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Abstract Although a large number of new drug molecules
with varied therapeutic potentials have been discovered in
the recent decade, yet most of them are still in developmental
process. This can be attributed to the limited aqueous solubil-
ity which governs the bioavailability of such drug molecules.
Hence, there is a requisite for a technology-based product
(formulation) in order to overcome such issues without
compromising on the therapeutic response. The purpose of
this review is to provide an insight to the formulation of drug
nanoparticles for enhancing solubility and dissolution velocity
with concomitant enhancement in bioavailability. In the recent
decade, nanonization has evolved from a concept to reality
owing to its versatile applications, especially in the develop-
ment of drugs having poor solubility. In this review, a relative-
ly simple and scalable approach for the manufacture of drug
nanoparticles and latest characterization techniques utilized to
evaluate the drug nanoparticles are discussed. The drug
nanoparticulate approach described herein provides a general
applicability of the platform technology in designing a formu-
lation for drugs associated with poor aqueous solubility.
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Introduction

With the advent of new technologies in drug discovery and
structure-based drug design, there was an exponential increase
in the development of new chemical entities with promising
therapeutic potentials. However, due to complex chemistry,
nearly 40 % of the drug candidates in the developmental
stages and about 60 % of newly synthesized drugs are associ-
ated with poor water solubility leading to low and inconsistent
bioavailability [1, 2]. The poor solubility of drug may result in
sub-optimal dosing resulting in a decreased therapeutic re-
sponse. Even on parenteral administration of these poorly sol-
uble drugs in the form of microsuspensions, it is often difficult
to achieve the desired therapeutic activity because of inade-
quate solute availability at the injection site. There are in-
stances wherein the solubilizing agents used to improve the
solubility of drug have resulted in allergic and toxic reactions.
For example, Cremphore EL used as solubilizing agent in
Taxol® formulation have shown allergic shock as an adverse
effect [3].

The commonly used approach to overcome poor aqueous
solubility is preparation of salt form of drug that had a limited
success. From a formulation prospective, a crystalline salt is
preferred foreseeing the potential physical and chemical sta-
bility issues associated with an amorphous drug substance.
Identification of a crystalline salt with adequate aqueous sol-
ubility requires screening of various counter ions and crystal-
lization conditions which is exhaustive. At times, isolation of
a pure crystalline material itself is a difficult task. In some
instances, the formed salt is highly hygroscopic posing formu-
lation challenges and stability issues during drug product de-
velopment [4].

Alternatively, drug analogs or prodrugs with enhanced sol-
ubility were explored. But, this approach was not successful
since the chemically modified drug molecule is often
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abandoned in its early phase of development or due to the
suboptimal properties of the launched drug product which
includes effect of food on the absorption rate kinetics, use of
excipients in high amounts, deficient optimal dosing, poor
bioavailability and ultimately poor therapeutic outcome.
Generally, chemical modification methods are expensive
compared to manipulation of drug with formulation strategies
because once the chemical structure is altered, the associated
pharmacological activity may not be same and, moreover, it is
expensive to re-establish the safety and efficacy of the chem-
ically modified drug molecule. Therefore, screening of suit-
able formulation technology is a preferred approach to devel-
op a viable drug product for poorly soluble drugs [5].

At present, there are limited formulation approaches avail-
able to address the problems associated with drug’s poor sol-
ubility and bioavailability. Most frequently used approaches
include particle size reduction (micronization), inclusion com-
plexation, using lipid carriers (liposomes, self-emulsifying
systems) and solid dispersions (in water-soluble carriers) of
the drug. Micronization is a process of reducing the average
diameter of solid particles. The common technique used in the
micronization is the mechanical comminution (e.g., by
crushing, grinding and milling). For many years,
micronization was successfully used for developing poorly
water-soluble drugs. Micronization often results in colloidal
drug particles having a particle size >1 um with less fraction
in the sub-micron range. This will result in a moderate en-
hancement of surface area that may not significantly improve
the saturation solubility or dissolution rate so as to impact the
bioavailability [6]. In spite of the widespread use of this tech-
nique, the milling process does not represent the ideal way for
the production of small particles because drug substance prop-
erties and surface properties are altered in an uncontrolled
manner.

In the inclusion complexation technology, cyclodextrins
that are capable of forming inclusion complexes with poorly
soluble drugs by entrapping the whole drug molecule or some
lipophilic moiety of the molecule into the central cavity are
utilized. Incorporation of drug into complexing agents im-
proves the physicochemical properties of the drug molecule.
Self-emulsifying systems are isotropic mixtures of oils and
surfactants, sometimes containing co-solvents that can spon-
taneously produce fine oil-in-water emulsions when intro-
duced into an aqueous phase under gentle agitation. These
systems can be used for the design of formulations in order
to improve the oral absorption of highly lipophilic com-
pounds. However, the success of these systems is mostly de-
pendent on specific properties of drug molecule (ability to
ionize, solubility in oils/ lipids, having suitable molecular size,
shape and structure to fit into the hydrophobic cavities, etc.)
and therefore have limited scope for general application.

Solid dispersions comprise of dispersed drug in an inert
carrier or a solid matrix (crystalline or amorphous state).
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Formation of molecular dispersions (solid solution) provides
a means of diminishing the dimensions of drug particles to
nearly molecular level. This reduced size of the particle with
concomitant increase in surface area results in improved dis-
solution kinetics and oral absorption. This approach is espe-
cially suitable for highly potent compounds with low dose
requirement and thus not applicable for drugs with low poten-
cy where the dose requirements are relatively high [7].
Liposomes have demonstrated a fair success in formulating
poorly soluble drugs; however, because of the poor stability
issues and expensive product costs, these approaches were not
suitable for all the drug compounds [8]. Hence, a versatile
technology is required in order to resolve the product devel-
opment issues linked with saturation solubility, dissolution
velocity and bioavailability enhancement of poorly soluble
drugs.

