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Abstract 
 
 
The overall pharmace
utical market is changing. A
 
more personalised medicine
 
approach
 
is 
 
replacing 
the
 
concept of blockbuster
 
drugs
 
and
 
the
 
“one size fits all”
 
model
. The two main 
 
forces that fuel the growth of nano
-
enable
d
 
drug technologies are the low aqueous solubility 
 
of new chemical entities and t
he pharmaceutical market itself
,
 
as 
the 
development of 
novel 
 
drug delivery 
system
s
 
can 
extend 
the drug patent
 
lifetime
. 
Classical solubilisation techniques
, 
 
such as
 
salt formation 
and 
the 
use of cyclodextrins can 
only 
be applied to drugs with ionisable 
 
groups or specific molecular weight 
ranges 
in order to fit
 
in the cavity of the cyclodextrin. 
 
However, d
ru
g nanonisation
,
 
or particle size reduction into the 
nanosize 
range
,
 
is 
a
 
versatile
 
 
technique that 
can 
be applied to a
 
wide range of pharmaceutical compounds
.
 
Nano
-
drugs 
 
exhibit higher surface
 
area per unit of volume
,
 
which leads
 
to
 
faster dissolution kinetics
 
and 
 
hence 
potentially improved 
bioavailability.
 
Marketed nano
-
drugs are mostly crystalline 
due to 
 
the improved physical 
stability 
afforded by the crystalline state
 
whereas amorphous nano
-
drugs 
 
have been 
largely 
neglected in spite of generating higher saturation solubility
 
compared to their 
 
crystalline counterparts
.
 
Due to the 
vast potential 
in 
the global pharmaceutical market, 
many 
 
technologies have been licensed to 
produce nano
-
drugs.
 
Among them
,
 
the most successful by 
 
®
far is Nanocrystal
 
Technology based on wet milling methods. In th
is review, the main 
 
methods
 
to generate and characterise nano
-
drugs are covered and also, the biopharmaceutical 
 
characteristics of the 
marketed nano
-
drugs are discussed. 
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1.
 
I
ntroduction
 
 
The oral administration of medicines is 
the
 
preferred route of administration
, with
 
over 80%
 
of
 
 
1
drugs sold as tablets
. 
Currently, approximately
 
60% of drugs on the market
 
have high aqueous 
 
1
solubility (> 100 µ
g
/mL)
. However, 
the
 
percentage
 
is inverted for
 
drug candidates in the R&D 
 
1
pipeline with 
approximately 80
-
90% having 
low aqueous solubilit
ies
. 
Such low
 
solubility
 
 
lead
s
 
to limited drug absorption across the gastrointestinal tract
 
resulting in poor oral 
 
1
-
2
bioavailability
, an issue which contributes to 40% of drug development failures
.
 
 
Due 
to 
increasing costs for R&D and the 
limited 
number of drugs approved by the regulatory 
 
agencies, 
new manufacturing techniques are e
mployed in the 
production of 
solid dosage forms 
 
of 
poorly
-
soluble drugs 
aimed 
at enhancing the productivity of the pharmaceutical industry, 
 
3
reviving the focus on organic nanomaterials
.
 
 
 
Drug solubility is an equilibrium measure
,
 
whereas the rate at which the solid drug passes into 
 
solution is defined by the dissolution rate. Since intestinal transit time is finite, the dissolution 
 
rate must exceed the rate of transit in order to maximise drug absorption after oral 
 
administration.
 
Although the equilibrium solubility of the drug 
may be 
high, if the dissolution 
 
rate is poor, the drug absorption will be compromised and
,
 
vice versa
, when the equilibrium 
 
solubility is very low, even if the dissolution rate is fast, the absorption will s
till be hindered
,
 
 
since 
an 
insufficient 
amount of 
drug will be absorbed in the time available. 
Optimising 
 
e
quilibrium solubility, dissolution or both are the major challenge
s
 
to enhance the 
 
4
bioavailability of poorly
-
soluble drugs
.
 
 
The transformation of active pharmaceutical ingredients (APIs) into “nano
-
drugs” 
(
with a size 
 
5
range of
 
1 to
 
1000 nm
) 
represents a feasible method to improve 
both 
the dissolution rate
,
 
due 
 
to the higher surface are
a
-
to
-
mass ratio
,
 
and 
the
 
apparent
 
solubility of
 
the API
,
 
as a result of 
 
6
the higher surface 
free energy
.
 
Despite the fact that nano
-
drugs in 
the 
amorphous state have 
 
the advantage of 
achieving
 
higher dissolution kinet
i
c
s
, they are largely neglected as a result of 
 
their 
poor 
physical 
stability
 
and tendency to crystallise to the lower energy crystalline form
. As 
 
a result, crystalline nano
-
drugs have been the predominant form to reach the market to date
.
 
 
Decreas
ing the parti
cle size of an API
 
leads to an increase in surface area and then enhanceme
nt 
 
of the dissolution rate of the drug
,
 
as described by the Noyes
-
Whitney equation (Eq. 1):
 
 
dC
DA
=
 
 
(
Cs
−
Cx
)
          
(Eq. 1)
 
 
dt
h
4 
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where dC/dt is the dissolution rate, A is the surface 
area of the particles, D is the diffusion 
 
coefficient, Cs is the saturation solubility, Cx is the drug concentration in the bulk solution
 
 
medium, and h
 
is the diffusio
n layer thickness. 
While a 
reduction 
in 
the particle size in the 
 
micro
size 
range
 
will inc
rease the surface area, it 
has little effect on the solubility of the 
drug
. 
 
Nanonization is required before the solubility is altered.
 
Several equations
/theories
 
have been 
 
developed to understand the effect of 
nanonization
 
on solubility
.
 
These include
 
the Ostwald
–
 
7
8
9
Freundlich equation
, the Prandtl equation
 
and Ostwald R
ipening
.
 
Among these theories, the 
 
Ostwald
–
Freundlich equation is specific to nanonization
,
 
as opposed to micronization. It is 
 
used widely in the p
harmaceutica
l industry. However, 
it has attracted some controversy and 
 
has not as 
yet been thoroughly proven
,
 
and the range of validity of the relationship is still 
the 
 
10
subject of scientific debate
.
 
The 
Os
twald
-
Freund
lich equation (Eq. 2
) 
is derived from 
the 
 
Kelvin equation and 
describes 
the dependence of saturation solubility or equilibrium solubility 
 
on particle size 
as follows:
 
 
𝑅𝑇
𝑆
2
𝛾
ln
=
 
   
       
   
(Eq. 2
)
 
 
𝑉
𝑆
𝑟
𝑚
𝑜
Where S is the solubility of small particles 
of size r, S
 
is the equilibrium solubility, R is the 
 
o
universal gas constant, T is the temperature, V
 
is the molar volume, and 
g
 
is the surface 
 
m
tension
. 
 
 
Considering that the sum 
of 
forces derived from the surface tension
 
on a particle
 
(inward 
 
pressure)
 
and the electrical tension
 
(outward pressure)
 
at a certain particle radius is equal to 
 
zero
,
 
Knapp suggested a correction to the Os
twald
-
Freundlich equation (Eq. 3
) including the 
 
11
effect of surface charge on solubility
:
 
 
2
RT
S
2γ
q
ln
=
−
 
               
(
Eq. 3
)
 
 
4
𝑉
𝑆
r
8π
k
r
𝑚
𝑜
where q is the electric charge, and K is the permittivity of the medium in which the particles 
 
are dispersed
. The major implication of this correction is that the exponential increase in 
 
solubility is
 
not infinite when the particle size is reduced. 
Therefore, 
the increase in saturation 
 
solubility of crystalline nano
-
drugs as a consequence of their smaller curvature may be more 
 
modest than is touted to be. The enhancement in saturation solubility 
is 
maximised
 
when the 
 
size is reduced below 100 nm whereas sometimes, it has been found that nano
-
drugs with sizes 
 
between 150
-
200 nm only exhibit a 15% higher saturation solubility than their corresponding 
 
12
micro
-
drugs
.
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T
he equations 
given 
above assume a spherical geometry of the particles. In fact, 
a different 
 
impact on solubility is found with 
particles with other geometries
,
 
which can result in 
 
deviations from the Ostwald
-
Freundlich equation. T
he fractal 
surface dimension of 
nano
-
drugs
 
 
ca
n play
 
a key role. Particles with a fractal surface roughness are 
estimated
 
to exhibit 
 
significantly higher 
solubility initially 
than th
at
 
predicted from the Ostwald
-
Freundlich 
 
10
equation
.
 
