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Preface

Products of nanotechnology are expected to revolutionize
modern medicine, as evidenced by recent scientific advances
and global initiatives to support nanotechnology and nano-
medicine research. The field of drug delivery is a direct bene-
ficiary of these advancements. Due to their versatility in
targeting tissues, accessing deep molecular targets, and con-
trolling drug release, nanoparticles are helping address chal-
lenges to face the delivery of modern, as well as conventional
drugs. Since the majority of drug products employ solids,
nanoparticles are expected to have a broad impact on drug
product development. The purpose of this book is to present
practical issues in the manufacturing and biological applica-
tion of nanoparticles. Drug delivery scientists in industry,
academia, and regulatory agencies, as well as students in bio-
medical engineering, chemical engineering, pharmaceutical
sciences, and other sciences with an interest in drug delivery,
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iv Preface

will find this book useful. It can also be used as a textbook for
drug delivery courses focusing on nanoparticles.

This book is organized into four sections. The first section
describes the distinguishing fundamental properties of nano-
particles (Chap. 1) as well as technologies for nanoparticle
manufacturing (Chaps. 2—4). Nanoparticles can be manufac-
tured by either breaking macro-particles using technologies
such as milling and homogenization (Chap. 2) or by building
particles from molecules dissolved in a solution using super-
critical fluid technology (Chap. 3). Nanoparticle manufacturing
and properties can be further optimized by employing poly-
mers or proteins as stabilizers (Chap. 4).

The second section describes the characterization of nano-
particles at the material or physicochemical level (Chap. 5) and
relates these properties to the delivery and effectiveness of
nanoparticles (Chap. 6) as well as toxicological characteristics
(Chap. 7).

The third section presents the various applications of
nanoparticles in drug delivery. Depending on the route and
purpose of drug delivery, the requirements for nanoparticulate
systems can vary. These aspects are discussed in Chapter 8 for
injectable delivery, Chapter 9 for oral delivery, Chapter 10 for
brain delivery, Chapter 11 for ocular delivery, and Chapter 12
for gene delivery.

Finally, the fourth section provides an overview of the
clinical, ethical, and regulatory issues of nanoparticle-based
drug delivery. These are evolving areas and the drug product
development experience with nanoparticles is limited. As
more data is gathered on the safety and efficacy of nanoparti-
culate systems, a clearer view will emerge.

Preparation of this book would not have been possible
without the valuable contributions from various experts in
the field. We deeply appreciate their timely contributions.
Also, we are thankful to our colleagues at Auburn University
and the University of Nebraska Medical Center for their
support in preparing this book.

Ram B. Gupta
Uday B. Kompella
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PART I: TECHNOLOGIES FOR
NANOPARTICLE MANUFACTURING

Fundamentals of Drug Nanoparticles

RAM B. GUPTA

Department of Chemical Engineering,
Auburn University, Auburn, Alabama, U.S.A.

INTRODUCTION

In pharmaceutics, ~90% of all medicines, the active ingredi-
ent is in the form of solid particles. With the development in
nanotechnology, it is now possible to produce drug nanoparti-
cles that can be utilized in a variety of innovative ways. New
drug delivery pathways can now be used that can increase
drug efficacy and reduce side effects. For example, in 2005,
the U.S. Food and Drug Administration approved intra-
venously administered 130-nm albumin nanoparticles loaded
with paclitaxel (Abraxane™) for cancer therapy, which epito-
mizes the new products anticipated based on nanoparticulate
systems. The new albumin/paclitaxel-nanoparticle formula-
tion offers several advantages including elimination of
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2 Gupta

toxicity because of cremophor, a solvent used in the previous
formulation, and improved efficacy due to the greater dose of
the drug that can be administered and delivered. For better
development of the nanoparticulate systems, it is essential to
understand the pharmaceutically relevant properties of nano-
particles, which is the purpose of this chapter and this book
in general. In the following narrative, some fundamental prop-
erties of nanoparticles including their size, surface area, set-
tling velocity, magnetic and optical properties, and biological
transport are brought into the perspective of drug delivery.

NANOPARTICLE SIZE

To put the size of nanoparticles in perspective, Table 1 com-
pares sizes of various objects. Because of the comparable size
of the components in the human cells, nanoparticles are of
great interest in drug delivery. It appears that nature, in
making the biological systems, has extensively used nan-
ometer scale. If one has to go hand in hand with nature in
treating the diseases one needs to use the same scale, whether
it is correcting a faulty gene, killing leprosy bacteria sitting
inside the body cells, blocking the multiplication of viral gen-
ome, killing a cancer cell, repairing the cellular metabolism,
or preventing wrinkles or other signs of aging. One cannot
use a human arm to massage the hurt leg of an ant. Size
matching is important in carrying out any activity. Drug
delivery is aimed at influencing the biochemistry of the body.

Table 1 Typical Size of Various Objects

Object Size (nm)
Carbon atom 0.1
DNA double helix (diameter) 3
Ribosome 10
Virus 100
Bacterium 1,000
Red blood cell 5,000
Human hair (diameter) 50,000

Resolution of unaided human eyes 100,000
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The basic unit of the biological processes is the cell and the
biochemical reactions inside it. With the advent of nanoparti-
cles it is now possible to selectively influence the cellular pro-
cesses at their natural scales.

NANOPARTICLE SURFACE

We can generally see and discern objects as small as
100,000 nm (100 um). It is only in the past 300 years, with the
invention of microscopes, that we can see smaller objects.
Today, one can see objects as small as individual atoms (about
0.1 nm) using the scanning probe microscope. Owing to their
small size, nanoparticles exhibit interesting properties, mak-
ing them suitable for a variety of drug delivery applications.
The number of molecules present on a particle surface
increases as the particle size decreases. For a spherical solid
particle of diameter d, surface area per unit mass, S, is given as

nd?\ (nd3p, ! 3
- () (5%) 2 W

where pg is the solid density. If the molecular diameter is o,
then the percentage of molecules on the surface monolayer is
given as

(4/3)x(d® — (d — 0)’]
(4/3)n[d?]

w003 5(3)"1a(3)]

For a typical low—molecular weight drug molecule
of 1-nm diameter, %surface molecules are calculated in
Table 2. It is interesting to see that for a 10,000-nm (or
10-um) particle, a very small percentage of the molecules are
present on the surface. Hence, the dissolution rate is much
lower for the microparticles when compared to nanoparticles.

When the particles are of nanometer length scale, surface
irregularities can play an important role in adhesion, as the
irregularities may be of the same order as the particles (1).

%Surface molecules = 100
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Table 2 % Surface Molecules in Particles

Particle size (nm) Surface molecules (%)
1 100.00
10 27.10
100 2.97
1,000 0.30
10,000 0.03

Nanoparticles can show a strong adhesion because of the
increased contact area for van der Waals attraction. For
example, Lamprecht et al. (2) observed differential uptake/
adhesion of polystyrene particle to inflamed colonic mucosa,
with the deposition 5.2%, 9.1%, and 14.5% for 10-um, 1000-nm,
and 100-nm particles, respectively.

NANOPARTICLE SUSPENSION AND SETTLING

Because of the small size of the nanoparticles, it is easy to
keep them suspended in a liquid. Large microparticles preci-
pitate out more easily because of gravitational force, whereas
the gravitational force is much smaller on a nanoparticle.
Particle settling velocity, v, is given by Stokes’ law as

_d%*g(ps— )
v = BT (3)

where g is gravitation acceleration (9.8 m/sec at sea level), p;
is liquid density (997 kg/m?® for water at 25°C), 1 is viscosity
(0.00089 Pa/sec for water at 25°C). For various particles sizes,
settling velocities are calculated in Table 3 for a solid density
(ps) of 1700 kg/m?®.

Thermal (Brownian) fluctuations resist the particle
settlement. According to Einstein’s fluctuation—dissipation
theory, average Brownian displacement x in time ¢ is given as

_ |2kpTt
x = wnd (4)
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Table 3 Particle Settling Velocities

Particle size (nm) Settling velocity (nm/sec)
1 0.00043

10 0.043

100 4.30

1,000 430

10,000 43,005

where kg is the Boltzman constant (1.38 x 10723 J/K), and T'is
temperature in Kelvin. Table 4 shows displacements for
particles of varying sizes in water at 25°C. The Brownian
motion of a 1000-nm particle due to thermal fluctuation in
wateris 1716 nm/sec, which is greater than the settling velocity
of 430 nm/sec. Hence, particles below 1000 nm in size will not
settle merely because of Brownian motion. This imparts an
important property to nanoparticles, that they can be easily
kept suspended despite high solid density. Large microparti-
cles easily settle out from suspension because of gravity, hence
such suspensions need to carry a “shake well before use” label.
Also, a microparticle suspension cannot be used for injection.
For the nanoparticles, the gravitational pull is not stronger
than the random thermal motion of the particles. Hence, nano-
paticle suspensions do not settle, which provides a long self-life.

However, settling can be induced using centrifugation if
needed for particle separation. Particle velocity under centri-
fugation is given as:

_ nxd?(pg — p1) (rpm)?2
79 4 ( 60 ) (5)

Table 4 Brownian Motion of the Particles

Particle size (nm) Brownian displacement (nm in 1sec)
1 54,250
10 17,155
100 5,425
1,000 1,716

10,000 543
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where the centrifugal rotation is rotations per minute (rpm).
For various particle sizes, centrifugal velocities calculated
for a solid density (ps) of 1700kg/m? in water at 0.1 m from
the axis of rotation are presented in Table 5.

MAGNETIC AND OPTICAL PROPERTIES

Small nanoparticles also exhibit unique magnetic and optical
properties. For example, ferromagnetic materials become
superparamagnetic below about 20 nm, i.e., the particles do
not retain the magnetization because of the lack of magnetic
domains; however, they do experience force in the magnetic
field. Such materials are useful for targeted delivery of drugs
and heat. For example, interaction of electromagnetic pulses
with nanoparticles can be utilized for enhancement of drug
delivery in solid tumors (3). The particles can be attached to
antibodies directed against antigens in tumor vasculature
and selectively delivered to tumor blood vessel walls. The
local heating of the particles by pulsed electromagnetic radia-
tion results in perforation of tumor blood vessels, microcon-
vection in the interstitium, and perforation of cancer cell
membrane, and therefore provides enhanced delivery of drugs
from the blood into cancer cells with minimal thermal and
mechanical damage to the normal tissues.

Gold and silver nanoparticles show size-dependent opti-
cal properties (4). The intrinsic color of nanoparticles changes
with size because of surface plasmon resonance. Such nano-
particles are useful for molecular sensing, diagnostic, and
imaging applications. For example, gold nanoparticles can
exhibit different colors based on size (Table 6).

PRODUCTION OF NANOPARTICLES

Although any particle of a size <1-um diameter is a nanopar-
ticle, several national initiatives are encouraging the develop-
ment of particles <100nm as they might exhibit some unique
physical properties, and hence potentially different and use-
ful biological properties. However, achieving sizes <100nm
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Table 6 Size-Dependent Color Variation of Gold Nanoparticles

Wavelength for maximum absorption (nm)

Nanoparticle size (nm) In water In AOT/water/isooctane (wq=10)
9 519 535
20 523 531
30 525 535
40 526 545
52 528 543
59 535 546
79 550 560
100 567 583

Abbreviation: AOT, sodium bis(2-ethyl hexyl)sulfosuccinate.
Source: From Ref. 5.

is more readily feasible with hard materials compared to drug
and polymer molecules, which are soft materials. For hard
materials, such as silica, metal oxides, and diamonds with
melting points above 1000°C, nanoparticles in the 1-100 nm
size range have been prepared. However, for drugs that are
usually soft materials with melting point below 300°C parti-
cles in the 1-100 nm size range are more difficult to prepare.
For this reason, it is a reasonable goal to aim at <300 nm par-
ticles for drug and polymer materials. There are several suc-
cess stories for pharmaceutical materials in this size range.

Table 7 Number of Molecules in a Spherical Particle

Particle diameter Particle volume (mL) Number of molecules
0.58 nm 8.18 x 10722 1

1nm 419 x 1072 5.05

10 nm 4.19x 10718 5.05 x 103

100 nm 419x 10715 5.05 x 10°®

500 nm 5.24 x 10713 6.31 x 108

1pm 4.19x 10712 5.05 x 10°

5um 5.24 x 10710 6.31 x 1011

1mm 419x 1073 5.05 x 108

Note: Drug molecular weight =500 and solid density =1 g/mL.
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Figure 1 Schematic of the two general nanoparticle production
techniques.

Production of nanoparticles of soft materials is much more
challenging than that of hard materials because of the high
stickiness of the former. The bulk pharmaceuticals are avail-
able in solids of large sizes (e.g., 1-mm-diameter powder), which
can be often easily solubilized in solvent to obtain molecular
size. Hence, there are two extremes of sizes: molecular size
(each particle containing one molecule) and large size (e.g., each
particle containing of the order of 10'® molecules). For a drug of
500 molecular weight and 1 g/mL solid density, the numbers of
molecules in different size particles are given in Table 7.

Hence, to obtain nanoparticles in the 50-300 nm range
for drug delivery, one requires of the order of 10*~10® mole-
cules in each particle. This size has to be achieved from either
solution phase (single molecule) or millimeter-size particle
(10*® molecules). The first approach is where the particle is
broken down to nano size, whereas in the second approach,
the particle will be built up from molecules. The two general
approaches for the production of drug nanoparticles are
sketched in Figure 1.

Milling of Large Particles or
Breaking-Down Process

Comminuting or grinding or milling is the oldest mechanical
unit operation for size reduction of solids and for producing
large quantities of particulate materials. Here, the material
is subjected to stress, which results in the breakage of the par-
ticle. Usually, the applied stress is more concentrated on the
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already present cracks in the material, which causes crack
propagation leading to fracture. With the decreasing particle
size, materials exhibit increasing plastic behavior making it
more difficult to break small particles than large particles.
For many materials, a limit in the grindability can be reached
where subject to further grinding, no decrease in the particle
size is observed (6). An empirical index, known as Bond work
index (W;) has been developed, which represents energy
required for grinding (7).

Wi =10 (dprloélzuct - dfei{lz) (6)

To reduce the size of a 1-mm particle, the energy
required in terms of Bond index is given in Table 8 for various
product sizes.

Hence, it is very energy intensive to go down to nanopar-
ticles-size range. Other than size, parameters of importance
are: (i) toughness/brittleness (in tough materials, stress
causes plastic deformation, whereas in brittle materials
cracks are propagated; hence, size reduction of brittle materi-
als is easier than for tough materials; sometimes, a material
can be cooled to embrittle), and (ii) hardness, abrasiveness,
particle shape and structure, heat sensitivity (only about 2%
of the applied energy goes to size reduction, the rest is con-
verted to heat; hence, heat-sensitive drugs require cooling),
and explodability (most pharmaceuticals are organic materi-
als; as the size is reduced air combustibility of the material
increases, hence proper inerting is needed).

Table 8 Energy Need (Bond Work Index) for Reducing
Size of 1-mm-Diameter Particles

Product diameter (um) Energy required (Bond work index)
100 0.68
10 2.85
1 9.68
0.5 13.83

0.1 31.31
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Most of the pharmaceutical size reduction operations uti-
lize high-shear wet milling for the production of nanoparticles.
Milling is explained in detail in chapter 2. Typical operation
time for the wet milling may be hours to days, hence the drug
has to show stability in that time period, otherwise milling
cannot be used for unstable drugs. In addition, one has to
be aware of contamination due to milling media.

Precipitation from Solution or
Building-Up Process

In this process, a drug is dissolved in a solvent to achieve
molecular solution. Then, the nanoparticle precipitate is
obtained either by removing the solvent rapidly or by mixing
an antisolvent (nonsolvent) to the solution, reducing its solu-
bilizing strength. Initially, nuclei are formed, which grow
because of condensation and coagulation giving the final par-
ticles. If the rate of desolubilization is slow, then sticky nuclei/
particles are formed that have a higher tendency of agglo-
meration, giving large-size final particles. For example, if a
drug is dissolved in a solvent (e.g., toluene) and then an

Methanol, 1000 rpm _Methanol, 10 rpm mixing

100 micron 1mm
"-:-. Methanol 1mm
"?h
Drug solution in Toluene, 1 nm
scCO,

2 micron_—

scCO.
X0 v b L L

- 8cCO, 100k rpm 100 nm

Figure 2 Variation of the particle size as the antisolvent and its
mixing are varied in the solvent—antisolvent precipitation process.
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antisolvent (e.g., methanol) is added with mild mixing, one
will obtain drug precipitate of typically 1 mm particle size
(Fig. 2). To obtain nanoparticles, a high desolubilization rate
is needed, or use of a surfactant is required, which can
isolate the particles until they are completely dry. Based on
these requirements, two general methods for nanoparticle
production are available: (i) supercritical fluid process, and
(i1) emulsification—diffusion process. In the precipitation pro-
cess, one can add compounds (e.g., polymers for controlled
release) that will coprecipitate with the drug for smart drug
delivery applications.

The key aspect of getting nanoparticles of the desired
size and size distribution is to control both the rate of antisol-
vent action and the particle coagulation. Precipitation-based
processes are described in chapters 3 and 4.

BIOLOGICAL TRANSPORT OF NANOPARTICLES

For drug delivery, most of the sites are accessible through
either microcirculation by blood capillaries or pores present
at various surfaces and membranes. Most of the apertures,
openings, and gates at cellular or subcellular levels are of
nanometer size (Table 9); hence, nanoparticles are the most
suited to reach the subcellular level. One of the prime require-
ments of any delivery system is its ability to move around
freely in available avenues and by crossing various barriers
that may come in the way. Regarding the human body, the
major passages are the blood vessels through which materials
are transported in the body. The blood vessels are not left in
any organ as an open outlet of the pipe, rather they become
thinner and thinner and are finally converted to capillaries
through branching and narrowing. These capillaries go to
the close vicinity of the individual cells. After reaching their
thinnest sizes, the capillaries start merging with each other
to form the veins. These veins then take the contents back
to the heart for recirculation. Hence, the supply chain in the
body is not in the form of a pipe having an open inlet to the
organ and outlet away from the organ. Consequently, for
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Table 9 Approximate Sizes of Components in a
Typical 20-um Human Tissue Cell

Component Size (nm)
Ribosomes 25

Golgi vesicles 30-80
Secretary vesicles 100-1000
Glycogen granules 1040
Lipid droplets 200-5000
Vaults 55
Lysosomes 500-1000
Proteasomes 11
Peroxisomes 500-1000
Mitochondria 500-1000
Superfine filaments 24
Microfilaments 5-7
Thick filaments 15
Microtubules 25
Centrioles 150
Nuclear pores 70-90
Nucleosomes 10
Chromatin 1.9

Source: From Refs. 8, 9.

any moiety to remain in the vasculature, it needs to have its
one dimension narrower than the cross-sectional diameter of
the narrowest capillaries, which is about 2000 nm. Actually,
for efficient transport the nanoparticle should be smaller
than 300 nm.

But, just moving in the vessels does not serve the drug
delivery purpose. The delivery system must reach the site
at the destination level. This requires crossing of the blood
capillary wall to reach the extracellular fluid of the tissue
and then again crossing of other cells, if they are in the
way, and entering the target cell. These are the major bar-
riers in the transit. A nanoparticle has to do a lot during this
sojourn of the carrier through the vessels (capillaries) and
across the barriers.

There are two routes for crossing the blood capillaries
and other cell layers, i.e., transcellular and paracellular. In
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the transcellular route, the particulate system has to enter
the cell from one side and exit the cell from the other side
to reach the tissue. The particulate system has to survive
the intracellular environment to reach the target tissue.

The other route is paracellular. In this, the particlulate
system is not required to enter the cell; instead, it moves
between the cells. These intercellular areas are known as
the junctions. Passing through the junctions would obviate
destruction of the carrier by the cell system. Paracellular
movement of moieties including ions, larger molecules, and
leukocytes is controlled by the cytoskeletal association of tight
junctions and the adherence junctions called apical junction
complex. While tight junctions act as a regulated barrier,
the adherence junctions are responsible for the development
and stabilization of the tight junctions. Different epithelial
and endothelial barriers have different permeabilities mainly
because of the differences in the structure and the presence of
tight junctions. While epithelia and brain capillary endothe-
lium exhibit a high degree of barrier function, the vascular
endothelium in other tissues has greater permeability. The
tight junctions control the paracellular transport. For exam-
ple, diffusion of large molecules may not be feasible, but
migration of white cells is allowed. Understanding of this reg-
ulation mechanism is important as this might enable us to
pave the way for the movement of nanoparticles in the body
without actually entering into the unintended cells.

As the nanoparticle-based drug delivery is achieved by
particle transport, it is important to understand the blood
flow rates and volumes of various organs and tissues. Consid-
ering the body’s distribution network, the blood vascular sys-
tem, the body could be divided into several compartments
based on the distributional sequencing and differentiation
by the blood vascular system (Table 10).

Nanoparticles can have deep access to the human body
because of the particle size and control of surface properties.
Experiments by Jani et al. (13,14) have elegantly demon-
strated the size effect. Polystyrene particles in the size range
50-3000nm were fed to rats daily for 10 days at a dose of
1.25 mg/kg. The extent of absorption of the 50-nm particles
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was 34% and that of the 100-nm particles was 26%. Of the
total absorption, about 7% (50nm) and 4% (100nm) were
accounted for in the liver, spleen, blood, and bone marrow.
Particles >100nm did not reach the bone marrow, and those
>300 nm were absent from the blood. Particles were absent in
the heart or the lung tissue. The rapid clearance of circulating
particles from the bloodstream coupled with their high uptake
by liver and spleen can be overcome by reducing the particle
size, and by making the particle surface hydrophilic with
coatings, such as poloxamers or poloxamines (15).

Gaur et al. (16) observed that 100-nm nanoparticles of
polyvinylpyrrolidone had a negligible uptake by the macro-
phages in liver and spleen, and 5-10% of these nanoparticles
remain in circulation even eight hours after intravenous
injection. Because of longer residence in the blood, nanoparti-
cles have potential therapeutic applications, particularly in
cancer; the cytotoxic agents encapsulated in these particles
can be targeted to tumors while minimizing the toxicity to
the reticuloendothelial system.

Desai et al. (17) studied the effect of poly(d,l-lactide-co-
glycolide) (PLGA). particle size (100nm, 500 nm, 1pum, and
10 um) on uptake in rat gastrointestinal tissue. The uptake
of 100-nm-size particles by the intestinal tissue was 15-250-
fold higher compared to the larger-size microparticles. The
uptake also depends on the type of tissue (i.e., Peyer’s patch
and nonpatch) and the location (i.e., duodenum or ileum).
Depending on the particle size, Peyer’s patch tissue had a
2-200-fold higher uptake of particles than the nonpatch tis-
sue. The 100-nm particles were diffused throughout the
submucosal layers, while the larger-size particles were predo-
minantly localized in the epithelial lining of the tissue,
because of the microparticle exclusion phenomena in the
gastrointestinal mucosal tissue.

Hillyer and Albrecht (18) studied the gastrointestinal
uptake and subsequent tissue/organ distribution of 4-, 10-,
28-, and 58-nm-diameter metallic colloidal gold particles fol-
lowing oral administration to mice. It was found that colloidal
gold uptake is dependent on the particle size: smaller particles
cross the gastrointestinal tract more readily. Interestingly,
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they observed that the particle uptake occurs in the small
intestine by persorption through single, degrading enterocytes
in the process of being extruded from a villus.

Cellular uptake is greater for nanoparticles compared to
microparticles. In cultured human retinal pigment epithelial
cells, an increase in the mass uptake of particles was observed
with decreasing particle size in the range of 20—2000 nm poly-
styrene particles (19). Further, no saturable uptake was
observed for these particles up to a concentration of 500 pg/
mL. With 20-nm nanoparticles, the uptake by the 1-cm? cell
monolayer was as high as ~20%.

Because of possible differences in particle uptake, gene
expression efficiencies can also be improved with smaller par-
ticles. Prabha et al. (20) studied relative transfectivity of 70-
and 202-nm-PLGA nanoparticles in cell culture. The smaller
particles showed a 27-fold higher transfection than the larger
nanoparticles in COS-7 cell line and a fourfold higher trans-
fection in HEK-293 cell line.

CONCLUSIONS

Nanoparticles offer unique properties as compared to micro-
or macroparticles. Salient features include the following:

Small size.

High surface area.

Easy to suspend in liquids.

Deep access to cells and organelles.

Variable optical and magnetic properties.

Particles smaller than 200 nm can be easily sterilized
by filtration with a 0.22-um filter.

Drugs, being mostly organic compounds, are more sticky
in nature as compared to inorganic materials, such as silica or
metal oxides. Hence, it is harder to make smaller nanoparti-
cles of drugs compared with hard materials. Drug nanoparti-
cles can be produced either by milling of macroparticles or by
fast precipitation from solutions, as described in the following
chapters.
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INTRODUCTION

The number of newly developed drugs having a poor solubility
and thus exhibiting bioavailability problems after oral admini-
stration is steadily increasing. Estimates by the pharma-
ceutical companies are that about 40% of the drugs in the
pipelines are poorly soluble, and as high as 60% of the com-
pounds come directly from the synthesis route (1). Therefore,
since a number of years the pharmaceutical development is

21
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focused on formulation approaches to overcome solubility and
related bioavailability problems, so that these new compounds
are available for clinical use. Often forgotten, the problem of
poor solubility arises even before the preclinical phase, which
means that when screening new compounds for pharmaco-
logical activity a test formulation needs to be able to lead to
sufficiently high blood levels. Therefore, there is an urgent
need to come up with a smart formulation approach.

One has to differentiate between specific and nonspecific
formulations for increasing solubility and, subsequently, bio-
availability. Specific approaches can only be applied to certain
drug molecules, e.g., in case of cyclodextrins (CDs) to mole-
cules that fit into the respective CD ring. In the area of
CDs, research is focused on CD derivates with higher solubi-
lity of the CD itself and simultaneously reduced side effects of
these excipients; for example, the recent development of Cap-
tisol® CDs (2,3). On the other hand, the nonspecific
formulation approaches are applicable to almost any drug
molecule (apart from a few exceptions). Such a nonspecific
formulation approach since many years is micronization,
which means converting relatively coarse drug particles to
micrometer crystals with a mean diameter in the range of
approximately 2-5 um, and a corresponding size distribution
approximately between 0.1 and 20 um (4). Here, the increase
in the surface area leads to an increase in the dissolution velo-
city. That means micronization is a formulation approach to
overcome the bioavailability problems of drugs of the biophar-
maceutical specification class II (BSC II). Drugs of class II are
sufficiently permeable but the rate limiting step is a too low
dissolution velocity (i.e., low solubility in general is correlated
with low dissolution velocity, law by Noyes—Whitney). Now-
adays however, many of the new compounds are so poorly
soluble that micronization is not sufficient to overcome a too
low oral bioavailability. Consequently, the next step taken
was to move from micronization to nanonization.

By going down one more dimension from the microrange
to the nanoworld there is a distinct increase in the surface area
and related dissolution velocity. For example, when moving
from a spherical 50 um particle to micronized 5 um particles,
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the total surface area enlarges by a factor of 10, moving to
500 nm nanocrystals by a factor of 100. However, there is an
additional—but often forgotten—effect further increasing the
dissolution velocity, that is, the increase in saturation solubi-
lity ¢ when moving to sizes below 1 um. Because of the strong
curvature of the particles, they possess an increased dissolu-
tion pressure comparable to the increased vapor pressure of
ultrafine aerosol droplets. The theoretical background is pro-
vided by the Kelvin equation and the Ostwald—Freundlich
equation, which will not be discussed here in detail (5). Accord-
ing to the Noyes—Whitney equation the dissolution velocity
dc/dt is proportional to the concentration gradient ¢, — ¢, (cs—
saturation solubility, c,—concentration in surrounding med-
ium, bulk concentration). The increases in saturation solubility
of nanocrystals reported are by a factor of about 2 to 4—6 [(6,7)
and unpublished data]. The increase is even more pronounced
when the nanosized drug material is not crystalline but amor-
phous. Preparation of amorphous oleanolic acid nanoparticles
increased the saturation solubility up to 10-fold in relation to
the coarse drug powder (8). Nanonization has the advantage
that it practically can be applied to more or less any drug
material. In general, even highly water-sensitive drugs can
be reduced to drug nanocrystals, even stored in the form of
an aqueous nanosuspension (drug nanocrystals dispersed in
aqueous surfactant/stabilizer medium). For example, aqueous
Paclitaxel nanosuspension proved to be stable over a period
of four years stored at 4°C, i.e., more than 99% of the drug
was recovered intact (9). On the other hand, aqueous Paclitaxel
solution degrades to an extent of 80% within 25 minutes (10).

Drug nanocrystals can be produced by bottom-up or top-
down technologies. In the case of bottom-up technologies, one
starts with the molecules in solution and moves via associ-
ation of these molecules to the formation of solid particles,
i.e., it is a classical precipitation process (11). To our know-
ledge, there is presently no pharmaceutical product on the
market based on precipitation technology. There are a num-
ber of reasons, discussed in detail in Ref. (12). Briefly, the
use of solvents creates additional costs. In addition, a prere-
quisite for precipitation is that the drug is at least soluble
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in one solvent, and this solvent needs to be miscible with a
nonsolvent. Many of the newly developed compounds; how-
ever, are poorly soluble in aqueous and simultaneously in
nonaqueous media, thus excluding this formulation approach.
In the case of top-down technologies, one starts with a coarse
material and applies forces to disintegrate into the nanosize
range. The diminution technologies can be categorized into
two principal classes:

1. Pearl/ball milling.
2. High-pressure homogenization, and other processes.

There are two products on the market based on the
pearl/ball-milling technology by the company NANOSYSTEMS
ELAN (13). Rapamune™ coated tablet is the more convenient
formulation for the patient compared to the drug solution
(Rapamune solution). The bioavailability of the tablet is
27% higher than the solution form (14). Rapamune® was
introduced in the market in 2002 by the company Wyeth.
The second is Emend®, introduced in the market in 2003 by
the company MSD®, Sharp & Dohme Gmbh. It is a capsule
composed of sucrose, microcrystalline cellulose (MCC), hypro-
lose, and sodium dodecylsulfate (SDS) (15).

Also, the products based on drug nanocrystals produced
with high-pressure homogenization are in clinical phases.
Therefore, these two technologies are reviewed in this chapter
because of their relevance for the pharmaceutical market.

Drug nanocrystals are of high relevance to pharmaceuti-
cal products; therefore, it is not surprising that most of the
research and development are being done in pharmaceutical
companies, especially looking at the production process itself.
Of course as a consequence, articles published by companies
are very low in number to protect internal knowledge; primar-
ily, only published patents are accessible. Even less literature
is available on how to transfer the drug nanosuspensions to
the final products, i.e., tablets, capsules, and pellets for
oral administration or aqueous/lyophilized nanosuspensions
for intravenous injection. Producing drug nanocrystals is
relatively easy compared to the much more sophisticated
technology to formulate a final drug dosage form. A final
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traditional drug dosage form has to be based on patient conve-
nience. However, to fully benefit from the special properties
of nanocrystals, they need to be released as ultrafine, non-
aggregated suspension from the final dosage form. It could
be shown that in the case of strong nanocrsytal aggregation,
the dissolution velocity is reduced (16). Therefore, the tricky
business is how to transfer the drug nanosuspension to
dosage forms with optimized release properties. This chapter
also describes the production of tablets, capsules, and pellets.

PEARL/BALL-MILLING TECHNOLOGY FOR THE
PRODUCTION OF DRUG NANOCRYSTALS

Traditional equipment used for micronization of drug
powders such as rotor—stator colloid mills (Netzsch) or jet
mills (Retsch) are of limited use for the production of nano-
crystals. For example, jet milling leads to a drug powder with
a size range of roughly between 0.1 and 20 um, containing
only a very small fraction of about 10% in the nanometer
range (4). However, it could be shown when running a pearl
mill over a sufficiently long milling time, that drug nanosus-
pensions can be obtained (13,17,18). These mills consist of a
milling container filled with fine milling pearls or larger-sized
balls. The container can be static and the milling material is
moved by a stirrer; alternatively, the complete container is
moved in a complex movement leading consequently to move-
ment of the milling pearls.

There are different milling materials available, tradi-
tionally steel, glass, and zircon oxide are used. New materials
are special polymers, i.e., hard polystyrene. A problem asso-
ciated with the pearl milling technology is the erosion from
the milling material during the milling process. Buchmann
et al. (19) reported about the formation of glass microparti-
cles when using glass as milling material. In general, very
few data have been published on contamination of pharma-
ceutical drug nanosuspensions by erosion from the milling
material. Most data have been given in the discussions
after oral presentations; figures from such discussions range
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from 0.1 to 70 ppm contamination. Of course it should be
noted that the extent of erosion depends on the solid con-
centration of the macrosuspension to be processed, the
hardness of the drug, and based on this, the required milling
time and milling material. Apart from the milling material,
the erosion from the container also needs to be considered.
For the parts in contact with the product various materials
are offered by companies producing pearl mills depending
on the area of application, such as technical purposes,
food, or the pharmaceutical industry. Normally, product con-
tainers are made of steel and can be covered with various
materials to fulfill the required quality specifications of the
formulation.