Recent years have marked the gaining interest on nanopar-
ticle formulation technology among the formulation scientists
for developing poorly soluble drugs into a viable dosage
forms. A significant increase in surface area (40 folds) was
observed on reducing the particle size from micro scale to
nano scale, i.e. 8 um to 200 nm [9]. The nanoparticle technol-
ogy has proven to be promising at all the stages of drug for-
mulation and has opened new avenues for reviving the com-
mercialized products with sub optimal drug delivery. Indeed
this technology has been of great value in the development of
new chemical entities (NCE’s) especially as a screening tool
during the safety and efficacy studies of the early product
development phase.

During later drug product developmental stage, the obtain-
ed nanoparticulate formulations can be further processed to
several types of dosage forms having utmost drug exposure
and patient compliance. Nanoparticle technology provides a
means to develop a new drug-delivery platform comprising
the marketed drug, thus providing new opportunities to ad-
dress the unmet medical challenges. Research indicates that
nanoparticle solutions in drug delivery will capture significant
percentage of the total market based on their capability to
minimize the product development time for reaching the mar-
ket with simultaneous extension in product life cycles and a
provision of patent protection. The advantages of
nanotechnology-based drug delivery include lower drug tox-
icity, improved bioavailability and reduced cost of treatment.
The potential benefits of nanoparticle technology during the
drug product development process are depicted in Fig. 1.

Several researchers have reported the benefits of drug
nanoparticles. Roya et al. studied the application of
nanosuspension and various methods used to prepare
nanosuspension [10]. Elaine et al. reported the improved per-
formance of drug nanoparticles and its potential application
for oral and parenteral routes [4]. Junghanns et al. reported the
potential of nanoparticle technology and its clinical applica-
tion [6]. However, this overview is majorly focused on drug
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Fig. 1 Benefits of nanoparticle
technology from discovery
interface to commercialization

= New Prospects

= fast and efficient process
= Acceptable for all routes of

administration

= Enhanced Bioavailability

Discovery Phase

nanoparticle technology amenable for development of solid
dosage forms for poorly soluble drugs, summarizing their
preparation methods and their characterization techniques in-
dicating the key issues to be addressed to ascertain that drug
nanoparticles can efficiently work in clinical settings, as they
are now an established platform technology with considerable
acceptance.

Development history

Nanoparticle technology has a long history of development
and application. In the early nineteenth century, heteroge-
neous catalysts were among the first examples reported [11,
12]. The first example of pharmaceutical drug product was
Danazol which was formulated using a bead milling process.
The resultant nanosuspension has a median particle size of
169 nm and showed an increased oral bioavailability (82.3
+10.1 %) when compared with the conventional drug suspen-
sion (5.1+1.9 %). Micro fluidization was used in the produc-
tion of Atovaquone nanoparticles (100-3000 nm) [13].
Rapamune® (Sirolimus), an immunosuppressant developed
by Wyeth’s pharmaceuticals using nanoparticle technology,
was the first product approved by FDA. An anti-emetic drug,
Emend®, was the second product approved by FDA. The
subsequent product developed by Abbott Laboratories was
Tricor® which was the successor for Fenofibrate following
patent expiry. Triglide® was another product containing
Fenofibrate nanoparticles developed by Skyepharma with im-
proved product performance. Par Pharmaceutical companies
developed Megace ES® (ES stands for enhanced solubility)
using nanoparticle technology. Elan nanosystem developed
the Megestrol acetate nanosuspension which has reduced the
fed and fast variability. Megestrol acetate in the
nanosuspension form demonstrated that physical stability of
an aqueous nanosuspension can be retained throughout the
product shelf life. A list of approved drug products developed
by using nanoparticulate approach is summarized in Table 1
[12, 14].

Development
Phase

= Minimal dose

= Reduced variability and
food effects

» Enhanced Rioavailability
= |ncreased batch size

= Compliance issues are
minimized
= Extended patent life cycle

= Enhanced product
presentation

= Alternate dosage forms

Life Cycle
Management

Fabrication of existing drugs with maximal drug exposure,
less toxicity, expanded intellectual property by drug life cycle
management and minimized competition during the drug’s life
time can be achieved through nanoparticle-based drug deliv-
ery systems. In fact, viable formulations for poorly soluble
drugs with improved bioavailability can be developed poten-
tially by nanoparticle technology, which has opened the stage
gates for reviving currently marketed products, leading to bet-
ter clinical and commercial benefits. Table 2 highlights the
key nanoparticle technology-based approach for enhancing
the solubility and oral bioavailability of drugs [15].

Formulation theory

The two important parameters governing the in vivo absorp-
tion of drug molecules are aqueous solubility and dissolution
rate. These parameters have gained paramount importance
because absorption plays a significant role in determining
the drug’s therapeutic potential. Thus, considering the behav-
iour of solids in a solvent system, the Noyes-Whitney equa-
tion was developed. This theory highlights the importance of
surface area and equilibrium solubility of drug molecule in
gastrointestinal fluids all through the process of dissolution
and absorption.