Nevertheless, as dissolution proceeds, the surface of the particles is smoothed and 
 
10
then the solubility will be mainly governed by the properties of 
a 
basically non
-
fractal core
.
 
 
 
 
 
The low bioavailabilit
y of poorly soluble drugs in aqueous media can be addressed by 
 
manipulatin
g the surface properties and
 
reducing the particle size
,
 
especially below 100 nm in 
 
an attempt to
 
enhance the
 
solubility
 
and dissolution kinetics
 
of the drug.
 
 
 
 
Two major strategies 
are employed in the production of nano
-
drugs: top
-
down and bottom
-
up
 
 
methods
 
(Figure 1)
.
 
Top
-
down methods are based on applying an intensive
 
energy force to 
 
break down the micro
n
-
size API
,
 
while bottom
-
up strategies are focus
ed
 
on controlling the 
 
6
precipita
tion of the drug
 
which is in solution into particles within the 
nanometre 
range
. 
To 
 
date, 
top
-
down methods such as 
milling and high pressure homogenization are mainly used to 
 
manufacture commercially available 
nano
-
drugs
.
 
Although
 
these technique
s are far from ideal
,
 
 
as they can be time
-
consuming, require high energy and lead to lack of uniformity in terms of 
 
particle size and degree of crystallinity
,
 
a remarkable number of new
 
nano
-
drug
 
formulations
 
 
13
are entering the pharmaceutical market
. Compare
d
 
to liposomes
,
 
which took 
approximately 
 
25 years 
to 
commercialis
e from their initial conception
, less than 10 years have pa
ssed since 
 
®
the first nanocrystal patent application was filed in the early 90s and the first product (Emend
) 
 
14
reached the market in 2000
.
 
 
This 
article reviews the
 
methods
 
currently used 
to
 
prepare and
 
characterize 
crystalline and 
 
amorphous nanomaterials
 
and 
also
 
the licens
ed technologies and the pharmaceutical 
 
compounds
 
currently 
on 
the market.
 
 
 
 
2.
 
Preparation of organic nanomaterials: tailoring crystal size 
and amorphous content
 
 
2.1.
 
Top
-
 
Down approaches
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Milling 
methods
 
 
During milling, two opposite phenomena are occurring at the same time: particle fracture 
 
15
resulting 
in smaller 
particle 
size and 
particle growth due to interparticle collisions
 
(Figure 2)
.
 
 
Particle size reduction by 
traditional dry milling 
techniques such as h
ammer, jet and ball 
 
milling 
commonly
 
generate particles within the micrometre size 
range.
 
T
hese milling 
 
techniques are characterised by poor efficiency (high levels of energy input versus energy loss), 
 
poor control over particle size di
stribution with in
-
process aggregation and agglomeration of 
 
particles, heat generation and the possibility of contamination of sample with p
articles of the 
 
milling chamber and 
media. Agglomeration of particles is difficult to prevent by these methods 
 
and f
urther size reduction below 1
μ
m is challenging due to the generation of a large surface 
 
area and subsequent increase in surface energy.  
Often, the reduction of particle size achieves 
 
a constant level and longer milling times do not lead to further decreas
e in particle size
; 
in some 
 
16
cases it may 
even 
lead to a gradual incre
ase of
 
size
.
 
 
In order to circumvent the issues associated with dry milling in 
the preparation of 
 
nanomaterials
, wet milling techniques have been developed in which a suspension of drug 
 
powder in a solution of 
surfactant/polymer (surface stabilizer) is milled. Agglomeration of 
 
particles is reduced by the presence of the surface active excipient
,
 
leading to a narrower size 
 
distribution compared to dry milling and greater control over the particle size distributio
n. 
 
Iso
lation of the nanoparticles
 
produced can be achieved by the subsequent clarification of the 
 
particles from suspension or removal of
 
the aqueous medium by a drying
 
technique
. 
In the 
 
nanomilling process, several critical parameters are taken into accou
nt in order to obtain a fine 
 
nanocrystalline suspension 
such as: i) the amount of drug
 
and the
 
volume of pearls/beads used 
 
in 
the 
milling vessel 
(
which 
are commonly
 
between 2 
–
 
30% weight
 
and
 
between 10 
–
 
50% of 
 
15
, 
17
the weight/volume
 
of the slurry
 
respectively
)
, ii) the milling time and speed (usually 
lower 
 
milling speeds
, such as
 
80 
–
 
90 rpm
,
 
require longer milling times
,
 
while nanocrystals can be 
 
15
, 
18
obtained
 
in much shorter times
 
using higher speeds  such as 1800 
–
 
4800 rpm
)
 
and iii) the 
 
milling temperature.
 
 
 
Apa
rt from particle size reduction
 
during milling, changes in the physical form or 
 
19
amorphisation can also occur
. Mechanical pressure can induce la
ttice vibrations of the 
 
materials leading to destabilization of the crystal lattice. When the number 
of 
defects increases
 
 
above a critical
 
concentration
, 
transformation into an amorphous state can occur
,
 
resulting in 
 
20
an amorphous material that is more stab
le than the disordered crystal
. The formation of 
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amorphous regions (both location and number) is difficult to control and may
 
be 
undesirable
 
 
due to
 
the increase in
 
surface energy of the system that
, in turn,
 
may result in
 
poor 
stability 
 
during storage
. However, nano
-
amorphous materials
 
can
 
also
 
be
 
beneficial
 
as they exhibit
 
 
21
higher 
saturation solubility
 
than crystalline drug
s. 
.
 
 
 
The formation of amorphous regions during 
milling is related to process parameters and the
 
 
intrinsic
 
properties of both the drug and the stabilizer. During wet milling of crystalline drugs, 
 
the 
solvent 
can behave as an inhibitor of the
 
formation of
 
amorphous regions
, acting as a 
 
plasticizer, leadi
ng to
 
a 
reduction 
in 
the glass
-
transition temperature
 
a of the drug and a 
 
15
propensity for crystallisation
.
 
Neverth
eless, 
o
ther
 
milling
 
techniques such as cryomilling or 
 
ultra
-
cryomilling have been 
successfully 
used in t
he preparation of nanomaterials and 
 
particularly 
nanoamorphous drugs
,
 
as the temperature of the milling process is decrease
d
 
below 
 
22
the T
of 
many common 
drugs
.
 
In the cryomilling process, the
 
temperature is 
reduced
 
by 
 
g
 
recirculating liquid nitrogen outside
 
the milling chamber whereas
 
i
n ultra
-
cryomilling, liquid 
 
nitrogen
 
is used as a dispersing 
medium 
which 
facilitates the  
breakdown 
of 
drugs into finer 
 
particles as they become more brittle at 
this temperature (
-
196 
⁰
C)
. In addition, liquid nitrogen 
 
can avoid secondary aggregation during the pr
ocess as it can penetrate in
to
 
the
 
micropores 
 
within 
and between the particles because of i
t
s low viscosity (around one sixth 
of 
water) and 
 
23
low surface te
nsi
on (a
round one eighth 
of 
water)
. A
nother advantage 
results from
 
its 
 
spontaneous vaporization
,
 
resulting in dry powders 
without
 
a
 
further drying step.
 
 
High Pressure Homogenization
 
methods
 
 
There are three main methods to produce na
nomaterials using high pressur
e homogenization: 
 
i) microfluidi
z
er technology, ii) piston
-
gap homogenization in water and iii) piston
-
gap 
 
homogenisation in water mixtures or in 
non
-
aqueous media 
(Figure 2)
.
 
M
icrofluidiz
er 
 
technology is based on the frontal 
collision of two fluid streams under high pressures (up to 
 
1700 bar)
. Small particles are generated as a result of particle collision, shear forces and 
 
cavitation forces. Th
e major disadvantage of this te
c
h
nology is that a high number of cycles 
 
24
are require
d 
to obtain
 
a sufficient particle size reduction
. 
In
 
contrast
, piston
-
gap 
 
homogenizers in water are based on a piston that forces the passage of a drug dispersed in an 
 
aqueous solution containing surfactant through a tiny homogenization gap (usually between 5 
 
25
–
 
20 µm)
.
 