Surfactants or stabilizers have to be added for the
physical stability of the produced nanosuspensions. In the
production process the coarse drug powder is dispersed by
high-speed stirring in a surfactant/stabilizer solution to yield
a macrosuspension. The choice of surfactants and stabilizers
depends not only on the properties of the particles to be
suspended (e.g., affinity of surfactant/stabilizer to the crystal
surface) but also on the physical principles (electrostatic vs.
steric stabilization) and the route of administration. In gen-
eral, steric stabilization is recommended as the first choice
because it is less susceptible to electrolytes in the gut or
blood. Electrolytes reduce the zeta potential and subse-
quently impair the physical stability, especially of ionic sur-
factants. In many cases an optimal approach is the
combination of a steric stabilizer with an ionic surfactant,
i.e., the combination of steric and electrostatic stabilization.
There is a wide choice of various charged surfactants in case
of drug nanocrystals for oral administration. Even relatively
“nasty” surfactants, such as the membrane damaging SDS,
can be used, of course within the concentration accepted
for oral administration, e.g., the formulation of Emend (15).
SDS as a low molecular weight surfactant diffuses fast to
particle surfaces; it has excellent dispersion properties.
Adsorption onto the particle surface leads to high zeta poten-
tial values providing good physical stabilities. In case of par-
enteral drug nanocrystals, the choice is limited; e.g., for
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intravenous injection, accepted are lecithins, Poloxamer 188,
Tween® 80, low molecular weight polyvinylpyrrolidone
(PVP), sodium glycocholate (in combination with lecithin).
Drug nanocrystal suspensions for parenteral administrations
need to be sterile, depending on the administration route and
the volume they need to be pyrogene-free. Production of par-
enteral drug nanosuspension using pearl mills is much more
tedious compared to producing oral drug nanosuspensions.
The equipment needs to be sterilized and the product needs
to be separated from the milling pearls by a preferentially
aseptic separation process. A terminal sterilization by auto-
claving is only possible with a number of products (20).
The use of an ionic stabilizer such as lecithin is recom-
mended when autoclaving nanosuspensions. The autoclaving
temperature of 121°C leads to dehydration of steric stabili-
zers, which reduces their ability to stabilize the suspensions.
Gamma irradiation of nanosuspensions is an alternative, but
is less favoured by the pharmaceutical industry due to regu-
latory requirements (e.g., proof of absence of toxic radicals,
etc.). From the industrial point of view, in many cases a
well-documented aseptic production is easier for the produc-
tion of formulations for parenteral administration than
gamma irradiation.

There are a number of pearl mills available on the
market, ranging from laboratory-scale to industrial-scale
volumes. The ability for large-scale production is an essential
prerequisite for the introduction of a product to the market.
One advantage of the pearl mills, apart from being low-cost
products, is their ability for scaling up. Assuming, for reasons
of simplicity, hexagonal packaging of the milling pearls, 76%
of the milling chamber volume will be filled by the pearls. In
case of a 1000 L mill this corresponds to 760 L. milling mate-
rial; based on the apparent density of zircon oxide pearls
being 3.69 kg/L, this corresponds to 2.8 tons of milling mate-
rial. Figure 1 shows the solution for this problem, a pearl mill
with an external suspension container. The suspension is con-
tinuously pumped through the pearl mill. This approach
reduces the weight of the pearl mill itself, but it prolongs
the milling times.
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Circulation pipe —  Product container

Milling unit

Figure 1 DISPERMAT® SL: schematic view of a bead mill using
recirculation method. Source: From Ref. 21.

DRUG NANOCRYSTALS PRODUCED BY
HIGH-PRESSURE HOMOGENIZATION

Theoretical Aspects

High-pressure homogenization is a technology that has been
applied for many years in various areas for the production of
emulsions and suspensions. A distinct advantage of this
technology is its ease for scaling up, even to very large
volumes. High-pressure homogenization is currently used
in the food industry, e.g., homogenization of milk. In the
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pharmaceutical industry parenteral emulsions are produced
by this technology. Commercial products such as Intralipid®
and Lipofundin® possess a mean droplet diameter in the
range of 200400 nm (photon correlation spectroscopy data)
(22). In the mid-1990s of the last century drug nanosuspen-
sions produced with high-pressure homogenization were
developed (23—-27). Typical pressures for the production of
drug nanosuspensions are 1000-1500bar (corresponding to
100-150 Mpa, 14504-21756 psi); the number of required
homogenization cycles vary from 10 to 20 depending on the
properties of the drug. Most of the homogenizers used are
based on the piston-gap principle, an alternative is the jet-
stream technology (Fig. 2).

The Microfluidizer™ (Microfluidiecs™ Inc., U.S.A.) is
based on the jet-stream principle. Two streams of liquid col-
lide, diminution of droplets or crystals is achieved mainly by
particle collision, but occurrence of cavitation is also consid-
ered. The Microfluidizer has also been described for the pro-
duction of drug nanosuspensions; however, according to the
patent 10-50 cycle passes were required (28). Such a high

Dissipation *g Criginal iy P,
.| \rolm'le * & dispersion " Nanodispersion

Figure 2 Basic homogenization principles: piston-gap (left) and
jet-stream arrangement (right). In the piston-gap homogenizer the
macrosuspension coming from the sample container is forced to
pass through a tiny gap (e.g., 10 um), particle diminution is affected
by shear force, cavitation, and impaction. In jet-stream homogeni-
zers the collision of two high-velocity streams leads to particle
diminution mainly by impact forces.
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cycle number is not convenient for the production scale. Based
on our own experiences, the Microfluidizer can be used for the
production of drug nanosuspensions in the case of soft drugs.
In the case of harder drugs, a larger fraction of particles in
the micrometer range remain, which do not exhibit the
increase in saturation solubility because of their too large size.

For many years cavitation was considered as the major
force leading to particle diminution in the high-pressure
homogenization process. Consequently, most high-pressure
homogenization patents in various application areas focus
on water as a dispersion medium. In the piston-gap homoge-
nizer the liquid is forced through a tiny homogenization
gap, typically in the size range of 5-20 um (depending on
the pressure applied and the viscosity of the dispersion med-
ium). Using a Micron Lab 40 the suspension is supplied from
a metal cylinder by a piston, the cylinder diameter is approxi-
mately 3 cm. The suspension is moved by the piston having an
applied pressure between 100 and 1500 bar. In principle the
piston-gap homogenizer corresponds to a tube system in
which the tube diameter narrows from 3 to 5—20 pm. Accor-
ding to the Bernoulli equation, the streaming velocity and
dynamic pressure increase extremely, the static pressure in
the gap falls below the vapor pressure of water at room tem-
perature. A liquid boils when its vapor pressure is equal to the
static pressure, which means water starts boiling in the gap
at room temperature leading to the formation of gas bubbles.
The formation of gas bubbles leads to pressure waves disrup-
ting oil droplets or disintegrating crystals. When leaving the
homogenization gap, the static pressure increases to normal
air pressure, which means the water does not boil any more
and the gas bubbles collapse. Collapsing of the gas bubbles
(implosion) leads again to shock waves contributing to
diminution. There are different definitions of cavitation in
the literature, describing cavitation either as the formation
of gas bubbles in high streaming liquids or as the formation
and subsequent implosion of these gas bubbles.

At the end of the 1990s it was found that similar efficient
particle diminution can be achieved by homogenization in
nonaqueous media such as oils and liquid polyethylene glycols
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(PEGs), which means media with low vapor pressure. In the
case of low vapor pressure liquids, the cavitation in the homo-
genization gap is distinctly reduced or does not exist at all.
Figure 3 shows the change in static pressure when homoge-
nizing in water as dispersion medium (left) and in a low-vapor
liquid, whereas the static pressure does not fall below the
vapor pressure (right).

Based on the aforementioned, cavitation does not seem to
be essential for a diminution effect. Major forces are droplet or
particle collision and the shear forces occurring in this highly
turbulent fluid in the gap possessing a high kinetic energy.
Homogenization in nonaqueous liquids has advantages for cer-
tain pharmaceutical final dosage forms. Preparation of drug
nanocrystals in PEGs or oils (e.g., Miglyol 812 or 829) leads
to nanosuspensions that can directly be filled into capsules
(see the following) (29,30). It is also possible to homogenize in
melted nonaqueous matrices, which are solid at room tempera-
ture. Solidification of such a matrix leads to a fixation of drug
nanocrystals in the solid matrix, thus minimizing or avoiding
crystal contact and subsequent crystal fusion/growth.

homogenizing gap homogenizing gap

1500bar | 1500bar

ibar /\ Tbar

vapor pressure of liquid 1

\vapor pressure of liquid 2

Figure 3 Variation of the static pressure (—) within the homoge-
nizing gap. In the case of water the static pressure falls below the
vapor pressure (left), whereas in the case of low-vapor media (right)
the static pressure stays above the vapor pressure.
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As a consequent next step, after homogenization in water
(100% water) and homogenization in nonaqueous media
(0% water), homogenization was performed in mixtures con-
taining different percentages of water (1-99% water). The dis-
persion media were water mixed with water-miscible liquids
(e.g., alcohols, glycerol). Preparation of drug nanosuspensions
in water—ethanol mixtures is favorable for producing dry pro-
ducts, because later the spray drying can be performed under
milder conditions when using such a mixture. Homogeniza-
tion in water—glycerol mixtures (2.25% of water-free glycerol)
leads to isotonic drug nanosuspensions for parenteral
administration.

The laboratory scale homogenizers used by our group are
the continuous and batch Micron Lab 40 (APV Systems,
Unna, Germany). In the batch version, the batch size is a
minimum of 20mL and a maximum of 40 mL. A minimum
of 20 mL is required for the machine to maintain the homoge-
nization pressure because smaller volumes cannot be pro-
cessed. In the batch Micron Lab 40, the homogenizer is
equipped with two product containers having a maximum
volume of 1000mL. Considering the dead volume in the
machine, a minimum batch size of about 200 mL is recom-
mended. The advantage of the batch Micron Lab 40 is the
relatively small batch volume, but unfortunately it is not pro-
duced any more. The successor model by the company APV is
the APV-1000; however, the minimum batch size for this
homogenizer is 150 mL (31). Scaling up to a size suitable for
the production of clinical batches was performed using a
Lab 60 unit. This homogenizer has a homogenization capacity
of 60 L/hr, and can be qualified and validated (32). The com-
mercially available Lab 60 was modified by equipping it with
10 L double-walled product containers; processing is possible
in a continuous loop mode (2kg batch) or alternatively in a
batch mode (5—-10kg batch). Because of the termination of
the production of the Lab 60 an APV 1000 or APV 2000 is
recommended for a batch size in this range. Larger-scale
machines from APV are the Gaulin 5.5 (160 L. homogenization
capacity per hour) or the Rannie 55 (600 L. homogenization
capacity per hour) at a pressure of 1500 bar.
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Alternative sugpliers of piston-gap homogenizers are the
companies Avestin® (33) and GEA Niro Soavi (34).

PRODUCTION OF DRUG NANOCRYSTAL
COMPOUNDS BY SPRAY-DRYING

For the production of tablets, an aqueous nanosuspension can
be used as granulation fluid or a dry form of the nanosuspen-
sion, powder, or granulate can be employed. Starting from an
aqueous macrosuspension containing the original coarse
drug powder, surfactant, and water-soluble excipient, the
homogenization process can be performed in an easy one step
yielding a fine aqueous nanosuspension. In a subsequent step
the water has to be removed from the suspension to obtain a
dry powder. One method of removing the water from the for-
mulation is freeze drying, but it is complex and cost-intensive
leading to a highly sensitive product (35,36). Another simple
and most suitable method for the industrial production is
spray drying. The drug nanosuspension can directly be pro-
duced by high-pressure homogenization in aqueous solutions
of water-soluble matrix materials, e.g., polymers [PVP, poly-
vinylalcohol or long chained PEG, sugars (saccharose, lac-
tose), or sugar alcohols (mannitol, sorbitol)]. Afterward the
aqueous drug nanosuspension can be spray dried under ade-
quate conditions; the resulting dry powder is composed of
drug nanocrystals embedded in a water-soluble matrix (37).
Figure 4 schematically represents the whole production pro-
cess of drug nanocrystal-loaded spray-dried compounds.

The loading capacity of the solid powder with drug nano-
crystals can be adjusted by varying the concentrations of exci-
pient and surfactant in the original aqueous nanosuspension.
One aim of a solid nanoparticulate system is releasing the
drug nanocrystals after administration in the gastrointestinal
tract (GI) as a fine nonaggregated suspension; the other is to
increase the physical stability for long-term storage. Contact
of the drug nanocrystals is averted by fixation within the
matrix. Thereby, the probability of physical instabilities as,
e.g., aggregation and ripening are in principle clearly avoided
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Figure 4 Two-step process of the production of drug nanocrystal-
loaded compounds: the drug nanosuspension obtained by high-
pressure homogenization (Micron Lab 40) is further processed by
spray drying using a Mini Biichi. Drug nanocrystals embedded in
the matrix are obtained.

or minimized to a negligible extent. However, appropriate
investigations have shown a relation between the loading
capacity of the compounds and the releasing behavior, as well
as the storage stability. Exceeding a certain maximum load-
ing capacity of the matrix with drug nanocrystals has an
increasing negative effect on particle crystal growth and on
release as fine dispersion (38).

Figure 5 shows the volume distribution of two spray-
dried formulations A and B with increasing drug nanocrystal
loadings after release in water. The formulation with the
highest drug concentration, formulation B, clearly shows a
negligible low but detectable aggregated volume fraction



Manufacturing of Nanoparticles 35

Differential Volume (Average)

Volume (%)

304005006 008 0.1 02 03 04 050607 1 2 3 4
Particle Diameter (um)

Figure 5 LD volume distributions of spray-dried formulations of
Tween® 80 stabilized amphotericin B nanocrystals in PVP matrix
after redispersion in water. An adequate volume of distilled water
(22-23°C) was added to the compounds to obtain a 1% drug nano-
suspension after release from the matrix. LD measurements were
started after gently stirring until the matrix material was comple-
tely dissolved. (----): Formulation A: 15.4% AmphoB, 7.7% Tween
80, 76.9% PVP (Kollidon 25); (—): formulation B: 50.0% AmphoB,
25.0% Tween 80, 25.0% PVP (Kollidon 25); (=—): original nanosus-
pension, 1% AmB, 0.5% Tween 80. Abbreviation: LD, laser diffrac-
tion; PVP, polyvinylpyrrolidone.

and consequently, a reduced percentage within the lower
nanometer range.

PRODUCTION IN NONAQUEOUS LIQUIDS

To avoid the removal of water after high-pressure homogeni-
zation in aqueous media, homogenization can be performed
directly in nonaqueous media. A number of nonaqueous
media are suitable as dispersion media for drug nanocrystals.
For example, PEG and triglycerides or self-emulsifying drug
delivery systems are ideal liquid candidates and are suited
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for direct filling of hard or soft gelatine capsules (39). The pro-
duction process can be easily performed similar to the process
in water.

Influence of the Dispersion Media

Forces caused by shearing, cavitation, and impaction are domi-
nant for the diminution of drug particles during the homoge-
nizing process. However, the physical properties of the
dispersion media/suspension as well as the type of homogeni-
zer and geometry of its dissipation zone highly influence these
forces and consequently, the diminution. Especially, the visc-
osity of the suspension shows significant effect on the proper-
ties of the homogenized products.

According to the law by Hagen—Poiseuille, flow rate, pres-
sure, tube diameter, as well as the viscosity of the streaming
suspension are interdependent in laminar flow systems. The
Micron Lab 40 works with a constant flow rate. According to
the input requirements the homogenization pressure is auto-
matically adjusted by the width of the homogenizing gap (40).
In this correlation the viscosity of the fluid/suspension can be
considered as a determining factor for the width of the gap.
Using a Micron Lab 40 simplified a doubling of the width is
observed when decoupling the viscosity. Thus, increasing visc-
osities alter the flow conditions within the homogenizing
region. A decrease in flow velocity and an increase in gap
volume clearly influence the homogenization results. Figure 6
shows the calculated width of the homogenization gap of the
Micron Lab 40 in dependency on the fluid viscosity.

Broadening of the homogenization gap leads to decreased
shear forces and kinetic energies of the nanocrystals; con-
sequently, the lower forces affect the breaking of the particles.

In summary, the grade of particle diminution is deter-
mined by the forces acting on each drug particle during the
homogenization process and the drug properties (e.g., hard-
ness of crystal, number of imperfections in crystal, and per-
centage of amorphous fraction) (41). A particle breaks if
the acting force is higher than the breakage stress. The max-
imal dispersivity of a nanosuspension is reached if further
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Figure 6 Width of the homogenizing gap as a function of the kine-
matic viscosity of the fluid (Micron Lab 40) at a homogenization
pressure of 1500 bar.

homogenization cycles show no more effect on particle size
distribution. In this case, the acting forces are not high enough
for inducing particle breakage and further diminution.

For the production of drug nanosuspensions in nonaque-
ous media the maximal dispersivity has to be investigated for
each drug and dispersion medium. In principle, the media
with considerably higher viscosities than water require a
higher number of homogenization cycles to achieve identical
or similar particle sizes and distributions to lower-viscosity
media. Figure 7 shows the particle size distribution of Ampho-
tericin B nanoparticles, using laser diffraction (LD), after
high-pressure homogenization in different dispersion media.

PRODUCTION IN HOT-MELTED MATRICES

A further possibility for the production of drug nanocrystals
in solid matrices is high-pressure homogenization in hot
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Figure 7 LD particle diameters 25—-90% of Amphotericin-B nano-
crystals after high-pressure homogenization in PEGs of various
chain lengths and thus viscosities. Abbreviations: LD, laser diffrac-
tion; PEG, polyethylene glycol.

melts. It offers advantages over production in aqueous solu-
tion and subsequent spray drying. The process is completely
anhydrous, avoiding possible drug degradation or instabi-
lities. The production can directly be performed by hot high-
pressure homogenization in melted material (38,42). The
homogenizers Micron Lab 40, batch and continuous, were
equipped with temperature control jackets placed around
the sample/product containers. Working temperatures up to
100°C (heated with water) or higher (heated with silicon oil)
can be selected depending on the melting temperature of
the used matrix material. For batch operation, solidification
has to be averted between each homogenizing cycle. For
homogenizers working in the continuous mode, the product
containers must be also heated. Figure 8 shows the tempera-
ture control devices for the continuous and batch versions of
the Micron Lab 40.

As the first production step, a presuspension has to be
formed consisting of a melted matrix with the addition of
the drug powder and surfactant. In the following production
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Figure 8 Micron Lab 40 with temperature control jackets (J):
temperature control jacket for the discontinuous Micron Lab 40
(left) around the sample container (S) containing the suspension
to be homogenized, for continuous Micron Lab 40 (right) with jack-
ets around the sample container and additional jackets around the
two 1000 mL product containers (P).

step, the hot presuspension can be directly homogenized in
the temperature-controlled homogenizer. After reaching the
envisaged particle size and size distribution, the suspension
can be solidified at room temperature by applying controlled
cooling. Figure 9 shows the principle production process of
drug nanocrystals in hot melts.

Subsequently, the solid nanodispersions obtained can be
processed to granulates by milling, for filling capsules or
tablet compaction. Alternatively, the hot melt can directly
be filled into hard gelatine or hydroxypropyl methylcellulose
(HPMC) capsules (Fig. 10).

The absence of water during the whole production pro-
cess as well as the short processing times and the one-step
process to the final product are especially to be noted using
the hot melt method. Given these advantages, this techno-
logy also has limitations, which have to be compared with
the other technologies (e.g., homogenization in water) for
the production of solid nanosuspensions. High-pressure
homogenization—identical to pearl milling—can only be
performed up to a certain drug concentration. Suspensions
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Figure 9 Schematic of the process utilizing melted matrices: the
coarse drug material is added to the solid matrix material, which
is then melted for dispersing the drug. The nanosuspension is
obtained by high-pressure homogenization. Subsequent cooling
leads to drug nanocrystals embedded in a solid matrix.

Figure 10 Capsules filled with granulated PEG 2000 containing
Amphotericin-B nanocrystals (left), tablets produced by compaction
of the granulate (right). Abbreviation: PEG, polyethylene glycol.
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can show paste-like properties at high solids content (e.g.,
>30% or >40%). The resulting rheological properties, espe-
cially high viscosity, lead to suboptimal flow conditions
within the homogenization gap. Depending on the homogeni-
zer design, some suspensions with higher viscosities can also
be processed (e.g., feeding the suspension to the homogenizer
by applying air pressure or using a piston, e.g., PANDA
range of GEA, Niro-Soavi, Stansted homogenizers) (43). For
example, using a Stansted homogenizer a suspension of
40% solid can be processed without any problem (44). How-
ever, it should be noted that the viscosity of a suspension
does not only depend on the solid content but also on the
size, size distribution, and shape of the particles. Depending
on these factors particles can form three-dimensional struc-
tures in concentrated suspensions with different viscosities.
In turn, it is also possible to reduce the viscosity of a highly
concentrated suspension by optimizing the size distribution
(i.e., making it more polydisperse).

PELLETIZATION TECHNIQUES
Introduction

The nanonization of drugs results in general in a liquid product
from most of the techniques described in this chapter. These
nanosuspensions have shown excellent long-term stability
without Ostwald ripening or chemical alteration (9,45). In
some special cases, the nanosuspension can be directly used
as a final product, for instance, as pediatric or geriatric dosage
forms if the drug absorption rate is limited only by the solubi-
lity and dissolution rate of the drug. Apart from this—in case of
oral administration—a dry dosage form is clearly preferred for
the reasons of convenience (i.e., marketing aspects). There are
also other cases in which a more sophisticated dosage form is
needed, e.g., to prevent the drug from degradation, to achieve
acontrolled drug release or to enable better drug targeting. For
these reasons, the nanosuspension can be transformed into a
solid dosage form by using established techniques, like pelleti-
zation, granulation, spray drying, or lyophilization.
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Many different pelletization techniques are known, but
the most commonly used techniques are the extrusion—spher-
onization and the drug layering onto sugar spheres. The choice
of the pellet type depends on the required drug content, the
drug properties, and the available technical equipment. Irre-
spective of the pelletization technique applied, a multiparticu-
late dosage form with distinct advantages in comparison to
single-unit dosage forms will be obtained. Multiparticulate
dosage forms, such as coated pellet systems, show a faster
and more predictable gastric emptying and more uniform drug
distribution in the GI tract with less inter- and intraindividual
variability in bioavailability (46). A broad distribution of the
pellets in the gut lumen can enhance the complete redisper-
sion of the nanoparticles from the final solid dosage form.
The incorporation of drug nanocrystals in the various pellet
systems is schematically shown in Figure 11.

Matrix Pellet Preparation

Aqueous nanosuspensions can be mixed with matrix materials
(fillers such as MCC, lactose, or starch); in addition, the
nanosuspension works as a binder and wetting fluid for the

E] Coating Drug Nanocrystals I:l Binder/Core Material

Figure 11 Schematic drawing of different pellet types containing
drug nanocrystals: coated pellet with a sugar bead as core material
and a compact layer consisting of a binder/drug nanocrystal layer
(left) and a coated matrix pellet with a matrix consisting of a
binder/drug nanocrystal mixture as core material (right).
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extrusion process (27,47-49). Binders like gelatine, HPMC,
chitosans, or other polymers can be added to the nanosus-
pension before the high-pressure homogenization, which sim-
plifies the production process. Alternatively, they can be
dispersed in the produced nanosuspension after the high-
pressure homogenization. On the one hand these binders are
necessary for the extrusion process, but on the other they
can also positively influence the properties of the nanosuspen-
sion or the nanoparticles. The increased viscosity of the nano-
suspension leads to an increased physical stability of the
nanosuspension with a decreased tendency of sedimentation,
an important factor to obtain reproducible drug content in
the final product. Another important point is the possibility
to change the zeta potential of the drug nanocrystals by using
charged polymers (i.e., chitosan or alginate) to increase the
nanosuspension stability under the GI conditions and to
achieve better drug targeting (50-53). If the nanosuspension
is used as described earlier, one limitation is the maximum
achievable drug content of the final product.

In order to overcome this problem an additional drying
step, such as spray drying, has to be performed to obtain a
fine nanocrystalline powder. This powder can be admixed to
the matrix material to obtain a mass highly loaded with drug
nanocrystals and ready for the extrusion and subsequent
spheronization. Afterward a coating can be applied to the
matrix cores to modify their drug release properties. Figure
12 shows the major steps in the production of matrix pellets
containing drug nanocrystals. A detailed view on these pellets
is given in Figure 13.

Pellet Preparation by Nanosuspension Layering

An alternative way to transfer a prior produced nanosuspen-
sion into a pellet formulation is the suspension layering onto
sugar spheres (54). The binders that are necessary for this
process can also be added before the high-pressure homogeni-
zation process resulting in the improved nanosuspension
properties mentioned earlier. A schematic production process
is shown in Figure 14.



44 Miiller et al.

’ Micron Lab 40

§ IR

_i T | .........‘......n\
e ®, | ]

o ‘-.| i

o,

LI L

original High pressure drug nano- admixing - extrusion - spheronization

drug macro- homogenisation suspension

suspension

Figure 12 Production of drug nanocrystal-loaded matrix cores:
the drug nanosuspension obtained by high-pressure homogeniza-
tion (Micron Lab 40) is admixed to the matrix material, pellets
are prepared by extrusion—spheronization and can be subsequently
coated with polymers with the same equipment to modify the drug
release properties.

The most important difference between the matrix cores
and layered cores is the different drug loading. For the pro-
duction of matrix cores from an aqueous nanosuspension
without an additional drying step, the drug loading is limited
to 4.5%, based on Equation (1), whereas the drug loading of
layered cores can be raised by increasing the layering level
almost without any limitations. (J. Moschwitzer and R. H.
Muller, submitted for publication.)

30% drug content(V) x 15gN
100g(total pellet mass)

Drug content(MC) = =45% (1)

Calculated maximal achievable drug content in matrix cores
without additional drying steps: MC = matrix core, N = nano-
suspension (30% is an achievable drug concentration in the
nanosuspension, of course depending on the formulation
and equipment).



Manufacturing of Nanoparticles 45

Figure 13 SEM photograph: left—uncoated matrix core contain-
ing drug nanocrystals (magnification 60x), right top—detail magni-
fication (1000x) of this matrix core with drug nanocrystals (arrow),
right bottom—detail magnification (1000x) of matrix core without
drug nanocrystals. Abbreviation: SEM, scanning electron micro-

scopy.

DIRECT COMPRESS

Spray drying is especially suitable for the transfer of nanosus-
pensions of drugs that are insensitive to high temperatures.
Depending on the spray conditions and formulation, the
resulting product possesses a particle size from 1 t0100 um
and can easily be filled into a hard gelatine capsule as the
final dosage form. In the case of acid labile drugs, the capsule
can be coated with enteric polymers to protect the drug from
the gastric fluids. Stability tests over a period of several
months, even up to one year, have shown a perfect redispersi-
bility for different formulations. An advantage of this method
is the resulting drug content in the final dosage form, which
can be easily achieved from 20% to 80%.
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Figure 14 Two-step process for the production of layered cores
containing drug nanocrystal: the drug nanosuspension obtained
by high-pressure homogenization (Micron Lab 40) is directly
layered onto sugar beads and subsequently coated with polymers
using the same equipment to modify the drug release properties.

A special form of spray-drying of nanosuspensions is the
DirectCompress® technology (55). Lactose and matrix form-
ing materials (like micronized polymer powders or lipids)
are admixed to the prior produced nanosuspension. By spray
drying, this liquid phase is transferred into a drug-matrix
compound. A major advantage of the DirectCompress®™ tech-
nology is the fast transformation of the liquid nanosuspension
into a free-flowable powder, ready for direct compression of
fast dissolving or prolonged release tablets. Alternatively,
the powder obtained from the spray drying can be directly
filled into hard gelatine capsules.
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INTRODUCTION

Design and fabrication of pharmaceutical particulate systems
is still largely an art as opposed to a fundamental science.
However, a more systematic design and manufacture of parti-
culate systems including nanoparticles is being enabled by
the application of novel technologies, such as supercritical
fluid (SCF) technology, which is the focus of this chapter (1).
A fluid is supercritical when it is compressed beyond its cri-
tical pressure (P.) and heated beyond its critical temperature
(T.). SCF technology has emerged as an important technique
for particle manufacturing. In many industrial applications,
it is poised to replace the conventional recrystallization and
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Table 1 Critical Constants and Safety Data for Various
Supercritical Solvents

SCF T, (°C) P, (bar) Safety hazard
Ethylene 9.3 50.3 Flammable gas
Trifluoromethane 25.9 47.5
(fluoroform)
Chlorotrifluoromethane 28.9 39.2
Ethane 32.3 48.8 Flammable gas
Carbon dioxide 31.1 73.7
Dinitrogen monoxide 36.5 72.6  Not combustible but
(laughing gas) enhances combustion of
other substances
Sulfur hexafluoride 45.5 37.6
Chlorodifluoromethane 96.4 49.1 Combustible under
(HCFC 22; R 22) specific conditions
Propane 96.8 43.0 Extremely flammable
Ammonia 132.4 112.7 Flammable and toxic
Dimethyl ether 126.8 52.4  Extremely flammable
(wood ether)
Trichlorofluoromethane 198.0 44.1
(CFC11,R 11)
Isopropanol 235.2 47.6  Highly flammable
Cyclohexane 280.3 40.7 Highly flammable
Toluene 318.6 41.1 Highly flammable
Water 374.0 220.5

Abbreviation: SCF, supercritical fluid.

milling processes, mainly because of the quality and the pur-
ity of the final particles and environmental benefits. There
are a variety of SCFs available as listed in Table 1.

SUPERCRITICAL CO,

Out of the fluids listed in Table 1, carbon dioxide is the SCF of
choice because it is nonflammable, nontoxic, inexpensive, and
has mild critical temperature. Hence, much of the attention
has been given to supercritical carbon dioxide for pharmaceu-
tical particle formation.

No amount of compression can liquefy the SCF. In fact,
pressure can be used to continuously change the density from
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Figure 1 Density dependence of CO, at various temperatures.
Abbreviation: COo, carbon dioxide.

gas-like conditions to liquid-like conditions. Near the critical
region, small changes in the pressure can give rise to large
changes in the density. Figure 1 shows how the density of car-
bon dioxide is varied by pressure at different temperatures.

In addition to density, diffusivity of the SCFs is higher
than that of liquid solvents, and can be easily varied. For typi-
cal conditions, diffusivity in SCFs is of the order of 102 cm?%/sec
as compared to 107! for gases and 10~° for liquids. Typical
viscosity of SCFs is of the order of 10~* g/cm/sec, similar to that
of gases, and about 100-fold lower than that of liquids. High
diffusivity and low viscosity provide rapid equilibration of
the fluid.

SOLUBILITY IN SUPERCRITICAL CO,

Carbon dioxide (O=C=0) is a nonpolar molecule with a small
polarity due to the quadrupole moment. Hence, nonpolar or
light molecules (e.g., menthol, methanol, acetone, toluene,
and hexanes) easily dissolve in CO,, whereas the polar or



56 Gupta

heavy molecules (e.g., griseofulvin, paclitaxel, tetracycline,
and dexamethasone phosphate) have a very poor solubility.
For example, solubility of menthol in CO, is as high as 5 mol%
(Fig. 2), whereas the solubility of griseofulvin in CO; is only
about 18 ppm (Fig. 3). Solubilities of some other pharmaceu-
tical compounds are shown in Figures 4-7. A comprehensive
compilation of solubility data in supercritical CO4 is given
in a recent book by Gupta and Shim (6).