According to this theory, increased surface area via de-
creasing particle size has a significant enhancement on the
dissolution rate of a poorly soluble drug [5, 16]. Improved
dissolution and drug absorption is correlated with increased
surface area (due to reduced particle size). Hence, surface
properties imparted on the nanosized particles makes nano
formulation beneficial in terms of pharmacokinetic properties.
The dissolution rate of drug from a nanoparticulate formula-
tion depends mainly on the principle of nanonization, which
includes an increased surface area of drug particles. Hence,
drugs with low aqueous solubility can be formulated into a
nanoparticulate system so as to enhance the pharmacokinetic
properties via increased dissolution rate. In addition, intrinsic
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Table 1  Overview of nanoparticle technology based marketed products

Trade name Drug Indication Drug delivery company Innovator company Status
Rapamune® Rapamycin, Sirolimus Immunosuppressant Elan Nanosystems Wyeth In market
Emend® Aprepitant Anti-emetic Elan Nanosystems Merck & Co. In market
Tricor® Fenofibrate Hypercholesterolemia Abbott Laboratories Abbott Laboratories In market
Megace ES® Megestrol Anti-anorexic Elan Nanosystems Par Pharmaceuticals ~ In market
Triglide® Fenofibrate Hypercholesterolemia IDD-P Skyepharma Sciele Pharma Inc. In market
Avinza® Morphine sulphate Phychostimulant drug Elan Nanosystems King Pharmaceuticals In market
Focalin Dexmethyl-Phenidate HC1 ~ Attention Deficit Hyperactivity ~Elan Nanosystems Novartis In market

Disorder (ADHD).

Ritalin Methyl Phenidate HCI CNS Stimulant Elan Nanosystems Novartis In market
Zanaflex Capusules™  Tizanidine HCI Muscle relaxant Elan Nanosystems Acorda In market

solubility has a potential influence on the dissolution rate of a
drug.

Furthermore, Nernst-Brunner and Levich incorporated
Fick’s law of diffusion and modified Noyes-Whitney equa-
tion. This dissolution model indicated a direct proportional
relation between rate of drug dissolution and surface area.

yo (4xD/s) x (c;-x/7)
dt

Where, v=dx/dt is the dissolution rate of drug, X is the
amount of drug dissolved, # is time, 4 is the effective surface
area of the dissolving solid, D is the diffusion coefficient
(diffusivity) of the drug, § is the thickness/distance of the
effective diffusion boundary layer, C; is the saturation solubil-
ity of the drug in respective medium and / is the volume of
dissolution medium.

Apart from surface area, the drug’s saturation solubility has
a major effect on the absorption process. Indeed, this satura-
tion solubility depends on temperature and dissolution pres-
sure, i.e. a function of curvature of the nanoparticle surface.
The dissolution pressure enhances significantly with the in-
creased curved surface (due to decreased particle size).
Moreover, the diffusional distance decreases leading to an
increase in the concentration gradient. Thus, as compared to
micronized particles, nanoparticles have enhanced saturation
solubility and dissolution velocity owing to this increased sur-
face area and concentration gradient [17]. Approaches that
improve dissolution rate kinetics can significantly enhance
the bioavailability of poorly water-soluble drug molecules.

Formulation of drug nanoparticles

Various techniques have been described for preparing drug
nanoparticles which can be classified into ‘bottom-up’ and
‘top-down’ technologies. Controlled precipitation by adding
a suitable anti (non)-solvent is involved in bottom-up technol-
ogy, whereas milling or homogenization methods are grouped
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under top-down technologies. However, drug nanoparticles
are also prepared by the combination technique that includes
a pre-treatment followed by size reduction. In some instances,
supercritical fluid technologies and solvent evaporation are
also used but at present they are less relevant industrially.

Bottom-up technologies

These technologies are also known as precipitation methods
and are being used since many years especially in the photo-
graphic film development [ 18, 19]. Since the last decade, these
precipitation methods have been successfully applied for the
preparation of sub-micron-sized particles for drug delivery
applications. Few examples of products prepared by precipi-
tation techniques include Hydrosols developed by Sucker
(Sandoz, presently Novartis) and NanoMorph® by Soligs/
Abbott (previously Knoll/ BASF) [20-23].

This process involves the addition of drug to a solvent so as
to obtain a solution that is subsequently added to an anti-sol-
vent. This leads to high super saturation followed by rapid
nucleation and formation of numerous small nuclei [24].
After solvent elimination, the obtained suspension can be ster-
ile filtered and subsequently lyophilized. The technique be-
hind the formation of very fine particles by the addition of
solvent to non-solvent is dependent on the Ostwald-Mier’s
supersaturation theory [25]. The mixing processes may vary
considerably, and therefore through careful control of this pro-
cess, particles with a narrow size distribution can be obtained.
Amorphous nanocrystals of drug were also produced so as to
further improve the solubility and dissolution kinetics of drug
[26-29]. Amorphous nanocrystals are often referred to
nanocrystals in amorphous state. This technology is used for
pharmaceuticals by Soligs (Ludwigshafen, Germany) and ad-
vertised under the trade name NanoMorph®.