The width of the homogenization gap depends on the viscosity of the suspension 
 
and the applied pressure
,
 
typically ranging from 1500 to 2000 bar
s
. 
The aqueous phase 
moves 
 
a
t a
 
very high streaming velocity generating an increase in the
 
dynamic pressure which is 
 
8 
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compensated by a reduction in the static pressure (below the vapour pressure of the liquid). 
 
Therefore, w
ater begins boiling
,
 
leading to the formation of gas bubbles 
which collapse when 
 
the aqueous phase leaves the homogenization
 
gap. This phenomenon is called cavitation which 
 
26
generates high power shockwaves that reduce drug particle size
.
 
 
The piston
-
gap homogenization in water 
method 
is most suitable for aqueous susp
ensions of 
 
micro
-
drugs. However, the use of water has several drawbacks, for example, API instability 
 
(hydrolysis) and subsequent drying steps 
required 
to remove the water. To avoid these 
 
problems, other t
echnologies
 
have been developed
,
 
based on the pisto
n
-
gap homogenizer
 
 
technology
 
but using instead non
-
aqueous media (such as oils, PEG) or water mixtures
,
 
such 
 
6
as 
glycerol
-
water or ethanol
-
water
. 
Cavitation is very limited due to the low
er
 
vapour pressure 
 
of these media.
 
Nevertheless, e
ven without cavitation, drug
 
particle size is reduced because of 
 
shear forces, turbulences and particle collisions.
 
Another advantage of this process is that low 
 
temperatures can be set during the homogenisation 
process which could be advantageous
 
for 
 
24
thermolabile 
drugs
.
 
 
Other 
non
-
conventional
 
top
-
down approaches
 
to produce nanomateri
als
 
 
Ultrasonication
 
 
This technique involves particle
 
size reduction
 
by high intensity sonication (up to 18
 
W) in a 
 
liquid nitrogen
 
suspension. The drug is suspended in liquid nitrogen during the sonication step 
 
in order to prevent over
-
heating of the sample.
 
Commonly, polyelectrolytes
,
 
such as 
 
polycations 
(poly
-
allylamine
 
hydrochloride and poly
-
dimethyldiallylamide ammonium
 
 
13
chloride 
and
 
polyanion
s (poly
-
styrene
 
sulfonate)
, 
are 
also 
added to the sonication medium
.
 
 
Upon 
disintegration
, the polyelectrolytes coat 
the surface of the nanoparticles due to 
 
electrostatic interactions
. Coating of the
 
nanoparticles not only affords
 
stability to 
 
agglome
ration through charge repulsion or
 
modification of the z
eta
-
potential, but can 
also 
 
affect
 
the dissolution properties of t
he particles
 
(as the number of coating layers increase)
, 
 
affording the possibility of controlling the release rate of drug
,
 
depending on the particular 
 
27
polymer coat utilised
.
 
 
Laser Fragmentation  
 
 
Particle size reduction b
y laser fragmentation has recently been ap
plied to pharmaceutical 
 
28
systems
.
 
Nanocrystals have been successfully obtained using a dual step technique based on 
 
ablation followed by fragmentation. In the ablation step, a laser
 
beam is directed towards
 
 
9 
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micro
-
crystals embedded in a static 
liquid resulting in the dispersion of the solid into the liquid. 
 
During the fragmentation step, the coarse suspension is stirred and irradiated obtaining a 
 
nanosuspension. The major challenge is to avoid API degradation
,
 
which is higher when the 
 
laser powe
r used is increased. Also, it is difficult to control the crystalline content of the nano
-
 
13
, 
29
drugs obtained as am
orphous domains can be formed during
 
the process
. 
 
 
2.2. Bottom
-
U
p 
approaches
: 
s
olid state formation from solution
 
 
In comparison to top
-
down approaches, bottom up approaches involve the formation of the 
 
solid drug
 
nanoparticles
 
(either crystalline or amorphous) from solution.
 
As low water 
 
solubility is the major physicoch
emical parameter which necessitates the formulation of nano
-
 
sized systems, the drug is normally dissolved in a biocompatible organic solvent from which it 
 
is then precipitated
/solidified
. 
Solidification
 
from organic solution can be achieved by a 
 
number of 
methods including
 
(Figure 3)
:
 
 
·
 
Precipitation methods.
 
 
·
 
Atomization
 
techniques.
 
 
·
 
D
rying
 
techniques.
 
 
 
Control of particle size to ensure that the resultant solid is within the nano
-
sized domain is 
 
dependent on careful 
selection of the stabiliser used and 
control of cond
itions during the 
 
precipitation, drying and/or 
crys
tallisation step. The amorphous or 
crystalline nature of the 
 
solid formed depends both on the conditions o
f the precipitation process (i.e
. temperature) as 
 
well as intrinsic properties of th
e drug
 
and stabiliser themselves
, such as glass transition 
 
30
temperature (Tg), glass forming ability (GFA) and glass fragility (GF
)
 
.
 
 
Precipitation methods
 
 
Precipitation techniques involve either 
the addition of a substance (i.e
. antisolvent) to the drug 
 
solution which induces the precipitation of drug or the adjust
ment of 
physicoc
hemical
 
 
conditions (i.e
. pH, temperature, electrolyte concentration
) leading to drug precipitation. 
 
 
Antisolvent addition 
involves
 
p
recipitation from solution
 
that
 
can be achieved by first 
 
dissolving the drug in a biocompatible organic solvent, 
followed by the 
controlled
 
addition of 
 
a second solvent in which the drug is not soluble but with which the orga
nic solvent mixes 
 
readily (
an anti
solvent). Molecules of the anti
solvent thus compete with drug molecules for 
 
interaction with the organic solvent leading to nu
cleation and crystal growth of the drug out of 
 
10 
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solution.
 
Addition of stabiliser and intense mixing are required to prevent the formation of 
 
large crystals.
 
Sonication of the solution during the addition 
of antisolvent is often employed
 
 
to ensure the partic
les which precipitate are within the colloidal domain. 
In addition, 
the 
 
13
removal of solvent 
is a critical consideration 
to ensure stability upon storage
. 
 
 
Other novel techniques such as flash precipitation
 
are based on t
he rapid
 
mixing of two 
 
colliding streams:
 
a drug
-
containing solvent and a
 
polymer stabilised delivery vehicle 
 
31
(commonly amphiphilic di
-
block copolymers in 
water) and 
subsequent co
-
precipitation
. A
 
 
32
33
variety of devices such as the confined liquid impinging jet mixer
, the microchannel reactor
 
 
34
and ultrasonically
-
driven T mixer
 
among other
s
 
have been adapted to produce nano
-
drug
s
 
 
using
 
this 
app
ro
ach
.
 
 
 
Recently, many novel precipitation techniques have been developed 
aimed 
at 
obtain
ing 
 
amorphous nano
-
drugs.
 
The h
eat
-
induced evaporative antisolvent nanoprecipitation method is 
 
based on fast removal through rapid evaporation of the solvent 
in which the drug is previously 
 
13
dissolved
. Two configurations of this method have been used: i) the solvent is atomized into 
 
a heat
ed antisolvent or ii) the solvent is heated to a high temperat
ure before 
it 
is added dropwise 
 
in
to the antisolvent. Upon solvent evaporation, a drug supersaturated solution is formed that 
 
results 
in 
amorphous nano
-
drugs. Typically, the addition of stabilis
er is required to prevent 
 
nanoparticle aggregation. This technique has been successfully employed with poorly
-
soluble 
 
35
36
drugs
,
 
such as 
itraconazol
e
 
and
 
cyclosporine
.
 
pH
-
shift precipitation has also been used to 
 
prepare amorphous nano
-
drugs. The drug is firstly dissolved at the pH in which
 
it
 
exhibits the 
 
37
highest solubility and then the medium is neutrali
sed leading to drug precipitation
. 
 
