube microchannel 
reactor

Cefuroxime axetil 400 Zhu et al. (2010b)

T-shaped microchannel Curcumin 190 (Liu et al. 2010b)
T-mixer with ultrasound Ascorbyl palmitate 780 Beck et al. (2010)

Itraconazole 347
Ultrasound with batch 
reactor

Cefuroxime axetil 80 Dhumal et al. 
(2008b)

Ibuprofen 702 Verma et al. (2009)
Curcumin 60 Zheng et al. (2010)
Diatrizoic acid 136 El-Gendy et al. 

(2010)
Nitrendipine 209 Xia et al. (2010)
Sirolimus 863 Gandhi and Murthy 

(2010)

CIJ confined impinging jet, HGRP high-gravity reactive precipitation, YMCR Y-shaped microfluidic reactor
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end solution helps to reduce the extent of Ostwald 
ripening of particle suspensions (Liu et al. 2007, 
2008; Gindy et al. 2008c, d; Kumar et al. 2009b; 
Zhu et al. 2010a; Cheng et al. 2009).

A confined impinging jet (CIJ) is reported for 
the nanoparticle production of several drugs via the 
antisolvent precipitation technique. The high veloc-
ity jet of fluid facilitates the rapid mixing, ensuring 
a shorter mixing time than precipitation. The CIJ 
reactor chamber’s geometry, size, and ratio of 
chamber diameter to jet diameter impact the mix-
ing performance. This high mixing efficiency 
assists in achieving high supersaturation and high 
nucleation results in uniform fine nanoparticle pre-
cipitation. Furthermore, fast stabilizer distribution 
on the newly formed surfaces of the nanoparticles 
via adjustment of the precipitation kinetics of the 
stabilizer and the drug results in very fine and uni-
formly stabilized drug nanoparticles (Mahajan and 
Kirwan 1996; Chiou et al. 2008).

Microchannel reactor technology (MRT) pro-
vides a high level of velocity and energy dissipa-
tion compared with a conventional reactor. 
Microreactor mixing is mainly operated by 
molecular diffusion. Moreover, fine control of 
supersaturation can be achieved by proper selec-
tion of stream ratios. MRT is a continuous pro-
cess and scalable to enable handling of flow rates 
of a few liters per minute. There are different 
shaped micro channel reactors reported in the lit-
erature. Y-shaped mixers have been used for the 
precipitation of danazol, hydrocortisone, atorvas-
tatin calcium, and cefuroxime axetil nanoparti-
cles. Similarly, the reported T-mixers remove the 
issues of proper alignment of nozzles associated 
with impinging jets. T-mixers are also used in 
combination with ultrasound in antisolvent pre-
cipitations such as fenofibrate, itraconazole, gris-
eofulvin, ascorbyl palmitate, and 
sulfamethoxazole. Ultrasound used in the mixing 
zone helps to improve mixing and generates high 

supersaturation, resulting in controlled growth of 
fine and uniform nanoparticles (Ehrfeld et  al. 
1999; Panagiotou et al. 2009; Wang et al. 2010; 
Zhang et al. 2010; Wong et al. 2004).

Microporous tube-in-tube microchannel reac-
tors (MTMCR) have provided effective micro 
mixing and high throughput capacities. It has 
been reported for use in continuous nanoparticle 
production of amorphous cefuroxime axetil 
(Wang et al. 2009).

9	 �Role of Stabilizer 
in Antisolvent Precipitation 
Techniques

The role of a stabilizer to make a protective layer 
on the particle surface during antisolvent precipi-
tation leads to controlled growth and agglomera-
tion. It can be added in either the solvent or the 
antisolvent phase. There are two main mecha-
nisms of thermodynamic stabilization involved, 
i.e., steric stabilization and electrostatic repul-
sion. A list of stabilizers used in the stabilization 
of nanoparticles during antisolvent precipitation 
techniques is given in Table 3.8.