Precipitation method was also reported in the food industry
for the preparation of amorphous drug nanoparticles, e.g. car-
otene nanoparticles (Lucarotin® or Lucantin®) [30]. In this
process, carotenoid along with surfactant was added to
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Table 2 Key nanoparticle technology-based approach for enhancing the solubility and oral bioavailability of drugs

Company

Nanotechnology-based formulation
Approach

Description

American Biosciences
(Blauvelt, NY, USA)
Baxter Pharmaceuticals
(Deerfield, Illinois, USA)

BioSante Pharmaceuticals
(Lincolnshire, IL, USA)

ElanPharma International
(Dublin, Ireland)

Eurand Pharmaceuticals
(Vandalia, OH, USA)

iMEDDInc (Burlingame,
CA, USA)
pSivida Ltd (Watertown, MA, USA)

Nanoparticle albumin-bound technology, e.g.
paclitaxel-albumin nanoparticles
Nanoedge technology: particle size reduction was

achieved by homogenization, micro precipitation,

lipid emulsion and other dispersed systems

Calcium phosphate based nanoparticles were
produced for improved oral bioavailability of
hormones/proteins and vaccine adjuvants

Nanoparticles (<1 p) were produced by wet
milling technique using surfactants and
stabilizers. The technology was applied
successfully in developing aprepitant and
reformulation of sirolimus

Nanocrystal or amorphous drug is produced
by crystal lattice breakdown and stabilized
by using biocompatible carriers (swellable
microparticles or cyclodextrins)

Implantable drug delivery system using silicon
membrane with nano pores (10-100 nm)

The solubility and bioavailability of hydrophobic

Paclitaxel albumin nanoparticles

Nano lipid emulsion

Calcium phosphate nanoparticles

Nanocrystal drug particle

Cyclodextrin nanoparticle

Stretchable silicon nanomembrane

Silicon nanoparticles

drugs was achieved by incorporating drug
particles within the nano-width pores of
biocompatible silicon membranes or fibers

PharmaSol GmbH (Berlin Germany)

High pressure hominization was used to produce

Drug encapsulated in lipid nanoparticles

nanostructured lipid particles dispersions with
solid contents that provide high-loading
capacity for hydrophilic drugs

SkyePharmaPlc,
(Piccadily, London, UK)

Nanoparticulate systems of water insoluble drugs
were produced by applying high shear or

A polymer stabilizing nano reactor with
the encapsulated drug core

impaction and stabilization was achieved by

using phospholipids

digestible oil. This solution was then mixed with an appropri-
ate solvent along with the addition of a protective colloid so as
to obtain an O/W system. The carotenoid gets localized in the
oily phase due to the stabilization by the added colloid. Post
lyophilisation of this system, X-ray analysis indicated that
90 % of the carotenoids were in amorphous state.

The precipitation technique in comparison to other technol-
ogies is relatively simple and requires no expensive equip-
ment. This method does not necessitate high energy process
like disintegration; hence, drug degradation can be prevented.
However, precipitation methods are associated with many
limitations; obtaining a narrow particle size by controlling
nucleation and crystal growth is very difficult. Most often,
an amorphous (metastable) solid is formed which is then con-
verted to a more stable crystalline form [31, 32]. Furthermore,
the precipitation process utilizes non-aqueous solvents be-
cause of the limited solubility of many drugs in the aqueous
media. Hence, the quantity of non-aqueous solvent used in the
end product must be decreased to a minimum so as to meet the
acceptable toxicological limits. Thus for the production of
nanocrystalline drug particles, top-down technologies are
more frequently used instead of bottom-up technologies.

Top-down technologies

In these technologies, the larger particles are size re-
duced to nanoscale level using the mechanical break-
down process. The two top-down technologies frequent-
ly used in the preparation of drug nanoparticles include
the following:

1. High pressure homogenization
2. Milling methods

High pressure homogenization technique

High-pressure homogenization is one of the disintegra-
tion method used for size reduction. The two homoge-
nization principles/homogenizer types used are as
follows:

1. Microfluidizers (Microfluidics, Inc.)
2. Piston-gap homogenizers (e.g. APV Gaulin, Avestin, etc.)
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Microfluidization Microfluidization technique uses high
shear forces and impaction to produce the drug nanoparticles.
It works on the principle of a jet stream, where the dispersion
is passed at a high velocity in a specially designed ‘Y~ and ‘Z’
type homogenization chambers.

In the first type (Y type), the flow of suspension is bifurcated
into streams, which are then made to collide head-on resulting
in high shear and particle size reduction. In the second type (Z
type), size reduction is favoured by the particle collision and
shear forces that are brought by the sudden change in the di-
rection of flow of drug suspension. A disadvantage of this
technology is its increased process time. This is because the
suspension is passed for several times through microfluidizer
S0 as to obtain particles with in sub-micron range. In addition,
the obtained microfluidized product may contain a fraction of
microparticles especially when hard drugs are used.

Piston-gap technologies Piston-gap homogenization is the
second generation technology that was developed in 1990s.
In this process, drug nanoparticles can be produced by
performing homogenization in water (DISSO CUBES) [16]
or non-aqueous medium or hydro alcoholic medium
(NANOPURE). Alternatively, a combination process was also
developed that involves the precipitation followed by a ho-
mogenization step so as to avoid the particle growth
(NANOEDGE) [17, 33].

A high energy input and impact forces are required for
effective size reduction. Generally in piston-gap homogeniza-
tion, higher turbulent energy is produced by way of cavitation.
In this process, the suspension is passed through a narrow gap
with an extremely high pressure of around 15,000 to 30,
000 psi. The width of the gap is very small when compared
to the diameter of cylinder in which the suspension is placed
(prior to entering the gap). For example in APV LAB 40, the
width of gap is 25 mm (can be varied with applied pressure),
whereas the cylinder’s diameter is about 3 cm. The resultant
size of the particle is a function of the applied pressure and
number of homogenization sequences. Increase in tempera-
ture during the homogenization process is one of the important
parameter which can be controlled by positioning a heat ex-
changer before the homogenizer valve. A major limitation of
high pressure homogenizers is that they are unable to handle
dispersions with high solid content (usually >10 % w/w). A
schematic mechanism of size reduction by high pressure ho-
mogenization technique is represented in Fig. 2.