 
38
Drug polyelectrolyte nanoplexation has been demonstrated with ciprofloxacin
. Similarly, 
the 
 
drug is dissolved in an 
acidic or basic 
aqueous solution forming a cationic or a
nionic drug
 
 
respectively
. Subsequently, the drug solution is added to another medium containing oppositely 
 
charged amphiphile
-
polyelectrolyte
s which results
 
in the formation of the drug
-
polyelectrolyte 
 
nanocomplex due to electrostatic interactions between 
drug and polyelectrolyte and also inter
-
 
drug hydrophobic interactions. The polyelectrolyte prevents the formation of 
an organised 
 
crystalline drug lattice
 
thus favouring 
amorphous nano
-
drug
 
formation
.
 
 
Atomization techniques
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Spray Drying
 
 
A traditional s
pray dryer is used to convert liquids into dry powders. 
In order for sol
vent 
 
evaporation to be effective
, the temperature of the process must be above t
he boiling point of 
 
the solvent. However, 
the process 
is 
very rapid,
 
allowing the drying of even tempera
ture
-
 
sensitive drugs without further degradation. This 
m
ethod has been widely used for 
 
encapsulation purposes
 
(Figure 3)
. The powder is generally generated 
as 
a matrix system in the 
 
39
form of heterogeneous and amorphous microparticles
. 
The advantage of t
he novel 
Büchi 
 
Nano Spray Dryer B
-
90 is
 
that
 
it
 
is
 
equipped with a vibrating mesh atomizer powered 
 
piezoelectrically 
and 
able to create tiny droplets (8
-
21 µm) due to the ultrasonic vibration of a 
 
perforated stainless steel membrane before evaporation
,
 
making 
it 
possible to produce
 
 
amorphous drugs
 
in the submicron size range.
 
Also, it has an electrostatic collector where a 
 
h
igh voltage is applied between the two electrodes causing the atomized particles to be charged 
 
13
and deposited on the collector vessel
 
resulting in
 
a high formulation yield
. Amorphous nano
-
 
39
drugs such as furosemide have been successfully produced using this technique
.
 
 
Super
critical fluid
s
 
 
Supercritical fluid technology utilises supercritical fluids
,
 
which exhibit unique properties 
 
above their critical point (solvent power, negligible surface tension and transport prope
rties). 
 
One of the 
most frequently used 
supercritical fluids is 
carbon dioxide (
CO
),
 
which is 
 
2
characterised by a very low critical point (Critical Temperature
 
= 31.4°C; Pressure
 
= 74 bar), 
 
40
and is
 
non
-
flammable, cost effective and highly pure
.
 
Below 
31.4°C
, CO
compresses and 
 
2 
condenses into a much denser 
liquid at over 74 bar pressure. At the critical temperature, an 
 
equilibrium 
exists 
between a dense liquid and a low density gas. Above 
31.4°C
, a large change 
 
40
in the density of the supercritical fluid occurs even with small changes in pressure
.
 
 
RESS (Rapid Expansion of Supercritical Solutions) is a method 
based on the supersaturation 
 
and nucleation of API that takes place when the API
,
 
dissolved in supercritical fluid
,
 
is passed 
 
through an orifice. The drug is only slightly soluble in the medium and thereby, the pressure 
 
of the solution becomes very high. 
T
he orifice in the precipitation chamber is small (150 µm) 
 
and then despressurization occurs
. T
his method provides good control 
over particle size 
 
distribution and high encapsulation efficiency and yield. 
It
 
has been used
 
successfully
 
to 
 
41
prepare 
nano
amorphous
 
cefuroxime axetil particles
. 
However,
 
problems with stability of the 
 
particulate system have been encounte
red owing to the lack of stabilising excipient used in the 
 
process.
 
Rapid expansion of a solution of API in supercritical CO
into an aqueous solution has 
 
2 
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been investigated to circumvent the issues with stability and aggregation encountered with 
 
RESS. 
Surface active stabilising excipients dissolved in the aqueous solution have been used 
 
to prevent particle adhesion and agglomeration. This method however req
uires an additional 
 
filtration or 
drying step to remove the aqueous medium and the API must be ins
oluble in 
 
40
wate
r
. 
 
 
If the API is insoluble in supercritical CO
 
instead of dissolving it in the gas, 
it 
is dissolved in 
 
2
a liquid solvent and the resulting solution is sprayed in a chamber that contains supercritical 
 
fluid as the antisolvent (SAS; Supercritical A
ntisolvent
). The rapid contact between the two 
 
media 
spee
ds 
up the process of nucleation and growth
,
 
leading to smaller particle formation. 
 
 
One of the critical parameters in this technique is the solubility of the drug in the supercritical 
 
fluid mixture. The solubility of the drug can be increased if the 
pressure is increased leading to 
 
a decrease in the degree of supersaturation and thereby a significant increase in the particle 
 
42
size
. A
morphous atorvastatin calcium nanoparticles
 
(152
-
 
863 nm)
 
were successfully
 
 
43
prepared using
 
the
 
SAS 
process
. 
 
 
 
 
Drying Techniques
 
 
Freeze drying is commonly used in industr
ial manufacturing to convert an aqueous solution 
 
into a dry powder
 
(Figure 3)
. Vials contain
ing the product 
are loaded into a freeze dryer where 
 
it is firstly frozen and then heated at low pressures leading to solvent removal by sublimation 
 
(known as prima
ry drying)
, resulting in
 
a porous cake. The water bound to the cake is removed 
 
44
in a second step (secondary drying) by increasing the product temperature
.
 
Amorphisation is 
 
likely to occur during freeze drying. However, uncontrolled crystallization of the drug could 
 
also take place during processi
ng or storage. The risk of uncontrolled crystallization is higher, 
 
when a drug has a low T
 
(i.e. fenofibrate T
= 
-
21.3 
⁰
C), mainly if it is incorporated in the solid 
 
g
g
45
dispersion as clusters
. 
Fully nanocrystalline solid dispersions can be obtained using the 
 
controlled crystallization during 
freeze drying method based on the combination
 
of 
a low T
 
 
g
drug with a carrier (such as mannitol) that easily crystallises during lyophilisation
 
and
 
a 
 
46
relatively high shelf temperature
 
in
 
the freeze drying process
.
 
Nanocrystalline fenofibrate 
 
was obtained using a
 
mixture of tertiary butyl alcohol and water
 
as solvent which crystallised 
 
only during the freezing step. However, the solutes
 
(fenofibrate and mannitol)
 
crystallised 
only 
 
after
 
the temperature wa
s increased (but before the drying step).
 
At a higher freezing rate
, 
 
s
maller interstitial spaces containing the freeze
-
concentrated s
olutes
 
are created
 
that
 
lead to 
 
46
nanocrystal formation
.
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3
. Li
censed te
chnologies and products 
on 
the market
 
 
The overall market is changing and a more personalised medicine approach is displacing the 
 
concept of blockbusters and “one size fits all”.
 
The low aqueous solubility of new chemical 
 
entities and the pharmaceutical 
market (characterised by patent expiration after a relatively 
 
short period of time which can be extended if novel drug delivery systems are developed) are 
 
1
, 
47
the two main forces that fuel the growth of nano
-
enabled drug technologies
.
 
In 2021, the 
 
market for nano
-
enabled drug technologie
s is estimated to be US$136 billion
;
 
among them,
 
 
47
nanocrystals will account for 60% and nanocarriers for 40%
. This fact illustrates the vast 
 
impact of nanocrystals on global pharmaceutical development.
 
 
Regarding 
the 
preparation of nano
-
drugs
, most of the products 
in the market are obtained using 
 
a 
top
-
down rather than the bottom
-
up approach. Among the methods
 
of production
 
previously 
 
® 
mentioned
, 
the Nanocrystal
Technology by Elan Drug Technologies
,
 
based on 
pearl milling 
 
(wet milling)
,
 
has been the most success
ful
 
by far
,
 
as s
hown in Table 1. Elan D
rug 
 
Technologies
,
 
founded in Ireland 
in 1969
 
and 
merged with
 
Alkermes 
i
n
 
2011
,
 
has a focus
 
on 
 
®
developing drug bioavailability enhancement platforms such as Nanocrystal
 
and OCR (Oral 
 
48
®
Controlled Release) technologies
 
for 
unsol
ved drug formulation challenges
.
 