Three important factors that govern drug solubility in
supercritical COy are the vapor pressure of drug, drug—CO,
interaction, and density of CO,. Drug vapor pressure is a
function of temperature (T), and CO, density is a function
of pressure (P) and T. Mendez—Santiago and Teja (8) observed
that the solubility (ys; umol/mol) can be correlated using the
following equation:

106 A Bpl
yg_?exp<T+T+C> (1)

where P is in bars, T is in Kelvin, p; is CO, density in moles
per milliliter. Constants A, B, and C are listed in Table 2
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Figure 2 Solubility of menthol in CO,. Abbreviation: COs, carbon
dioxide. Source: From Ref. 2.
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Figure 3 Solubility of griseofulvin in CO,. Abbreviation: COg,
carbon dioxide. Source: From Ref. 2.
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Figure 4 Solubility of nicotinic acid in COs. Abbreviation: COg,
carbon dioxide. Source: From Ref. 4.
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Figure 5 Solubility of chloramphenicol in COs. Abbreviation: COo,
carbon dioxide. Source: From Ref. 5.
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Figure 6 Solubility of salicylic acid in COs. Abbreviation: COs,
carbon dioxide. Source: From Ref. 3.
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Figure 7 Solubility of a-tocopherol in COq at 333 K. Abbreviation:
CO,, carbon dioxide. Source: From Ref. 7.

for selected drugs. Density of pure CO, can be obtained from
NIST Standard Reference Database (http://webbook.nist.gov/
chemistry/) at the desired T and P. Alternatively, the fol-
lowing empirical expression can be used (9):

1 1
p; = —exp( —27.091 + 0.609ﬁ+—3966 0
44 T
445P
32 T5 +0.401\/P> (2)

RAPID EXPANSION OF SUPERCRITICAL
SOLUTION FOR PARTICLE FORMATION

From the previous section it is evident that the solubility of
pharmaceutical compounds is highly dependent on COy pres-
sure. As the pressure is reduced, solubility decreases because
of a reduction in the CO, density, which is closely related to
its solubility power (8-11). At a high pressure, the drug can
be dissolved in CO, and if the pressure is reduced to ambient,
the drug precipitates out as fine particles. The depressurization
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Table 2 Values of the Constants for Equation (1)

Drug A B ()
7-Azaindole —8,412 87,110 20.66
Behenic acid —4.,473 61,240 6.80
Biphenyl —10,200 132,800 25.75
Brassylic acid -10,860 146,100 21.01
Capsaisin 7,172 70,830 19.54
Cholecalciferol -9,784 172,500 18.42
Diphenylamine —18,720 397,100 33.40
Eicosanoic acid —15,990 161,600 36.97
1-Eicosanol —14,530 122,500 36.15
Endrin -9,912 167,800 20.29
Ergocalciferol —1,092 173,500 21.51
Flavone —11,430 110,100 27.38
D(—)-Fructose —871.2 10,740 —4.29
D(+)-Glucose 847.1 2,471 -9.12
3-Hydroxyflavone -9,746 81,530 21.31
Ketoprofen —-12,090 157,500 24.72
Medroxyprogesterone acetate —10,270 186,100 17.77
Methoxychlor -12,670 184,100 27.38
Monocrotaline —10,440 8,057 20.28
Mystiric acid —17,250 173,100 44.84
Naproxen -9,723 122,900 18.11
Narasin —8,529 124,900 13.86
Nifedipine —10,020 168,500 15.92
Nimesulide —13,820 186,900 28.14
Nitrendipine —9,546 151,400 15.91
Octacosane —19,860 123,000 52.555
1-Octadecanol -17,290 141,000 45.32
Palmityl behenate -8,378 59,180 18.44
Penicillin V —6,459 73,730 13.29
Phenylacetic acid -13,730 14,450 35.78
Piroxicam —10,560 18,130 17.57
Progesterone —12,090 21,040 23.43
t-Retinol —8,717 168,900 16.60
Salinomycin —18,990 185,500 42.05
Stigmasterol —13,010 169,000 25.23
Testosterone —14,330 238,300 26.42
Theobromine —7,443 114,000 8.31
Theophyline —6,957 94 760
Triacontane —22,965 199,800 57.22
Trioctylphosphine oxide -9,378 211,900 17.65
Vanillin —7,334 136,500 14.53

Source: From Ref. 8.
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can be done very fast; so fast that CO5 comes out of the nozzle at
the speed of sound. The fast depressurization results in a very
fast rate of precipitation providing small drug particles. This
process is termed as rapid expansion of supercritical solution
(RESS) and has been tested for a wide variety of drugs. A
schematic of the RESS process is shown in Figure 8.

The bulk drug is solubilized in CO, in a high-pressure
chamber. The solution is then passed through a nozzle to
rapidly reduce the pressure. In some applications, the nozzle
is also heated to avoid clogging due to freezing of CO5 by sud-
den expansion. The precipitated drug particles are collected
in an ambient pressure bag filter. The morphology of the
resulting particles (crystalline or amorphous) depends on
the molecular structure of the drug and RESS process condi-
tions (solubilization temperature, expansion temperature,
pressure drop across nozzle, nozzle geometry, impact distance
of the jet against collection surface, etc.).

Most of the drug particles produced by RESS, have been
in the 1-5 um-size range. The rapid expansion of supercritical
CO;, does produce nuclei 5-10nm in diameter, but these
nuclei grow because of coagulation and condensation to
produce the final micrometer-size particle. The micronized
drugs include 2-5 pm aspirin, 3-5 pm caffeine, 2—3 pm choles-
terol, 2 pm ibuprofen, 1-3 pm nifedipine, 2-5 um progesterone,
1-5 pum salicylic acid, 2-5 pm testosterone, 4-12 pm theophy-
line, and 1-2 pm a-tocopherol (3,12—-19).

Supercritical CO, “+—»Gas CO,

Figure 8 Schematic of RESS process. Abbreviations: RESS, rapid
expansion of supercritical solution; COsy, carbon dioxide.
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For a few drugs, nanoparticles have also been obtained
using RESS. These nanonized drugs include 100 nm lidocaine,
200 nm griseofulvin, 200 nm B-sitosterol (20,21). Recently, by
expanding the drug CO, mixture in a liquid medium contain-
ing stabilizers, Pathak et al. (22) have obtained small nano-
particles of ibuprofen and naproxen.

As the obtained particles are free of organic solvents
and the high-pressure part of the equipment is not too expens-
ive, theoretically RESS process is very useful. Unfortunately,
for most drugs, nanoparticles are not obtained. Instead,
oriented-fused particles are obtained (Fig. 9).

Another major drawback of the RESS process is the low
solubility of most drugs in supercritical carbon dioxide. For
example, solubility of griseofulin is only 18 ppm. Hence, to
obtain 18 mol of griseofulvin, one needs to use one million
mol of CO, (i.e., 1g griseofulvin particles from about 7kg
CO,). The worst part is the collection problem. For the earlier
example, 1 g of powder would be dispersed in 3573 L of gaseous
COg, requiring efficient filtration.

Addition of cosolvents, such as methanol, acetone, or
ethanol, can enhance the drug solubility to some extent.

Figure 9 Scanning electron micrograph of griseofulvin particles
obtained from RESS process (solubilization in CO, was done at
196 bar, 40°C). Abbreviations: RESS, rapid expansion of supercriti-
cal solution; CO,, carbon dioxide.
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But, the presence of such a cosolvent in the expansion
chamber is not desired, as it will lead to solubilization of the
particles in the cosolvent.

RESS WITH SOLID COSOLVENT FOR
NANOPARTICLE FORMATION

Recently, Thakur and Gupta (2) have addressed both the
challenges of RESS (low solubility and growth by coagulation)
by utilizing a cosolvent that is solid at the nozzle exit condi-
tions. The solid cosolvent (SC) enhances the solubility in
supercritical carbon dioxide and provides a barrier for coagu-
lation in the expansion chamber. The SC is later removed
from the solute particles by lyophilization (sublimation).
The new process is termed as RESS—SC.

In RESS, all the nuclei or small particles of solute are
surrounded by the same kind of particles as in Figure 10(A).
But in the RESS—SC process, nuclei or small particles of the
solute are surrounded by excess SC particles. This reduces
the probability of solute particle growth by coagulation. The

(A)
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Figure 10 (A) Magnified view of the RESS nozzle. (B) Schematic
of RESS-SC process. Circles represent drug particles, whereas
stars represent solid—cosolvent particles. Abbreviations: RESS,
rapid expansion of supercritical solution; RESS-SC, rapid expan-
sion of supercritical solution solid cosolvent.
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RESS-SC concept is depicted in Figure 10(B). The lyophiliza-
tion step shown in the figure is carried out separately after
the expansion.

The choice of a proper SC is the key for successful RESS-
SC. Various requirements for the selection of the SC are

good solubility in supercritical COs,

solid at nozzle exit condition (5-30°C),

good vapor pressure for easy removal by sublimation,
should be nonreactive with drugs or COy, and
inexpensive.

Menthol is a solid compound (melting point, 42°C) that
satisfies the requirements mentioned earlier. It has appreci-
able solubility in CO, (Fig. 2) and can easily sublime under
vacuum. Menthol naturally occurs in mint-flavored plants,
and is widely used in antipruritic agents, mouthwashes, nasal
sprays, food, etc. Because of its wide use in food and pharma-
ceutics, menthol does not seem to possess harmful effects
and its use as a cosolvent with supercritical carbon dioxide
still carries the benign benefit of the technology. The follow-
ing are two examples of the RESS-SC process using menthol
solid cosolvent.

Griseofulvin Nanoparticles

Using menthol cosolvent, griseofulvin solubility can be
enhanced by up to 28-fold, as shown in Table 3.

The nanoparticles obtained from the RESS—SC process
are in the size range of 50-250 nm (Fig. 11), which is about
10-fold smaller than in RESS. In addition, due to the solubility
enhancement, the COy requirement is about 28-fold lower.

Aminobenzoic Acid Nanoparticles

By using menthol cosolvent, the solubility of 2-aminobenzoic
acid can be enhanced by up to 100-fold as shown in Figure 12
(23).

The RESS—SC process produced ~80nm size nanoparti-
cles, which is significantly smaller than the ~610nm size
nanoparticles obtained from the RESS process. Menthol is
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Table 3 Solubility of Griseofulvin in Supercritical COy with
Menthol Cosolvent

Menthol amount Griseofulvin Enhancement
P (bar) T (°C) (umol/mol) solubility (umol/mol) factor®

96 40 21,000 27 28
117 40 25,000 71 -
130 40 37,000 133 20
198 40 42,000 217 15
239 40 60,000 266 15
96 50 5,000 2 15
130 50 24,000 43 12
164 50 34,000 110 15

aRatio of griseofulvin solubility in menthol/COg to that in pure COs.
Abbreviation: COg, carbon dioxide.

Figure 11 Griseofulvin nanoparticles from RESS-SC process.
Abbreviation: RESS-SC, rapid expansion of solid supercritical solu-
tion solid cosolvent.



66 Gupta

60 - - 7000 __
le =

50 | |®Pure AB - 6000 &

P B AB with Menthol L %
- - 4000 @
2 30 - *n =
= . - 3000 £
=2 20 1 3
8 _ - 2000 é‘
10 - - 1000 S

* ©

0 T — T 0 »

0 0.005 0.01 0.015 002 0.025
Molar density (mol/mL)

Figure 12 Solubility of 2-aminobenzoic acid in pure CO, and with
menthol cosolvent versus fluid density. Abbreviation: CO,, carbon
dioxide.

easily removed from 2-aminobenzoic acid nanoparticles by
sublimation (lyophilization) (Fig. 13).

SUPERCRITICAL ANTISOLVENT PROCESS FOR
PARTICLE FORMATION

Before the invention of the RESS—SC process, the low-solubi-
lity aspect of supercritical CO5 was utilized to produce parti-
cles by its antisolvent action. The drug is dissolved in an
organic solvent, and then the solution is injected into super-
critical carbon dioxide. The SCF, due to its high diffusivity,
rapidly extracts the solvent precipitating the drug particles.
A schematic of the supercritical antisolvent (SAS) concept is
shown in Figure 14.

The SAS process has been proposed with numerous acro-
nyms (SAA, SEDS, GAS, ASES, etc.) in the literature, but the
basic concepts remain the same. Typically, 50—200 pym nozzles
have been utilized in SAS. When the injection of the drug
solution is complete, a washing step is carried out to remove
the organic solvent so as to prevent it from condensing during
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(A) (B)

Figure 13 2-Aminobenzoic acid particles from (A) RESS and
(B) RESS-SC processes. Abbreviations: RESS, rapid expansion of
supercritical solution; RESS—SC, rapid expansion of supercritical
solution solid cosolvent.

the depressurizing step. For this purpose, the feed of supercri-
tical CO; is maintained to carry out the residual solvent. Once
all the residual solvent is removed, the vessel pressure is
reduced to atmospheric pressure, and the solid particles are
collected on a filter at the bottom of the vessel. A review of
SAS-based processes is provided by Jung and Perrut and
by Charbit et al. (25). A polymer can be coprecipitated along
with the drug to obtain controlled release formulation (26,27).

Drug + Solvent

— Solvent + CO;

Supercritical
o COz

Figure 14 Schematic of SAS process. Abbreviations: SAS, super-
critical antisolvent; CO,, carbon dioxide.
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The particle size and morphology depends on the nozzle
geometry, solution velocity, CO, pressure, and the type of
organic solvent used. The SAS process provides mostly 15 pm
drug particles. Examples include 10-40 um acetaminophen
from ethanol, 1-10 um ascorbic acid and aspirin from ethanol,
1.2-2um budesonide from methylene chloride, 0.5-20um
camptothecin from dimthyl sulfoxide, 1-5 pm chlorpeniramine
maleate from methylene chloride, 1.7pum fluticasone-17-
propionate from methylene chloride, 14 ym ibuprofen from
methanol, 1-5pm indomethacine from methylene chloride,
1-10 um insulin from hexafluoro isopropanol, 1-5 uym insulin
from dimethyl sulfoxide, 0.5-5pm insulin from ethanol,
1-5um lysozyme from dimethyl sulfoxide, 1-10 um para-
cetamol and saccharose from ethanol, 2—20 um sulfathiazole
from acetone and methanol, and 1.5 pm trypsin from ethanol
(27-38,63).

A few SAS studies have produced nanoparticles. These
are listed in Table 4, along with the process conditions used.

In SAS, the inability to form small nanoparticles and to
have a narrow size distribution can be attributed to particle
growth after nuclei formation. The main phenomenon in

Table 4 Drug Nanoparticles from SAS-Based Precipitation
Processes

P T  Particle

Drug Solvent (bar) (K) size (nm) References
Albumin Water/ethanol 50-500 39
Amoxicillin N-Methylpyrrolidone 150 313 300-1200 40
Gentamicin/PLA Methylene chloride 85 308 200-1000 41
Hydrocortisone Dimethyl sulfoxide 100 308 600 29
Ibuprofen Dimethyl sulfoxide 100 308 500-1000 29
Naloxone/lI-PLA Methylene chloride 85 308 200-1000 41
Insulin Water/ethanol 50-500 39
Naltrexen/I-PLA Methylene chloride 85 308 200-1000 41
Nicotinic acid Ethanol 400-750 42
RhDNase Ethanol 50-500 39
Salbutamol Methanol/acetone 100 333 500 42

Abbreviation: SAS, supercritical antisolvent.
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RESS is the high rate of pressure reduction, where in SAS, it
is the high diffusivity of supercritical CO,. The antisolvent
action (mixing or mass transfer of solvent and antisolvent)
needs to be even faster than SAS, in order to produce smaller
particles of <300nm in size.

SAS WITH ENHANCED MASS (EM)
TRANSFER (SAS-EM) PROCESS FOR
NANOPARTICLE FORMATION

A significant improvement in the SAS process is introduced
by Gupta and Chattopadhyay leading to nanoparticles of
controllable size that are up to an order of magnitude smaller
than those resulting from the conventional SAS process, and
have a narrower size distribution (43). Like the SAS, this
process, SAS-EM, utilizes supercritical carbon dioxide as
the antisolvent, but in this case the solution jet is deflected
by a surface vibrating at an ultrasonic frequency that ato-
mizes the jet into much smaller droplets. Furthermore, the
ultrasound field generated by the vibrating surface enhances
mass transfer and prevents agglomeration through increased
mixing. The particle size is controlled by varying the vibration
intensity of the deflecting surface, which in turn is easily
adjusted by changing the power supplied to the attached ultra-
sound transducer. The SAS-EM process is shown in Figure 15.

The SAS-EM process has been demonstrated by the for-
mation of tetracycline, griseofulvin, lysozyme, and dexame-
thasone phosphate nanoparticles (44-46). The size is easily
varied from 100 to 1000nm by the power supply knob on
the ultrasonic processor. These results are summarized in
Table 5.

SAS-EM has been scaled up by Thar Technologies
(www.thartech.com) for production at pilot scale (Fig. 16).
This unit can produce up to 1kg nanoparticle/day. It has one
precipitation vessel and two separate collection vessels. One
collection vessel can be used to collect the nanoparticles, while
the other can be used to remove the nanoparticles for final use.
The system is fully automated and can provide nanoparticles
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)

CO; Exit

C

Drug
Solution

Figure 15 SAS-EM process. R, precipitation chamber; SCF pump,
supply of supercritical COsy; I, inline filter; U, ultrasonic processor; P,
pump for drug solution; G, pressure gauge; C, heating coil with tem-
perature controller; and H, ultrasonic horn. Abbreviations: SAS-EM,
supercritical antisolvent with enhanced mass transfer; SCF, super-
critical fluid; CO,, carbon dioxide.

CO,
Inlet

continuously. The ultrasound power supply is controlled by a
computer, which in turn controls the nanoparticle size.

FUNDAMENTALS GOVERNING PARTICLE
FORMATION WITH RESS AND SAS

Both SAS and RESS are complex processes involving the
interaction of jet hydrodynamics, phase equilibrium, nuclea-
tion and growth (48,49). In SAS, additional complexity arises
because of droplet formation, and mass transfer into and out
of the droplets. In both cases, a high supersaturation is
achieved, which results in rapid precipitation of the dissolved
drug. In RESS, a sudden change in the fluid pressure causes
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Table 5 Drug Nanoparticles from SAS-EM Process

Ultra- Par-

sound ticle

P T power size
Drug Solvent (bar) °C) (W) (nm) References
Dexametha- Methanol 102 40 90 175 46
sone
phosphate

Griseofulvin Dichloromethane 96.5 35 90 510 47
Griseofulvin Dichloromethane 96.5 35 150 520 47
Griseofulvin Dichloromethane 96.5 35 180 310 47
Griseofulvin Tetrahydrofuran 96.5 35 120 200 47
Griseofulvin Tetrahydrofuran 96.5 35 150 280 47
Griseofulvin Tetrahydrofuran 96.5 35 180 210 47
Lysozyme Dimethylsulfoxide 96.5 37 12 730 45
Lysozyme Dimethylsulfoxide 96.5 37 30 650 45
Lysozyme Dimethylsulfoxide 96.5 37 60 240 45
Lysozyme Dimethylsulfoxide 96.5 37 90 190 45
Tetracycline Tetrahydrofuran 96.5 37 30 270 44
Tetracycline Tetrahydrofuran 96.5 37 60 200 44
Tetracycline Tetrahydrofuran 96.5 37 90 184 44
Tetracycline Tetrahydrofuran 96.5 37 120 110 44

Abbreviation: SAS-EM, supercritical antisolvent with enhanced mass transfer.

rapid precipitation, whereas in SAS the sudden diffusion of
COs; into a drug solution causes drug precipitation. For RESS,
the nanoparticle population balance equation accounting for
particle nucleation and growth dynamics is as follows (50).

8n_

9(Ggn)
o = \TeT)

ov
+%/OV B(v —v,v)n(v —v,t)n(v,t)dv —n(v,t)

JW)o(v—v") —

x /O " B, o), £)do (3)

to obtain the number concentration of the particles from nuclea-
tion, condensation, coagulation, and decoagulation. Where n



72 Gupta

COLLECTION
VESSEL

Figure 16 SAS-EM commercial unit by Thar Technologies, Inc.
Abbreviation: SAS-EM, supercritical antisolvent with enhanced
mass transfer.

is the number concentration, ¢ is the time, ¢/ is the nucleation

rate, d is the delta function, v is the nanoparticle volume, Gy is

the condensation rate, and B is the coagulation function.
Nucleation rate, ¢/, is obtained from supersaturation (51)

$\2 $12/3\ 3
J = 2N, Pys o (v3) exp _16m (o(v5)
/2mmokTL-1\ kT 3 kT
1 2
“|InS — Ky&(S — 1)} } )

where y5 is the actual drug mole fraction in CO5 phase; y;’ is
the equilibrium drug mole fraction over a flat surface (i.e.,



Supercritical Fluid Technology 73

solubility); S is the supersaturation ratio, ys/ys'; %k is the
Boltzmann constant; Ny is the number concentration of the
solute in the fluid phase; and P is the pressure. The equili-
brium solubility can be obtained from Equation (1) as
discussed earlier. It will be a function of pressure, tempera-
ture, and cosolvent if present.

Particles grow by the condensation of solute from the
fluid phase onto the particle surface. The net rate of a single
molecule condensation onto a spherical particle is given
by (52),

Gg = 2nd,D [Ny — N3(g)] (5)

where d, is the diameter of spherical particles containing g
molecules and D is the diffusion coefficient for the solute
molecule in the fluid phase.

The particle size and concentration can also change by
coagulation and decoagulation. For coagulation of two parti-
cles (1 and 2), rate of coagulation (J') can be expressed as (53)

J' = Ki13N1N, (6)

where N1 and N, are the number concentrations of the coagu-
lating particles and K5 is the effective coagulation coefficient
given as

o 2kT (Dp1 + Dp2)”| . [du (Dp1 + Dp2)”
12 3].1 Dplez dy 6
ey \ 1/2
+[(123v) (Dp1+Dp2)3] g

which is the sum of Brownian, laminar shear, and turbulent
coefficients. And

— (D D
Ni(r,t) = N;(0) [I—D’ﬂ;erze’"fc(zr iﬁ%t ,,2)” ®)

where du/dy is the velocity gradient in the case of laminar
flow; ¢, is the rate of dissipation of kinetic energy per unit
mass; v is the kinematic viscosity of the fluid; r is the distance
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of the particle from the center of the fixed particle; and D15 is
the effective diffusion coefficient.

OTHER APPLICATIONS OF SCFs FOR
PARTICLE ENGINEERING

SCFs can be applied to a variety of other applications
where nano- and microdimensions of the drug material in
excipient are important for drug release (54). These include
the following.

Porous Particles and Polymer Foams

Since a fast removal of dissolved CO, can be achieved by rapid
depressurization, this behavior can be used to create foams,
especially that of poly(lactide—co—glycolide) (PLGA) polymer,
because CO, has a good solubility in this approved polymer.
Hile et al. (65) prepared PLGA foam capable of sustained
release of basic fibroblast growth factor for tissue engineering
applications. To prepare the foam, a water-in-oil microe-
mulsion consisting of an aqueous protein phase (typical
reverse micelle domain size of 5-10nm) and an organic
polymer solution was prepared. The microemulsion was filled
in molds and then placed in a pressure vessel. Now, the pres-
sure vessel was pressurized with supercritical CO,, to extract
the organic phase, causing the polymer to precipitate onto the
protein droplets. Now the vessel is purged with more COq to
remove the solvent from the system. Finally, the vessel is
depressurized in 10-12 sec causing rapid removal of the CO,
that was dissolved in the polymer, making a porous foamy
structure.

Koushik and Kompella (56) employed an SCF pressure-
quench technique to create porous peptide (deslorelin) encap-
sulating PLGA particles (Fig. 17). On SC CO, treatment
(1200 psi, 33°C for 30 min) of deslorelin, PLGA particles pre-
pared using emulsion—solvent evaporation, the mean particle
size of the deslorelin PLGA microparticles increased from 2.2
to 13.8 um, the mean porosity increased from 39% to 92%, the
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CO;

——

Pressurization

Drug/polymer
Microparticle

Microporous
Particle

Figure 17 Supercritical-fluid pressure-quench technique to
create porous microparticles. Abbreviation: COq, carbon dioxide.
Source: From Ref. 56.

mean bulk density reduced from 0.7 to 0.08g/cm® mass
spectrometry indicated structural integrity of released deslor-
elin, the circular dichroism spectrum indicated stabilization
of B-turn conformation of the peptide, and the scanning elec-
tron microscopy confirmed increased particle size and pore
formation. Further, the deslorelin release was sustained
during the seven-day study period and the residual solvent
content was reduced from 4500 ppm to below the detection
limit (< 25 ppm).

Liposomes

Liposomes, in which nanodomains of drug are stabilized using
lipids, are useful drug carriers for both small and macromole-
cular drugs. Unfortunately, the conventional methods of
making liposomes require large amounts of organic solvents
and have difficulty with scale-up for hydrophilic drugs. Lipids
actually have some solubility in supercritical COs, and this
behavior has been used to form liposomes without using
organic solvents. For example, Fredereksen et al. (52) dis-
solved a phospholipid (1-palmitoyl-2-oleoylphosphatidylcho-
line) and cholesterol in supercritical COg using 7% ethanol
cosolvent. The mixture is expanded into an aqueous state
containing fluorescein isothiocyanate (FITC)—dextran at low
pressure. Because of the sudden reduction in the solubility
of the phospholipid and the cholesterol at the nozzle tip,
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liposome-encapsulating FITC—dextran was formed. The pro-
cess yielded 200-nm-size liposomes (termed as critical fluid
liposomes) with 20% encapsulation efficiency. The main ben-
efit of this process is the significantly reduced use of organic
solvent. Later, Castor and Chu (57) prepared liposomes
containing hydrophobic drugs, such as paclitaxel, camptothe-
cins, doxorubicin, vincristine, and cisplatin. These formula-
tions including 150-250-nm paclitaxel liposomes are claimed
to be more effective against tumors in animals compared to
commercial formulations.

Inclusion Complexes

Inclusion compounds, such as inclusion of poorly water-soluble
drugs in cyclodextrin, are useful in enhancing bioavailability.
Basically, the lipophilic drug is included in the lipophilic inter-
ior of the cyclodextrin molecule. The exterior of the cyclodex-
trin molecule is hydrophilic, and hence the whole complex
can be dissolved in water. Inclusion can be achieved when both
the drug and the cyclodextrin molecules are in a dissolved
state, i.e., have a higher molecular mobility as compared to
the solid forms. In conventional technique, both are dissolved
in an organic solvent and then the solvent is removed. Unfortu-
nately, the concentration of the residual solvent is high in the
final product (58).

Supercritical COy processes allow preparation of drug—
cyclodextrin inclusion complexes without the use of organic
solvents. This is because the interaction of supercritical CO,
with solid cyclodextrin makes the cyclodextrin molecules
more fluid. This interesting plasticizing effect of supercritical
CO; has been well known for organic polymers, for which the
glass transition or melting can be achieved at a lower tem-
perature with SC CO,. To make inclusion compounds, the
physical solid mixture of the drug and cyclodextrin is exposed
to supercritical CO,, and then rapidly COy is removed by
depressurization.

Bandi et al. (59) prepared budesonide and indomethacin
hydroxypropyl—cyclodextrin (HPBCD) complexes using an
organic solvent-free SCF process (59,60). The process involved
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the exposure of drug—-HPBCD mixtures to supercritical car-
bon dioxide. The ability of the SCF process to form complexes
was assessed by determining drug dissolution using a high-
performance liquid chromatography assay, crystallinity using
powder x-ray diffraction (PXRD) and differential scanning
calorimetry, and drug—excipient interactions using Fourier
transform infrared spectroscopy (FTIR). The SC COy process
did not alter the dissolution rate of pure drugs but resulted in
two- and threefold higher dissolution rates for budesonide
and indomethacin—-HPBCD mixtures, respectively. SCF-
processed mixtures exhibited a disappearance of the crystal-
line peaks of the drugs (PXRD), a partial or a complete
absence of the melting endotherm of the drugs (DSC), and a
shift in the C=0 stretching of the carboxyl groups of the
drugs (FTIR), consistent with the loss of drug crystallinity
and the formation of intermolecular bonds with HPBCD.
Thus, budesonide and indomethacin-HPBCD complexes with
an enhanced dissolution rate can be formed using a single-
step, organic solvent-free SC CO, process. Similar inclusion
complexes were also reported for piroxicam using a supercri-
tical CO5 process (61).

Solid Dispersions

In many delivery applications, molecularly intimate mixtures
(i.e., solid dispersion) of drug with excipients, such as polymers
are needed. An organic solvent, which can dissolve both, does
bring the two in intimate contact while in solution. Unfortu-
nately, when the solvent is removed by evaporation or by
addition of a liquid antisolvent, the drug and the polymer
phases precipitate out or separate. Hence, the dispersion of
the two is poor in the solid state. Supercritical CO5, antisol-
vent induces the precipitation about 100-fold faster than the
liquid antisolvent, not allowing enough time for the drug
and the polymer domains to separate out. Thus, supercritical
CO,, precipitation can provide a more dispersed solid mixture.
Supercritical COs-based precipitation is superior to the
liquid-based precipitation or the milling process. For example,
a solid dispersion of carbamazepine in polyethyleneglycol
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(PEG)-4000, produced by CO5 method, increased the rate and
the extent of dissolution of carbamazepine (62). In this
method, a solution of carbamazepine and PEG4000 in acetone
was loaded in a pressure vessel, in which supercritical COgy
was added from the bottom to obtain solvent-free particles.

SAFETY AND HEALTH ISSUES

When dealing with supercritical carbon dioxide, there are two
safety and health issues that are to be kept in mind when
designing and operating the equipment: (i) the high pressure
involved requires that personnel is protected from the plant
by proper isolating walls and (ii) if carbon dioxide is released
in the closed atmosphere it can lead to asphyxiation, as it can
replace the oxygen in the surroundings.

CONCLUSIONS

For particle formation, SCF technology offers two processes:
(i) RESS for drugs that are soluble in supercritical CO; and
(i1) SAS for drugs that are poorly soluble in supercritical
COs. In RESS, a sudden change in the fluid pressure causes
rapid precipitation, whereas in SAS the sudden diffusion of
COs into a drug solution causes drug precipitation. Conven-
tionally, both the technologies have produced microparticles
in the 1-5-um-size range. With enhancement in mixing,
SAS-EM process produces nanoparticles of controllable size.
With the reduction in particle coagulation, the RESS—SC pro-
cess produces nanoparticles with a high yield. The RESS-SC
equipment is expected to be cheaper than SAS-EM, because
the residence time of the drug in the high-pressure chamber is
lower in the former. The particle formation techniques can also
be employed for the preparation of liposomes and solid disper-
sions of drugs and solubility enhancing carriers. In addition,
SCF exposure or pressure-quench techniques can be employed
to form porous structures or inclusion complexes and to remove
residual solvents in pharmaceutical particulate systems.
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INTRODUCTION

Poorly water-soluble drugs pose a significant challenge in
their delivery. A large number of drugs are discarded from
consideration in their early stages of development owing to
poor bioavailability. Such drugs are an excellent candidate
for nanoparticle delivery, which can avoid the allergic side
effects due to the use of cremaphors (e.g., polyethyoxylated
castor oil) in conventional formulations. However, for drugs
with crystal forming habits, there is always the hazard of
the formation of large microparticles (>10-15 um) from aggre-
gation/bonding of nanoparticles; this can lead to infarction
or blockage of the capillaries, resulting in ischemia or oxygen
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deprivation and possible tissue death. Hence, the nanoparticles
need to be stabilized using biocompatible proteins (e.g., human
serum albumin) or polymers (e.g., polylactide, polycaprolac-
tone). An example is the recently approved drug Abraxane™
for cancer therapy, which is composed of 130-nm albumin-
stabilized paclitaxel nanoparticles. This chapter discusses the
technology aspect of the protein and polymer-stabilized nano-
particle formation. Though proteins and polymers can be
added to the drug nanoparticles in supercritical fluid or
milling based technologies, this chapter focuses on the use
of emulsions for making stabilized nanoparticles.

EMULSIFICATION SOLVENT EVAPORATION
PROCESS

In a typical emulsification solvent evaporation process to
produce nanoparticles (Fig. 1), drug and polymer [e.g., poly(d,l-
lactide-co-glycolide) (PLGA), poly(lactic acid) (PLA), poly-
methacrylate] dissolved in a water-immiscible solvent (e.g,
methylene chloride, chloroform, ethyl acetate) are added dropwise

Solvent
vapor

Water
Surface stabilizer

(Emulsifier)

Homogenizer

Drug
Polymer
Solvent

Figure 1 Emulsification solvent evaporation process for particle
formation.
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to aqueous phase containing a surface stabilizer (e.g.,
polysorbate, polyvinyl alcohol, methyl cellulose, genatin, albumin,
poloxomar) (1,2). A high shear is provided using a homogenizer,
which reduces the droplet size of the organic dispersed phase. The
evaporation of solvent hardens the nanoparticles. Formed nano-
particles are harvested from the aqueous slurry by lyophilization.

In a variation of the above process, the solvent removal is
done by adding a large quantity of aqueous phase, which
induces the rapid diffusion of the solvent from the internal
into the external phase. In yet another variation, a water-
miscible solvent such as acetone is added to the organic phase,
which influences the droplet hardening process.

For the water-soluble drugs, a double-emulsion (water/oil/
water) variation of the process is utilized. First, the drug is dis-
solved in water and then emulsified in water to obtain drug/
water as the dispersed phase and organic solvent as the contin-
uous phase. Then, this emulsion is added to the large aqueous
phase with emulsifier to create double emulsion. The emulsifier
amount is much higher in the first emulsion than in the second
emulsion, because the droplet size of the first emulsion needs to
be much smaller than in the second outer emulsion.

Various parameters in the emulsification solvent eva-
poration process that affect particle size, zeta potential,
hydrophilicity, and drug loading include

1. homogenization intensity and duration,
2. type and amounts of emulsifier, polymer, and drug, and
3. particle hardening (solvent removal) profile.