Milling methods

Traditional micronization techniques are based on friction to
reduce particle size. Such methods include milling, pulverizing
and grinding. A typical industrial mill is composed of a cylindri-
cal metallic drum that usually contains steel spheres. As the drum
rotates, the spheres inside collide with the particles of the drug,
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thus crushing them into smaller particles. In the case of grinding,
the micronized drug particles are formed when the grinding units
of the device shear against each other creating attrition between
the particles. In 1990, the first generation mill based on disinte-
gration technique was developed by Liversidge which lead to the
production of sub-micron particles [34]. Conventional milling
methods generally produce larger particles (>1 pm). These mill-
ing techniques were later refined to produce solid drug particles
of sub-micron range. In the twentieth century, bead mills are
employed for the production of fine suspensions. Bead mill
works in accordance with the principle of agitation, where grind-
ing media is accelerated in the grinding chamber by an agitator
shaft. The energy given to the media is translated to the solid
particles by virtue of collision and de-acceleration. Once the
desired particle size is achieved, the product and the beads are
separated by a separation system (slotted pipe) at the discharge
outlet of the mill. In this process, the suspension comprising of
drug crystals, surfactant and stabilizers along with milling media
are charged into the recirculation chamber (grinding chamber).
The particle size reduction mainly occurs due to the high shear
forces of impact that are produced due to the agitation of milling
media. This method is a low energy milling technique when
compared to high energy homogenization technique. Drugs that
are insoluble in both aqueous and non-aqueous media can be
size reduced by this bead milling technique. The beads are made
up of yttrium or cerium stabilized zirconium dioxide, stainless
steel, glass or sometimes coated with a highly cross linked poly-
styrene resin. However, a common problem linked with this
technique is metallic contamination of the product (caused by
the wearing of milling media during the process). To overcome
this issue, the milling beads are often coated [7]. An additional
problem with milling process is the product adherence to the
inner surface of the milling chamber and surface of the beads.
In order to achieve the desired particle size, the milling time may
vary from minutes to several hours to days, since it is dependent
on various factors like properties and concentration of drug,
concentration of surfactant, viscosity of the suspension, energy
input, temperature, milling media, etc. [6].

In wet bead milling process, the drug suspension is passed
through a grinding chamber containing the milling media
(beads) of sizes varying between 0.2 and 3 mm. To achieve
the desired particle size, drug concentration in the suspension
can be varied from 5 to 40 % w/v. To prevent aggregation/
agglomeration of the dispersed particles, stabilizers and surfac-
tants are used in the formulation. Lack of suitable stabilizer
leads to particle aggregation owing to the high surface energy
of the nanosized particles. The stabilizers act as an energy bar-
rier across the dispersed particles to prevent aggregation or
agglomeration. Usually, the optimum concentration of surfac-
tants is <1 % w/v and that for polymeric stabilizers can vary
from 0.5 to 10 % w/v. The selection of stabilizers and surfac-
tants largely depends on the physical stabilization (steric versus
electrostatic) and route of administration. Generally, steric
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Fig. 2 Schematic mechanism of
size reduction by high pressure
homogenization technique
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stabilization is a recommended choice because of its less sus-
ceptibility to physiological electrolytes. Electrolytes in the GI
tract reduce the surface charge of the drug particles leading to
physical instability, especially of ionic surfactants. In some in-
stances, combination of steric and electrostatic stabilization, i.e.
a steric stabilizer along with an ionic surfactant, is preferred for
stabilization of the drug product. There are various charged
surfactants (generally regarded as safe (GRAS)) available in
case of drug nanoparticles for oral administration. In order to
enhance stability and further processing, various excipients like
mannitol, lactose and sugars can be incorporated in the disper-
sion [17]. A laboratory agitator bead mill (Netzsch®) used in
the production of drug nanoparticles is shown in Fig. 3.

After the addition of grinding/milling media (beads) into
the milling chamber, the suspension comprising of surfactant
and stabilizer is charged into the mill. The milling chamber
has a rotor fitted with disks that can be accelerated at a desired
speed. The milling media is agitated by the rotation of the
rotor disk radially in the chamber. When the product flows
axially through the chamber, the beads impact with drug par-
ticles and generates high shear forces that act as energy source
to split the particles to finer size. The milling process can be
operated in a batch mode or in a continuous mode (re-
circulation) and by circulating a coolant through the outer
jacket can help in controlling the temperature. Using a sepa-
ration system, the milled product (nanosized) is subsequently
separated from the grinding media (beads). A schematic rep-
resentation of the agitator bead mill is depicted in Fig. 4.

Scaling up the process using bead mills is relatively simple
and convenient. This can be achieved by increasing the batch
size above the void volume in circulation mode and continu-
ous pumping of the suspension through the mill in a circular
motion. The factors such as shaft motor speed, pump speed
and bead volume are of paramount important as they not only

influence the final particle size but also the process time re-
quired to produce the desired product. Nekkanti et al. has
reported a pilot-scale study optimizing the process parameters
that enable commercial manufacturing of the fenofibrate prod-
uct using bead mill. In addition, validation was performed at
optimal conditions to assess the repeatability and reproducibil-
ity of bead milling process for the manufacture of drug nano-
particles with desired quality attributes [35].

Bead mills ranging from laboratory to commercial scale are
available in the market. In fact, the ability of the developed
technology to produce in large scale is a major prerequisite for
the commercialization of product. To sum up, among the drug
nanoparticle technologies available, bead milling offers a conve-
nient process for production of nanoparticle dispersion at high
concentrations for solid dosage form processing that offers ease
of scale-up to enable commercial manufacturing. The pros and
cons of nanoparticle technologies are summarized in Table 3 [5].