Nanocrystal
 
 
®
technology has been incorporated into five licensed and marketed
 
nanocrystals
 
(Emend
, 
 
®
®
®
®
Megace
 
ES, Tricor
, Rapamune
 
and 
Invega
) achieving over $1.9 billion in 
annual 
market 
 
48
sales in 2010
. More
o
ver, there
 
are more than 30 other products
 
at different clinical 
 
development
 
stage
s
 
using 
this technology and the number of 
patent application
s has reached 
 
48
more than 1400
. 
 
 
®
Nanocrystal
 
Technology consists
 
of milling media (usually water) containing stabiliser and 
 
API which is loaded into the milling chamber and also the milling pearls (which can be made 
 
of cerium or yttrium stabilised zirconium dioxide, stainless steel, glass or coated with highly 
 
6
crosslin
ked polystyrene
 
resin)
. The movement of the milling media produces shear forces that 
 
reduce the particle size of the API
, but also erosion of the milling 
material, 
which is 
one of the 
 
disadvantages of this technology. The milling time varies between 30 minutes to 
several days
,
 
 
depending
 
on the hardness of the drug, concentration of stabiliser, viscosity and temperature 
 
6
of the media and energy used
.
 
It is preferable 
to work with neutral drugs and initial 
testing at 
 
®
small lab scale is carried out in the 
Nanomill
 
system
, 
making it
 
possible to use
 
low quantities 
 
49
of API (10 mg to 10 g)
.
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Four out of the five licensed nanocrystals by Elan are for oral administration. However, the 
 
technology can be used to produce nanocrystals for other
 
administration routes such as 
 
intramuscular, intravenous or inhalation products
,
 
as shown in 
Table 
1. The first nanocrystal 
 
®
commercialised by 
Wyeth Pharmaceuticals in 2001
 
was Rapamune
 
which contains 
an 
 
49
immunosuppressive drug (
sirolimus, also known as r
a
pamycin)
. The product is marketed in 
 
two different dosage forms: 
nanocrystal 
tablet and solution.
 
The solution was commercialised 
 
first and contains
 
1 mg/ml o
f API and
 
s
everal
 
solubility enhancers
:
 
polysorbate 80 and p
hosal 
 
50 PG (
which contains 
phosphatidylcholine, propylene glycol, mono
-
and diglycerides, ethanol, 
 
50
soya fatty
 
acids and ascorbyl palmitate)
. 
In order to improve patient compliance, tablets were 
 
manufactured by coating inert tablet cores with a nanocrystal colloidal dispersion that 
 
51
contained the API and 
a
 
stabiliser (Poloxamer 188)
.
 
The bioavailability of the n
anocrystal 
 
tablet is
 
higher than the oral solution (AUC 
and 
t
 
are
 
increased by 27% and 82% 
 
max
51b
respectively, whereas C
 
is
 
decreased by 35%)
. This could be explained by the fact that 
 
max
the saturation solubility of the nanocrystalline API is higher than the API in solution lea
ding to 
 
higher and faster absorption.
 
However, it should be born
e
 
in mind that t
he tablet contains 
0.5, 
 
52
1 or 2 mg of API 
in a total weight of 365
-
370 mg
, which is a very low
 
percentage o
f drug
. 
 
During manufactur
e
 
under 
high 
compression forc
e, nanocrystal aggregation can
 
occur
,
 
leading 
 
to larger crystals with reduced saturation solubility.
 
T
he low dose of API within the excipient 
 
24
(less than 1 %) prevents this 
ph
enomenon
,
 
ensuring drug stability
.
 
 
 
®
In 2003
, the sec
ond nanocrystal medicine
,
 
Emend
 
(aprepitant)
,
 
reached the market
,
 
being 
 
49
commercialised by Merck to treat post
-
chemotherapy
 
nausea
.
 
In this case, the amount of API 
 
is 80 or 125 mg in a 400 mg tablet approximately
,
 
which is close to the critical drug content 
 
24
(usually about 30%) from which the possibility of nanocrystal aggregation is higher
. Special 
 
manufacturing methods 
(i.e. lower energy processes like extrusion instead of compression) 
are 
 
6
required to obtain high nanocrystalline
-
load tablets
,
 
minimising the risk of
 
aggregation
.
 
The 
 
®
manufacturing process 
of Emend
 
starts with the production of a slurry of 
hydroxypropyl 
 
cellulose, API and water followed by pre
-
milling. Thereafter, an aqueous sodium lauryl 
 
sulphate dispersion is added to the mixture prior to 
wet
 
milling to red
uce the drug particle size 
 
53
and form a nanocolloidal dispersion
. This dispersion 
is mixed wit
h an
 
aqueous sucrose 
 
solution
 
and then, the mixture is sprayed onto microcrystalline
 
cellulose beads in order to 
 
prevent 
agglomeration and allow
 
a
 
fast API redispersion
 
from the beads i
n vivo
,
 
maintaining 
 
the nanosize
.
 
Finally, the coated beads are sieved,
 
blended with micronized sodium lauryl 
 
53
sulphate and encapsulated 
in 
hard gelatin capsules
. 
The fast dissolution is critical to enhance 
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oral b
ioavailability
,
 
as the API has a narrow
 
absorption window in the upper gastrointestinal 
 
6
tract
 
(Figure 4)
. 
The n
a
n
ocry
stalline aprepitant formulation improves oral bioavailability (by 
 
600%) and 
reduces the variabili
ty between fed/fasted con
ditions eliminating the 
food 
 
49
requirement during drug administration
.
 
 
®
The next nanocrystal commercialised was Tricor
 
(fenofibrate) by Abbvie Laboratories in 
 
6
2004 to treat
 
hyperlipidemia
. 
Fenofibrat
e is a poorly soluble drug in aqueous media
, the
 
 
solubility 
of which 
cannot be increased with changes in pH or salt formation
,
 
as the molecule 
 
does not exhibit any ionisable groups. Micro
-
crystalline fenofibrate has a much higher oral 
 
bioavailability (35%)
 
in fed patients due to the solubilising effect of lipids and other surfactants 
 
24
®
(such as bile salts and cholesterol) through the administration of food
.
 
Using the Nanocrystal
 
 
Technology, the difference in oral drug absorption between fed and non
-
fed patients was 
 
®
minimised. Tricor
 
(nanocrystallline fenofibrate) was the successor formulation after patent 
 
expiration
,
 
allowing life
-
time extension, but also improving d
r
ug performance (9% higher oral 
 
6
, 
49
bioavailability and minimised food effect)
. It was comm
ercialised at a lower dosage 
 
strength 
(48 and 145 mg) 
and contains 
docusate sodium sucrose, sodium lauryl sulphate and 
 
54
soybean lecithin as stabilisers
.
  
 
 
®
Triglide
 
is also a nano
cyrstalline fenofibrate medicine
 
which was 
commerci
ali
sed by 
 
®
SkyePharma
. 
Triglide
 
is the first marketed product using Insoluble Drug Delivery (IDD) 
 
6
microfluid
i
zer technology based on high 
pressure
 
homogenisation methods
. 
The IDD 
 
formulations are multiphasic aqueous dispersions containing
 
microparticles, microd
roplets and 
 
55
phospholipids or other surface modifiers to support improved solubility
.
 
The surface
-
 
modifier p
rimary layer 
consists
 
of a phospholipid domain a
round the drug core of IDD 
 
particles
. A second domain around the drug core is formed by other phospholipid bilayers and 
 
also small unilamellar vesicles. A third domain includes small unilamel
lar vesicles and 
other 
 
submicro
n
-
structures (< 50 nm). Most of the drug is localised in the first domain but it is 
also 
 
possible to find the drug in the second and third domain
s
 
due 
to the
 
equilibrium d
ru
g 
 
56
partitioning into the different structures
.
 
Tablets containing 50 or 160 mg of API and several 
 
excipients (such as: maltodextrin, carboxymethylcellulose sodium, egg lecithin, 
 
57
®
croscarmellose sodium and sodium lauryl sulphate
) are manufactured
. Similarly to Tricor
, 
 
the 
API has an equivalent extent of absorption under fed and fasting 
condition
s
,
 
which 
results 
 
58
in 
greater patient compliance
. 
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®
49
®
Par Pharmaceutic
a
l
s launched Megace
 
ES in 2005
.
 