EMULSIFICATION

Emulsions are metastable colloids composed of two immisci-
ble liquids, one dispersed in the other, in the presence of
surface-active agents. Emulsions are different from microe-
mulsions, which are thermodynamically stable and are
formed by using surfactant concentrations above the critical
micelle concentration. Emulsion droplets exhibit all the
classical behaviors of metastable colloids, including Brownian
motion, reversible phase transitions as a result of droplet
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interactions that may be strongly modified, and irreversible
transitions that generally involve their destruction (3). Emul-
sions are obtained by shearing two immiscible liquids, leading
to the fragmentation of one phase into the other. The lifetime
of emulsions is limited, hence a small change in the process
conditions may yield varying emulsion droplets.

In emulsification, shear forces help create more surface
and hence smaller droplet size emulsion, whereas the surface
tension opposes the formation of more surface. Surface energy
of an emulsion (Eg) with droplet diameter d is given as

Es = Nond? (1)

where N is the number of droplets, and o is the interfacial
tension between the two phases. If the total volume of the dis-
persed phase is V, then N = 6V/(nd?), and

6V
Eg = TG (2)

A part of the shearing energy is utilized to provide the
surface energy and the remaining energy goes toward creat-
ing turbulence, which ultimately is dissipated as heat. Hence,
it is clear that if a smaller droplet size is desired, then a high
shear energy is needed. This energy requirement can be
reduced if the surface tension is reduced, which is a function
of temperature and composition of both the phases. Typically,
the reduction is achieved by adding a surfactant or surface
stabilizing agent such as albumin, poly(vinyl alcohol) (PVA),
poly(acrylic acid) (Carbopol™), poly(oxyethylene-b-oxypropy-
lene-b-oxyethylene) (Poloxamer or Pluronic®). Both Carbopol
and Poloxamer show mucoadhesive properties in addition to
surface stabilization, which may be of significance in oral
drug delivery applications. Once the droplets are created, it
is then important to solidify them to avoid coalescence. Typi-
cally, two droplets will coalesce, if they are less than 1nm
apart; the liquid bridge formation occurs in 10 ps and the coa-
lescence is complete in 200 ps (4). Hence, a fast solidification
process is needed to keep particles in a small size.



Polymer or Protein Stabilized Nanoparticles from Emulsions 89

Shear or Homogenization
d——

OQOOO
O o 9 o,
O
O

O
O O

O © 5
(o]
O
O

Figure 2 Effects of surface stabilizer and shear on the emulsion
droplet size.

Surface Stabilizer

The final particle size is directly proportional to emulsion
droplet size and the coalescence during hardening. The emul-
sion droplet size is mostly determined by the amounts of
shear and surface stabilizer used. Figure 2 shows how the
two affect the emulsion droplet size.

An increase in the amount of emulsifier used reduces the
droplet size, which in turn reduces the final particle size. For
example, the effect of emulsifier concentration on the PLA
nanoparticles from propylene carbonate solvent was studied
by Quintanar-Guerrero et al. (5) as shown in Figure 3.

For creating fine emulsion for obtaining nanoparticles,
the use of a high amount of surface stabilizer is avoided to
reduce the high load of the polymer exipients, as some of these
exipients have shown toxicity. This leaves us to the use of
high shear to generate fine emulsions for which sonication
and homogenization techniques are available (6).

Sonication

Sonication generates emulsions through ultrasound-driven
mechanical vibrations, which causes cavitation. Rarefaction
and compression cycles of sonication create vapor bubbles,
which grow with time. Once a critical size is achieved, the
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Figure 3 Influence of the emulsifier (PVA 26,000 MW and pol-
oxamer 188) concentration on the PLA particle size from propylene
carbonate solvent. Abbreviations: PVA, polyvinyl alcohol, PLA,
poly-lactic acid. Source: From Ref. 5.

bubble collapses violently, releasing the energy creating hot
spots and hydroxyl free radicals. In addition, jets of fluid ele-
ment propel out. The turbulence and the high-speed jets cause
the oil phase to finely divide and disperse in the water phase. An
increase in viscosity of the oil phase improves the sonicator’s
emulsification capability, but an increase in the viscosity of
the water phase decreases the sonicator’s emulsification cap-
ability. The duration and intensity of sonication can be used
to create varying emulsion droplet sizes. For example, Main-
ardes and Evangelista utilized sonication to form praziquan-
tel-loaded PLGA nanoparticles from methylene chloride
solvent and PVA emulsifier (7). For a fixed sonication intensity
of 5 W/mL, 380-, 335-, 298-, and 255-nm particles were obtained
for a sonication time of 1-, 5-, 10-, and 20-minutes, respectively.

Homogenization

Although sonication is comparable to homogenization in
terms of emulsification efficiency, homogenization is relatively
more effective in emulsifying viscous solutions. Ambient
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pressure homogenizers use rotor—stator types of mixers, which
can go to very high rotational speeds. High-pressure homogeni-
zation uses high pressure to force the fluid into microchannels
of a special configuration and initiates emulsification via a com-
bined mechanism of cavitation, shear, and impact, exhibiting
excellent emulsification efficiency. Sonication usually gener-
ates more heat, and hence is less suitable for heat-sensitive
materials. Homogenization is generally more effective in mak-
ing fine emulsions. Usually, multiple passes are needed to
achieve the desired emulsion droplet size.

The influence of process parameters on the emulsion dro-
plet size was studied by Maa and Hsu (8). The change in the
emulsion droplet size was found to reduce initially with homo-
genization and then reach a steady value. The emulsion droplet
size decreases with increasing homogenization intensity.
Using a rotor—stator homogenizer, the emulsion droplet
size was found to be viscosity (i) dependent and proportional to
n%! of the dispersed phase and p~*2 of the continuous phase.

The effect of a high-speed homogenizer for producing
cystatin-load PLGA nanoparticles was studied by Cegnar
et al. (9). When the stirring speed was increased from
5000 to 15,000 rpm, the particle reduced from micro to nano
size (Fig. 4). When the stirring was combined with bath
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Figure 4 Cystatin-load PLGA nanoparticles from high stirring.
Abbreviation: PLGA, poly-lactic/glycolic acid. Source: From Ref. 9.
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sonication, the particle size went further down to about
250 nm. For similar stirring speeds, much smaller PLA parti-
cles were obtained by Quintanar-Guerrero et al. (5) because
the PLA is a much less sticky polymer than PLGA. During
the hardening process, as explained later, many more
PLGA droplets will come to form a particle than the PLA
droplets.

High-pressure homogenization is described in detail in
chapter 2. The intensity and duration of homogenization
can have a profound effect on the particle size. The general
trend in this effect is independent of the emulsifier used.
However, emulsifier type has its own effect on the nanoparti-
cle formation. A good example is the study of Yoncheva et al.
(10) for encapsulation of pilocarpin hydrochloride in PLGA by
using a combination of a double emulsification and homogeni-
zation procedure. First, the aqueous solution of drug was
emulsified in PLGA/methylene chloride using sonication, to
form dispersed aqueous phase and continuous organic phase.
This emulsion was then further emulsified with an aqueous
stabilizer solution and subjected to high-pressure homogeni-
zation using a microfluidizer. The particle size decreases with
the homogenization pressure and/or the number of homogeni-
zation cycles (Table 1).

As shown above, the homogenization conditions and the
choice of stabilizer can be used to vary the nanoparticle prop-
erties. In addition to the size, zeta potential, drug loading,
and drug release also depend on the process conditions. For
example, higher loading with smaller-size pilocarpine HCL-
load PLGA nanoparticles can be obtained by using
Carbopol®™ stabilizer as compared to PVA or Poloxamer (11).

Dillen et al. (12) carried out a 2* full factorial design
for the production of ciprofloxacin HCL-load PLGA nano-
particles. The effect of process parameters (homogenization
cycles, addition of boric acid to the inner water phase, drug
concentration, and oil:outer water phase ratio) on particle
size, zeta potential, drug loading efficiency, and drug
release kinetics was studied. Gamma radiation, used for
terminal sterilization, results in a small increase in the
particle size.
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Table 1 The Effect of Shear Intensity and Duration on the Parti-
cle Size for Pilocarpin Hydrochloride Encapsulation in PLGA Using
Different Emulsifiers

Pressure, Particle Polydispersity
Emulsifier gauge (bar) Cycles diameter (nm) index
Polyvinyl alcohol 0 332 0.08
100 1 283 0.12
100 3 232 0.10
500 1 231 0.08
500 3 204 0.31
Carbopol 0 1125 0.78
100 1 631 0.64
100 3 366 0.54
500 1 467 0.66
500 3 309 0.05
Poloxamer 0 572 0.80
100 1 692 0.76
100 3 424 0.53
500 1 467 0.81
500 3 304 0.31

Source: From Ref. 10.

NANOPARTICLE HARDENING

Particle hardening due to solvent evaporation plays an impor-
tant role in the growth of the particle during coalescence. The
particle stickiness comes from the solvent associated with
the polymer and drug. In the beginning of the process, the dro-
plets are liquid and coalesce if they come any closer than about
1nm. When part of the solvent is removed, the droplets are
still sticky, but the particle bridging is slowed down owing to
the increased viscosity of the drop interior. Once most of the
solvent is removed, the particles become hard and now they
can start to bounce off from other colliding particles. Wang
and Schwendeman (13) measured the removal rate of the sol-
vent from particles with respect to time as shown in Figure 5.
Initially, the solvent removal is fast, owing to the high diffusiv-
ity of solvent and the dissolution of the solvent in the aqueous
media. With time the droplets become hard on the surface
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Figure 5 Methylene chloride removal profile from encapsulation of
triamcinolone acetonide in PLGA particles. Values are normalized
with the final amount of solvent removed. Abbreviation: PLGA,
poly-lactic glycolic acid. Source: From Ref. 13.

due to polymer precipitation, which slows down the solvent
diffusion.

Particle growth continues as a result of coalescing for the
duration in which the solvent is not completely removed to
the point when particles are not sticky. For example,
Desgouilles et al. (14) have studied the formation of PLA and
ethyl cellulose nanoparticles from ethyl acetate solvent. The
change in the particle size with respect to time, as the solvent
is removed, is shown in Figure 6. For PLA, the particle size
decreases as the solvent leaves the droplet, finally yielding to
a constant size when all the solvent is removed. For ethyl cellu-
lose, the particle size first decreases and then increases. The
difference is attributed to the softer/stickier nature of ethyl cel-
lulose as compared to PLA. More ethyl cellulose droplets come
together to make one particle than the PLA droplets (Fig. 7).
This number, aggregation ratio A, can be calculated as

o C_O ddroplet ’
L C vy 3)

c nanoparticle
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Figure 6 Variation of the hydrodynamic diameter and of the ethyl
acetate content of the emulsion/nanoparticle suspension during the
course of the evaporation of ethyl acetate. Hydrodynamic diameter
of the systems prepared with (A) EC7 (0) and EC22 (M) and (B)
PLA ( ) is shown. (C) shows the residual ethyl acetate remaining
in the emulsion/nanoparticle suspension during the course of the
preparation of the nanoparticles by the emulsion solvent evapora-
tion method. Viscosity of polymer solutions in ethyl acetate was
0.08 Pa s. Abbreviation: PLA, poly-lactic acid. Source: From Ref. 14.



96 Gupta

_ Ethyl acetate evaporation

A V. Polymer concentration into the emulsion droplet EC
A f Ig
- £
& wi 18 : -
= Tk I3 :
oy I5 P ot
5 ~ I2 :
L §l f_l N L‘b‘ II“
Initial emulsion Stable

droplets Unstable emulsion droplets nanoparticle
or nanoparticle nuclei

Ethyl acetate evaporation

B__ £ PLA

’ Polymer concentration into the emulsion droplet

b, ) Stable
droplet Stable emulsion droplets nanoparticle
or nanoparticle nuclei

Initial emulsion

Figure 7 Hypothesis about the mechanisms of formation of the
nanoparticles by emulsion solvent evaporation using solutions (A)
of EC in ethyl acetate and (B) of PLA in ethyl acetate. Abbreviation:
PLA, poly-lactic acid. Source: From Ref. 14.

where cg is the concentration of polymer in solid state (i.e.,
density of polymer), ¢ is the concentration of polymer in the
organic phase, dgroplet 1S the droplet diameter, and
dnanoparticle 18 the final nanoparticle diameter. Desgouilles
et al. (14) observed that the value of A is about 4 for PLA
and 9-11 for ethyl cellulose of 55,600 molecular weight, and
20-32 for ethyl cellulose of 98,000 molecular weight.

If a smaller nanoparticle is the objective, then a fast sol-
vent removal process is required. The longer it takes for the
solvent to leave, the longer the duration in which the dro-
plets/particles are sticky, giving them a higher probability of
coalescing. The concept of utilizing supercritical carbon diox-
ide to remove the solvent can provide a more controllable and
faster method to cause particle hardening (15).
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RESIDUAL SOLVENT AND EMULSIFIER

Residual solvent in pharmaceutical preparations, including
nanoparticles, is a growing concern because of the toxicologi-
cal risks associated with such residuals. If proper evaporation
and lyphilization is not carried out, then the final nanoparti-
cle may retain the solvent. The limit for the residual solvent is
outlined in USP XXIII (16). For example, the limit for methy-
lene chloride is 500 ppm and that for chloroform is 50 ppm.
Chattopadhyay et al. (15) utilized supercritical carbon dioxide
to extract the solvent from emulsion. Supercritical CO5 can
extract the solvents with a high efficiency in a small contact
time, mainly owing to about 100-fold better diffusivity in
supercritical fluid than in liquids. The process provides final
particles that are very low in the residual solvent. In addition,
the particle hardening is expected to be faster.

Residual emulsifiers are also a matter of concern with
respect to the toxicological risks, especially for injectable for-
mulations. The most common emulsifier is PVA for PLGA
based nanoparticles. A fraction of PVA remains associated
with the nanoparticles despite repeated washing because
PVA forms an interconnected network with the polymer at
the interface (17). Both, the concentration of PVA in the aqu-
eous phase used and the type of organic solvent influence the
amount of residual PVA (chap. 6). Other than toxicological
concerns, the interfacial PVA influences particle size, zeta
potential, polydispersity index, surface hydrophobicity, and
drug loading. For example, albumin-loaded nanoparticles
with a higher amount of residual PVA had a relatively lower
cellular uptake despite their smaller particle size, owing to
the higher hydrophilicity (17). Zambaux et al. (18) observed
that about 0.1 molecule of PVA adsorbs onto each square nan-
ometer surface of PLA nanoparticles. This amounts to the
adsorption of about 20,000 PVA molecules per nanoparticle
of about 225 nm.

Both residual solvent and emulsifier can be reduced by
cross-flow microfiltration (19). For example, successful elimi-
nation of emulsifier (PVA) and solvent (ethyl acetate) was
achieved with a concentration step of 40 minutes followed
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by a diafiltration step of two hours, but the membrane fouling
was observed. Cross-flow microfiltration is particularly
attractive for the processing of large volumes of nanoparticu-
late suspension, as the membrane surface can be easily
increased. Other methods such as evaporation under reduced
pressure or ultracentrifugation usually only treat small batch
volumes. When tested for indomethacin-loaded polycaprolac-
tone nanoparticles, the cross-flow microfiltration technique
did not alter the nanoparticle size or the drug loading (19).

PROTEIN STABILIZED NANOPARTICLES

Owing to the concerns of residual emulsifier in the final product,
several researchers have utilized albumin protein stabilizer
because of its complete compatibility with even the injectable for-
mulations. This process is illustrated in Figure 8 for producing
albumin-stabilized paclitaxel nanoparticles (20).

The choice of organic solvent and the extent of homogeni-
zation can be used to further tailor the nanoparticle size. A
variation of the process is shown in Figure 9, in which the
aqueous phase was presaturated with the organic solvent
and a small amount of ethanol was added to the organic
phase. In this variation, smaller nanoparticles, 140—160 nm,
are obtained.

The advantage with nanoparticles smaller than 200 nm
is that they can be easily sterilized by filtering with standard
0.22 um filter. Thus, the whole process can be carried out in a
nonsterile environment, and the sterilization can be done just
before the lyphilization step.

To form a solid and stable layer of albumin onto drug
nanoparticles, the protein needs to be cross-linked (or dena-
tured) onto the particle surface. Typically, albumin cross-
linking can be achieved by heat, use of cross-linker such as
gluteraldehyde, or high shear. Fortunately, in the emulsifica-
tion solvent evaporation process high shear is already in use,
hence it can also be used for cross-linking protein stabilizers.
High-shear cross-linking works for the protein-bearing
sulfhydryl or disulfide groups (e.g., albumin). The high-shear
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Figure 8 Schematic of the protein-stabilized drug nanoparticle
formation.

conditions produce cavitation in the liquid, which causes tre-
mendous local heating and results in the formation of hydro-
xyl radicals that are capable of cross-linking the polymer, for
example, by oxidizing the sulfhydryl residues (and/or disrupt-
ing the existing disulfide bonds) to form new, cross-linking
disulfide bonds (20-22).

CONCLUSIONS

Polymer- or protein-stabilized drug nanoparticles can be
produced by the emulsification solvent evaporation process.
With the recent development in the homogenization, very fine
emulsions can be created that can yield nanoparticles. The
size, zeta potential, hydrophilicity, and drug loading of the
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Figure 9 Schematic for the < 200-nm-size protein-stabilized drug
nanoparticle formation. Here the aqueous phase is presaturated
with the organic solvent, and a small amount of ethanol is added
to the organic phase.

nanoparticles can be controlled by various process parameters
including the amounts of emulsifier, drug, and polymer, the
intensity and duration of homogenization, and the particle
hardening profile. Hardening of the polymer particles is
achieved by solvent removal, whereas hardening of proteins
such as albumin can be done by cross-linking. The single-
emulsion method is suitable for hydrophobic drugs, whereas
the double-emulsion method is needed for hydrophilic drugs.
Because of the relative simplicity of the process, both methods
have been widely utilized for a variety of drugs.



Polymer or Protein Stabilized Nanoparticles from Emulsions 101

REFERENCES

1.

10.

11.

O’Donnell PB, McGinity JW. Preparation of microspheres by
the solvent evaporation technique. Adv Drug Deliv Rev 1997;
28(1):25-42.

Bala I, Hariharan S, Kumar MNVR. PLGA nanoparticles in
drug delivery: the state of the art. Crit Rev Ther Drug Carrier
Syst 2004; 21(5):387—422.

Bibette J, Calderon FL, Poulin P. Emulsions: basic principles.
Rep Prog Phys 1999; 62(6):969-1033.

Zhao L, Choi P. Molecular dynamics simulation of the coales-
cence of nanometer-sized water droplets in n-heptane. J Chem
Phys 2004; 120(4):1935-1942.

Quintanar-Guerrero D, Fessi H, Allemann E, Doelker E. Influ-
ence of stabilizing agents and preparative variables on the forma-
tion of poly(D,L-lactic acid) nanoparticles by an emulsification-
diffusion technique. Int J Pharm 1996; 143(2):133-141.

Maa Y-F, Hsu CC. Performance of sonication and microfluidi-
zation for liquid-liquid emulsification. Pharm Dev Technol
1999; 4(2):233-240.

Mainardes RM, Evangelista RC. PLGA nanoparticles contain-
ing praziquantel: effect of formulation variables on size distri-
bution. Int J Pharm 2005; 290(1-2):137-144.

Maa YF, Hsu C. Liquid-liquid emulsification by rotor/stator
homogenization. J Contr Rel 1996; 38:219-228.

Cegnar M, Kos J, Kristl, J. Cystatin incorporated in poly(lac-
tide-co-glycolide) nanoparticles: development and fundamental
studies on preservation of its activity. Eur J Pharm Sci 2004;
22(5):357-364.

Yoncheva K, Vandervoort J, Ludwig A. Influence of process
parameters of high-pressure emulsification method on the

properties of pilocarpine-loaded nanoparticles. J Microen-
capsul 2003; 20(4):449-458.

Vandervoort Jo, Yoncheva K, Ludwig A. Influence of the
homogenisation procedure on the physicochemical properties
of PLGA nanoparticles. Chem Pharm Bull 2004; 52(11):
1273-1279.



102

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Gupta

Dillen K, Vandervoort J, Van den Mooter G, Verheyden L,
Ludwig A. Factorial design, physicochemical characterisation
and activity of ciprofloxacin-PLGA nanoparticles. Int J Pharm
2004; 275(1-2):171-187.

Wang J, Schwendeman SP. Mechanisms of solvent evaporation
encapsulation processes: prediction of solvent evaporation
rate. J Pharm Sci 1999; 88(10):1090-1099.

Desgouilles S, Vauthier C, Bazile D, et al. The design of nano-
particles obtained by solvent evaporation: a comprehensive
study. Langmuir 2003; 19(22):9504-9510.

Chattopadhyay P, Shekunov BY, Seitzinger JS, Huff RW.
Particles from supercritical fluid extraction of emulsion. PCT
Int Appl 2004:61 pp. wo2004004862A1.

The United States Pharmacopoeia (23rd revision). Organic
Volatile Impurities. Rockville, 1995:1747.

Sahoo SK, Panyam J, Prabha S, Labhasetwar V. Residual
polyvinyl alcohol associated with poly (D,L-lactide-co-
glycolide) nanoparticles affects their physical properties and
cellular uptake. J Contr Rel 2002; 82(1):105-114.

Zambaux MF, Bonneaux F, Gref R, et al. Influence of experi-
mental parameters on the characteristics of poly(lactic acid)
nanoparticles prepared by a double emulsion method. J Contr
Rel 1998; 50(1-3):31-40.

Limayem I, Charcosset C, Fessi H. Purification of nanoparticle
suspensions by a concentration/diafiltration process. Sep Purif
Technol 2004; 38(1):1-9.

Desai NP, Tao C, Yang A, et al. Protein stabilized pharmacologi-
cally active agents, methods for the preparation thereof and
methods for the use thereof. U.S. Patent 6,749,868, Jun 15,2004.

Leucuta SE, Risca R, Daicoviciu D, Porutiu D. Albumin
microspheres as a drug delivery system for epirubicin:

pharmaceutical, pharmacokinetics and biological aspects. Int
J Pharm 1988; 41(3):213-217.

Lee TK, Sokoloski TD, Royer GP. Serum albumin beads: an
injectable, biodegradable system for the sustained release of
drugs. Science 1981; 213(4504):233-235.



PART II: NANOPARTICLE CHARACTERIZATION
AND PROPERTIES

Physical Characterization of
Nanoparticles
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INTRODUCTION

As discussed elsewhere in this book, the unique qualities and
performance of nanoparticles as devices of drug delivery arise
directly from their physicochemical properties. Hence, deter-
mining such characteristics is essential in achieving a mecha-
nistic understanding of their behavior. A good understanding
allows prediction of in vivo performance as well as allowing
particle design, formulation development, and process trou-
bleshooting to be carried out in a rational fashion. The follow-
ing chapter will discuss the means and methods to carry out
such determinations on nanoparticles. Many of the tools
employed for their characterization are the same as those
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used for similar analysis of other submicrometer colloids such
as micelles, liposomes, and emulsions. Thus, some of the
examples are taken from studies in which these species were
the focus of study.

Nature of the Analytical Challenge

Before delving into the technical issues, it is worthwhile raising
afew questions, consideration of which will help to better define
the task ahead. How are nanoparticles different from other
analytes such as suspensions or powders?” What is it about such
objects that suggest different tools will be needed to character-
ize them? Knowing if and how the analytical challenge is dis-
similar from previous experience will assist in making sure
the appropriate tools and logic are brought to bear.

Several differences are relevant. The first is certainly the
most obvious: size. Clearly, if submicrometer size is a defining
characteristic, then accurately quantifying such is important.
Many commonly employed methods for determining size will
not work in the submicrometer regime and vice versa. For
example, the particles are too small for direct imaging using
optical microscopy, and some forms of light scattering used for
nanoparticles are not suitable for larger objects. In the former
case, a reliable tool has become unavailable, and in the latter,
methods exist with which practitioners of sizing larger par-
ticles may not be familiar. Intermediate scenarios, where
conventional methods work but only if applied properly, are of
particular concern because one runs the risk of mistaking
artifact for reality.

However, size is not brought up for its own sake, i.e.,
because of the “nano” in nanoparticle. Thus, a second differ-
ence emerges: both the behavior and potential uses of such
systems vary from those of more conventionally sized particle
populations. The resultant low mass of individual nanoparti-
cles means that their kinetic energy is on the same order as
the energies involved in interparticle interactions, hence they
are observed to behave differently. Their ability to remain
suspended under conditions that would lead to the sedimenta-
tion of larger particles is an example of this.
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Because of their unique properties, nanoparticles are
employed in applications uncommon for suspensions, ones
for which larger particles would not be used, thus opening a
new range of questions. For example, because their small size
allows drugs to be delivered via intravenous administration
as a solid material, characterizing the upper end of a size dis-
tribution becomes important from a size point of view due to
safety concerns, i.e., the potential for embolism. Dissolution of
the corresponding solid in media other than those typically
used to mimic oral conditions is another example.

It should be noted, however, that in some cases the char-
acterization of a nanoparticle system is similar to doing the
same with a macroscopic analyte. Determining the state of
solid within the particle using thermal or X-ray methods is
not much different so long as the possibility of size-induced
artifacts is evaluated.

Frame the Question

Any analysis, nano- or otherwise, needs to begin with the end in
mind. Why is the analysis being conducted?” What is the context
of the analysis? For example, in the case of an arrested precipi-
tation process one is looking for the presence of inhomogeneity
as particles form from a continuous medium—something from
nothing. In the case of comminution, however, one may be look-
ing for the appearance of polydispersity as smaller entities are
derived from those that are larger, e.g., at the beginning of
the process, or the disappearance of polydispersity due to the
residual presence of a few larger particles, e.g., at the end of the
process. High-angle light scattering would be a good approach
in the former case, whereas particle counting is more appropri-
ate for the latter analysis.

MEASUREMENT OF SIZE

In some cases, usually via precipitation, nanoparticles can be
produced with such a high degree of size monodispersity that
they become the standard by which distributions of particles
in general are measured. More commonly, however, this tends



106 Haskell

not to be the case, as the effects at play in their formation have
a sufficient component of randomness that the result is a nano-
particulate system made from particles of a range of sizes.

As noted above, more than any other the characteristic
that defines nanoparticles as such is their small size. Hence,
quantifying this value is first on the list of properties to
describe. The question, “What is the particle size of this
sample?” is deceptively simple and is so for a number of
reasons. First, the particle size distribution is defined not only
by the size of the average, but by the way in which “average”
is defined. Mean, median, and mode are equally valid descrip-
tors. In addition, the population itself can be defined by the
number or volume of particles present, and these are only
two of the various weighting schemes that can be employed.
The choice among these options is best determined by the rea-
son for making the size measurement in the first place (1).

A secondissueisthe width or shape of the distribution. Isit
polydisperse or narrow? Skewed or symmetric? The informa-
tion content expressed in a complete size distribution usually
exceeds greatly that which can be extracted from the available
experimental signal. Subtle differences in the experiment can
translate to large variations in the result obtained, thus compli-
cating the problem of determining the distribution. The shape
of the particle itself is also important as its nature affects
the experimental observable directly—a spherical particle will
scatter light differently from one that is rectangular, for
instance—but it also influences the abscissa of the size distribu-
tion, e.g., projected area, Feret’s diameter, etc. (1).

Lastly, the results for average and shape of size distribu-
tions can depend on how the result was obtained. There is the
trivial case of instrumental design, in which data handling
and extraction routines, vary among instruments of the
same type, i.e., different manufacturers, perhaps. The more
significant situation arises when variation results from the
differences in physical principles underlying the measure-
ments. For example, a multiangle light scattering experiment
relies on the interaction of the photons with the electric field
of the particle, whereas dynamic light scattering (DLS) is based
on the time-dependent interference pattern generated by
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particles in motion. So for the same sample, the result reports
on the distribution of matter within the particle in the first case,
whereas in the latter experiment it is the particles’ hydrody-
namic nature thatis emphasized. The answers will be different;
however, both are equally correct. Note also that both are light
scattering experiments, so the principles of measurement can
vary significantly even among methods that might seem simi-
lar to the casual consumer of analytical information.

Sizing methods are frequently classified according to the
manner in which they extract information from the sample. In
ensemble methods, the collective signal generated by the entire
particle population is processed via an appropriate algorithm to
produce an estimate of the size distribution. Most spectroscopic
methods, such as various forms of light scattering or ultrasonic
absorption, are ensemble in nature. The inversion is mathema-
tically ill-defined, thus generating a sensitivity to experimental
noise. A common consequence is that different size results that
are statistically equivalent can be derived from the same data
set. As a result, such methods are not sensitive to small shifts
in distribution that may contain valuable information on pro-
cess or stability. Similarly, results that claim precise measure-
ment of distribution widths, shapes, and number of modes need
to be critically evaluated, and confirmed by those of other meth-
ods. For these reasons, the differences in instrument and soft-
ware design can lead to disagreement when comparing results
from different manufacturers.

Counting methods, such as microscopy or single-particle
optical sensing (SPOS), measure the size of individual parti-
cles to compile a histogram reflecting the overall distribution.
The effect leading to detection of each particle, e.g., scatter-
ing, obscuration, etc., varies among methods. As a result,
not all counting techniques should be considered equivalent.
These methods are quite sensitive to small changes in the size
characteristics of a particle population, but for the same rea-
son are prone to statistical error unless sufficient numbers of
particles are counted. This is a particular concern because the
probability of detecting one of the few large particles that
may be present in a sample can greatly affect the determined
volume- or surface area—weighted result.
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Separation methods, such as field-flow fractionation or
filtration, generate a result by physically ordering the particle
population according to size. These methods are valuable
because most of them provide an accounting of all the mate-
rial present in the sample, affording some level of assurance
that nothing has been missed. The best detection method is
one based on concentration, but an ensemble technique is
usually substituted. In the latter case, the effects noted above
are less of a concern because the separation presents the
detector with more monodisperse “samples,” which are less
problematic.

Table 1 Methods for Assessing the Properties of Nanoparticles

Relevant analytical

Property method(s) References
Presence Dark field optical microscopy 2
Size Dynamic light scattering, 3-5,6-8,9-41

Static light scattering,
Ultrasonic spectroscopy,
Turbidimetry, NMR,
Single particle optical
sensing, FFF

Hydrodynamic
fractionation, Filtration
Morphology TEM, SEM, Atomic force 18,19,22-27,42
microscopy
Surface charge Electrophoretic light 7,20,21,43-46
scattering, U-tube
electrophoresis,
Electrostatic-FFF
Surface Hydrophobic interaction 20,23,48
hydrophobicity chromatography
Surface adsorbates  Electrophoresis 23,49
Density Isopycnic centrifugation, 23,50
sedimentation-FFF
Interior structure Freeze-fracture SEM, DSC, 21,40,42,61-63

X-ray diffraction, NMR

Abbreviations: DSC, differential scanning calorimetry; FFF, field fractionation;
NMR, nuclear magnetic resonance; SEM, scanning electron microscopy; TEM, trans-
mission electron microscopy.
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AVAILABLE METHODS

There are a large number of methods available to characterize
nanoparticles. Some approaches, such as DLS for size, or
nuclear magnetic resonance (NMR) for diffusivity, are unique
to the analysis of nanoparticles compared to that of more
macroscopic species. Other techniques, such as differential
scanning calorimetry (DSC) or X-ray diffraction, are not signi-
ficantly affected by the submicrometer particle size. Rather, in
these cases, it is the interpretation of the results in the context
of the problem at hand that renders the corresponding method
relevant. The following section will describe various techniques
of analysis appropriate to nanoparticles along with references
that serve as background or example. Table 1 breaks the
classification down orthogonally by summarizing the same
information according to the likely properties of interest.

Dynamic Light Scattering (DLS)

DLS, also known as photon correlation spectroscopy (PCS) or
quasi-elastic light scattering (QELS) records the variation in
the intensity of scattered light on the microsecond time scale
(3,4). This variation results from interference of light scat-
tered by individual particles under the influence of Brownian
motion, and is quantified by compilation of an autocorrelation
function. This function is fit to an exponential, or some combi-
nation or modification thereof, with the corresponding decay
constant(s) being related to the diffusion coefficient(s). Using
standard assumptions of spherical size, low concentration,
and known viscosity of the suspending medium, particle size
is calculated from this coefficient. The advantages of the
method are the speed of analysis, lack of required calibration,
and sensitivity to submicrometer particles. Drawbacks inc-
lude the necessity of significant dilution to avoid artifacts, the
need for cleanliness in sample preparation, the mathematical
instability of the procedure used to extract decay constants,
and the possible influence of interparticle interactions. DLS
is a stand-by method for those working in the area of nano-
particles (4,14,15,17-21,23,31,40,41,54,55).
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Static Light Scattering/Fraunhofer Diffraction

Static light scattering (SLS) is an ensemble method in which
the pattern of light scattered from a solution of particles is
collected and fit to fundamental electromagnetic equations
in which size is the primary variable (4,5). The method is fast
and rugged, but requires more cleanliness than DLS, and
advance knowledge of the particles’ optical qualities.