Conversion of nanosuspension into solid
intermediate

The obtained nanosuspension can be converted into a solid in-
termediate by removing the solvent from the suspension using
various drying operations like fluid bed coating, spray drying,
lyophilization and spray granulation. Of all these, lyophilization
(freeze drying) is considered as a more complex and cost-
intensive process predominantly applicable to highly sensitive
drug products. The challenge in this process is to retain the
dispersibility of the nanoparticles up on reconstitution with water
or gastric fluids. If aggregation or agglomeration of drug particles
occurs, then the potential benefits obtained from the drug nano-
particles due to increased surface area may be completely lost or
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Fig. 3 Netzsch® laboratory
agitator bead mill used in the
production of drug nanoparticles

compromised. Hence, addition of re-dispersants to the
nanosuspensions prior to or during the drying process can be
helpful in preventing aggregation. Commonly used re-
dispersants are sugars such as sucrose, lactose, mannitol, etc.
[36]. The objectives of drug nanoparticle system are to release
the drug nanoparticles along the gastrointestinal tract (GIT) as a
fine non-aggregated suspension following oral administration
with concomitant increase in the physical stability of the drug
product on long storage [37]. For drugs that can withstand high
temperatures, the most suitable method is spray drying. A sche-
matic representation of the spray dryer is shown in Fig. 5.
Depending on the formula composition and spraying conditions,
the obtained dry powders can easily be filled into capsules or
blended with extra granular excipients and compressed into tab-
lets [38]. In the case of drugs which are susceptible to gastric
fluids, technique like coating the tablet or capsule with enteric
polymers can help in protecting the drug from gastric
environment.

Fig.4 Schematic of agitator bead
mill illustrating the production of
drug nanoparticles
Coolant

An alternative way to convert nanosuspension into solid
intermediate is the suspension layering on to an inert solid
carrier such as sugar beads, lactose, cellulose derivatives,
etc. [39]. The suspensions can be layered on to the carrier
(water soluble or insoluble) at a predetermined spray rate
using a top spray fluid bed process. A schematic representa-
tion of the fluid bed granulator is shown in Fig. 6. The gran-
ules are suspended in air stream as they move up while the
suspension is sprayed from top of the system onto the fluid-
ized bed, resulting in uniformly sized particles/granules.

Characterization of drug nanoparticles

Characterization of drug nanoparticles is mainly performed to
understand the behaviour of the drug product during
manufacturing processes and to have better control of the
product quality. Various techniques have been reported for
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Table 3  The pros and cons of nanoparticle technologies

Technology Registered name Key parameters Pros Cons
Precipitation * NanoMorph® « Stirring rate * Simple * Not applicable to all drugs
« Antisolvent to » No expensive equipments * Drug should be soluble in
solvent ratio required one solvent

* Drug content
« Temperature

Piston-gap high pressure  Dissocubes®, SkyePharma

homogenizer * Nanopure®, Abbott * Homogenization cycles
Laboratories » Temperature
» Harness of the drug
Media milling « Nanocrystal™ elan * Drug concentration

* Nanomill® elan
* Dynomill®, GlenMills, Inc

* Milling speed
 Milling time
» Temperature

Combinative techniques * Nanoedge™
(Combination of
precipitation and high
energy share forces)

« Temperature

» Homogenizer pressure

* Avoids high energy process
 Generates amorphous drug

* Universally applicable

« Simple technology

* High productivity

* Less metallic contamination
« Simple process

« Circumventing harsh

* Residual solvent
* The solvent should be miscible
with anitisolvent

* Not applicable to temperature
sensitive drugs

* Poor homogeneity in particle
size distribution

* Time consuming
* Metallic contamination

» Harness of the drug
* Homogenization cycles
» Homogenizer pressure

chemicals * Batch size limitations
or co-solvents
* High drug loading
* High productivity
* Reduced crystal growth * Applicable to drugs soluble

in at least one solvent
* Residual solvent
* Expensive process

* Less concerns about physical
stability of amorphous
materials

the characterization of drug nanoparticles. But no single meth-
od can be considered as the “best” for analysis, since various
parameters like data requirement, nature of sampling, time and
cost of analysis are to be considered while selecting a specific
method. The following methods are used for characterization
of drug nanoparticles [40].

Particle size distribution

Measurement of particle size and understanding its effects on
the product and processes are of paramount importance for the
success of a manufacturing industry. The particle size charac-
terization is primarily performed to obtain information about
the changes in average particle size and its distribution during

Fig. 5 Schematic representation Heater

of spray dryer set-up used to

the manufacturing process and on long storage (e.g. aggrega-
tion or agglomeration). Size distribution of drug nanoparticles
can be measured using the following techniques.

Photon correlation spectroscopy

Photon correlation spectroscopy is one of the most widely
used light scattering techniques for measuring particle size
and its distribution. This is based on the principle of dynamic
light scattering, where fluctuations in the intensity of scattered
light are measured. When a laser beam is passed through the
sample suspension, then it (light) gets diffracted due to the
random motion (Brownian movement) of sub-micron-sized
particles. This leads to rapid fluctuations in the scattered
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Fig. 6 Schematic of fluid bed granulator for conversion of
nanosuspension into solid intermediate

intensity of the beam. These variations in light intensities are
correlated to the diffusion coefficient of the particles that can
be converted to particle size.