Megace
 
ES is a nanocrystalline oral 
 
suspension of megestrol acetate (synthetic progestin) with enhanced solubility mainly used to 
 
improve weight gain and ap
p
etite in patients suffering from HIV
 
and anorexia
 
or undergoing 
 
59
chemotherapy
.  
Compared with the reference product
,
 
Megace from Bristol
-
Myers Squibb, 
 
®
the particle size reduction in Megace
 
ES improved drug oral b
ioavailability in unfed 
 
conditions (decreasing variability between fed and fasted conditions), reduced the viscosity of 
 
the formulation 
(higher viscosity is no 
longer required to avoid the sedimentation of bigger 
 
60
particles) 
and
 
decreased
 
the total volume p
er dose by 75% (5 ml
 
instead of 20 ml)
. All of 
 
these parameters can be translated into better patient compliance
,
 
espe
cially due to 
increased 
 
 
24
formulation
 
palatability
 
and flexible dosing
.
 
 
®
The first commercial long
-
acting injectable 
nanocrystal 
formulation 
using Nanocyrstal
 
 
®
®
®
Technology was Invega
/Sustenn
a
 
(Xeplion
 
i
n Europe)
,
 
approved in 2009 and marketed by 
 
49
Janssen
.
 
It is comme
rcialised as a prodrug (paliperidone palmitate or 
9
-
hydroxyrisperidone) 
 
which i
s used to treat s
c
hizoaffective disorders.
 
 
It is a sterile aqueous extended
-
release 
 
suspension for intramuscular injection. 
Reduced particle size and h
igh drug loading (156 mg/
 
 
ml) 
are
 
achieved 
using stabilisers like
 
polysorbate 20 (12 mg/mL), poly
ethylene glycol 4000 
 
61
(30 mg/ml
) and
 
ci
tric acid monohydrate (5 mg/ml
)
 
without the need 
for 
organic solvents
. 
 
Several dose strengths of palipe
ridone palmitate are available
 
in 
prefilled syringes with 
 
different volumes
: 
39 mg (0.25 ml), 78 mg (0.5 ml), 117 mg (0.75 ml), 156 mg (1.0 ml
), and 
 
2
34 mg (1.5 ml
). 
Paliperidone palmitate has a very low aqueous solubility w
hich leads to slow 
 
dissolution aft
er intramuscular administration. Then the API is hydrolysed to paliperidone 
 
(resulting in dose strengths of 25, 50, 75, 100 and 100 mg respectively) and absorbed into the 
 
systemic circulation. After administration, the rel
ease of the API starts at day 1 and last
s
 
for 
 
61
126 days reaching maximum plasma concentration (t
) at 13 days
. Long
-
acting 
 
max
paliperidone palmitate injection is designed to deliver the API
 
over a monthly period compared 
 
to the daily administration required with the extended
-
release oral formulation. This factor
,
 
 
combined with the ease of administration (readily syringable fluids through small bore 
 
49
syringes)
,
 
results in higher patient compli
ance
.
 
 
Apart from the
 
commercialised products discussed
 
above
, many other nano
-
drugs are close to 
 
being marketed or 
are 
in clinical studies
. 
Among them, 
nanocrystalline 
products are 
further 
 
along the road to the 
market compared to
 
amorphous materials
,
 
probably due to 
their 
superior 
 
product performance and 
higher 
physical 
stability. 
Limited information is available regarding 
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nanoamorphous 
products 
currently in the development 
pipeline 
due to intellectual property 
 
®
r
ights within
 
the pharmaceutical industr
y
. Nanocrystal
 
Technology has been established 
 
clinically as one of the most 
useful 
strategies to produce nanocrystalline drugs by 
 
pharmaceutical companies
,
 
not only to develop oral products but also parenteral and i
nhaled 
 
formulations (
Table 
1). The following examples are an indication of the potential application 
 
of this technology: 
budesonide as an inhaled therapy for asthma in clinical phase III,
 
fenofibrate 
 
62
®
to treat sleep apn
o
ea syndrome
,
 
Panzem
 
(2
-
methoxyestradiol) in clinical phase II for the 
 
63
® 
oral treatment of advanced solid malignancies
 
and
 
Theralux
(thymectacin)
 
in clinical phase 
 
64
®
II 
for
 
photodynamic based
-
therap
ies
. 
Theralux
 
is used in the treatment of autoimmune 
 
diseases, prevention of graft versus host disease and elimination of malignant cells from bone 
 
64
marrow transplants
. It is
 
based on a photosensitive 
drug and a device
 
used outside the body 
 
to eliminate 
tumor
 
cells. 
After intravenous administrati
on, the drug is retained by the 
cancerous 
 
cells and activa
ted T cells. During 
exposure to 
light, the drug undergoes photodynamic 
 
activation leading to 
the 
death of the 
unwanted 
cells. In order to minimise toxicity, this process
 
 
is
 
conducted outside the body and once the 
unwanted 
cells have been eliminated, the 
blood is 
 
24
reinfused into the patient
. 
 
 
 
 
4
. 
Other l
i
censed technologies to prepare nano
-
drugs
 
 
®
Apart from Nanoc
ry
stal
 
T
echnology based on milling method
s to produce nanocrystalline 
 
drugs, other 
technologies have been licensed in order to prepare nano
-
drugs. When generating 
 
T
M
nanocrystals using homogenisation 
methods, there are three main technologies: IDD
 
 
55
®
Technology or microfluid
i
ser technology based on the jet stream principle
, Dissocubes
 
 
Technology developed by SkyePharma and based on piston gap homogenisation in water and 
 
®
Nanopure
 
Technology
 
which was previously developed by PharmaSol GmbH and then by 
 
Abbott Laboratories and is focus
ed
 
on piston gap homogenisation in
 
w
ater mixtures, such as 
 
6
, 
13
glycerol
-
water or ethanol
-
or non
-
aqueous media
.
 
 
Several technologies have been deve
loped using bottom
-
up approaches. The VHP or via 
 
humida paratum method was initially developed by 
List and 
Sucker. and then acquired by 
 
65
Sandoz
. The drug is dissolved in a solvent followed by precipitation after mixing with 
an 
 
antisolvent. Because of the complexity of the process (such as solvent removal, drug solubility 
 
in at least one solven
t and strict control of crystal growth), 
to the best
 
our knowledge no 
 
pharmaceutical 
products 
have reached the market using this technology
 
as yet
.
 
Spherical 
 
amorphous nanoparticles have been successfully prepared by precipitation methods. 
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Presumably due 
t
o the risk of crystallisation of the amorphous drug and
,
 
as a consequence 
 
decrease in bioavailability, only products from the food sector
 
have entered in the market such 
 
®
®
as Lucarotin
/ Lucantin
 
(from 
BASF) consisting of a mixture of
 
carotenoid
 
and 
surfactants 
 
(such as 
digestible oil
s)
. 
A hydrophilic colloid (like octenyl succinate starch) is also added to 
 
provide protection from
 
oxidation. 
A suitable solvent is selected to mix 
the
 
component
s
.
 
A
fter 
 
evaporation 
of
 
the solvent, an 
O/W system 
is formed
 
where the carotenoid is stabilised in the 
 
24
, 
66
oil phase. A partially amorphous carotenoid (~90%) is obtained after lyophilization
.
 
In 
 
®
terms of 
pharmaceutical compounds, the technology (
Nanomorph
 
Technology by 
 
Soliqs/Abbott)
, which is
 
also bas
ed on antisolvent precipitation is available but 
has
 
not
 
yet 
been 
 
6
, 
67
introduced 
for a 
pharmaceutical
 
product
s
. 
 
 
Moreover, there are other licensed techniques that combine different strategies to produce 
 
TM
nano
-
drugs. One of them is Nanoedge
 
Technology by Baxter based on initial drug 
 
microprecipitation followed by an annealing step using high energy shear forces 
such as
 
those 
 
67
produced by 
piston
-
gap homogenisers
. The annealing prevents crystal gr
owth by converting 
 
a
 
thermodynamically unstable compound into a more stable system (
with a 
more ordered latt
ice 
 
structure) using 
energy 
-
 
either
 
direct heat or
 
mechanical 
stress 
-
 
and subsequently followed by 
 
thermal relaxation.
 