Fraunhofer (light, laser) diffraction is frequently employed
as a sizing method for nanoparticles, and when appropriately
applied, it is not unreasonable to do so with certain caveats.
As size drops into the submicrometer regime the differences
in the scattering pattern occur primarily at high angles, so col-
lecting such data becomes critical—an ability that varies widely
among commercial instruments. The approximations imple-
mented in Fraunhofer theory are acceptable for particles of
diameter 2 pm and higher, but full Mie theory is required for
smaller sizes (5).

If Fraunhofer calculations are used to extract results from
scattered light originating from a population of particles less
than 2 um in diameter, then significant errors will result such
as the artifactual presence of particle populations (53). How-
ever, using full Mie theory requires knowledge of the values
for both the real and the imaginary (absorptive) components
of the particle refractive index, the choices for which can
profoundly affect the results (54). Values for the real component
can be obtained via the Becke method in which fringe patterns
arising from the placement of a test particle in a series of oils
of varying refractive index are observed in a microscope. This
method requires that large enough particles are present to make
the measurement or one at least has a macroscopic sample of the
material(s) from which the nanoparticles are made (55). A clever
approach has been demonstrated by Saveyn et al. (56) where-
upon the refractive index of the compound dissolved in a variety
of solvents is extrapolated to 100% solute. The method was
shown to be simple and straightforward, though it does require
solubility in media of widely different polarities.

If the above considerations are taken into account diffrac-
tion equipment can be applied to nanoparticle characterization.
However the choices, and the reasons for the same, of particle
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refractive index should be clearly reported. In addition, a com-
plete analysis should include an estimate of the extent to
which the sizing results are affected by errors in the refractive
index values employed.

Acoustic Methods

Another ensemble approach, acoustic spectroscopy, measures
the attenuation of sound waves as a means of determining size
through the fitting of physically relevant equations (6). In addi-
tion, the oscillating electric field generated by the movement
of charged particles under the influence of acoustic energy
can be detected to provide information on surface charge. This
is termed electroacoustic spectroscopy and can also be reversed
so that sound waves generated by the oscillatory motion of
charged particles in a varying electric field is the observable
(7). Both methods are particularly valuable in that they work
with concentrated suspensions and thus can be used to charac-
terize dilution-sensitive systems or for process monitoring.

Turbidimetry

For nonabsorbing particles, turbidity is the complement to light
scattering because it represents the amount of incident radia-
tion not reaching a detector, that is, light lost to scattering.
Hence the turbidity spectrum is also described by Mie theory
and thus can be used to determine particle size as long as the
data are normalized for concentration (8). This approach
requires tiny amounts of sample and can be easily executed
using a spectrophotometer. However, it suffers the ills common
to all ensemble methods and the lack of commercial implemen-
tation requires the investigator to carry out the appropriate
calculations on thier own (51,52,57).

Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) can be used to determine
both the size and the qualitative nature of nanoparticles. The
selectivity afforded by chemical shift complements the sensitiv-
ity to molecular mobility to provide information on the physico-
chemical status of components within the nanoparticle (9).
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For example, the mobility of Miglyol 812 within solid lipid nano-
particles confirmed the liquid-like nature of the interior, though
it was more limited than the same oil in an o/w emulsion (10).
Pulsed field gradient methods allow diffusivity of the entire par-
ticle to be quantified and compared to produce 2-D, diffusion-
ordered plots in which colloidal behavior and chemical specia-
tion are leveraged simultaneously (11). In one case, the diffusion
coefficient is used as a surrogate for size of the nanoparticle with
results that compare well to separation and DLS, though only
NMR could simultaneously detect micellar precursors (12).

Single-Particle Optical Sensing (SPOS)

A particle counting method, SPOS, which is also known as
optical particle counting, involves recording the obscuration
or scattering of a beam of light that results from the passage
of individual particles through a sensor (13). Signal magnitude
is translated to the size of the particle via use of a previously
determined calibration curve using standards approximating
the sample in terms of shape and optical properties. The direct
result is a number-based size distribution. SPOS cannot distin-
guish between a single primary particle and an aggregate (few
methods can), and is subject to error at a number of concentra-
tions above which there is a significant chance of multiple par-
ticles being present simultaneously in the light beam.
Particles of diameter less than 1pum are largely unde-
tected, thus making SPOS very useful in the determination
of the few large particles in a population that may represent
a safety concern, indicate a problem in production, or be har-
bingers of instability. Count rates of 8000 particles/sec or more
are typical, thus thousands to millions of particles are obser-
ved in an experiment. Hence, detecting the few large particles
present in a distribution is more likely than is the case with
microscopy. Drawbacks include the possible dissolution of ana-
lyte during analysis, the large dilution required, and the need
for low backgrounds. Detecting an interruption in the flow of
electrical current through a solution is an analogous method
termed electrozone or Coulter counting. This technique sees
little recent use because of its need for colloid destabilizing
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electrolytes and the more complicated instrumentation
required, though a novel approach that also determines elec-
trophoretic mobility has been recently reported (14,15).

A great benefit afforded by SPOS is the ability to quantify
the large particle population (16). The total volume detected
during the experiment can be calculated from the number dis-
tribution by assuming a shape, e.g., spherical, and integrating
under the resulting volume distribution curve. When compared
to the concentration of the suspension, what results is a ratio
that describes the fraction of material present as detectable,
i.e.,large, particles. Hence, a suspension in which all of the par-
ticles are larger than the size detection limit of the sensor would
yield a recovery of 100%. A recovery of near 0% suggests that,
subject to the statistical assurance associated with the number
of particles counted, the mass of the distribution resides pri-
marily as particles of less than that size. By comparison, ensem-
ble methods do not measure the absolute amount of material
present; only the relative contribution of sizes is determined.
Hence, integrating under the corresponding size distribution
always sums to 100% regardless of size.

Optical Microscopy

Most nanoparticles are below the resolution limit (ca. 0.5 pm)
of direct optical imaging, though microscopy is still useful to
get an estimate of size and crystallinity of starting materials,
as might be desirable in the instance of comminution or homo-
genization processing, or other larger particles (17). However,
the dark field techniques, in which particles are observed
indirectly as bright spots on a dark background because of
their scattering under oblique illumination, is extremely valu-
able in assessing the presence and numbers of nanoparticles
(2). Users should be on the lookout for segregation of particles
resulting from sample preparation.

Electron Microscopy

Scanning and transmission electron microscopy, SEM and TEM,
respectively, provide a way to directly observe nanoparticles,
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with the former method being better for morphological
examination (18-21,42). TEM has a smaller size limit of detec-
tion, is a good validation for other methods, and affords structural
information via electron diffraction, but staining is usually
required, and one must be cognizant of the statistically small
sample size and the effect that vacuum can have on the parti-
cles. Very detailed images data can result from freeze-fracture
approaches in which a cast is made of the original sample
(22,23). Sample corruption resulting from the extensive sample
preparation is always a possibility, though lower vacuum (envir-
onmental- or E-SEM) instrumentation reduces this manipula-
tion, albeit at the loss of some resolution (24).

Atomic Force Microscopy (AFM)

In this technique, a probe tip with atomic scale sharpness is
rastered across a sample to produce a topological map based
on the forces at play between the tip and the surface. The
probe can be dragged across the sample (contact mode), or
allowed to hover just above (noncontact mode), with the exact
nature of the particular force employed serving to distinguish
among the subtechniques. That ultrahigh resolution is
obtainable with this approach, which along with the ability
to map a sample according to properties in addition to size,
e.g., colloidal attraction or resistance to deformation, makes
AFM a valuable tool. However, size and shape has been the
most common application to date (25,26). The need to raster
the probe renders the method very time-consuming and the size
of the sample actually observed is small. Nanoparticles are
typically presented as an evaporated suspension on a smooth
silicon or mica surface, though not without the possibility of
deformation (27). Application of various forms of AFM to nano-
particle characterization represents an area of active research.

Other Forms of Microscopy

The size resolution of TEM can be leveraged for morphological
studies by rastering the sample across a well-defined elec-
tron beam (STEM), and high resolution and some chemical
information can be extracted if X-rays are substituted for
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electrons (STXM) (28). While these methods have not been
applied to pharmaceutically relevant nanoparticles, studies of
related samples suggest that they may be worth investigating
for this purpose (29). The optical analog of AFM is near-field
microscopy, which affords nanoscale resolution, and the use
of light allows for simultaneous chemical imaging via Raman
spectroscopy (30). Confocal microscopy has proved valuable,
being used frequently in the study of nanoparticle uptake in
biological tissues such as eye, brain, and skin (31-33).

Filtration

A simple, yet effective, approach of determining particle size
is filtration, in which the concentration of a suspension is
determined before and after passage through filter mem-
branes of various sizes. Subject to the caveats of nonspecific
adsorption, aggregation, and particle shape effects, the
results give a semiquantitative assessment of the particle size
distribution that is not based on instrumentation and algo-
rithms. The practitioner should make sure that if more than
one pore size is used, all filters are made of the same material
and the same protocol, i.e., the amount of material passed
through the filter, is maintained throughout.

Field-Flow Fractionation

Particles are driven toward either the top or the bottom of a
thin channel within which eluant is continuously flowing in
a direction perpendicular to the driving force. Liquid flow of
the eluant is parabolic so that particles spending more time
toward the center of the channel where the flow lines are
faster emerge first. The nature of the perpendicular force
defines the type of field-flow fractionation (FFF) and thus
the particle property on which separation occurs: sedimenta-
tion (buoyancy, size), flow (hydrodynamic size), electrostatic
(charge), or thermal (diffusion) (18,34). FFF necessitates more
complicated methodology and the data interpretation is less
straightforward than chromatography, but it can provide a
wider range of information and can also be used as a prepara-
tive method for nanoparticles (18,35).
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Hydrodynamic Chromatography

In a sufficiently narrow channel of parabolic flow, particles of
different size will on average experience different flow lines
because of their differential ability to approach the channel
wall (36). The particles will separate based on that property,
with those that are smaller eluting later just as they would in
flow-FFF. Indeed, hydrodynamic chromatography (HDC) can
be thought of as flow-FFF with the narrowness of the channel
substituting for the cross flow. Thin capillaries serve as the
channels, which can also be created by the interstitial spaces
within a packed column (37). The former approach is also
known as capillary hydrodynamic fractionation and has been
further miniaturized (38,39). The results are highly sensitive
to the surfactants employed in the analysis. Size exclusion
chromatography is little used for analytical size separation
of colloids, though there are examples of its application (51).

Hydrophobic Interaction Chromatography

In this method the analyte is first adsorbed onto a chromato-
graphic stationary phase using a high concentration of an
antichaotropic salt (48). Elution occurs using a gradient in
which the salt concentration is decreased, so that those mate-
rials eluting first are the least hydrophobic because the salt
concentration did not need to be decreased much before the
analyte desorbed. Originally developed for proteins, hydro-
phobic interaction chromatography has been pressed into
service as a means of characterizing the hydrophobicity of
nanoparticle surfaces, a property influenced by the choice of
surfactant and/or polymer and also a key parameter in deter-
mining their in vivo fate (20,23).

Electrophoresis

The body’s response to the introduction of nanoparticles into
circulation is such that within a short period of time their
surface is festooned with lipoproteins and related species
(58). This process will determine the clearance and
biodistribution of the colloid, so evaluating the exact nature
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of the surface coverage is required to achieve a useful under-
standing. The small size of nanoparticles allows their electro-
phoretic behavior to be observed using bioanalytical tools such
as isoelectric focusing and 2-D polyacrylamide gel electrophor-
esis (PAGE) (23,49). As with any ex vivo approach, the inves-
tigator needs to take into account the effect that sample
preparation may have on the experimental observations. Simi-
lar information has been derived by electrophoresis of serum
proteins desorbed from incubated nanoparticles (59).

Isopycnic Centrifugation

Another bioanalytical method applied to nanoparticles is cen-
trifugation of analyte using a sucrose gradient as the suspend-
ing media. Under the influence of Stokes’ laws, sedimenting
particles will settle until they reach a point where their den-
sity matches that of the gradient. This self-focusing separation
allows nanoparticle density to be determined, which along
with particle size and bulk substituent concentration can in
turn be used to calculate a number concentration (23,50). Con-
ventional analytical centrifugation has been employed as well
(60). The results can also be used to extract size, rather than
buoyancy, information directly from sedimentation FFF.

Zeta Potential

Zeta potential is used as a surrogate for surface change, and is
often measured by observing the oscillations in signal that
result from light scattered by particles located in an electric
field, though there are other approaches (43,44). There are
a number of instrumental configurations by which this is ach-
ieved, mostly using a Doppler shift, and the user should famil-
iarize themselves with the particular approach implemented
in their equipment. Instrumentation concerns aside, the need
for dilution begs the question of what is an appropriate diluent,
because its choice can profoundly influence the surface chemis-
try and thus the results. One approach is to use a particle-free
supernatant to dilute the sample. This will not account for
concentration effects, however, and obtaining such a diluent
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is nontrivial as the particle size drops. Electroacoustic methods
should in principal eliminate or reduce the need for dilution
and its inevitable consequences (7). Nonpolar media and the
combination of low mobility with high ionic strength are also
problematic; however, phase analysis light scattering, a newer
method in which a phase delay shift rather than a frequency
shift is observed, addresses these issues (45).

X-Ray Diffraction (Power X-ray Diffraction, Small-
Angle Neutron Scattering, Small-Angle X-ray
Scattering, Electron)

The geometric scattering of radiation from crystal planes
within a solid allow the presence or absence of the former to
be determined thus permitting the degree of crystallinity to
be assessed (21). In one example, the crystallization of inter-
ior lipids could be tracked (40). Application of the method is
little different from that for bulk powders, though broadening
of the diffraction pattern’s peaks is observed for particles less
than 100nm in diameter. For nanoparticles, order on the
smaller scale can be investigated by reducing the wavelength
and angle of incident radiation. Using electron or neutron
beams allows reduction of the former parameter due to the
shorter DeBroglie wavelengths of such particles (61).

Differential Scanning Calorimetry (DSC)

Another method that is a little different from its implementation
with bulk materials, DSC can be used to determine the nature
and speciation of crystallinity within nanoparticles through the
measurement of glass and melting point temperatures and their
associated enthalpies (62,63). A complement to X-ray diffraction,
this method is regularly used to determine the extent to which
multiple phases exist in the interior or to which the various con-
stituents, including the drug, interact (21,42).

Dissolution Concerns

In some cases nanoparticles are formed to increase the dis-
solution rate because of the high surface area they afford. This
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introduces the possibility that particles are dissolving during
the analysis. This problem is general in nature and should
be carefully considered in any measurement especially when
dilution, sometimes significant in extent, is a requisite of the
analysis. While an obvious concern when size is to be determined,
such dissolution can lead to skewed results in any measurement
because the analyte content is not stable. Extrapolating results
to initial conditions or using media in which the particles are
insoluble are ways of dealing with this problem.

IN VITRO RELEASE

The solubilization of active components from the individual
nanoparticles is of obvious interest. This process can involve
release of compound from a polymer or lipid matrix, or disso-
lution of the entire particle. In either case, separation of the
ultrasmall particles from the release media is critical so that
the nanoparticles are not mistaken for solubilized drug. In the
latter case, the high rate of dissolution is frequently an addi-
tional complicating factor.

In typical experiments, it is the appearance of solubilized
material that signifies that dissolution is taking place. Using
conventional filtration to remove undissolved material for
in situ experiments presents serious challenges. The nano-
particles can easily pass through most filter membranes
typically used for this purpose, if not at the beginning of
the experiment, then at the end, when the particle size may
have dropped sufficiently. Small filter pore sizes—as low as
0.02 ym—are commercially available, but can be plugged
easily. The separation issue can be avoided by using a method,
such as polarography, where only solubilized material is
detectable (64). In this way,the need for separation is obviated.

Use of dialysis membranes and diafiltration is an option
because they are less prone to blockage and the pore size is
very small. The nanoparticles can be placed within a dialysis
sac and samples taken from the large receiving medium (22).
Alternatively, the reverse approach can be used with the
nanoparticles dispersed throughout the larger volume and
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the receiving media located within the sac (21). Diffusion cells
have also been used (41). Separation of particles can also be
effected by centrifugation, or avoided implicitly by using two
immiscible phases with one containing the nanoparticles
and the other serving as the receiving medium (19,20).

When nanoparticles are used to increase the dissolution
rate, a significant drawback to these approaches is the time
it takes for the dissolved material to diffuse across a mem-
brane or boundary. While this transfer function can be deter-
mined experimentally, the associated time constant can be
on the scale of tens of minutes, if not hours. Such a long
lag precludes the deconvolution of the drug release rate from
the experimental data when the dissolution occurs within a
few minutes or less.

Rather than detecting drug as it appears in a solubilized
form, dissolution information can also be derived by observing
the disappearance of the undissolved form, i.e., loss of the
nanoparticles themselves. Spectroscopic methods such as
light scattering or turbidity are good means of making such
observations, and are useful because the corresponding
measurements are essentially instantaneous in time, thus
eliminating the deconvolution problem. Indeed, the limitation
on measurable dissolution rate then arises from issues such
as mixing times. Deliberately using nonsink conditions is a
way of slowing down the process to avoid these problems.

Figure 1A shows results from the author’s laboratory in
which the disappearance of 300 nm particles of celecoxib is
detected, as a function of increasing numbers of particles,
via intensity light scattering from a stirred vessel of water
using the apparatus described in Figure 3. Rapid dissolution
is observed and shown to be occurring under near-sink condi-
tions at the lowest concentration of particles. The behavior of
these particles with that of 2um particles is presented in
Figure 1B. Particularly at longer times, the difference in slo-
pes of the curves is easily seen, though the curves at shorter
times overlap with each other. This similarity at short times
is due to the presence of smaller particles in the 2 pym sample.
Clearly, the time scale over which this experiment was con-
ducted would be difficult to match using dialysis methods.
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(A)  Dissolution of Celecoxib Measured by Light Scattering
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Figure 1 Light observed to scatter at 90-degrees from 300nm
particles of celecoxib stirring in a water-only dissolution medium
at ambient temperature using equipment described in Figure 3.
The absence of surfactant necessitated the addition of nanoliter
volumes of the original suspension in order to maintain sink condi-
tions. (A) Five repetitions of the experiment were conducted in
which the 2 mg/g nanosuspension was added to 3 mL of water, with
a larger aliquot of suspension being used each time. Retardation of
the dissolution rate is observed for aliquots greater than 0.50 uL.
(B) Comparison of 300 nm and 2 pm particles.

EXAMPLE: PARTICLE SIZE

Size is the defining characteristic of nanoparticles even
though other properties may be more significant in a given
situation. There is great benefit in using multiple analy-
tical methods to characterize size and other properties. The
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(B) Effect of Particle Size on Dissolution
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Figure 1 (Continued)
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Single Particle Optical Sensing of
Celecoxib Nanoparticles
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Figure 2 Recovered volume for celecoxib suspensions as detected
by both obscuration (Accusizer 770; Particle Sizing Systems; Santa
Barbara, California, U.S.A.) and scattering (LE-400-0.5; PSS) SPOS.
Suspension aliquots were quantitatively diluted such that the total
initial count rate was between 2000 and 8000 counts per second, with
a flow rate of 60 mL/min of the diluted suspension being measured for
one minute. Abbreviation: SPOS, single particle optical sensing.

following size analysis of drug nanoparticles is presented as
an example of this approach.

Single-Particle Optical Sensing

Three different aqueous suspensions of celecoxib nanoparticles
of decreasing size (Fig. 2B—D) were produced via a laboratory-
scale process as a means of evaluating the effect of particle size
on the extent and onset rate of oral drug absorption for this com-
pound (65). As noted above, the integrated area under counting-
derived size distribution curves is a semiquantitative estimate
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of the absolute amount of particulate mass detected by the
sensor (16). Figure 2 shows this value, as determined by SPOS,
for these three suspensions in comparison to that of the initial
material, A. As expected, the volume recovered of the unpro-
cessed material approximates 100% because most of the parti-
cles are large enough to be detected. Given the optical and
shape dissimilarity between the nanoparticles and the monodis-
perse polystyrene latex standards used as calibrants, the recov-
ery value is reasonable. There is a clear progression to the
smallest suspension, whereupon the volume recovered drops
from this value to significantly less than 1%, which is clear evi-
dence for the reduction in particle size. A key observation is that
even in the first nanosuspension, B, 90% of the particles are less
than about 1 um. Both scattering and obscuration sensors were
employed in the analysis, with the detection limits of 0.5-0.7 pm
and 1-2pum, respectively. It is interesting to note that the
results for the two approaches are in reasonable agreement
until most of the particles drop below the sensitivity limit of
the latter detector. At this point the ability of the scattering sen-
sor to detect smaller particles is manifested as a higher value for
recovered volume. Note also that there is little difference seen
between suspensions C and D suggesting that any differences
between the two exist in the submicrometer domain.

Dynamic Light Scattering

Figure 3 presents DLS results for water-diluted samples of
the three processed suspensions at low and high scattering
angles. The large particles present in suspension A, precluded
the corresponding sample from analysis. As noted with SPOS,
there is a clear progression of decreasing size, though now the
submicrometer particles are observed directly rather than hav-
ing their nature inferred by the absence of particles. For all
samples observed, the size is smaller when the higher scatter-
ing angle is employed, which is a consequence of the preferen-
tial forward scattering of light from larger particles. This is a
good indication of polydispersity in the sample—one that is
based directly on the data and not on the algorithm employed
in deconvolution of the autocorrelation function.
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Angular Dependent Dynamic Light
Scattering of Celecoxib Nanoparticles
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Figure 3 Dynamic light scattering was collected using a goniometer
(BI-200 SM; Brookhaven Instruments; Holtsville, New York, U.S.A.)
and correlator card (BI-9000AT; BI). Sample time of the correlator
was adjusted to account for the change in scattering angle, 0, by normal-
izing to sin®(0)/2. Particle diameter was calculated from the autocorre-
lation function via the method of Cumulants, with a third-order fit
being used. Samples were diluted in 4 mL of 0.02 pm-filtered water.
Source: From Ref. 66.

Figure 4 shows DLS, using a fiber optic probe, from the
four suspensions for a number of different dilutions in
water. Several items are of note. First is the relative insen-
sitivity of the observed size to the extent of dilution, espe-
cially at dilutions of 1:20 and greater, suggesting that
multiple scattering is not occurring. Second, the sizes of par-
ticles in suspensions B—-D do not vary significantly. The geo-
metry of the optical probe is such that only light scattered
near 180° is observed, so the smallest particles make the lar-
gest contribution to the signal. To maintain consistency with
the previous data, it is concluded that the process employed
leads to particles of a given minimum size near 250 nm.
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Fiber Optical Dynamic Light
Scattering of Celecoxib Nanoparticles
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Figure 4 Scattered light was collected using a probe similar to that
described by Dhadwal et al. The probe consisted of two adjacent, col-
linear, single mode optical fibers immobilized within a small length of
stainless steel high performance liquid chromatography (HPLC) tub-
ing. Laser light of 514.5nm was launched into the free end of one
fiber using a microscope objective, and backscattered light was deliv-
ered to the photomultiplier tube using the free end of the other fiber.
Other details of the DLS experiment were as Figure 3. Samples were
serially diluted into 0.02 pum-filtered water. Abbreviation: DLS,
dynamic light scattering. Source: From Ref. 67.

Additional processing may add particle population to this
size, but it does not lower this size. Finally, it is clear that
there are some submicrometer particles (ca. 500 nm) in the
starting material, but there are few of these smallest parti-
cles present at the outset.

Static Light Scattering

The intensity of scattered light collected with the probe from
these same series of diluted samples is presented in Figure 5.
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Fiber Optical Static Light
Scattering of Celecoxib Nanoparticles
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Figure 5 Scattered light intensity corresponding to the data
presented in Figure 4.

At intermediate dilutions, the scattered intensity increases
for the smaller-sized suspensions, D > C > B, thus confirming
the above suggestion that additional processing increases the
population of the smallest particles, and that there is a differ-
ence in this regard among the samples. Consistent with the
larger particle size in A, the scattered intensity for this sus-
pension is the lowest because there are few, if any, efficient
backscatterers present. The loss of ordering in intensity at
the lowest dilution (1:10) suggests the existence of multiple
scattering thus accounting for the slightly smaller DLS-
derived size for those samples (Fig. 4).
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Turbidimetry

Figure 6 shows the size distributions resulting from a fit of the
turbidity spectrum using spectra of polystyrene standards col-
lected with the same spectrophotometer as basis functions.
Given the errors implicit in comparing spherical latex stan-
dards to nonspherical drug nanoparticles, these results should
only be used for qualitative purposes. Nonetheless, the conclu-
sions drawn from this data are consistent with those above,
and it appears that the size difference between suspensions
A and B is greater than that between B and C or C and D.

Turbidimetery of
Celecoxib Nanoparticles
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Figure 6 Samples were diluted in water so that a 0.1cm optical
cell produced an “absorbance” of less than 0.5 using a diode-
array spectrophotometer (8150A; Hewlett-Packard; Wilmington,
Delaware, U.S.A.). Over the wavelength 400-800 nm interval, spec-
tra were fit to a linear combination of spectra collected of individual
polystyrene particle standards (NanoSphere™; Duke Scientific; Palo
Alto, California, U.S.A.) collected previously. The coefficients of the

fit are reported as an estimate of the size distribution.
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Microscopy

Finally, scanning electron microscopy (SEM) and polarized
optical microscopy are employed with the results presented
in Figure 7. The optical micrographs provide a reassuring
visual confirmation of the instrumental results, and the
SEM validates the light scattering data as well as providing
information on the morphology of the processed particles.

Particle Crystallinity

Any optical birefringence that the smallest particles may
display is rendered unobservable by polarized microscopy
because of their small size. As a result, powder X-ray

Suspension A Suspension D

SEM

Polarized

Figure 7 Electron micrographs of Au/Pd-coated samples were col-
lected with an environmental SEM (XL30; Philips; Amsterdam,
N.V.) and magnifications of 2000 and 10000x. Magnification for
the polarized optical micrographs were 1000x. Bar represents
10 um. Abbreviation: SEM, scanning electron microscopy.
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diffraction patterns of dried samples from the three smallest
suspensions were compared both to each other and to the
unprocessed material, providing assurance that the high level
of crystallinity was retained (data not shown). The same con-
clusion was drawn from scanning calorimetry.

Conclusions

Table 2 summarizes the key findings of the above size evaluation.
The use of multiple methods affords a broader understanding
of this group of analytes in several ways. First, the results are
complementary, e.g., DLS provides direct observation of the
submicrometer population, whereas SPOS reports on the
large particle population that DLS is poorly suited to deter-
mine. Second, confirmatory data is obtained, e.g., turbidime-
try, DLS, and SEM all report on the submicrometer
population, but rely on different principles to do so: direct
scattering, diffusion, and direct observation, respectively.
Finally, deficits in the results of one method are addressed
by those of another, for example fiber optic-SLS shows that
the population of smallest particles, detected but not quanti-
fied by fiber optic-quasi elastic light scattering, is increasing
with additional processing. Finally, completely orthogonal
information is obtained, for example, retention of crystallinity
via X-ray versus size from the other investigations.

CONCLUSIONS

Clearly, the ability to characterize nanoparticles goes hand-in-
hand with their design and production. Hence, it is as important
to advance the appropriate analytical science as it is to progress
manufacturing technology. There are several axes along which
this can proceed. First, is that of deriving information from
concentrated systems when limited quantities of sample are
present. This is an analytical challenge due to the strong inter-
particle interaction present in such systems. Surface character-
ization, such as charge and morphology, both in the solid and
wetted state, is another area of need. While improvements in
instrumentation are always welcome, the real challenge is in
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Table 2 Summary of Particle Sizing Results for Celecoxib

Nanoparticles

Method

Key findings

Single particle optical sensing
(SPOS)

Dynamic light scattering (DLS)

Fiber optic dynamic light
scattering (FO-DLS)

Fiber optic static light scattering
(FO-SLS)

Turbidimetry

Microscopy (electron, optical)

X-ray diffraction

Clear trend to smaller size
90% of the material is tending
submicrometer even for first
nanosuspension

Very little volume present as large
particles in final suspension

Cannot differentiate between the
two smallest suspensions

Clear trend to smaller size

Direct evidence of polydispersity

Clear trend to smaller size

Minimum size near 250 nm

Submicrometer particles present in
starting material

Increasing population of the smallest
particles as size decreases

Multiple scattering may affect
FO-DLS at least extensive
dilutions

Clear trend to smaller size

Large difference between A and B

DLS data validated

Particles are tabular though without
a high aspect ratio

Material appears to retain
crystallinity

Retention of crystallinity confirmed
for all suspensions

separating good data from artifact and in interpretation of
the former. Third, is improving the ability to characterize nano-
particles in the solid state, particularly when isolated in a
matrix material as is the case with spray drying or lyophiliza-
tion. Process analytical technology (PAT) is the fourth area
deserving research. Though progress has been demonstrated
in production environments, the need extends to methods for
directly exploring the generation of nanoparticulates and the
microscopic processes involved therein (68).
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INTRODUCTION

There is significant interest in recent years in developing
biodegradable nanoparticles as a drug/gene delivery system
(1-5). Nanoparticles are colloidal particles that range in
size from 10 to 1000 nm in diameter, and are formulated
using biodegradable polymers in which a therapeutic agent
can be entrapped, adsorbed, or chemically coupled (2,4). The
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advantages of using nanoparticles for drug delivery applica-
tions result from their three main basic properties. First,
nanoparticles, because of their small size, can penetrate
through smaller capillaries, which could allow efficient drug
accumulation at the target sites (6,7). Second, the use of bio-
degradable materials for nanoparticle preparation can allow
sustained drug release within the target site over a period
of days or even weeks (8-10). Third, the nanoparticle surface
can be modified to alter biodistribution of drugs or can be con-
jugated to a ligand to achieve target-specific drug delivery
(11,12). Although a number of different polymers have been
investigated for formulating biodegradable nanoparticles,
poly(D,L-lactide-co-glycolide) (PLGA) and poly lactic acid
(PLA) are the most extensively studied polymers for con-
trolled drug delivery applications (13,14). The lactide/glyco-
lide polymers chains are cleaved by hydrolysis into natural
metabolites (lactic and glycolic acids), which are eliminated
from the body by the citric acid cycle (14). Further, these poly-
mers are approved by the U.S. Food and Drug Administration
for human use.

The interface of nanoparticles can significantly influence
various physical as well as biological properties of nanoparti-
cles. Various factors such as the emulsifier used for their
stabilization, the polymer material and its composition, or
adsorption of certain polymers can influence the interfacial
properties of nanoparticles (15). This chapter reviews various
aspects of nanoparticle interface and its effect on physical
properties of nanoparticles, cellular uptake and drug/gene
delivery, and in vivo biodistribution.

INFLUENCE OF EMULSIFIER ON
PHARMACEUTICAL PROPERTIES
OF NANOPARTICLES

The emulsion—solvent evaporation method, as described in
chapter 4, is commonly used to formulate PLA and PLGA nano-
particles (15,16). In general, the method involves emulsifying a
polymer dissolved in an organic solvent (e.g., chloroform,
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methylene chloride, etc.) into a nonsolvent (mostly water)
which contains an emulsifier(s) to form an oil-on-water (o/w)
emulsion. Nanoparticles are formed once the organic solvent
from the emulsion is evaporated. Lipophilic drugs can be incor-
porated into nanoparticles by dissolving them in the organic
solvent along with the polymer prior to emulsification. To
encapsulate a hydrophilic drug, it is first dissolved in water,
and then emulsified into the polymer solution to form water-
in-oil (w/0) emulsion. This emulsion is further emulsified into
an aqueous solution containing an emulsifier to form (w/o/w)
double emulsion.

The emulsifier added in the aqueous phase stabilizes the
emulsion and plays an important role in particle formation.
Because it is present at the boundary layer between the water
phase and the organic phase during particle formation, the
stabilizer can get incorporated into the nanoparticle polymer
matrix at the interface or is adsorbed because of ionic or hydro-
phobic interactions, thus modifying the nanoparticle properties
such as their size, zeta potential, hydrophilicity/hydrophobi-
city, surface charge, adhesion, etc. (17,18). Both size and zeta
potential are important determinants as they can influence
the physical stability as well as the biopharmaceutical proper-
ties of nanoparticles. Further, the interfacial properties could
influence the drug release rate, biodistribution of nanoparti-
cles, and/or their cellular/tissue uptake (15,19).