10	 �Future Perspectives

The potential of nanocrystals for different applica-
tions needed to be investigated in detail. 
Nanocrystals will combine with implantable sus-
tained release drug delivery systems to attain a 
higher local concentration. Future perspective stud-
ies on novel unique approaches to manufacturing 
nanocrystals and related products have a huge mar-
ket. The use of emerging nanocrystal technology is 
expected to increase in the future, with exploration 
of different routes of administrations (i.e., oral, par-
enteral, pulmonary, ocular, and dermal) to enhance 
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Table 3.8  Summary of stabilizers for the stabilization of nanoparticles precipitated by antisolvent precipitation 
techniques

Drug Stabilizer
Particle size 
(nm) References

Ascorbyl palmitate PEG (4000) 780 Beck et al. (2010)
Alpha ketoglutarate Lutrol F68 and PVA 110 Sultana et al. (2011)
 AC HPMC 240 Zhang et al. (2009a)
AZ68 PVP and SDS, Miglyol 152 Sigfridsson et al. (2007)
β-Carotene and 
C12-Au

Poly(ethylene glycol-block-caprolactone) 
PEG-b-PCL

103 Gindy et al. (2008a)

β-Carotene Polycaprolactone 100 Zhu et al. (2007)
PS-b-PEO 100 Liu et al. (2007)
PEI and chitosan 60 Zhu et al. (2010a)
PEG-b-PLGA + poly(acrylic) acid 140 Kelly and Rodr’guez-

Hornedo (2009)
Bicalutamide Lactose 330 Li et al. (2011)

PVP 115 Lindfors et al. (2008)
Curcumin PLGA–PEG and Pluronic F-68 81 Anand et al. (2010)

PS and BSA 60–100 Yen et al. (2010)
Polyvinyl pyrrolidone 142

Cytarabine PLGA 125 Yadav and Sawant (2010)
Docetaxel PLGA-b-PEG 70 Cheng et al. (2007b)
Fenofibrate PEG (4000) 882 Beck et al. (2010)

SDS and HPMC E3 318 Hu et al. (2011)
Hydrocortisone HPMC, SLS, PVP 80 Ali et al. (2009b)

HPMC, PVP, Tween 80 295 Chiou et al. (2008)
Itraconazole Poloxamer 407 300 Matteucci et al. (2006)

HPMC 300 Matteucci et al.  (2008)
HPMC 279 Chen et al. (2008)
Polystyrene-block-polyethylene oxide 145 Kumar et al. (2009a)
PEG (4000) 347 Beck et al. (2010)

Megestrol acetate PVP and SDS 208 Granberg et al. (2001)
Nitrendipine PVA 209 Dua et al. (2015)
Odanacatib Polystyrene-block-polyethylene oxide 350 Kumar et al. (2009a)
Paclitaxel l-Leucine (Leu) and polyvinylpyrrolidone 

(PVP K90)
299 El-Gendy et al. (2010)

Chitosan and alginic acid 100 Pattekari et al. (2011)
Progesterone Stearic acid 267 Salem (2010)
Sirolimus Tween-80 863 Gandhi and Murthy (2010)
Spironolactone HPMC 231 Dong et al. (2009)

HPMC and SDS 500 Dong et al. (2010)
HPMC and SDS 330 Zhao et al. (2007)

Theophylline Stearic acid 290 Salem et al. (2011b)

AC atorvastatin calcium, BSA bovine serum albumin, HPMC hydroxypropyl methylcellulose, PEG poly(ethylene gly-
col), PEG-b-PLGA poly-(ethylene glycol)-b-poly(lactide-coglycolide), PEI, poly(ethylene imine), PLGA poly(lactide-
coglycolide), PS protamine sulfate, PS-b-PEO poly(styrene)-b-poly(ethylene oxide), PVA polyvinyl alcohol, PVP 
polyvinylpyrrolidone, SDS sodium dodecyl sulfate
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the bioavailability of nutraceuticals or cosmetics 
products as well as pharmaceutical products.
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