The stabilisation of the drug is achieved by reordering surfactants at the 
 
68
solid
-
liquid interface
. Similar to other technologies, one of the major problems during lar
ge
-
 
scale production is the 
large 
quantity
 
of solvent that need
s
 
to be removed after the 
 
microprecipitation step and the 
lack of 
stability of 
certain formulations for intravenous use
 
 
during
 
the
 
sterilisation
 
step
,
 
involving 
irradiation
, for example,
 
which requires aseptic 
 
69
conditions during
 
manufacturing
.
 
making the process even more expensive
.
 
This technology 
 
has been successfully applied to 
paclitaxel (Bristol Myers Squibb) by removing Chremophor 
 
EL as an excipient (which is associated with incompatibilities and toxicity) and adding 
 
functionalised pol
ytheylene glycols to minimise opsonisation
 
and prolong the half
-
life of the 
 
70
drug
.
 
 
®
Ano
ther combination 
strategy is SmartCrystal
 
T
echnology 
which is owned by Abbott and 
 
marketed by Soliqs. It can be considered 
as the 
second generation of nanocrystalline 
drugs and 
 
may be considered as 
a toolbox to tailor particle size 
for
 
each 
particular 
drug
,
 
taking into 
 
account i
t
s intrinsic characteristics a
nd the specific application and route of administration. 
 
Some of the
se
 
strategies are
:
 
H42 that combines spray
-
drying as a pretreatment step followed 
 
by high pressure homogenisation, H69 that combines microprecipitation involving organic 
 
TM
solvents followed 
by high pressure homogenisation (similar to Nanoedge
 
Technology but 
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the cavitation takes place at the same time as particle formation) and H96 that involves freeze
-
 
71
drying followed by high pressure homogenisation
.
 
 
 
 
5
. 
Characterization of organic nanomaterials
 
 
Among the various parameters
 
that are 
useful to characterise 
in terms of 
nano
-
drugs, particle 
 
size, particle morphology, surface charge and crystalline/amorphous state are especially 
 
important because they have an effect on the
 
stability and bioavailability
,
 
and thereby efficacy.
 
 
5
.1. 
Particle Size
 
and morphology
 
 
Both 
mean part
icle size and
 
particle size distribution (represented by the polydispersity index 
 
value) are key parameters as they have a great influence
 
o
n
 
the downstream proc
ess
ability and 
 
ultimate biopharmaceutical properties of the drug
,
 
such as 
saturation solubility
, dissolution, 
 
physical st
ability and biological activity.
 
Different methods can be used such as 
the 
laser 
 
diffraction technique
, 
pho
ton correlation spectroscopy
 
and electron microscopy.
 
 
Laser diffraction analyses particle size distribution by measuring the angular variation in 
 
intensity of light scattered when a laser beam passes through a dispersed particulate sample. 
 
Small particles scatter light at large angles whereas large particles 
scatter light at small angles 
 
relative to the laser beam. Using Mie theory of light scattering, the angular scattering intensity 
 
data is analysed to calculate the size of the particles responsible 
for
 
creat
ing
 
the scatter pattern.
 
 
T
he 
equipment usually mea
sures 
particle size 
from 0.
0
1 to 3500
 
µm
,
 
although it 
is
 
more 
 
72
acc
urate
 
for 
particles
 
above 1
 
μ
m
.
 
 
 
Photon correlation s
pectroscopy, a
lso known a
s dynamic light scattering
, utilizes Brownian 
 
motion in the characterization of particle size, a phenomenon unique to colloidal (nano
-
 
particulate) systems. The average velocity of a particle undergoing Brownian motion is related 
 
to its size. Laser light scattering and diffraction t
hrough a suspension of the nanoparticulate 
 
system is continually monitored and the frequency of variation of the transmitted light is related 
 
to the velocity of particles undergoing Brownian motion which in turn is related back to particle 
 
size. 
It
 
is a us
eful technique for particle size characterisation for particles within the nano size
 
 
range
. 
One of the disadvantages is that 
it may not give a true estimation of the polydispersity 
 
of a powder system if there i
s a significant population of particles within the micrometre range.
 
 
Scanning electron microscopy 
(SEM) 
involves a d
irect analysis of particles
, allowing the 
 
determination
,
 
not only of particle size
,
 
but also particle morphology, surface texture and 
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chemic
al composition. However, it is 
normally 
requires 
the sample
 
surface 
to be sputter coated 
 
with a contrast agent (usually gold or palladium
 
under high vacuum
)
,
 
which 
may lead to 
 
changes in the particle size and mo
rphology of the particles. 
Ano
ther disadvanta
ge is that only 
 
a r
elatively small subset of the total powder population ca
n reasonably be analysed
.
 
The lower 
 
limit for accurate particle size analysis is about 0.2 µm in secondary electron mode. An order 
 
of magnitude improvement in resolution can be gene
rated with the field emission SEM 
 
73
(FESEM) which uses lower electron voltages and does not require a conductive coating
. 
 
Transmission electron microscopy measures the transmitted electron beam after it passes 
 
through the sample. It is applicable for particle size determination in the extreme lower size 
 
limit below 0.2 µm, nevertheless, most of
 
the three dimensional information (morphology and 
 
74
surface texture) is lost
.
 
 
5.2. Surface charge
 
 
Surface
 
charge plays a key role in the physical stability of the nano
-
drugs. Surface
 
charge is 
 
the result of 
ionisation of the particle surface or adsorption of molecules (such as surfactants) 
 
onto the surface. Surface charge can be evaluated by means
 
of 
the 
zeta potential. The larger the 
 
zeta potential, the higher the phys
ical stability due to the repulsion forces 
between 
similar
ly
 
 
charged particles. Generally, it can be considered 
that a nanosuspension is electrostatically 
 
stabilised (with reduced risk of particle aggregation)
 
when
 
it
 
exhibits
 
a minimum
 
zeta potent
ial 
 
75
of ±
 
30 mV
.
 
 
5
.3
. 
Crystalline/A
morphous Content
 
 
When drugs are subjected to nanosizing, they may undergo solid state c
hanges. This is critical
,
 
 
as the
 
crystalline 
or amorphous nature is
 
related to
 
the physical stability and the saturation 
 
solubility of the drug and hence its dissolution properties.
 
There are several techniques 
 
available to quantify moderate to high levels of amorphous content in materials such as powder 
 
X
-
ray diffraction
 
(pXRD)
, differential scanning calorimetry
 
(DSC), 
thermal stimulated current
 
 
spectroscopy,
 
solution calorimetry, FT
-
Raman and 
Near IR
. However, very few techniques can 
 
quantify amorphous content below 1 %
. Suitable techniques include 
 
dynamic vapour sorpti
on
 
 
76
(DVS)
, solid state NMR, microflow calorimetry and parallel beam powder X
-
ray diffraction
. 
 
It should be 
borne
 
in mind
,
 
when analysing amorphous content
,
 
that no one technique s
hould 
 
be solely relied
 
upon
. 
A number of
 
methods should always be employed in order to gain a 
 
better understanding of the amorphous content of the sample.
 
Some of the most common 
 
techniques are desc
ribed below.
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P
owder X
-
Ray Diffraction (pXRD)
 
 
The inten
sity of pXRD
 
patter
n
s can be used in
 
the quantification of crystalline
 
content, either 
 
with or without the incorporation of an internal standard
 
such as 
LiCl or ZnO
. 
There is a 
 
proportional
 
relationship between the crystalline content and the intensity of the
 
Bragg
 
peak
s.
 
 
The degree of amorphisation can be estimated by 
integrating the areas of Bragg peaks from the 
 
77
entire sample
 
after processing (
A
) and comparing this to th
e unprocessed 
samp
le (A
) (Eq 1)
.
 
 
p
u
Ap
%
 
amorphous
 
content = 100 × (1 
-
 
)
                             
Eq. 1
 
 
Au
The reduction in particle size leads to 
a 
decrease i
n peak intensity and broadening effects which 
 
can make accurate quantification of crystalline content 
in nano
-
drugs 
more difficult.
 
Special 
 
equations (i.e. Debye equation) have been developed to obtain information about the structure, 
 
78
the size and the 
shape of the nanocyrstalline drug
s
 
form the pXRD patterns
. 
Advantages of 
 
pXRD
 
are that it can be used to quantify multi
-
component systems
,
 
if the traces of either 
 
component do not overlap
,
 
and it is 
a non
-
destructive technique compared to thermal or 
 
sorption methods of analysis.
 