Different types of emulsifiers are used for the formula-
tion of nanoparticles; however, poly(vinyl alcohol) (PVA) is
the most commonly used emulsifier because it forms particles
that are relatively smaller in size and uniform in size distri-
bution (20). We and others have shown that a fraction of
PVA remains associated with the nanoparticle surface despite
repeated washing because PVA forms an interconnected net-
work with the polymer matrix at the interface (20,21). This
occurs because the hydrophobic portion of PVA, polyvinyl
acetate, anchors into the nanoparticle matrix during their for-
mulation (22). The commercial PVA contains some unhydro-
lyzed segments as polyvinyl acetate. It is estimated that
PVA forms about six multilayer deposits around the nanopar-
ticle surface (20,21).
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Particle Size

Interfacial property directly affects the size and size distribu-
tion of nanoparticles formed. We have shown that the mean
particle size of nanoparticles formed is a function of PVA con-
centration and is used as an emulsifier. The particle size
decreases from 520 to 380 nm with an increase in PVA con-
centration from 0.5% to 5% (w/v) (Fig. 1), and also the polydis-
persity index is reduced, thus forming more uniform particles
(15). Mainardes and Evangelista (23) also have observed a
decrease in particle size (345-242 nm) with increase in PVA
concentration from 0.15% to 0.7% (w/v). This drop in particle
size with increase in PVA concentration is probably due to
the differences in the stability of the emulsion formed. At
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Figure 1 Mean particle size of nanoparticles formulated with
different concentrations of PVA emulsifier. Particle size was deter-
mined using PCS. A dilute suspension of (100 pg/mL) nanoparticles
was prepared in double-distilled water and sonicated on an ice bath
for 30 seconds. The sample was subjected to particle size analysis in
the ZetaPlus™ particle size analyzer (Brookhaven Instrument
Corp. Holtsville, New York, U.S.A.). Data as mean + s.em. (n =
5). Abbreviations: PVA, poly(vinyl alcohol); PCS, photon correlation
spectroscopy.
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concentrations lower than 2.5% (w/v), PVA exists as single
molecules in solution and at higher concentrations it exists
in an aggregated form and has an enhanced surfactant activ-
ity. In addition, the viscosity of the aqueous solution increases
by increasing the PVA concentrations (e.g., 2.1 cps for 2% to
5.7 cps for 5%), which could also help in the stabilization of
the emulsion, leading to the formation of smaller-sized nano-
particles with low polydispersity index (15). Similar to the
effect of PVA, human serum albumin (HSA), when used as
an emulsifier, also demonstrated a reduction in particle size
with increase in its concentration (24). HSA in solution can
exist as a monomer but at 3% and higher concentration it
forms trimer, tetramer, pentamer, and hexamer, and helps
in the formation of smaller particles with a lower polydisper-
sity index (25).

The size of a drug carrier system is an important para-
meter as it could affect the cellular and tissue uptake. It has
been shown that in some cell lines, only smaller-sized nanopar-
ticles are taken up (26,27). Thus, there is a size-dependent cut-
off for cellular and tissue uptake of nanoparticles, with the
exception of macrophages in which larger-size particles are
also taken up efficiently (27). In our previous studies, we have
shown a size-dependent uptake of particles by the gastrointest-
inal tissue in a rat intestinal loop model as well as by the arter-
ial wall in an ex vivo model; with smaller-size nanoparticles
showing significantly greater uptake. For example, the uptake
of nanoparticles increased exponentially with the decrease in
particle size in the arterial wall (28,29). Thus, the size becomes
an important parameter to achieve higher drug localization in
the target tissue.

Zeta Potential

Zeta potential, a measure of surface charge, can influence par-
ticle stability as well as cellular uptake and intracellular traf-
ficking (9). Higher zeta potential values, either positive or
negative, are necessary to ensure stability and avoid aggrega-
tion of particles. Zeta potential can be altered by varying
the stabilizer concentration or by surface modification. Zeta
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potential of PLGA nanoparticles formulated without PVA in
neutral buffer is about —45mV (30). This high negative
charge is attributed to the presence of uncapped end carboxyl
groups of the polymer at the particle surface. However, zeta
potential becomes relatively less negative (—6 to —10mV)
when nanoparticles are formulated using PVA as an emulsi-
fier (15). This occurs because of coating of emulsifier, thus
masking the surface groups. We have shown that the increase
in PVA used for emulsification increases the amount of PVA
associated with nanoparticles, which also affects the zeta
potential of nanoparticles, especially with pH of the medium.
Nanoparticles formulated using 2% (w/v) PVA had about 3%
(w/w) nanoparticles surface-associated PVA whereas those
formulated using 5% (w/v) PVA had about 5% (w/w) PVA.
Although all the formulations of nanoparticles demonstrated
negative surface charge at pH 7, the formulation prepared
with a higher amount of PVA demonstrated less positive
charge in the acidic pH or less negative charge in the basic
pH (Fig. 2). The surface charge reversal of nanoparticles from
negative in neutral or basic pH to positive in acidic pH can be
attributed to the transfer of protons from the bulk solution
onto their surface (31,32). Hydroxyl groups at the surface of
nanoparticles can become —OHy' by protonation. A similar
charge reversal with the change in pH has been observed
for polystyrene nanoparticles with carboxyl functional groups
on the surface and was attributed to a positive charge
acquired by hydrogen bonding of hydronium ions to the car-
boxylic group (30). Coating of nanoparticles with some amphi-
philic polymers normally decreases the zeta potential because
the coating layers shield the surface charge and move the
shear plane outward from the particle surface (33). Redhead
et al. (34) have reported a similar reduction in the zeta poten-
tials of PLGA nanoparticles after coating with amphiphilic
polymers such as poloxamer 407 and poloxamine 908.

Surface Hydrophobicity/Hydrophilicity

The fate of nanoparticles upon intravenous injection mainly
depends on their size and surface properties. Nanoparticles,
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like other colloidal carriers after intravenous administration,
are normally taken up mainly by the reticuloendothelial sys-
tem (RES). Smaller-size nanoparticles have a relatively long
circulation time because they can avoid the RES uptake and
also can penetrate deep into tissues through fine capillaries
(35). In general, the strategy that is followed to avoid the
uptake of nanoparticles by the RES is to sterically stabilize
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Figure 2 Effect of pH on the zeta potential of nanoparticles formu-
lated with 0.5%, 1%, 2%, and 5% PVA concentrations. To measure the
zeta potential of nanoparticles as a function of pH, a suspension of
nanoparticles was prepared as above in 0.001 M HEPES buffer of dif-
ferent pH (pH adjusted either with 0.1 M HCL or 0.1 M NaOH). The
zeta potential was measured immediately using the ZetaPlus™ zeta
potential analyzer. Data as mean + s.e.m. (n = 5). Abbreviations:
PVA, poly(vinyl alecohol); HEPES, N-2-hydroxyethylpiperazine-N'-
2-ethanesulfonic acid. Source: From Ref. 15.
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them with a layer of amphiphilic polymer chains like polyethy-
lene oxide (PEO), poloxamers, poloxamines, etc. (19,36,37). The
presence of these poloxamers and poloxamines on the surface
decreases protein adsorption (opsonization) and the subse-
quent phagocytosis of the nanoparticles by the Kupffer cells
in the liver. In our studies, we have demonstrated that
nanoparticles formulated with 5% PVA are more hydrophilic
compared to those formulated with 0.5% PVA (15). This effect
could be compared to the effect of coating a hydrophilic polymer
such as polyethylene glycol (PEG) or poloxamer on to hydro-
phobic nanoparticle surface (34,38).

Drug Release

Drug release from nano- and microparticles is a complex pro-
cess, and is generally assumed to involve several steps, such
as (i) diffusion through the polymer matrix, (ii) release by
polymer degradation, and (iii) solubilization and diffusion of
the drug through fine channels that exist in the polymer
matrix or are formed as a result of polymer erosion (39).
The initial rapid drug release occurs owing to the release of
the drug deposited at the interface, which is generally
referred to as burst effect. The subsequent release occurs
via diffusion followed by flow through the water channels that
are created as a result of erosion of the polymer matrix (40).
Drug release not only is influenced by the molecular weight
of drug molecules but also seems to depend on the interfacial
properties of nanoparticles. In our earlier studies, we have
shown that the cumulative release of the encapsulated bovine
serum albumin (BSA) in vitro from PLGA nanoparticles for-
mulated using 0.5% PVA as an emulsifier is higher than that
from the nanoparticles formulated with 5% PVA. Although
the release profiles were biphasic and the initial release rates
were similar for both the formulations, the release rate was
faster during the later phase for the formulation, which was
prepared with a lower concentration of PVA (15). The possibi-
lity is that the presence of PVA at a higher concentration at
the interface slows down the degradation of the polymer, thus
affecting the release rate at a later stage. PVA at the interface
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could form a gel-like boundary that could affect drug diffusion
as well as the polymer degradation. Recently, we have deter-
mined that the cumulative release of doxorubicin from the
nanoparticles formulated with PVA is slower than that from
the nanoparticles formulated without it (Fig. 3). Further,
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Figure 3 Release of doxorubicin from NPs formulated with PVA
Dox-NPs-PVA) and without PVA (Dox-NPs). The in vitro release of
the drug was determined in phosphate-buffered saline (0.15M, pH
7.4) containing 0.1% (w/v) Tween™ 80 at 37°C utilizing double-
chamber diffusion cells placed on a shaker at 100 rpm (Environ®,
Lab Line, Melrose Park, Illinois, U.S.A.). The donor chamber was
filled with a 2.5mL suspension of nanoparticles (2mg/mL) and
the receiver end was filled with the buffer. A Millipore®™ hydrophilic
low protein binding membrane (Millipore Co., Bedford, Massachu-
settes, U.S.A.) with 0.1 um pore size was placed between the two
chambers. Tween-80 was used in the buffer to maintain sink condi-
tion during the release study. At a predetermined time interval, the
solution in the receiver end was collected and doxorubicin concen-
tration was determined by fluorescence spectrophotometer (Varian,
Cary Eclipse, Walnut Creek, California, U.S.A.) measuring the
fluorescence intensity at l.,=485nm and /., =591 nm). Data as
mean + s.e.m. (n =3). 'p < 0.05. Abbreviations: NPs, nanoparticles;
PVA, poly(vinyl alcohol).
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the emulsifier used can also affect drug loading in nanoparti-
cles. For example, using p-a-tocopheryl PEG 100 succinate
(Vitamin E TPGS) as an emulsifier, Feng’s group has shown
that paclitaxel loading in PLGA nanoparticles is higher than
in nanoparticles formulated using PVA (41,42).

IMPLICATION ON CELLULAR UPTAKE/
TOXICITY/GENE DELIVERY

Cellular Uptake

Intracellular uptake of nanoparticles is affected by a number of
factors including particle size, surface characteristics, hydro-
philicity, and zeta potential. We have demonstrated that nano-
particles fractionated into greater than 100nm and less than
100nm sizes have different levels of gene expression. The
smaller-size fraction of nanoparticles demonstrated 27-fold
higher transfection in COS-7 cells than the larger—particle size
fraction (43). Effect of particle size on gene transfection has been
reported for other systems such as polyplex and DNA-lipid
complexes, with smaller-size complexes demonstrating better
transfection than larger size complexes or aggregate (44).
Because the nanoparticle interface comes in direct con-
tact with the cell surface, it is anticipated that their interfa-
cial properties would influence the cellular uptake as well
as gene expression. In our studies, the surface-associated
PVA has been shown to influence the cellular uptake of nano-
particles. For example, the cellular uptake of nanoparticles
formulated with 0.5% PVA was about threefold higher than
the uptake of nanoparticles formulated with 5% of PVA in
vascular smooth muscle cells (Fig. 4). We attributed the
reduced cellular uptake of nanoparticles with an increase in
surface associated PVA to the increase in their higher hydro-
philicity and hence the reduced interaction with the cell
surface (15). Further, we have demonstrated that the sur-
face-associated PVA also influences the intracellular distribu-
tion of nanoparticles. Nanoparticles with a higher amount of
surface-associated PVA demonstrated lower nanoparticle
levels in the cytoplasmic fraction in MCF-7 cells as compared
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Figure 4 Effect of surface associated PVA on nanoparticle uptake
in VSMCs. Nanoparticles were formulated using 2% and 5% (w/v)
PVA as an emulsifier. VSMCs (50,000 cells per plate in a 24-well
plate) were allowed to attach for 24 hours, the medium was changed
with a suspension of nanoparticles (100 pg/mL) prepared either in
SM or SFM. Cells were incubated with particles for one hour,
washed, and the nanoparticle levels in the cell were determined by
HPLC. Nanoparticles formulated with 2% PVA demonstrated greater
uptake than the uptake of nanoparticles formulated with 5% PVA
despite their similar particle size. , #, p < 0.05 compared to uptake
of corresponding 2% PVA nanoparticle group. Abbreviations: PVA,
poly(vinyl alcohol); VSMC, vascular smooth muscle cell; SM, serum
medium; SFM, serum-free medium; NP, nanoparticles, HPLC, high-
performance medium liquid chromatomediumgraphy. Source: From
Ref. 15.

to the levels for the formulation with a lower amount of surface
associated PVA. It is suggested that the PVA present on the
nanoparticle surface shields the charge reversal of nanoparti-
cles in the endo-lysosomal compartment, resulting in a lower
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number of nanoparticles escaping into the cytoplasm (45). Our
studies with doxorubicin-loaded nanoparticles formulated
without PVA were seen to demonstrate greater cellular drug
uptake than that with the nanoparticles formulated with
PVA. This was evident from their confocal microscopic pictures
(data not shown) and also from the flow cytometry data that
showed a twofold difference in the uptake (Fig. 5).

In Vitro Cytotoxicity of Doxorubicin-Loaded
Nanoparticles

To evaluate the effect of interfacial property of nanoparticles
on drug effect, we determined the cytotoxicity of doxorubicin-
loaded nanoparticles, which were formulated either with or
without PVA. At the lowest dose of the drug studied (50 ng/
mL), the drug in solution demonstrated 25% inhibition in cell
proliferation whereas drug-loaded nanoparticles formulated
with or without PVA demonstrated 15% inhibition in cell pro-
liferation. However, at higher doses (500 or 1000 ng/mL) dox-
orubicin in solution and doxorubicin-loaded nanoparticles
formulated without PVA demonstrated similar antiprolifera-
tive activity, whereas doxorubicin-nanoparticles formulated
with PVA showed lower antiproliferative activity (Fig. 6). The
IC5, calculated from dose—response study was 5.1 x 10~ uM
doxorubicin-loaded nanoparticles formulated without PVA
whereas it was 7.1 x 10~ pM for the nanoparticles formulated
with PVA. The difference in the antiproliferative effect of the
two formulations of nanoparticles could have been the com-
bined effect of the difference in their drug release rates and
cellular uptake.

Gene Transfection

Recently, we studied the effect of surface-associated PVA on
gene expression. Nanoparticles formulated using 2% and 5%
(w/v) PVA concentrations were used for comparison as these
formulations had almost similar DNA loading and particle
size. Nanoparticles with a lower amount of surface-associated
PVA demonstrated 12- to 20-fold higher gene transfection in
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Figure 5 Relative fluorescence intensity of drug as determined by
flow cytometry in MCF-7 cells incubated with doxorubicin-loaded
NPs formulated with PVA (Dox-NPs-PVA) and without PVA (Dox-
NPs) and free doxorubicin. Cells were seeded into a 100 mm culture
dish at a cell density of 500,000 cells per dish in 10 mL growth med-
ium and were allowed to attach overnight. The medium from each
dish was replaced with a suspension of 50 uM doxorubicin solution
or nanoparticle suspension. Cells treated with empty nanoparticles
and plain medium were used as controls. At the end of three days,
cells were washed with phosphate-buffered saline and then
detached by trypsinization. The harvested cells were analyzed using
flow cytometry. The gates were arbitrarily set for the detection
of green fluorescence (FL1-H > 200, 535 nm, linear scale). The rela-
tive fluorescence intensity was calculated from control cells treated
either with medium or with control nanoparticles. *, p < 0.05
compared to uptake of doxorubicin solution or Dox-NPs-PVA.
Abbreviations: NPs, nanoparticles; PVA, poly(vinyl alcohol).

MCF-7 cells than nanoparticles having a higher amount of
surface associated PVA. Similar higher transfection was
observed in PC-3 cell line for the nanoparticles formulated
using 2% (w/v) PVA; however, the difference in the transfec-
tion was only twofold in this cell line (45). In the human
bronchial cell line Calu-3, Bivas-Benita et al. (46) have
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Figure 6 Dose-dependent cytotoxicity of doxorubicin in MCF-7
cells. Cells were seeded at a density of 4000 per well in 96-well
plates and allowed to attach for 24 hours. Different concentrations
of (1-1000 ng/mL) doxorubicin in solution or loaded in NPs with
PVA (Dox-NPs-PVA) and without PVA (Dox-NPs) were used with
medium or control nanoparticles serving as respective controls.
After 120 hours, cell viability was determined using a standard
MTS assay (CellTiter 96" AQueous, Promega). The effect of each
drug was calculated as a percentage of control cell growth obtained
from vehicle-treated cells grown in the same culture medium. Data
as mean & s.em. (n =6). *, p < 0.05 compared to uptake of doxoru-
bicin solution or Dox-NPs-PVA Abbreviations: NPs, nanoparticles;
PVA, poly(vinyl alcohol).

demonstrated that gene transfection efficiency of PLGA nano-
particles bearing polyethyleneimine (PEI) depends on the
ratio of PEI-DNA. Ravi Kumar et al. (47) demonstrated
enhanced DNA binding to PLGA nanoparticles that were
formulated using PVA-chitosan blend as a stabilizer. The
nanoparticles were tested for their ability to transport across
the nasal mucosa in vivo in mice but also as a gene expression
vector. The results show that both modified nanoparticles
facilitate gene delivery and expression in vivo with increased



Nanoparticle Interface in Nanoparticle-Mediated Drug/Gene Delivery 153

efficiency and without causing inflammation, as measured by
IL-6. These results indicate that surface charge affects DNA
binding, cytotoxicity, and gene transfection.

BIODISTRIBUTION

Rapid clearance of intravenously injected colloidal carrier sys-
tems including nanoparticles from blood circulation by the tis-
sues of the mononuclear phagocyte system (MPS) is the major
obstacle to the delivery of drugs to organs or cells other than
MPS (48-50). Different strategies have been proposed to mod-
ify the body distribution of polymeric nanoparticles, most of
them are based on the modification of the hydrophobic particle
surface by physical adsorption of a hydrophilic polymer. One of
the most commonly used polymers for particle hydrophiliza-
tion is the series of linear or branched copolymers of poly
(ethylene oxide) and poly (propylene oxide) (Pluronic Tetro-
nic™ or Poloxamer/Poloxamine) (51-54). Another approach
includes the synthesis of amphiphilic copolymer in which the
hydrophobic block itself is able to form a solid phase (particle
core), while the hydrophilic part remains as a surface-exposed
“protective cloud.” Examples are the block-copolymer of PEG
and poly(lactide/glycolide) (PEG PLGA) or PEG and n-hexade-
cylcyanoacrylate (PEG-PHDCA) (38,53). With such types of
hydrophilic coatings, the natural blood opsonization process
of the particles is reduced; hence, a relative avoidance of the
recognition by macrophages in the liver and spleen is con-
ferred, increasing particle blood half-life and therefore, their
extravasation to non-RES tissues.

Among the different surfactants used to modify particle
biodistribution, coating with polysorbate-80 has been shown
to also cross the blood—brain barrier (BBB) (55). Several ther-
apeutic agents such as dalargin, loperamide, tubocurarinc,
and MKZ 2/576, a novel N-methyl-D-aspartate (NMDA)
receptor antagonist and doxorubicin have been tested for
brain delivery using the modified nanoparticles (56—60). The
study demonstrates that the brain concentration of systemi-
cally administered doxorubicin can be enhanced by over
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60-fold by binding to biodegradable poly(butyl cyanoacrylate)
nanoparticles which were overcoated with polysorbate-80.
The pharmacokinetics of another drug, amitriptyline, a tri-
cyclic antidepressant that normally cannot penetrate the
BBB also showed an improvement in brain AUC (area under
the curve) following intravenous injection of polysorbate-80
coated nanoparticles (61).

CONCLUSIONS

Nanoparticle interface thus not only affects the physicochemi-
cal properties of nanoparticles but also their biological proper-
ties. Therefore, a critical analysis of various parameters and
their influence on interfacial properties of nanoparticles,
and how these properties affect the nanoparticle-mediated
drug and gene delivery is important. It is possible that at the
cellular level, the nanoparticle interface influences the cell
signaling and hence, the uptake pathway that could influence
the intracellular distribution of nanoparticles. Therefore, in
addition to studying the effect of interfacial properties of
nanoparticles on their biodistribution, a better understanding
of the molecular mechanism of intracellular trafficking of
nanoparticles and sorting pathways as a function of surface
properties of nanoparticles would be useful in developing for-
mulations that can target therapeutic agents at specific intra-
cellular compartments.
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INTRODUCTION

Nanotechnology is expected to bring a fundamental change in
manufacturing in the next few years and will have an enor-
mous impact on life sciences, including drug delivery, diag-
nostics, nutraceuticals and production of biomaterials (1,2).
Engineered nanoparticles (NP) (<100nm) are an important
tool to realize a number of these applications. The reason
why these NP are attractive for such purposes is based on
their important and unique features, such as their surface
to mass ratio, which is much larger than that of other parti-
cles, their quantum properties and their ability to adsorb
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and carry other compounds. NP on the one hand have a large
(functional) surface which is able to bind, adsorb and carry
other compounds such as drugs, probes and proteins. On
the other hand, NP have a surface that might be chemically
more reactive as compared to their fine (>100nm) analogs.
Many of these special purpose engineered NP are produced
in small quantities. In 2003, single-walled and multiwalled
nanotubes had a worldwide production of 2954 kg. However,
the Carbon Nanotechnology Research Institute (Japan) plans
on expanding their production from ~1000kg in 2003 to
120,000 kg per year within the next five years. Although cur-
rent production of engineered nanomaterials is small, it is evi-
dent that production rates will accelerate exponentially in the
next few years (3).

In addition to these specifically engineered nanomater-
ials, nano-sized particles are also being produced non-inten-
tionally in diesel exhaust and other combustion processes. It
is estimated that 50,000 kg/year of nano-sized materials are
being produced through these un-intended anthropogenic
sources. These combustion NP are included in particulate
matter (PM) which is measured by mass and related to
adverse effects in patients with lung and cardiovascular dis-
ease. Combustion NP have also been denominated as ultra-
fine particles, and are primary particles or agglomerates
with a diameter <100nm. These ultrafine particles are a
small mass fraction of total anthropogenic particulate emis-
sions, described with total suspended particles, PM or PM
beyond a specific size in micrometers (PM;y,, PMy 5, PMy).
The first publication on this topic was the so-called Six Cities
study (4) that described an association between mortality in
six United States cities and the annual mean of particulate
mass sampled by convention with a 50% cutoff at 2.5pum
(PM, 5). From this and later studies it is estimated that per
10 pg/m? increase in the concentration of PM, 5, overall mor-
tality increases by 0.9%, while deaths from specific respira-
tory diseases can increase by as much as 2.7%. There is
ample evidence that a small proportion of the mass but a large
proportion of the number of the particles in ambient air are
ultrafine in size. Numerous toxicological studies have now
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forwarded these ultrafine particles to be responsible for
adverse effects (5,6), but so far few human studies have been
able to investigate this (7-9).

Interestingly most of the toxicological work on NP has
been generated with a small set of bulk NP, that have been
around in industry for some decades and are produced in quan-
tities that currently exceed many tons per year (Table 1).
According to the National Nanotechnology Initiative (United
States), the largest production volume in 2004 was for colloidal
silica, titanium dioxide (Ti0O,), and various iron-oxides (Table 2).
All these bulk NP were considered to be so-called nuisance

Table 1 Various Denominations of Particles in Inhalation Toxicol-
ogy and Drug Delivery in Relation to Their Source (Ambient, Bulk,
Engineered)

Particle type Description

PM,o, PM; 5 Particle mass fraction in ambient air
with a mean diameter of 10 or
2.5 um, respectively. Basis of
current standards for ambient
particles in Europe and United

States

Coarse particles The mass fraction of PM;,, which is
bigger than 2.5 um

Ultrafine particles (PMg ;) The fraction of PM;o with a size

cutoff at 0.1 pm. Contains primary
particles and agglomerates
<100 nm

PSP Poorly soluble particles with low
specific toxicity. Terminology used
in relation to bulk synthetic
ultrafine particles

Nanoparticles Primary particles of any material
<100 nm

Liposomes Particles, not strictly NP, consisting
of fatty acids and derivatives

Carriers-conjugates Polymer-protein or polymer-drug

conjugates with a size below
100 nm used in drug delivery

Abbreviations: PSP, poorly soluble particles; PM, particulate matter; NP, nanoparticles.
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Table 2 Different Sources and Applications of NP

Source of NP

Examples

Application and use

Combustion NP

Bulk synthetic NP

Diesel exhaust particles
Fly-ashes

Titanium dioxide (TiOs)
Carbon blacks
Amorphous silica

Iron oxides (Fe;O3)

Environmental exposure

Cosmetics

Pigments, tires, toner
Paints, fillers

Color pigments

Zinc oxides (ZnO) UV absorber
Vitamins Food
Pd/Pt Hydrogenation catalyst
Azodyes Color pigments
Engineered NP Organic
Liposomes Drug delivery
Polycyanoacrylates
Inorganic

Drug delivery
Quantum dots (imaging)
Diagnostics

Gold, dendrimers
Zeolites, silver
Iron oxides

Abbreviation: NP, nanoparticles.

dusts until it was observed that upon prolonged exposure in
rats inflammation and lung tumors can occur (5,12,13) A sche-
matic summary of key studies on toxicological effects of NP is
given in Table 3, and this is considered as both direct and indir-
ect evidence that NP are important components in the adverse
effects of PM;o. The question now is whether in this triangle of
different applications and sources of NP (Fig. 1) the different
pieces of toxicological evidence can be mutually used or
whether a more sophisticated approach is necessary. In this
chapter the different parts of evidence and know-how are listed
and used to suggest a multidisciplinary design for toxicological
testing of NP engineered for drug delivery.

INHALATION OF PARTICLES

The inhalation exposure of particles is mainly relevant in
environmental or occupational exposure to combustion and
bulk NP and historically particle toxicology has developed in
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Table 3 Important Findings on the Biological Activity and Key
Publications in the Toxicity of Combustion and Bulk Nanoparticles
(NP) Between 1990 and Now

Description of finding References

NP TiOg causes pulmonary inflammation. Later studies 10,11
show that inflammation is mediated by surface area dose

NP cause more lung tumors than fine particles in rat 12,13
chronic studies. Effect is surface area mediated

NP inhibit macrophage phagocytosis, mobility and killing 14-16

NP affect immune response to common allergens 17

NP are related to lung function decline in asthmatics

NP cause oxidative stress in vivo and in vitro, by 18-20
inflammatory action and generation of surface radicals

NP exposure adversely affects cardiac function and 9,21-25
vascular homeostasis

NP have access to systemic circulation upon inhalation and 26-28
instillation

NP interfere with Ca-transport and cause increased 29,30
binding of pro-inflammatory transcription factor
NF-«B

NP cause progression of plague formation 31

NP can affect mitochondrial function 32

NP can translocate to the brain from the nose 33

NP do affect rolling in hepatic tissue 34

this area (35). Inhalation studies with particles have led to
the understanding of the effects of particles and are therefore
outlined in the next section of this chapter before discussing
applications of engineered NP in intravenous (i.v.) or oral
drug delivery. In addition, some of the anticipated drug deliv-
ery systems do consider inhalation as a port of entry.

General Paradigms in Particle Toxicology

For the interpretation of inhaled particle effects, the following
five parameters have to be taken into account: dose, deposi-
tion, dimension, durability, and defense. First of all the dose
at a specific site (in the lungs) determines the potential toxi-
city. This deposited dose is of course dependent on the con-
centration and the dimensions of the particle. Interestingly,
the deposition probability of NP increases steeply in the



166 Borm and Schins

|:> Combustion NP

Epidemiology ?
Toxicology %

Bulk industrial NP ———— E=hle[hEEICTe RN

?

Figure 1 Schematic illustration of the different sources and appli-
cations of nanoparticles (NP) and the evidence for their relation
with adverse effects in humans or animals. Epidemiology and toxi-
cology have demonstrated acute effects of combustion NP in
humans, as well as chronic effects of NP in animals. It remains
an open issue whether the hazards and risks found with those types
of NP can be extrapolated to engineered NP, which is illustrated by
the question marks.

respiratory tract the smaller the particles are. Moreover, a
major fraction will be deposited on the fragile epithelial struc-
tures of the terminal airways and gas exchange region (36). If
a particle is neither soluble nor degradable in the lung it has a
high durability and there will be rapid local accumulation
upon sustained exposure. The lung, however, has extensive
defense systems such as mucociliary clearance (upper air-
ways) and macrophage clearance (lower airways, alveoli) to
remove deposited particles. Although the above concept is
simple, most of these parameters are interrelated and dimen-
sion—as in the case of fibers or nanotubes—may have pro-
found effects on defense and thereby chronic dose. Long
(>20 um) fibers are not taken up by alveolar macrophages,
and therefore have a longer half-life in the lung when com-
pared with the same material with shorter fibers and conse-
quently has a higher toxic potency. In addition, particle
transport by macrophages from the alveolar region toward
the larynx is slow in man even under normal conditions, thus,
eliminating only about a third of the deposited particles in the
lung periphery; i.e., the other two-thirds accumulate in the
lungs without clearance unless they are biodegradable and
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cleared by other mechanisms (37). If particles are reactive or
present at sufficient dose, macrophages and epithelial cells
can be activated or damaged leading to inflammation which
drives most pathogenic effects of particles.

Pulmonary Deposition and Translocation of NP

Although the deposition of inhaled NP in the respiratory tract
follows largely the same distribution as fine particles, the
underlying mechanisms are different. NP ( <100 nm) have a
size dimension that makes them less subject to gravity and
turbidometric forces and therefore their deposition occurs
mostly by diffusion (36). In addition, their size makes them
interact with other potential targets than conventional fine
particles. As a result of their small size, defense is less effi-
cient as recognition by macrophages is suggested to be
impaired or less effective. In addition for drug delivery, parti-
cle surfaces have been treated to behave as “stealth” particles
and remain unrecognized by phagocytosing cells (38). Because
of their low uptake by macrophages and their diffusion beha-
vior, NP are suggested to be taken up by endothelial cells and
they have access to cells in the epithelium, the interstitium
and the vascular walls. However, after instillation of massive
doses of NP into the lungs of experimental animals, most par-
ticles are located in the interstitium and do not reach the
blood stream (Fig. 2). It is only after increasing endothelial
or epithelial permeability that particles do translocate to
the blood. This may be achieved by mediators released during
an inflammatory response such as hydrogen peroxide or his-
tamine (39,40). Wherever they deposit or translocate to, NP
has properties such as a large surface that can carry and
absorb many endogenous substances such as proteins. It
has been shown that particle recognition and distribution can
be dramatically affected upon coating with plasma proteins
such as ceruloplasmin or cations such as aluminum (41,42).
Drug delivery uses this phenomenon termed “stealth parti-
cles” to create particle surfaces that are not recognized by
the reticulo-endothelial system, which is usually achieved
by coating the particle surface with polyethylene glycol (43).
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Figure 2 (A) Interstitial localization of ultrafine TiOy particles
two years after intratracheal instillation of a high dose (30 mg) of
TiO5 (20 nm) in female Wistar rats. The black particle agglomerates
are located either in the interstitium or the alveolar lumen. The red
staining indicates areas with collagen formation. (B) Cellular and
subcellular distribution of ultrafine TiOy (20nm) two years after
in vivo pretreatment (as in panel A). The TEM picture shows
TiO, particles (Ti) in an epithelial cell adjacent to an alveolar
macrophage (AM). Magnification of the lower panel is 12,800.
Abbreviations: TiOg, titanium dioxide; TEM, transmission electron
microscopy. Source: Photo courtesy of Welf Mahlke (A) and
Dr. Doris Hohr (B).
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Pulmonary Inflammation and Immune Defense

The toxicological profile of (bulk and combustion) NP has only
emerged during the past decade. An early key study demon-
strated that ultrafine TiO5 (20 nm) caused more inflammation
in rat lungs than exposure to the same airborne mass concen-
tration of fine TiOy (250 nm) (10). Until then TiO, had been
considered a nontoxic dust and indeed had served as an inert
control dust in many studies on the toxicology of particles.
Therefore, this report was highly influential in highlighting
that a material was low in toxicity in the form of fine particles
but could be toxic in the form of ultrafine particles. Later stu-
dies have demonstrated that the pulmonary inflammation,
usually measured as the number of neutrophilic granulocytes
(PMN) in bronchoalveolar lavage (BAL), is related to the
instilled or inhaled surface area of particles (11) although at
similar surface some ultrafines seem to be more inflammatory
than others (18). Among mechanisms by which NP could cause
an enhanced inflammatory response, direct effects have been
reported on alveolar macrophages such as inward leaching of
Ca?"(29), impairment of phagocytosis (14,15) and cytoskeletal
changes (16). Epithelial and nerve cells may also contribute
to airway inflammation by producing pro-inflammatory cyto-
kines such as interleukin-8 (Donaldson, 2004) or pharmacolo-
gically active compounds such as capsacein (30). In this
neurogenic inflammation, stimulation of sensory nerve end-
ings releases neurotransmitters which may affect many types
of white blood cells in the lung, as well as epithelial and
smooth muscle cells. Another potential consequence of expo-
sure to NP may be their effect on the capacity to defend
against microorganisms or, in contradiction, an augmentation
of allergic immune response to common allergens (17).