The extent of increase in the particle size is a measure
for the extent of instability of the suspension. Therefore,
photon correlation spectroscopy (PCS) is considered as a
reliable technique to detect the instabilities during
storage [41]. This technique can be used to determine
the average size of particles ranging from 3 to
3000 nm. In addition, a polydispersity index (PI) can
be obtained so as to measure the width of the distribu-
tion. If PI=0, then it indicates a monodisperse particle
population. In case of narrow distribution, the PI values
are around 0.10-0.20 and if PI>0.5, it indicates a very
broad distributions. Checking the values of mean particle
size (z average) and PI, the changes in nanoparticles size
with time can be measured.

Laser diffraction

Laser diffractometry (LD) was developed around 1980
and is used as a routine method in many research labora-
tories. When a laser beam is passed thought a sample
containing colloidal particles (sub-micron range), then
diffraction of light occurs and LD measures the angular
variation in intensities of the light scattered. This data
relating to the intensity of angular scattering is analysed
to calculate the particle size, using the Mie theory of light
scattering. Relative to the laser beam, large angled
scattering is observed with small particles where as small
angled scattering is observed with larger particles. This
theory takes into account the optical properties such as
refractive index and imaginary component of the test
samples as well as the dispersant’s refractive index value.
Unfortunately for most of the pharmaceutical solids, the
refractive indices are unknown. However, because of its

@ Springer

simplicity, laser diffractometry is frequently used as the
second characterization method for drug nanoparticles.

Dynamic light scattering

Dynamic light scattering (DLS) is a technique that can be used
to determine the size distribution profile of small particles in a
suspension. It is a powerful light-scattering technique for
studying the properties of suspensions and solutions of col-
loids, macromolecules and polymers that are absolute, non-
invasive and non-destructive. The time decay of the near-
order of the particles caused by the Brownian motion is used
to evaluate the size of nanoparticles applying the Stokes-
Einstein relation.

Morphology

Microscopy-based techniques are considered as most direct
measurements of particle size and morphology. A wide range
of materials having a broad particle size distribution ranging
from nanometre to millimetre can be studied using this tech-
nique. Instruments used in this technique include optical light
microscopes, electron microscopes (scanning (SEM) and
transmission (TEM)) and atomic force microscopes (AFM).
Particle size range, magnification and resolution are the key
factors to be considered while selecting an instrument for
evaluation. However, the cost of analysis is increased expo-
nentially as the size of the particles decreases due to require-
ments of higher magnification, improved resolution, greater
reliability and reproducibility. The analysis cost also depends
upon the instrument being studied, as it dictates the techniques
of sample preparation and image analysis. Optical micro-
scopes tend to be more affordable, comparatively simple to
operate and maintain as compared to electron microscopes,
but have a drawback of limited magnification and resolution.
The surface morphology of un-milled drug and spray-coated
nanoparticles for a poorly soluble drug, camptothecin analog,
examined using scanning electron microscope (Hitachi S-
520SEM, Tokyo, Japan) is shown in Fig. 7 [42].

Zeta potential

The interactions occurring between nanoparticles are mea-
sured by the surface charge density (zeta potential). In fact,
charge on the particle plays a vital role in defining the stability
of nanosuspensions. The higher the number of equally
charged particles, the greater is the electrostatic repulsion be-
tween them and the longer is the physical stability. Typically,
charge on the particle can be quantified as zeta potential that
can be measured via the electrophoretic mobility of the parti-
cles in an electrical field. In order to formulate a stabilized
nanosuspension, a zeta potential of —20 mV for sterically
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Fig.7 SEM micrographs of un-milled camptothecin analog (/ef?); spray-coated nanoparticles (right). Reproduced with permission from Inventi Journals

(P) Ltd., from reference [42]

stabilized systems and —30 mV for electrostatically stabilized
systems is desirable [43].

Solid state properties
Differential scanning calorimetry

Measuring the melting temperature, glass transition tempera-
ture and their associated enthalpies can be helpful in determin-
ing the nature of crystallinity within the drug nanoparticles.
This can be accomplished by using differential scanning cal-
orimetry (DSC). The extent of which multiple phases exist in
the interior and their corresponding interactions with the drug
can be determined using this method along with X-ray powder
diffraction (XRPD).

X-ray powder diffraction

Crystalline or polycrystalline materials can be investigated
using XRPD. When a beam of X-rays is passed through a
sample, then some part of it gets diffracted by the atoms of
the material. This leads to constructive interference of X-rays
with each other. Using Bragg’s law, this interference can be
studied so as to determine the crystallinity of the materials [43].

Saturation solubility

Determination of saturation solubility of nanoparticles is very
important not only in assessing the advantages (as compared
to microparticles) but also in predicting the in vivo perfor-
mances such as plasma levels and bioavailability following
dosage administration. Shake flask method is used to

investigate the saturation solubility of drug nanoparticles in
different buffer media at varied pH conditions. Indeed, particle
size and crystallinity of the drug molecule have a marked role
in governing the saturation solubility [44].

In vitro dissolution

An important step in the characterization of drug nanoparticle
formulations is in vitro dissolution studies. Drug nanoparticles
have been used as a drug delivery tool to improve the solubility
and/or dissolution rate kinetics of poorly water-soluble drugs.
Hence, it is important to know the dissolution profile of the
prepared formulation in a physiologically discriminating disso-
lution media. This will help in understanding the rate and extent
of drug release and absorption characteristics from the admin-
istered dosage form in vivo. In general, selection of release
media for nanoparticle formulation is generally based on drug
solubility and stability, assay sensitivity and the analytical
method used. Although maintenance of sink conditions using
surfactants and/or buffers is preferable, non-sink conditions
have also been reported. Agitation of the dissolution media that
is frequently employed to prevent aggregation of nanoparticles
during an in vitro release study will in turn depend on the
apparatus used. Similarly, sampling and media replacement
(total or partial) techniques are also used depending on the type
of method selected. As such, drug release from nano-sized
dosage forms can be measured using one of the following three
categories: (a) conventional dissolution method (UPS types 1
and II), (b) continuous flow apparatus (USP IV) and (c) dialysis
membrane methods. More recently, apparatus that combine the
principles of conventional and continuous flow or dialysis
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membrane has also been reported. Lastly, a few novel methods
that use voltammetry, turbidimetry, and so forth are discussed.