Nevertheless, 
pXRD suffers from
 
low 
sensitivity
 
and
 
 
reproducibility issues due to preferred orientation interference, 
particle size and 
sensitivity to 
 
operator variables 
(sample preparation and loading)
,
 
leading to variability in peak heig
ht and 
 
width (peak broadening).
 
When the amorphous content is 
low (below 10%),
 
other more 
 
sensitive methods of analysing amorphous content should be considered such as DSC and 
 
79
DVS
.
 
 
Differential Scanning Calorimetry (DSC)
 
 
D
SC
 
(and 
MDSC, 
modulated differential scanning calorimetry)
 
can provide an accurate and 
 
80
relatively quick determination of 
low 
levels
 
of 
amorphous content
 
(
1
%
)
.
 
Determination of 
 
amorphous content is based 
on a comparison of the heat of crystallisation (
Δ
H
), heat of melting 
 
c
(
Δ
H
) and the change in heat capacity (
Δ
C
) that occurs over the glass transition step (T
).
 
The 
 
m
p
g
Δ
H
from the amorphous state depends on the level of amorphous material in the sample and 
 
c
 
the 
Δ
H
 
depends on the total level of cr
ystalline material after crystallisation
. 
B
ecause 
 
m
crystallisation tends to occur at a lower temperature than melting,
 
it is necess
ary to correct for 
 
this temperature dependence of the enthalpy values by considering the 
Δ
C
between the solid 
 
p
 
77
, 
81
and the liquid states
.
 
 
∆
Hc
1
%
 
amorph
ous 
content
  
= 100 x 
 
x
 
 
                  
Eq. 2
 
 
∆
Hm
 
x
 
Tm
−
(
Tm
−
Tc
)
∆
Cp
1
−
 
α
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where T
 
and T
 
are the crystallization and melting temperatures respectively and the term α 
 
c
m
refers to the fraction of amorphous sample which does not crystallise upon heating. It can be 
 
calculated from the ratio of the 
Δ
H
 
of the amorphous sample to that of the crystall
ine sample. 
 
 
m
Due to the elevated surface
-
to
-
volume ratio on a 
nanometre 
scale, usual
ly the Tm 
decrease with 
 
d
ecreasing the
 
particle siz
e and also the
 
melting process can be described as two steps, firstly, 
 
82
the premelting on the surface layer and then the a
brupt overall melting of the whole particle
.
 
 
Gravimetric Analysis
: 
Dynamic Vapour Sorption (DVS)
 
 
DVS is a very sen
sitive 
technique that allows
 
for the determination of low levels of
 
amorphous 
 
76
content (down to 1%)
.
The major disadvantage is that a
nalysis time is
 
relat
ively long and a 
 
single scan can take 
from hours 
up to a few days to complete
.
 
 
 
Amorphous materials tend to absorb solvent vapour into 
the 
bulk much more readily than their 
 
crystalline counterparts, which generally take up solvent vapour in the form of surface films 
 
(surface adsorption). 
An increase in mass is usually associated with vapour sorption, whereas 
 
a decrease is due to vapour desorp
tion. 
As the amorphous matrix takes up solvent vapour, the 
 
glass transition of the system is reduced due to the plasticization effect of the solvent. Once the 
 
Tg
 
is reduced 
at a particular relative humidity value (dependent on the material in question and 
 
the solvent vapour used), the molecular mobility of the amorphous material increases 
 
dramatically leading to crystallisation and expulsion of the absorbed vapour (leading to a mass 
 
76
loss event)
.
 
 
 
Quantification of amorphous content is achieved by determination of the amount of vapour 
 
absorbe
d into the bulk at a specific relative humi
dity (below the relative humidit
y
 
at which 
 
crystallisation occurs)
 
(Eq. 3)
. 
A
 
calibration 
with
 
known amorphous contents is
 
typically 
 
necessary
.
 
In 
order to correct for absorbed versus
 
adsorbed solvent vapour, the sample is 
 
crystallised by an increase in the relative humidity. The amount of vapour adsorbed onto the 
 
surfac
e of the crystalline system
 
thus produced
 
i
s then determined at the same relative 
 
humidity
. The difference in mass uptake between the amorphous and crystalline systems is the 
 
amount of vapour uptake due to bulk absorption by the amorphous region.
 
 
∆
m
 
x
 
ms
1
%
 
amorpho
us
 
content = 100 x 
 
x
 
          
Eq. 3
 
 
md
∆
m100
W
here
 
Δm is the difference in the mass uptake (%) of the drug between the first and the second 
 
sorption cycles at a specific relative humidity, m
 
is sample mass in the DVS, m
 
is the mass 
 
s
d
23 
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of the drug in
 
the overall sample mass and Δm100 is the difference in mass uptake between the 
 
83
first and the second sorption cycles of the amorphous standard at a specific relative humidity
.
 
 
Ano
ther factor to bear in mind is that the particle size may
 
also influence the hygroscopicity 
 
due to 
the fact that 
smaller particles will have a larger 
surface area onto which water may 
 
84
adsorb
.
 
 
6. 
Future perspectives and c
onclusions
 
 
Bearing in mind that
 
around 80
-
90% of drug candidates in the R&D pipeline ha
ve
 
low aqueous 
 
solubility, 
the manufacture 
of nano
-
drugs is a promising technology to solve this problem. 
 
Classical solubilisation techniques such as salt formation or cyclodextrin solubilisation can 
be 
 
only used with drugs that exhibit ionisable groups or fit in the cavity respectively. However, 
 
particle size reduction is a 
strategy
 
that can be 
universally applied 
to increase solubility and 
 
dissolution rate 
and
,
 
in fact, 
its feasibility is
 
reflected b
y the short time between invention and 
 
commercialisation. Currently, the manufactur
e
 
of crystalline nano
-
drugs has been more 
 
favoured due to the perceived instability of the amorphous drugs. Due to the higher surface 
 
area per unit of volume, nanocrystals h
ave 
a 
higher dissolution rate than micronized drugs. 
 
However, the increase in dissolution can be modest 
and sizes below 100 nm 
are usually 
 
12
-
13
, 
85
required 
to lead to a significant 
apparent 
saturation solubility enhancement
.
 
At this point, 
 
amorphous nano
-
drugs are advantageous as they can usually generate greater saturation 
 
®
solubility.
 
Currentl
y, Nanocrystal
 
Technology is by far the most successful strategy to 
 
produce nanoc
r
ystalline drugs based on wet milling methods. Different benefits can be 
 
obtained using this technology like fast action onset, bioequivalence in fed/fasted state and 
 
adminis
tration of smaller doses
,
 
which 
lead
s
 
to
 
a
 
decrease
 
in
 
side effects
 
and better patient 
 
compliance. 
At 
present
, most of the nanocrystals commercialised are 
directed 
to oral 
 
administration; however, i
ncreasing use of nanocrystals in
 
a wide 
range 
of different
 
pathologies 
 
is predicted
 
as is 
its applicability 
to 
different admi
ni
s
tration route
s and 
utilisation by 
industries
 
 
outside the pharm
aceutical industry 
(such as 
the 
nutraceutical and cosmetics
 
industries
). 
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Figure captions
 
 
Figure 1.
 
T
echni
ques to prepare 
nanocrystals and
 
nanoamorphous materials.
 
Challenges to 
 
overcome in the preparation of nanomaterials.
 
 
Figure 2
. Top
-
down 
techni
ques to prepare nanocrystals and
 
nanoamorphous materials.
 
 
Figure 3.
 
B
ottom
-
up techni
ques to prepare nanocrystals and
 
nanoamorphous materials.
 
 
Figure 4
.
 
Oral bioavailability enhancement of a nanocrystalline drugs 
within a narrow
 
 
absorption window
.
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Figure 1.
 
Top
-
down and
 
bottom
-
up techni
ques to prepare nanocrystals and
 
nanoamorphous 
 
materials.
 
Challenges to 
overcome in the preparation of nanomaterials.
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Figure 2
. Top
-
down 
techni
ques to prepare nanocrystals and
 
nanoamorphous materials.
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Figure 3.
 
B
ottom
-
up techni
ques to prepare nanocrystals 
and
 
nanoamorphous materials.
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Figure 4
.
 
Oral b
ioavailability enhancement of
 
nanocrystalline drug
s
 
within a narrow
 
 
absorption window
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