Pulmonary Carcinogenicity

Poorly soluble particles (PSP) without specific toxicity such
as carbon black and titanium dioxide are known to cause
fibrosis, neoplastic lesions and lung tumors in the rat (13).
NP (TiO,, carbon black) can induce lung tumors in rats at
considerably lower gravimetric lung burdens than their
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larger-sized analogs and actually the retained particle sur-
face metric has been used to describe the lung tumor rate
in chronic inhalation studies (13). It is now generally
accepted that the continued presence of high levels of particle
surface leads to impairment of alveolar macrophage clear-
ance, culminating in rapid buildup of particles, chronic
inflammatory response, fibrosis and tumorigenesis, known
as the so-called rat lung overload. The overall pattern is
one of chronic inflammation that occurs upon saturation of
lung clearance by overloading of macrophages at which point
particle accumulation starts and inflammatory cell influx
increases sharply (5,11,13). The inflammatory cell influx is
held responsible for the lung tumors after chronic particle
exposure to PSP due to their mutagenic activity and actions
on cell proliferation (44,45). The importance of particle sur-
face is illustrated by a graph that summarizes findings on
lung tumors in chronic animal studies using PSP, including
NP (Fig. 3). The graph shows that both inhalation and instil-
lation of particles cause induction of tumors that is related to
the deposited particle surface. As NP have a larger specific
surface area, at similar gravimetric dose, NP cause higher
tumor doses at similar mass dose. Still this surface dose con-
cept is probably an oversimplification for several reasons.
First, ultrafine particles at similar surface area appear to
exhibit significant differences in inflammatory activity (18).
Secondly, it is unclear whether ultrafine particles following
inhalation have a different lung distribution between alveo-
lar spaces, macrophages and interstitium and how relevant
this is for tumor formation (Fig. 2). Thirdly at high local con-
centrations of NP, these particles should be considered to
penetrate target cells and enter the mitochondria and
nucleus exerting direct effects to DNA (32,46).

EFFECTS OF NANOPARTICLES
Studies with Inhaled NP

Studies with inhaled NP have forwarded several major mechan-
isms by which the ultrafine component of PM may cause



Toxicological Characterization of Engineered Nanoparticles 171

80
"
60
50
40
30

%Lung tumors

20
10

0 A
0.001 0.01 01 1 10 100

Surface (m?/lung)

Figure 3 Association between lung tumor response and the parti-
cle surface area.Various poorly soluble low toxicity particles (PSP)
including nanoparticles have been shown to cause lung tumors after
pulmonary administration in rats. The open circles represent differ-
ent inhalation studies done over the past 15 years. The closed cir-
cles are taken from a study where fine and ultrafine particles
were administered by intratracheal instillation in rats and lung
tumors were evaluated after 129 weeks. In both cases a straight line
is obtained with a threshold between 0.2 and 0.3 m? surface dose per
rat lung, which suggests a no-effect level. Source: From Refs. 12, 13.

responses that explain the mortality in those with existing pul-
monary and cardiovascular diseases (47). Mechanisms to
explain these effects can be discriminated into direct and indir-
ect pathways, as effects by particles themselves or processes
induced by particles (mainly in the lung). As a mechanism for
direct effects of NP a series of studies have addressed the issue
whether NP can translocate from the lung to the circulation,
and exert their effects when being in the systemic circulation.
However, quantitative estimates of translocation range
between 50% of 13C NP (26 nm size) within 24 hours in a rat
model to <1% using 18 nm iridium particles in vivo or in isolated
perfused lung (27,28,40). This wide variation shows that apart
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from particle size, particle surface chemistry and particle
charge may be important parameters determining the translo-
cation of NP from the lung. Apart from particle characteristics,
also epithelial and endothelial permeability are considered
to play a role (48). Recently, carbonaceous NP were shown to
translocate from the nasal cavity along the same pathway to
the central nervous system (CNS), based on their presence in
the olfactory bulb of rats after inhalation (33). Such a mechan-
ism was first reported for polio virus (30nm) in monkeys and
was later described for nasally deposited colloidal gold particles
(50 nm) moving into the olfactory bulb of squirrel monkeys (49).

Among indirect effects, inflammation has been consid-
ered to affect target organs by lung mediators that become
systemically available. However, inhalation studies with NP
at particle numbers found in the general environment did
not demonstrate pulmonary inflammation as described at
higher doses. Two mechanisms have been supposed that could
be considered as indirect mechanisms:

e Seaton et al. (50) suggested that in susceptible indivi-
duals, exposure to NP will invoke alveolar inflamma-
tion, and that the release of inflammatory mediators
can trigger systemic hypercoagulability of the blood
thereby increasing the risk for cardiovascular events.

e A second mechanism is the progression and destabili-
zation of atheromatous plaques by inhalation of PM
(31). Although this mechanism remains to be investi-
gated using NP, NP properties should be able to
invoke the same destabilization mechanisms (inflam-
mation, LDL oxidation, lipid peroxidation) as the
PM used in earlier studies.

A large series of molecular epidemiological studies have
supported aspects of the plausibility of the above mechanisms.
A large multinational trial on cardiovascular risks (MONICA)
performed between 1984 and 1988, reported a higher blood
viscosity (51) and C-reactive protein (24) during an air pollu-
tion episode that coincided with the survey in 1985. Recent
studies from the same research group in Erfurt (Germany)
have identified combustion NP as an important variable
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explaining cardiac deaths due to increased ambient particle
exposure (8). In fact the association increased with the smaller
particles and individuals with cardiovascular diseases were
more likely to die than others. Clearly further research is
needed, but the research reported to date has direct relevance
to public-health policy, as both coal-burning and traffic emis-
sions continue to be major sources of NP exposure worldwide.
Recent cohort and intervention studies in the Netherlands
(52) and Ireland (53) have demonstrated the importance of
regulation combustion-derived particle emissions.

Studies with NP upon Intravenous Injection

Studies with NP in systemic delivery have been performed
with particles developed for therapeutic purposes such as
polymers, liposomes and engineered inorganic NP. For i.v.
administration the choice of an appropriate NP is crucial with
regard to many chemical and biological properties that deter-
mine biocompatibility. The toxicology of NP that are used in
drug delivery is now well understood thanks to extensive stu-
dies on cytotoxicity, hemotoxicity, complement activation, and
cellular or humoral immunogenecity of many candidate NP
(54). Polycations are in general cytotoxic, hematolytic, and
can activate complement. On the contrary, polyanions are less
cytotoxic, but can cause anti-coagulant activity and can also
stimulate cytokine release from lymphocytes and mono-
nuclear cells. Polymeric macromolecules (including polya-
mino-acids or polysaccharides) can elicit a humoral response
characterized by increased total or specific IgE or IgM levels.
All biological responses seem to be molecular-weight-depen-
dent for polymers and also have a size component when consid-
ering (in)organic NP. It has to be realized that the potential
biological interactions of the NP can change when drugs
or complementary antibodies are attached. Both kinetics,
distribution, and metabolism can change when new chemical
entities are attached or molecular weight and properties are
modified. Ideally, the NP or the skeleton should be biodegrad-
able or soluble. If the skeleton is not degradable at all the
molecular weight of the co-polymers should be limited to
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<40,000 Da to ensure renal elimination as a back up for clear-
ance. All these elements and toxicological concepts are devel-
oped and demonstrated in the use of surface engineered iron
oxide NP, which have been used to pioneer the biocompatibility
of nanomaterials. Magnetite due to its strong magnetic proper-
ties was used first in biology and then in medicine for cell
separation and magnetic guidance of particles for site-specific
drug delivery. Nowadays a whole series of compounds is known
(e.g., polyethylene glycol) that can be used for coating of iron
oxide particles to allow application in drug delivery (55).

Gastrointestinal Uptake and Effects of NP

Nanoparticles (<0.1um) and microparticles (0.1-3pum) are
ingested at high levels per person per day and it is estimated
that 10'?-10'* particles are ingested per person per day in
the Western world (56), and concerns mainly silicates and tita-
nium dioxide. They are scavenged by M cells overlying the
intestinal mucosa and in this way circumvent active uptake
by intestinal epithelium. A gastrointestinal (GI) route of trans-
location of ingested ultrafine particles to the blood is supported
by studies in rats and humans that have shown that TiO, par-
ticles (150-500nm) taken in via food can translocate to the
blood and are taken up by liver and spleen (57,58). Earlier stu-
dies described a mechanism of persorption in epithelial cells of
the GI tract by which even larger particles are taken up into
lymphatic and blood circulation and translocate to the liver
and other organs (59). Recently, nanocrystals have become
the subject of intense investigation for oral administration of
drugs and functional food components. Drugs or food constitu-
ents are produced in 100% pure form in nanocrystals, by pre-
cipitation or other processes (60). As they are easy to produce
and are very efficient in vivo, their production for oral applica-
tion is expected to increase considerably. Interestingly, studies
with ultrafine metal particles did not show a significant trans-
location from the GI tract to other organs via the blood circula-
tion (26). In the latter study after esophageal administration
of 18 nm '%%Ir particles in suspension, virtually the whole
amount of 1%2Ir was found in fecal excretion within 2-3 days.
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During the 6-day observation period no detectable ?Ir in
urine was observed at any day. Six days after administration
there was no detectable 1%%Ir in any organ or tissue of the body.
Hence, it was concluded that for these particles there was no
uptake and/or absorption from the GI tract. Some studies have
shown that the NP (titanium dioxide, silicates) can accumulate
locally in the GI tract in so-called Peyer’s patches and have
suggested that this may be related to exacerbation of inflam-
mation in Crohn’s disease, but the evidence is weak (61).

Dermal Uptake and Effects of NP

With a surface of well over 2m? the skin is one of the major
exposure routes for NP. Particles with a size of approximately
50-500nm are widely used in cosmetic products, in order to
improve the homogeneity of the distribution of the formula-
tions on the skin surface, or to act as a UV filter against
sun radiation. The smallest particles act as “nanomirrors”
on the skin and partly reflect the sunlight. Because of their
scattering properties, they increase the optical pathway of
UV photons entering the upper part of the horny layer, and
energy is absorbed by the stratum corneum and by the
applied organic filter substances. On the contrary, one of
the mostly handled NP in cosmetics, i.e., TiOo, has consider-
able photocatalytic activity. In order to prevent potential
adverse effects caused by this property, the titanium dioxide
used in cosmetic preparations is often coated. The usual con-
centration of the NP in the formulations is significantly < 3%.
Sunscreens are usually applied on to the skin at a concentra-
tion of 2 mg/cm? which means that if 1 m? of skin is treated,
the total external amount of NP is 0.03 x 2 x 10,000 mg, i.e.,
600mg of NP. There is considerable discussion about the
uptake of NP through the skin. In principle there are three
possible penetration pathways of topically applied substances
through the skin: the intercellular penetration, the intracellu-
lar penetration, and the follicular penetration (Fig. 4). In the
past, the penetration was described as a diffusion process
through the lipid layers of the stratum corneum. Liposomes
with a diameter between 20 and 200 nm have been found to
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Figure 4 Different routes of penetration through the skin. With a
surface of 2m? the skin is a major potential route of uptake of nano-
particles. In principle there are three penetration pathways through
the skin: intercellular, intracellular, and follicular penetration.

be active carriers of topically applied drugs into the living epi-
dermis via the intercellular penetration route (62).
Lademann et al. (63) investigated the penetration of
coated titanium dioxide NP into the stratum corneum of living
human skin by tape stripping and biopsies in combination
with spectroscopic measurements. A penetration of NP
through the horny layer could not be detected by X-ray
fluorescence in the other histological sections of the biopsy.
These data also confirmed the results of an earlier study which
detected no percutaneous absorption of particles in skin
samples from humans treated with a microfine titanium
oxide-containing sunscreen (64). A more recent study on the
percutaneous penetration of two different micronized titanium
dioxide preparations used in sunscreens: (i) particle size of 10—
15 nm, which aggregated to particles of approximately 100 nm,
and (ii) particle size of approximately 100 nm, revealed that
these particles remain on the surface of the stratum corneum,
and do not penetrate into the stratum corneum or living com-
partments of the skin (65). The absence of skin penetration of
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NP is also consistent with the results of a recent study that
measured in vitro the percutaneous penetration of micronized
zinc oxide (mean particle size: 40 nm) through pig skin. The
study found no measurable penetration of zinc oxide NP into
the viable parts of the skin (BASF Study No 52H0546/
032193, 2004, unpublished data). Although it cannot be
excluded that the physical properties of NP may enhance the
absorption/penetration of certain substances applied to the
skin, such as reported for methanol or octanol (66), the results
of available studies suggest that, although small particles
may be deposited on the follicle orifice, they do not penetrate
the skin via the follicle. This was confirmed by the results of a
recent study, which showed that polystyrene NP (20—-200 nm)
accumulated in the follicle orifices but did not penetrate into
the skin or the follicle (67).

Effects of NP in the Central Nervous System

Nanoparticles can get access to the brain by two different
mechanisms:

e Trans-synaptic transport after inhalation through the
olfactory epithelium.
e Uptake through the blood—brain barrier (BBB).

The first pathway has been studied primarily with model
particles such as carbon, Au and MnOs in experimental inhala-
tion models. The second pathway has been the result of exten-
sive research and particle surface manipulation in drug
delivery, as an approach to try and get drugs to the brain
(60,68). The latter studies suggest that the physiological barrier
may limit the distribution of some proteins and viral particles
after transvascular delivery to the brain, suggesting that the
healthy BBB contains defense mechanisms protecting it from
blood borne NP exposure. A number of pathologies, including
hypertension and allergic encephalomyelitis, however have
been associated with increased permeability of the BBB to NP
in experimental set ups. Reversely, the NP surface charges have
been shown to alter blood-brain integrity (69) and need consid-
eration for brain toxicity and brain distribution profiles.
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The use of paramagnetic NP for magnetic resonance ima-
ging of different cell types within neural tissue has proved
useful experimentally, and it has been suggested that this
might be useful in humans to track, for example, the develop-
ment of stem cell grafts used to treat neurodegenerative dis-
eases (70). However, the potential impact of NP on human
neuronal tissue is as yet not investigated in detail. As NP
have been shown to induce the production of reactive oxygen
species (ROS) and oxidative stress, and oxidative stress has
been implicated in the pathogenesis of neurodegenerative dis-
eases such as Parkinson’s and Alzheimer’s, it is conceivable
that the long-term effects might include a decrease in cogni-
tive function (71). Evidence for such effects is presented by
studies in biopsies from city dwellers and Alzheimer’s like
pathology that have demonstrated increased markers of
inflammation and AB42-accumulation in frontal cortex and
hippocampus in association with the presence of NP (72).
Recently, also inhalation exposure of BALB/c mice to PM
showed the activation of pro-inflammatory cytokines in the
brain of exposed mice (73). Whether this is due to the fraction
of combustion NP remains to be investigated.

SCREENING ENGINEERED NP FOR
TOXICOLOGICAL HAZARDS

Engineered NP are increasingly used as devices to target
drugs to specific tissues, to increase their biological half life,
or for imaging purposes such as extravasation and tumor vas-
cularization. The testing of engineered NP for these purposes
follows guidelines such as defined in the European Union or
Food and Drug Administration medical device regulations,
which are based on their biocompatibility as measured by
platelet adhesion and activation, neutrophil attachment,
angiogenesis, and cell spreading (54,55).

As discussed earlier on, one of the crucial questions is
whether the hazards and risks of inhaled bulk and combustion
NP can be extrapolated to engineered NP for application in
drug delivery (Fig. 1). NP are being advocated for exploration
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in atherosclerosis, inflammatory lung diseases, diabetes, brain
tumors and hemorrhagic disorders (55,68,74). When knowing
the effects of inhaled combustion NP or PM, in these patient
groups, a striking discrepancy emerges between the antici-
pated therapy and the observation that these patients are
the primary targets at air pollution episodes. Development of
drug delivery systems based on NP should attain the utmost
care not to use particles that aggravate symptoms or condi-
tions of these patients. Secondly, as the epidemiology of com-
bustion NP (PM) has identified those with COPD, asthma
and cardiovascular disease as the risk groups (47,52,53), it
needs careful consideration whether animal models for these
diseases should be used and developed to test hazards of
engineered NP.

Surface Modification and Coatings

Whatever test will be used or developed, it needs to be consid-
ered that most suppliers apply postsynthetic strategies to
modify NP to prevent aggregation or stimulate disaggrega-
tion. This part is discussed extensively in the first part of this
book (A. technologies for NP manufacturing). In summary,
postsynthetic routes open a variety of possible surface modifi-
cations which can be adjusted to any application, using
chemicals such as 4-dimethylaminopyridine, various thiols,
fluoroalkanes, alkoxysilanes, and phosphorous containing
substances. There is now a body of evidence from drug deliv-
ery and toxicological literature that surface modification as
well as surface charge can have major impact on biological
response to the particles, including phagocytosis, genotoxicity,
and inflammation. Particle coating with polyethylene glycol or
dextran are common treatments to prevent recognition by the
reticulo-endothelial system and to increase the half-life of the
particle-conjugated drugs (55). A clear example from particle
toxicology demonstrating the crucial role of particle surface
comes from work with respirable, nonultrafine quartz sam-
ples. Coating with aluminum lactate or the polymer poly-4-
vinyl pyridine-N-oxide (PVNO) has a dramatic beneficial
impact on the various adverse effects of the native quartz,
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including phagocytosis/endocytosis, oxidative DNA damage
and inflammation upon intratracheal instillation in rat lung
(75,76). In sunscreens NP are often used as “nanomirrors”
on the skin and partly reflect the sunlight. Because of their
scattering properties, they increase the optical pathway of
UV photons entering the upper part of the horny layer. In this
way, more photons are absorbed by the stratum corneum and
by the applied organic filter substances. Coated titanium diox-
ide NP are commonly used as UV filter substances in commer-
cial sunscreen products. Concern has been raised about a
possible photocatalytic activity of titanium dioxide on living
tissues and to reduce potential adverse effects, the titanium
dioxide used in cosmetic preparations is often coated. Sur-
face-modified TiO5 has been the subject of considerable toxico-
logical investigation and has shown that the hydrophobic
coatings usually tend to lower the inflammatory response after
inhalation or instillation (Table 4). However, one study
reported a very high acute toxicity after instillation of doses
around 1 mg per rat (77). With this regard it is crucial to know
how the surface modification has been achieved and if this can
be released from the NP in biological media (low pH in macro-
phages). In the case of sunscreen-grade-coated titanium NP

Table 4 Intratracheal Instillation Studies with Surface-Modified
Ultrafine TiO5 in Rats

Material tested Dose-exposure Result References
T805, silanized TiOy 0.1-120mg, High toxicity of 77
(P25, 21 nm, 24 hrs coated TiOs.
45 m?%g) Lethal effects
T805, P25 and 0.15, 0.3, 0.6 No difference in 78
quartz and 1.2mg, inflammation and
90 days proliferation
T805 versus P25 50 and 500 pg Less inflammation 5
with T805
Methylated TiOq 1 and 6 mg Less inflammation 79
(fine and NP) with methylated
versus native form TiO5 at 1 mg dose

Abbreviations: TiO,, titanium dioxide; NP, nanoparticles.
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the stability of the coating was investigated by laser-induced
plasma spectroscopy (63). No changes in the mechanical stabi-
lity of the coated microparticles could be detected during the
manufacturing and penetration of the sunscreen.

Other studies have indicated that blood coagulation by
latex particles, when infused into the jugular vein of hamsters
was dependent on the surface charge (80). Studies on nasal
translocation showed that surface charge and chemistry
affected the rate of translocation to the blood (81). Uptake of
lipid particles through the BBB was only achieved success-
fully when using a specific (Tween®80) surface coating, which
mediates its binding to the ApoE receptor (68). Most likely,
but unknown, surface chemistry also plays a role in the
uptake of NP through the olfactory epithelium into the brain
(33). Therefore, it is recommended that before testing an NP
formulation, the surface modification procedure and its effects
on typical surface properties as zeta potential and surface
reactivity should be known.

Tests for Toxicity of Engineered NP

Considering the large amount of research on effects and
mechanisms of (combustion) NP it is surprising to note that
little of this work has been done to screen engineered NP to
prevent adverse biological effects. There are different opi-
nions on the statement whether existing tests may pick up
all of the hazards. Existing tests may pick up the toxicological
hazards of NP but not sensitive enough, or hazards are not
seen at all, because insensitive models are being used. The
latter is underscored by the negative outcomes of animal
research with combustion NP trying to reproduce the effects
of PM seen in epidemiological studies. This underscores
the need to develop and validate new test models as well
as to evaluate and validate existing methods for testing of
engineered NP.

Currently, there is no alternative to the approach used in
the pharmaceutical industry, i.e., a case-by-case approach.
There is definitely a need to develop concepts of testing, which
can be done by bridging studies with the right dosimetry. The
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dosimetry should be related to the anticipated application of
the nanostructured materials and to the metric which is cho-
sen or investigated. Another reason for the right dosimetry is
that often only small amounts of nanomaterials are available,
and for instance (chronic) inhalation studies are virtually
impossible. With regard to testing of the toxicity of engineered
NP, a variety of tests may be used that were applied to parti-
cles of highly contrasting size and dimension, such as asbes-
tos and man-made fibers, quartz and coal mine dust, fly
ashes, and diesel exhaust particles. Particularly, in view of
the “NP hypothesis,” a number of in vitro and in vivo tests
have been introduced for comparative toxicity testing at equal
mass of commercial particles of fine versus ultrafine size (e.g.,
carbon black, TiO,). Tests for NP toxicity can be arbitrarily
subdivided into four levels:

1. Testing of the (re)activity of NP in acellular or subcel-
lular systems (e.g., dissolution, radical generation,
protein/DNA oxidation, lipid peroxidation, enzyme
inactivation/immobilization, action on isolated mito-
chondria, ete.).

2. Testing of NP in vitro, using intact cells or cell sys-
tems (e.g., lung epithelial cells, tracheal explants,
vascular endothelium, macrophages, etc.).

3. Testing of NP on isolated organ (culture systems)
(e.g., intact skin models, whole blood, isolated per-
fused lung, heart, etc.).

4. In vivo testing.

Short-Term Tests for Toxicity and
Inflammatory Potential

Very rapid and basic acellular approaches that have been
used to predict particle reactivity include testing of plasmid
DNA, unwinding, or oxidation of calf thymus DNA (19,82).
Electron paramagnetic resonance (EPR) combined with a
spin-trap has been used to determine the radical generation
properties of particulate materials well above the nano-size
range such as quartz and asbestos in relation to (surface)
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modification as well as of ambient PM. In general, these EPR
studies showed positive associations with toxicity in vitro and/
or in vivo toxicity (42,75,82).

Cellular tests are very common in particle toxicology as
little material is required, they have short-term read outs
and microscopical techniques are easy to apply concomitantly.
A classic test is the hemolysis assay, which is based on proper-
ties of reactive constituents to elicit hemoglobin leakage upon
red blood cell membrane damage (83). Nowadays, toxicity
testing of particles in vitro mainly uses primary cells and/or
immortalized cell lines and has been performed on the basis
of membrane damaging properties (e.g., LDH leakage) or for
instance changes in mitochondria-associated metabolic com-
petence measurements (e.g., MTT assay, ATP), reflecting
necrosis and/or apoptosis (83). As such, various cells or cell
types can be tested, e.g., in relation to the route of entrance
and/or target tissue or organ of concern (e.g., pulmonary type
IT cells, colon cells, keratinocytes, endothelial cells). Notably,
alveolar epithelial cells are often used to screen for markers
of pro-inflammatory pathways and/or toxicity of inhaled NP
(84) but other assays can be chosen based on the application
of the NP. Differential cell adhesion and toxicity (fibroblast)
are often used as a screening test to optimize surface modifi-
cation in NP for drug delivery of coatings of biocompatible
materials (85).

It is important to realize that many of the assays require
molecular biological tools and methods, and are often of semi-
quantitative nature, and it is therefore recommended to use
clear-cut basic endpoints. One of these is the production of
the key inflammatory protein tumor necrosis factor-alpha
(TNF-o). A test may be a combination of several endpoints
in one target cell such as alveolar macrophages to evaluate
the inflammogenic potential of engineered NP. The outcomes
are projected as vectors in a multidimensional matrix includ-
ing pathological stimulation (TNF-o and ROS secretion) and
impairment of cellular functions (LDH- and PMA-stimulated
ROS secretion) (86,87). These various parameters turned out
to be at least partly independent and the vector model has
been used for the characterization of particles from different
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origin including commercial particles such as metal NP, toner
particles, particles from sinter technology (also NP), species
of quartz powders of different deposits and particles from
dusty worksites with specific endangerment (86). Most of the
in vitro tested particle classes have been analyzed also in vivo
(subchronic, intratracheal instillation) on representative sam-
ples for inflammation and genotoxicity (e.g., 70). The most
common in vivo system for testing of NP is represented by
bronchoalveolar lavage analysis of lungs and determination
of specific tissue markers, e.g., for genotoxicity and prolifera-
tion of rats or mice following particle application, e.g., using
whole-body inhalation, intratracheal inhalation, or intratra-
cheal instillation (5,78,79,88).

Short-Term Tests for Immunogenic Potential

Various ultrafine particles have been shown to act as an adju-
vant in mice when co-exposed via subcutaneous injection,
nasal instillation or inhalation to common allergens (e.g.,
Ovalbumin, house dust mite, pollen), and this was associated
with the physicochemical properties of particles such as sur-
face area or soluble metals (17,89). The allergic potential of
particles may also be screened for with other typical immuno-
logical assays such as the mouse popliteal lymph node (PLN)
assay (90). In general these mouse models are excellent tools
to test for the possible adjuvant effects of NP. However, con-
trasting observations in the literature indicate that it will
be a major challenge to determine the treatment order and
interval for the particles and the allergen. Particles may also
be contaminated or carriers of endotoxin or pollen allergens.
For instance, endotoxin has been shown to be a potent
inflammatory compound on specific PM samples and was
demonstrated to act as a priming agent for pulmonary inflam-
mation by particles (5,91). The “pyrogenic” properties of con-
taminants of NP (e.g., endotoxin, glycans) can be tested using
short-term in vivo instillation assays as well as in vitro assays
such as described for the testing of the inflammatory poten-
tial. In this regard, incubation of NP with whole blood for sub-
sequent cytokine production could be envisaged as a rapid
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initial screening tool and possible replacement of animal stu-
dies (91,92). Finally, NP have been shown to impair macro-
phage function (14,15).

Cardiovascular Effects and Hematocompatibility

Patients with cardiovascular diseases are the main vulner-
able group with respect to the effects of inhaled combustion
NP. Therefore, it is recommended that toxicological testing
of engineered NP will also include cardiovascular endpoints
and models. Broadly, the cardiovascular effects of NP can be
classified into (1) effects on clotting homeostasis, and (2)
effects on neural control of cardiovascular function, and
therefore testing procedures and models should follow these
principles.

An overview of endpoints and models that can be used is
given in Table 5. A number of animal models have been used
to investigate the potential cardiovascular effects of combus-
tion NP. These models include both healthy animals and com-
promised models such as Watanabe heritable hyperlipidemic
rabbits, ApoE knockout mice with hyperlipoproteinemia that
develop atheromatous plaques, and spontaneous hyperten-
sive rats (24,31,93). Men, dogs, and rats have also been used
to study heart rate variability after inhalation of combustion
NP (21,94-96). Both in vivo and ex vivo experiments have
been conducted after in vivo exposure to NP. For example,
artery diameters and blood pressure was measured in vivo,
while isolated aorta rings or hearts were used to study auto-
nomic innervation and function of the heart and vascular tis-
sue (22-24,94,97). Telemetric procedures can be applied in
most animals nowadays to measure cardiac function and
innervation in aware, unanesthetized animals (94,97).

Several toxicological studies have demonstrated that
combustion and model NP can gain access to the blood follow-
ing inhalation or instillation and can enhance experimental
thrombosis (80). Ligand-coated engineered NP have been
explored for decades as agents for molecular imaging or drug
delivery tools. This has led to a considerable understanding of
particle properties that cause low hematocompatibility. In
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Table 5 Test Methods and Models That Can Be Used to Explore
Potential Hazards of NP Particles for the Cardiovascular System

Test system Endpoint Interpretation
Cardiomyocytes
Primary Beating frequency, Ca®"- Basic effects on
response Ca-dependent cardiac metabolism
channels, cytoskeletal
behavior
Cell lines Ca®*-response, ATP
response,apoptosis
Aorta rings (in vitro) Contraction-relaxation Autonomic
with epinephrin— innervation
carbachol
Langendorf Coronary flow, left Heart function
perfusion(ex vivo) ventricular developing
pressure, heart rate
Telemetry Heart rate variability, Cardiac and vascular
(whole animal) ECG, blood pressure, function
vessel diameter
Biomarkers in Fibrinogen, CRP Acute phase response
plasma/blood
Factor VII Blood coagulation

Viscosity clotting time
Plasminogen activator
inhibitor
Endothelin, ACE Endothelial damage/
activation

Abbreviations: ECG, electrocardiogram; CRP, C-reactive protein; ACE, angiotensin-
converting enzyme, ATP, adenosine triphosphate.

general cationic NP, including gold and polystyrene, have
been shown to cause hemolysis and blood clotting, while
usually anionic particles are quite nontoxic. This conceptual
understanding may be used to prevent potential effects of
unintended NP exposure. Similarly, drug-loaded NP have
been used to prolong half-life or reduce side-effects and have
shown which particle properties need to be modified to allow
delivery, while being biocompatible (55). Also this know-how
can help to further develop engineered NP for other applica-
tions that are with low hazard.
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Tests for Uptake and Effects in CNS

Only recently, it has been demonstrated that inhaled ultra-
fine particles may translocate into the CNS via the olfactory
epithelium nerve, and NP drugs have been shown to cross
the BBB under certain conditions (33,68). Routine tests to
allow testing of uptake into the CNS by various NP, as well
assays to predict their possible adverse consequences for this
organ need to be developed (e.g., neuroimaging techniques in
exposed animals, in vitro tests with glia cells).

CONCLUSION

Presently, it is unknown whether the hazards, vulnerable
groups, and mechanism of action induced by combustion NP
in epidemiological studies are applicable to hazard and risk
estimation of the immense variety of engineered NP. In addi-
tion, it is unsure whether inhalation studies with bulk NP
(carbon black, TiO5) can be used for the same purpose. Never-
theless, it seems important that nanomedicine should learn
from these observations to double check and to update its
testing strategies for NP used in drug delivery. Whereas
toxicology is trying to understand the mechanisms of NP
translocation and how these minute amounts of NP might
invoke systemic response, pharmacology intends to use NP
for systemic delivery of drugs. In this review we have indi-
cated what effects of (inhaled) NP have been found by toxicol-
ogists and epidemiologists, and how this know-how could be
used to develop new screening procedures for safe NP for drug
delivery.

Communication and open minds are needed for exchange
of know-how and testing methods between inhalation toxicol-
ogists and those active in drug delivery. They do have at least
one mutual question of interest that is what material surface
properties determine its acute and chronic interaction with
biological systems where they deposit or interact. Interactions
between cells and NP are mediated by the surface character-
istics of both the material and the target cells. On the one
hand, proteins, extracellular matrix and cell recognition play
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an important role. On the other hand, the physicochemical
properties of NP including their size play an important role
in the pharmaceutical and dynamical phase of the NP-drug
conjugate. However, NP may elicit a biological response in
one tissue (e.g., bone) but not in another (e.g., blood). In addi-
tion, inhalation toxicology tells us that NP usually invoke
responses in those with existing diseases. As drugs are pri-
marily used in those with diseases, it should be stressed that
toxicological testing of NP should be done in various models
that reflect human diseases. Therefore, it is recommended
that a close interaction between both areas of research should
be established, which will lead to screening methods that can
be used to develop both safe NP for drug delivery and a better
understanding of NP toxicology after inhalation.
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INTRODUCTION: MEDICAL NEEDS ADDRESSABLE
BY NANOPARTICULATE DRUG DELIVERY

Development of nanoparticulates arose in response to broad
medical needs, common to a number of therapeutic areas
and targets. Earlier work on liposomes and emulsions had
established iconic examples of enhancements that drug deliv-
ery could confer on established agents such as doxorubicin
and amphotericin. These involved improvements in pharma-
cokinetics as well as in targeting to certain organs, cell types,
or organelles. Although its in vivo disposition was altered,
the molecular structure of the drug was not changed, thus
facilitating overall development. For broader applicability,
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nanosuspensions offer additional features, compelling their
current popularity. As contrasted with microparticulates,
nanoparticulates are sufficiently small to avoid embolism
associated with intravenous (i.v.) delivery, and can also be
used for the less invasive parenteral routes.