Conventional dissolution methods In general, the conven-
tional dissolution method (UPS types 1 and II) provides a
direct approach to monitor drug release. With this method,
most sample set-ups, agitation modes and sampling tech-
niques are straightforward and simple. Commonly reported
set-ups include USP I (basket) and USP II (paddle) [45-47].
Several researchers have reported the use of syringe filters to
separate the nanoparticles from the samples of release media;
alternately, high energy separation techniques like centrifuga-
tion, ultracentrifugation and ultrafiltration can also be used for
separation [48-50]. After sampling, an equal amount of fresh
release media or buffer is replenished to maintain sink condi-
tions during the study.

Continuous flow apparatus In this method, drug release
from the nanoparticulate dosage form is monitored using the
USP IV dissolution apparatus. Drug release occurs as a result
of buffer or media constantly circulating through a column
containing the immobilized dosage form and the concentra-
tion of drug is measured by drawing the samples at
predetermined intervals [46, S1].

Dialysis membrane method Among the dissolution methods,
the dialysis method is the most versatile and widely accepted. In
this method, physical separation of the dosage forms is achieved
by usage of a dialysis membrane which allows for ease of sam-
pling at periodic intervals. Several modifications of the dialysis
membrane method have been reported in literature with alter-
ations in set-up, container size and molecular weight cut-off
[52, 53]. A few alternate approaches have also been utilized to
monitor drug release. A majority of these appear to be targeted
towards electroactive drugs. Electrochemical methods offer the
possibility of rapid in situ measurements while avoiding the
interference caused by the presence of undissolved dosage form
in the release media [54]. Differential pulse polarography was
used to assess continuous drug release from Piroxicam,
Chloramphenicol and Diazepam [55, 56]. Non-electrochemical
methods like calorimetry, turbidimetry and laser diffraction have
also been evaluated as in vitro release methods. Solution calo-
rimetry was employed by Kayaert et al. during in vitro release
measurement of Naproxen and Cinnarizine [57]; Helle et al.
designed a novel online system for evaluating the drug release
from Indomethacin and Beclomethasone dipropionate nanopar-
ticles. In this method, nanoparticles are packed into small column
which is connected to multiport modulation valve attached to an
HPLC system allowing for rapid analysis [58]. Microdialysis,
another set-up utilized to measure drug release from nanoparti-
cles, is based on passive diffusion of drug through a concentra-
tion gradient across a semipermeable membrane [59].

@ Springer

-
S
J

—@— Micronized Suspension

o
o

—l— Nanoparticle Suspension

O
@

9
>

o
=~

PR TN ST T A SN ST T S N S T ST TN T S T T T ST SN S S T ST ST S

Mean Concentration in plasma {uM)

9
Y

o
o

LR IR RS ESL I R AU L R
0 2 4 6 8 10 12
Time in hrs
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Reproduced with permission from Inventi Journals (P) Ltd., from
reference [42]

In vivo pharmacokinetic studies

The in vivo pharmacokinetic studies including drug release
kinetics from the administered dosage form, absorption, dis-
tribution and elimination are evaluated by dosing the
nanoparticulate formulation in suitable animal model or hu-
man subjects. The in vivo pharmacokinetic studies provide a
mathematical platform to estimate the time course of drug and
its effects in vivo. Nekkanti et al. reported the effect of particle
size of camptothecin analog following oral administration in
male Wistar rats. The results indicated a 7.32-fold increase in
area under the curve (AUC,.) and 7.27-fold increase in max-
imum concentration (Cy,,,) for the nanoparticle suspension
over the micronized suspension (Fig. 8). The increase in rate
and extent of absorption for the nanoparticle dispersion could
be attributed to the increase in the rate and extent of drug
dissolution in the GI tract [42].

Conclusion

Drug nanoparticle technology can be applied to poorly soluble
compounds to overcome their solubility and bioavailability
problems. The decrease in particle size to nanometre range
contributes to the increased surface area, saturation solubility,
dissolution velocity and further improved bioavailability. In
the recent years, many investigations on drug nanoparticles
demonstrated excellent in vivo performances of poorly solu-
ble drugs. Upon oral administration, drug nanoparticles offer
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great benefits of enhanced drug bioavailability. Additionally,
drug nanoparticles allow rapid absorption of drug due to the
enhanced dissolution resulting in rapid onset of action. At
present, drug nanoparticles are gaining attention as a promis-
ing approach owing to increasing number of poorly soluble
drugs in drug discovery process, pharmaco-economic value,
production feasibility and safer composition.

Future trends

In the future, development of active targeting of drug nanopar-
ticles by altering the functional surface will be the next essential
part of investigation so as to enable site-specific delivery. The
surface modification of nanoparticles may significantly impact
the drug adsorption pattern and regulates the cellular uptake.
Conceptually nanoparticle technology-based products are ex-
pected to revolutionize the field of modern medicine. It is be-
lieved that nanoparticles will provide potential solutions to en-
counter the problems emerging from pharmaceutical industry’s
drug discovery pipeline. Further advancements in nanoparticle
technology will spur the complete evolvement of drug nano-
particles as potential drug delivery system.
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