A large proportion of i.v. drugs in development are anti-
neoplastic agents or antiinflammatory compounds. While they
are fewer in number, there is a need for improved antimicrobial
agents as well, although many companies are exiting this area.
Opportunities for enhancement in these specific therapeutic
areas will be considered from a biological barrier perspective.
Additionally, medical benefits arising from the ability to target
to specific organs will also be shown. The limitations of predi-
cate dosage form platforms will be noted, which define the
opportunities of nanosuspensions to address unmet needs.

Disease Process Perspective

Many antineoplastic agents suffer from a very narrow thera-
peutic index. Clinically significant efficacy is attained often at
the expense of systemic side effects, afflicting the relatively
fast growing cells of the bone marrow, mucosa, etc. A major
effort is focused on achieving greater specificity for tumor tis-
sue by tailoring the molecular structure to target specific
tumor cells, receptors, signal pathways, etc. However, it has
also been demonstrated that conventional molecules may
increase their therapeutic index by retaining their native
structure while enhancing targeting specificity. Pharmacoki-
netic improvements can also be realized for cell cycle-specific
antineoplastic agents, which utilize the drug more efficiently
upon prolonged, rather than acute, exposure (1).

Cancer

Specific delivery of intravenously administered drugs to solid
tumors can be significantly enhanced by considering the factors
involved in increased vascular permeability of tumors. Endemic
to the tumorigenic process is angiogenesis, which leads to a high
vascular density. Compared to normal tissue, tumor vasculature
isleaky, exhibiting a discontinuous endothelial cell lining, which
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creates transvascular pores, permitting the entry of macromole-
cules and particles that normally have very limited access to
normal tissue. Furthermore, a wide variety of permeability-
enhancing factors is elaborated by tumor cells, including
bradykinin, nitric oxide, prostaglandins, vascular endothelial
growth factor (VEGF), kallikrein and cytokines such as tumor
necrosis factor. These all act to increase the permeability of
tumor vasculature. Additionally, matrix metalloproteinases
(collagenases) effect disintegration of the matrix tissue sur-
rounding blood vessels, increasing its apparent leaky nature
(2). Because lymphatic drainage is impaired as well, this constel-
lation of effects selectively concentrates macromolecules larger
than 40 kDa and particles less than about 300 nm in tumors
(3,4). Such entities are able to permeate through the vascular
defects, but cannot subsequently re-equilibrate with systemic
concentrations, as can smaller diffusible molecules, because
they are dependent upon lymphatic drainage. This phenomenon
of tumor circulation was first elaborated by Maeda et al. (5) as
the enhanced permeability and retention (EPR) effect.

Infection and Inflammation

Tumor vascular physiology resembles that for sites involving
infection and inflammation (6). Indeed, the mutually causa-
tive inter-relationship between inflammation and cancer has
been remarked upon for more than a century (7). In inflam-
mation and infection, without cancer, the major feature
appears to be an inflammatory cascade involving bradykinin,
triggered either by microbial products or the host’s own
upregulated immune system. Microbial proteases and host
macrophage and polymorphonuclear (PMN) cell cytokine
and protease elaboration have been implicated. This leads to
a series of events involving vasodilatation and permeability,
facilitating entry of the host immune cells, and also of inflam-
matory mediators, which aggravate the process in a positive
feedback system. The major difference between the vascular
physiology of cancer versus that for noncancer-involved
infection and inflammation is the presence of a functioning
lymphatic system in the latter. Thus while macromolecules
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and particles may gain entry into the compromised tissue
served by the defective vasculature, they are cleared faster
than in the case for tumor, reducing the possibility for sus-
tained drug release at the disease site (8).

Biological Barriers Imposed by the Monocyte
Phagocytic System

Based upon an understanding of compromised vasculature,
the requirements of a drug delivery system intended for tar-
geting to sites of tumor, infection, or inflammation can be spe-
cified. There is an upper limit placed upon the size of the
particle, permitting diffusion through the vascular pores (9).
The range of pore sizes is 300—-700 nm, depending upon the
tumor type, and therefore targeting particles should be sub-
stantially smaller, preferably <250nm. The particles should
be designed to target the pores rather than suffer less produc-
tive competitive encounters, the major one being that of
entrapment by the monocyte phagocytic system (MPS).

Entrapment: Phagocytosis

The MPS system consists of fixed macrophage cells in key tis-
sues, such as liver, kidney, lung, bone marrow, and spleen, as
well as circulating monocytes, macrophages, and PMN cells.
These are designed to rid the body of bacterial, viral, and parti-
culate waste. The first step in the MPS removal process
involves deposition of specific circulating blood proteins onto
the particle, termed opsonization, which subsequently signal
receptors on the macrophages and PMN for particle uptake.
Following opsonin docking on the receptors, an intracytoplas-
mic process is activated, reorganizing actin filaments, causing
the extension of pseudopodia to project from the phagocyte, sur-
rounding the particle. The pseudopodia follow the contours of
the particle as guided by further receptor docking onto the opso-
nized particle. Provided the particle is smaller than approxi-
mately 8 um, the spreading pseudopodia will eventually meet,
totally engulfing the particle. The particle is then encased in
anintracytoplasmic vacuole, termed a phagosome, formed from
a remnant of the spreading pseudopodia (10).
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While this process of phagocytosis is applicable to parti-
cles as small as 500nm, a similar receptor-mediated endo-
cytosis is more generally available to many different kinds
of cells. This extends to particles as small as 100 nm and prob-
ably smaller (11). Non—receptor-mediated pincocytosis also
becomes more prominent as particle size decreases from
1100 down to 100 nm (12).

Escape

Over the course of 15-30 minutes, the pH of the phagosome
decreases from 7.4 to 4-5, as digestive enzymes are also added
by docking vacuoles. Eventually, the phagosome unites with a
lysosome, emptying its contents into the low pH environment
(13). If the particle is not metabolizable or soluble, it will
remain in the phagocyte (14).

There are several ways in which phagocytized particles
may escape the lysosome to enter the cytoplasm, and from
there, the extracellular milieu. If the pH—solubility character-
istic of the particle is such that it simply dissolves in the low
pH environment of the lysosome, then the particle will dissolve.
If additionally, the solubilized constituents are soluble in phos-
pholipid membranes, they may then dissolve into the lysosomal
membrane and enter the cytoplasm, diffusing down a concen-
tration gradient. By the same process, the dissolved constitu-
ents may dissolve into the cytoplasmic membrane and diffuse
into the extracellular space. Itraconazole nanosuspension exhi-
bits this behavior, and is able to vacate the phagolysosomal
compartment, as from a depot, to provide sustained release to
the systemic circulation (15). Alternatively, the particle coating
may feature endosomolytic agents, which cause the lysosomal
membrane to rupture, thus emptying the contents of the
lysosome, including the particle, into the cytosol (16,17).

Targeting or Evasion

Depending upon the pharmacokinetic and targeting needs,
nanoparticulate dosage forms may be engineered to either
target or evade the MPS. Targeting may be accomplished pas-
sively, simply by ensuring that the nanoparticulate remains
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intact to be phagocytized minutes after i.v. infusion. Alterna-
tively, targeting motifs may be intentionally added to the
coating of the particle, for the purpose of actively docking with
particular macrophage receptors, thus triggering phagocyto-
sis (18). Evasion of the MPS is most commonly performed
by inhibiting the initial opsonization process. This is accom-
plished by coating the nanoparticles with a molecular layer
that prevents deposition of the opsonizing proteins (19). The
result is a significantly prolonged circulation time, than
would otherwise occur. This affords sufficient time for the
particle to encounter and diffuse through vascular pores,
resulting in higher ratios of drug concentration in sites of
tumor, infection, or inflammation, relative to normal tissue.
This increases the therapeutic index by increasing local site
efficacy and decreasing systemic toxicity.

Avoidance

Optimization of coating for minimizing MPS uptake has been
exceedingly well studied, and utilizes predominantly hydro-
philic polymers that are attached by various means to the par-
ticle surface. There is precedent for this from nature, where a
strain of Pseudomonas aeruginosa is known to elaborate a vis-
cous polyuronic acid polysaccharide, which interferes with
phagocytosis by virtue of its hydrophilicity (20). The coating
most often used in drug delivery applications features polymers
of ethylene oxide. These may be adsorbed onto preexisting nano-
particulates, by using triblock copolymers, containing a central
hydrophobic polyoxypropylene segment, flanked by hydrophi-
lic polyoxyethylene chains on either side. The hydrophobic
portion permits physical adsorption onto hydrophobic sur-
faces of nanoparticles enabling the hydrophilic chains to pro-
ject into the aqueous medium (21). The steric barrier inhibits
opsonic protein deposition. Consistent with this concept, it has
been found that the hydrophilic chains should be sufficiently
long (98 or more units of ethylene oxide) to create a corona of
sufficient thickness to prevent protein deposition. And the
hydrophobic section should be sufficiently long (greater than
67 propylene oxide units) to resist shear detachment following
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administration in the blood (22,23). Certain inconsistencies
with the brush-like theory have been raised, namely that the
experimentally effective grafting density, polymer chain
length, and poly(ethylene oxide) (PEO) molecular weight are
too low compared with required theoretical values. It is argued
that surface bonding is at least as important as steric barrier
effects, as shown by studies with phenoxy-substituted dex-
tran polymers (24).

Despite success in this area, much remains to be done. The
polymers that have proved most effective for prolonging circu-
lation time, poloxamine-908, poloxamer-407, etc., are not
approved for use in injectable drugs. Furthermore, although
they work well with polystyrene model nanoparticles, poloxa-
mers and poloxamines do not prolong circulation time for a wide
variety of nanoparticles with more hydrophilic surfaces such as
albumin and PLGA. For this reason graft copolymers, primar-
ily involving poly(ethylene glycol) (PEG), have been studied.
PEG coating employs the same ethylene oxide repeat unit
found to be effective in poloxamer, but is covalently bonded to
the polymer comprising the bulk of the nanoparticle. Because
it is tethered to the surface of the nanoparticle it is therefore
expected to avoid the desorption issues found with the free
surfactants. PEG-PLGA copolymer was found to extend the
half-life of incorporated albumin from 14 minutes, found with
non-PEGylated PLGA nanoparticles, to 4.5hours (25). The
systematic variation of both components of the polymer was
studied. The PEG moiety was shown to repel the deposition
of the opsonizing protein complement, as shown with
Western blot using antiopsonin antibodies, but was less effec-
tive in repelling Immunoglobulin G (IgG) (26).

Biological Barrier Considerations in

Targeting Organs

Monocyte Phagocytic System (MPS)

For diseases that solely afflict the MPS, nanoparticles un-
adorned with stealth coatings are optimal for targeting these

organs. For example, intracellular bacteria such as Brucella,
Listeria, Mycobacteria, and Salmonella infect primarily
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phagocytic cells, creating disease reservoirs, often inaccessible
to drug therapy. B-Lactam antibiotics, formulated as a solution,
have a low uptake by phagocytic cells. By contrast, ampicillin-
loaded polyisohexylcyanoacrylate nanoparticles incubated
with Salmonella typhimurium—loaded murine macrophages
were observed to colocalize within the same phagolysosomes,
leading to bactericidal effects. However, the frequency with
which this occurred is unclear. The low value found might
reflect the inhibition of phagosome-lysosome fusion by
S. typhimurium, which could prevent contact between the
phagosomal localized bacteria and the nanoparticles localized
primarily in secondary lysosomes (27). In an in vivo study, clo-
fazimine nanosuspension targeted organs of the MPS, the liver,
spleen, and lungs, effectively controlling a mycobacterium
infection, primarily infecting macrophages (28).

Diverse Cells, Tissues, and Organs

Targeting biological addresses located successively higher in
the organelle-cell-tissue-organ system hierarchy has been
reported. Altered intracellular distribution, favoring deposi-
tion of the cytotoxic adriamycin in the Golgi apparatus, was
accomplished for nanoparticles labeled with monensin, a car-
boxylic ionophore. The greatly enhanced resulting efficacy
may be attributed to facilitating transport of the toxin mole-
cules to ribosomal ribonucleic acid (RNA) (29). Greater specifi-
city of targeting macrophages was accomplished by using
mannan-coated nanoparticles, which selectively were taken
up by macrophages expressing a mannose receptor, for greater
specificity of antigen delivery (30). Delivery of nanoparticles to
the intrahepatic liver parenchyma, rather than the Kupffer
and endothelial cells, was accomplished by labeling iron oxide
nanoparticles with the HIV tat peptide, which has mem-
brane-translocating properties. While the organ biodistribu-
tion was determined by the properties of the nanoparticulate,
whether labeled or not, the intra-organ distribution was deter-
mined by tat peptide labeling (31). Enhanced liver uptake with
significant—54%—parenchymal retention was demonstrated
for a low-density lipoprotein (LDL) mimicking coating of
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albumin nanospheres, consisting of a fatty acid and phospholi-
pid (32). Selective targeting to a specific organ of the MPS, the
bone marrow, was accomplished with poloxamer-407-coated
beads of 150 nm in diameter (33). For treating experimental
Chagas’ disease, involving the parasite Trypanosoma cruzi that
infects muscles, gastrointestinal tract, as well as the MPS,
stealth PEG-PLA nanospheres of the bis-triazole D0870 were
employed. A significant cure rate was observed as measured
by hemoculture, xenodiagnosis and antibody detection (34).
Targeting more diverse organs was accomplished by labeling
semiconductor inorganic nanocrystal quantum dots, called
qdots, with specific recognition peptides obtained from screen-
ing phage libraries for homing to specific sites. Qdot targeting
separately to the endothelium of the lung, tumor vasculature
and tumor lymphatic vessels was demonstrated (35).

Lymphatic

Targeting of the lymphatics has drawn attention because of the
opportunity to target lymphocytes with immunomodulators,
resident HIV virus with antiviral agents, and disseminated
tumor metastases. While molecularly dissolved agents cannot
utilize this system efficiently, nanoparticulates are ideally
designed for targeting the lymphatic circulation. Subsequent
to their administration to the interstitial space, their clearance
through blood capillary endothelium is limited, but entry
through the intercellular clefts of the lymphatic capillaries
proceeds readily. However, there is an optimal size of about
10-100 nm. The particle must be large enough to drain prefer-
entially through the lymphatics, but small enough to diffuse
through the interstitial space away from the injection site
(36). However, biodegradable nanoparticles will generate smal-
ler particulate fragments, which will be able to migrate into the
lymphatic capillaries (37). Hydrophilic particles clear more
readily after interstitial injection than do hydrophobic ones.
This happens because of favorable partitioning into the aqu-
eous channels rather than the mucopolysaccharide ground
substance and collagenous fibers of the interstitial space.
Utilization of poloxamine-908 with relatively long PEO chains
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to coat 60 nm polystyrene nanospheres, permitted them to
leave the injection site, transit through the lymph nodes, and
rapidly appear in blood. Usage of poloxamer-904 with shorter
PEO chains effected drainage from the injection site, but
resulted in localization in the regional lymph nodes, due to pha-
gocytosis by the macrophages contained there (38). Negatively
charged entities are less retained by the negatively charged
ground substance than are positively charged ones (39). Lim-
itations to the technique arise because of metastatic invasion
of the regional lymphatics in end-stage cancer, preventing an
intact route to these tumor cell sanctuaries (40). Additionally,
while access to the closest regional lymph nodes are achievable
following subcutaneous injection, treating the entire lymphatic
system is not assured (41).

Intramuscular

Subcutaneous and intramuscular injection may be used both
to achieve systemic drug levels without the inconvenience of
i.v. delivery, as well as to bypass poor absorption associated
with oral dosage forms. The small size of nanoparticles pro-
vides for a faster dissolution than is seen with microsuspen-
sions. This is significant because dissolution is often the
rate-controlling step for systemic blood uptake following
administration of the depot (42,43). Therefore, ¢,.x may be
decreased and C,,,, may be increased by use of nanoparticles.
Nevertheless, in many cases, there is less toxicity for a depot
of nanoparticulate relative to a solution dosage form, because
the dissolution rate of the nanosuspension is somewhat
slower (44). Pure drug nanosuspensions will provide for a
higher loading in less volume within this restricted compart-
ment, at the expense of more prolonged delivery available
with sustained release polymeric nanoparticles.

Brain-Epidural

Nanoparticulates provide a means of administering a rela-
tively large load of drug by direct injection to the central
nervous system with decreased systemic side effects (45). This
is especially noteworthy if the drug is poorly water soluble,
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because attaining therapeutic levels of such drugs in any com-
partment poses a challenge. Favorable efficacy studies were
seen with particulate busulfan, administered by intrathecal
(i.t.) administration to mice (46). This led to a clinical trial
where the pharmacokinetics were determined (47). Earlier,
a 10% butamben suspension, consisting of phospholipid-
coated drug crystals, was found to be well tolerated in dogs
as well as humans when administered epidurally (48,49).

TYPES OF CARRIERS

Injectable nanoparticulate dosage forms can be classified into
three main categories: (i) crystalline drug nanosuspensions,
wherein the drug is available in a stable crystalline form;
(i1) polymeric nanoparticles, wherein the drug is encapsulated
within a polymer matrix in an amorphous state; and (iii) solid
lipid nanoparticles, wherein the drug is encapsulated within a
lipid matrix in an amorphous state. Nanocrystalline drug sus-
pensions have an advantage of higher loading (up to 90% of
the crystalline particle is the drug). Higher loading of drug
within polymeric or lipid nanoparticles on the other hand
may lead to crystallization of the drug from the nanoparticle
matrix, leading to an unstable system.

Crystalline Drug Nanosuspensions

Crystalline nanoparticles of drugs are typically produced
either by controlled crystallization or by a high-energy parti-
cle size reduction process. Examples of the latter include wet
milling and high-pressure homogenization (28,50). A third
approach was reported recently, wherein crystallization and
particle size reduction were combined to produce injectable
nanosuspensions (51). This combined process, depicted in
Figure 1, exploits the advantages of both crystallization and
particle comminution. The crystallization step is designed to
produce unstable particles that are fragile. These fragile
particles are subsequently broken down and stabilized by
high-pressure homogenization. Table 1 lists some of the
techniques used to prepare crystalline nanoparticles. The
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Figure 1 Combination of microprecipitation and homogenization
for the production of crystalline nanoparticles.

nanocrystals thus produced are stabilized using biocompati-
ble surfactants such as phospholipids, polysorbates, poloxa-
mers, etc. As seen in the scanning electron micrograph
(Fig. 2A), the final nanosuspension typically consists of as
much as 90% drug surrounded by a layer of surfactants.
Because of this feature, crystalline drug nanosuspensions
can provide high drug loading. Furthermore, as very low
levels of excipients are used, concerns regarding excipient-
related toxicity are reduced. By choosing surfactants that
are approved in injectable dosage forms, and by ensuring that
100% of the drug particles are <5 pm, crystalline drug nano-
suspensions can be effectively and safely employed for i.v.
administration.

Some of the important considerations in development of
injectable nanosuspensions include:

1. Nanoparticles should be stable and not susceptible to
phenomena such as aggregation or Ostwald ripening.
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Table 1 Various Processes Used for the Preparation of Crystalline
and Polymeric Nanoparticles

Type of particles Particle size/

Process produced comments References
Single emulsion Polymeric Particle size depends 52
nanoparticles on the size of
dispersion used
Double emulsion Polymeric 100-1000 nm 52
nanoparticles
Spray drying Polymeric or Typically >200 nm 53
lipidic
nanoparticles
Gas-antisolvent Polymeric 400-600 nm 54
precipitation nanoparticles
Nanoprecipitation Polymeric or Down to 100nm 55
crystalline
nanoparticles
Temperature- Polymeric PLGA and pluronic 56
induced phase nanoparticles F-127 were
transition comelted with the
drug and cooled to
cast the
nanoparticles
High-pressure Polymeric, lipidic, >300nm 28, 57
homogenization or crystalline
nanoparticles
Wet milling Crystalline Down to 100 nm 50, 58
nanoparticles
Microprecipitation—  Crystalline or Down to 100 nm 51
homogenization polymeric
nanoparticles
High gravity reactive Polymeric Down to 100 nm 59
precipitation nanoparticles

2. The nanosuspension should be free of contamination
from any media used during processing.

3. The nanoparticle process should be amenable to an
alternate form of sterilization, if terminal steriliza-
tion is not an option for the drug or formulation.

4. Surfactants/excipients used should be acceptable for
injectable applications.
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(A)

Figure 2 Scanning electron micrograph of (A) drug nanocrystal
coated with nonphospholipid surfactants and (B) polymeric nano-
spheres incorporating drug in an amorphous form.

Nanosuspension stability can be addressed by the careful
optimization of surfactants to be used in the formulation.
Adsorption kinetics and affinity of the surfactant to the newly
formed crystal surface play a determining factor on the final
particle size and stability of the nanosuspension. A number of
surfactants have been explored for the stabilization of nano-
crystals. Pace et al. (60) describe the use of phospholipids for
the stabilization of various drugs including carbamazepine, dan-
trolene, dexamethasone, indomethacin, and oxytetracycline. Up
to 600-fold increase was seen in drug loading with nanocrystal-
line suspensions, as compared to commercial formulations. In
another example, Williams et al. (61) used a mixture of lipids
to coat and stabilize nanoparticles of a topoisomerase inhibitor
for i.v. administration. It was shown that the lipid-coated
nanoparticles effectively inhibited the degradation of the lac-
tone ring for the drug (SN-38). Merisko-Liversidge et al (58).
demonstrated the use of crystalline nanoparticles for i.v.
administration of a number of anticancer drugs (piposulfan,
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etoposide, camptothecin, and paclitaxel). The agents were wet
milled as a 2% w/v solid suspension containing 1% w/v surfac-
tant stabilizer. Stability of the nanosuspension can also be
achieved by freeze-drying, or in extreme cases, by storing the
suspension in a frozen state.

Polymeric Nanoparticles

Polymeric nanoparticles consist of the drug dispersed in an
amorphous form within a polymer matrix. Such particles
could be prepared as nanospheres, wherein the drug is dis-
persed uniformly throughout the matrix of the particle
(typically as a solid solution in polymer), or as nanocapsules,
wherein the drug is present in the core of the particle (either
as a solid solution or a solution in oil). Polymeric nanoparticles
are typically prepared from biodegradable polymers to avoid
accumulation of the polymer matrix on repeat dosing. Early
reports of injectable polymeric nanoparticles typically
involved polylactide (PLA) or its copolymer with glycolide
(PLGA). Choice of these polymers in early studies was mainly
based on their prior use as biomaterials for surgical sutures
and related applications. Subsequent studies have reported
the use of various other biodegradable polymers including
polyanhydrides, polycyanoacrylates, and polyorthoesters.

Rapid uptake of polymeric (PLGA, PLA) nanoparticles by
the reticuloendothelial system (RES) led to newer generation
products involving the use of copolymers of polyesters (such
as PLA, PLGA) and PEG. As explained elaborately in the
section on ‘Avoidance’, optimization of the PEG length at the
surface of such nanoparticles has been studied to evade the
RES and extend release of the incorporated drug, making it
comparable to sterically stabilized liposomes (62).

Polymeric nanoparticles are typically prepared using
conventional emulsion-based processes as depicted in Figure 3.
The nanoparticles produced using this process are uniformly
spherical in nature as shown in the scanning electron micrograph
in Figure 2(B). A number of other technologies have also been
employed to manufacture polymeric nanoparticles, as listed
in Table 1.
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Figure 3 Schematic of the emulsion-based process typically used
for preparation of polymeric nanoparticles.

Lipidic Nanoparticles

Lipidic nanoparticles use biocompatible lipids as carriers. The
principles of preparation and stabilization of such carriers are
similar to polymeric nanoparticles. Readers are referred to a
recently published comprehensive review on these systems
for additional information (63). An additional category of car-
riers is inorganic nanoparticles. Until recently these carriers
were considered mainly in nontherapeutic applications. How-
ever, recent efforts in the area of quantum dots has led to
research into applications of such systems as therapeutic
drug carriers. Due to their early exploratory nature, further
discussion on quantum dots is considered beyond the scope
of this report and the readers are referred to other related
publication (35). Other types of inorganic nanoparticles are
those which are used in conjunction with an externally trig-
gered system (such as magnetic nanoparticles). Such particles
are discussed in a subsequent section.



Injectable Nanoparticles for Efficient Drug Delivery 215

COATING FUNCTIONALITY

One of the more elaborate examples of coated nanoparticles
elegantly incorporates features designed to accomplish all
of the drug loading, MPS avoidance, active targeting, endo-
cytotic uptake, and endosomal escape processes. A cyclo-
dextrin-containing polycation of imidazole was designed to
electrostatically complex with a catalytic oligonucleotide, a
DNAzyme, forming sub-100-nm particles termed “poly-
plexes.” The positively charged particles can interact with
the negatively charged cell surface proteoglycans for endocy-
totic uptake. Further, imidazole had been demonstrated to
enhance endosomal escape. However, neutralization of the
excess charge was required for minimizing nonspecific
uptake, to enhance efficiency of active targeting. This was
accomplished with addition of the anionic glutamate function-
ality to adamantane—PEG conjugates, which forms inclusion
complexes with the exposed cyclodextrins. The exposed PEG
chains confer long circulation in biological fluids. Because
transferrin is often upregulated in rapidly growing cells,
active targeting was considered by adding transferrin-PEG—
adamantane conjugates. Biodistribution in an HT-29, high
transferrin uptake, tumor xenograft mouse model was fol-
lowed subsequent to different routes of administration. Intra-
peritoneal injection indicated high levels remaining in the
peritoneum; presumably mobility was limited by their size,
even at 30-50nm. Subcutaneous injection did not result in
fluorescence outside of the injection site. But i.v. delivery
showed high levels in tumor, liver and kidney, all organs rich
in transferrin receptor activity. Polyplexes delivered by i.v. were
internalized by the tumor cells (64).

EXTERNAL ASSISTANCE IN TARGETING

An alternate approach that has been explored to provide
targeting functionality to nanoparticles is via the use of an
external energy source. For example, Rudge et al. (65)
described a nanoparticulate system that was responsive to
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an external magnetic field. The particles were comprised of
activated carbon to allow adsorption and loading of drug
and metallic iron to provide magnetically triggered targeting
of the particles. Good loading efficiency could be obtained for a
number of drugs including doxorubicin, mitomycin C, metho-
trexate, and camptothecin. In vivo studies using magnetic
doxorubicin particles showed that efficient targeting was
achieved by injecting the particles using an arterial catheter,
and then homing the particles to a specific tissue, by using a
strong magnetic field. In another study, a much higher con-
centration of mitoxantrone was obtained in the tumor area,
by using only 50% and 20% of the normal dose by the use of
magnetic drug targeting (66). Ultrasound triggered drug
delivery has also been adopted to provide targeted release of
drug to tumors. Nanoparticles and micelles accumulate into
the tumor as a result of passive targeting and the EPR effect.
Ultrasound is then applied to trigger the release of the drug
so that the entire drug load is delivered within the tumor (67).

DRUGS INCORPORATED

A number of drug classes are expected to benefit from the
unique drug delivery characteristics offered by nanoparticles.
Table 2 provides a brief representative list of drugs that have
been delivered using nanoparticles. Passive targeting to
macrophages can be exploited for antiinfective agent delivery
(70). A significant amount of work has been conducted to
demonstrate utility of nanoparticles to deliver chemothera-
peutic agents to tumors either via active targeting or via pas-
sive targeting using the EPR effect. Brain targeting
functionality of nanoparticles can also be exploited for vari-
ous therapeutics including antivirals, chemotherapeutics,
and antiinfective drugs. Besides the targeting functionality,
drugs are also incorporated into nanoparticles for rapid disso-
lution and provision for an i.v. dose, without the use of toxic
solubilizers. Example of this approach was demonstrated in
the use of nanoparticles for prednisolone (45). Yet another
need that nanoparticles provide is for sustained release via
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Table 2 A Representative List of Drugs Incorporated into
Nanoparticles for Targeted Drug Delivery

Target organ/

Drug Class cells Technology = References
Camptothecin Chemothera- Solid tumors PEG-PLA 68
peutic nanoparticles
Paclitaxel Chemothera- Arterial Albumin 69
peutic neointima nanoparticles
Clofazimine Antiinfective Macrophages Crystalline 70
nanoparticles
SN-38 Chemothera- Tumor Crystalline 54
peutic nanoparticles
Indinavir Antiviral Brain Crystalline 71
nanoparticles
Doxorubicin Chemothera- Brain Polysorbate-80- 72
peutic coated
nanoparticles
Dalargin Analgesic Brain Polysorbate-80- 73
coated
nanoparticles
Itraconazole Antifungal Macrophages Crystalline 15
nanoparticles
Piperine Antileishma- Liver Lipid 74
nial nanospheres

Abbreviation: PEG, polyethylene glycol; PLA, polylactic acid.

an extravascular site. An example of this is the sustained

release of a pain medicament, tetracaine (44).

CLINICAL DEVELOPMENT

ABRAXANE™ recently approved, is the nanoparticle formu-
lation which is furthest advanced in clinical development. It is
an albumin nanoparticle formulation of paclitaxel, that does
not contain the problematic excipient Cremophor EL. It is
formed by dissolving paclitaxel in water immiscible methylene
chloride, and adding this to a solution of human serum albu-
min in water with low-speed homogenization. This creates an
emulsion with albumin located at the aqueous—solvent inter-
face. Subsequent high-pressure homogenization reduces the
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particle size, and breaks and reforms the disulfide bonds,
essentially crosslinking the albumin coating, stabilizing the
particle. An evaporation step volatilizes the methylene chlor-
ide, leaving an aqueous suspension of 140-160 nm nanoparti-
cles, consisting of an amorphous paclitaxel core surrounded by
a 25 nm coating of albumin with bound paclitaxel. Because of
its size this material can be sterile filtered (75).

Clinical pharmacokinetic studies for ABRAXANE indicate
reduced area under the concentration-time curve (AUC) relative
to Taxol™ (6427 vs. 7952 ng hr/mL) and comparable ¢/, (15 vs. 13
hours) (76,77). Ibrahim attributes the increased AUC for Taxol to
vascularly retained lipophilic Cremophor®™ micelles, which
encapsulate the drug. Despite similar circulation times, tumor
levels of drug are increased with ABRAXANE (78).

In a Phase III trial involving 460 breast cancer patients,
comparing the two drugs, Taxol was administered by its
standard protocol, 175 mg/m? by three-hour infusion. Addi-
tionally, premedication with steroids and antihistamines
was required to forestall Cremophor-related hypersensitivity.
ABRAXANE was administered at higher doses of 260 mg/m?
over a shorter 30-minute duration, without premedication or
granulocyte-colony stimulating factor (G-CSF) support. Despite
this, the toxicity of the nanosuspension was no worse: there
were no hypersensitivity reactions; neutropenia was actually
less; while neuropathy was somewhat higher. This is signifi-
cant given the correlation that exists between the duration of
plasma paclitaxel concentrations above a threshold of 0.1
umol/LL with adverse decline of absolute neutrophil count
and white blood cell count (79). The shorter 30-minute dura-
tion of infusion of ABRAXANE results in higher C, . than
that for Taxol with a three-hour infusion (6100 vs. 2170 ng/
mL) for 135-mg/m® doses (80,81). In this trial, ABRAXANE
also produced a higher tumor response rate versus paclitaxel
(81% vs. 16%) and a longer time to tumor progression
(21.9 week vs. 16.1 week) (82).

The improved efficacy of the nanosuspension apparently
challenges reports of the purported benefit of Cremophor
EL in enhancing drug level in tumor cells by inhibiting the
P-glycoprotein efflux pump (83). This probably occurs because
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Cremophor is retained in the central vascular compartment
with a low volume of distribution of 3.70 L/m?, and therefore
does not enter the tumor tissue (84). The fact that corticoster-
oids do not have to be taken as premedication opens the pos-
sibility for combining paclitaxel with IL-2 or interferon for
treatment of metastatic melanoma, renal cell carcinoma,
etc. Because steroids lyse lymphokine-activated killer (LAK)
cells, thus mitigating the benefits of the cytokines, the current
cremophor containing formulation cannot be used (85).

Other injectable nanoparticulate formulations in devel-
opment are shown in Table 3.

CONCLUSIONS

Drug delivery systems have developed in response to needs of
drugs in the area of increased solubility, reduced toxicity, and
increased efficacy. Evolving medical needs, coupled with the
shortcomings of liposomal and emulsion-based systems,
spurred the development of the more stable and flexible nano-
particulate platform. For injectables, as the complexity of
the biological barriers of the manonuclear phagocyte system
(MPS), the disease process and specific target organs became
appreciated, multiple requirements were imposed upon the
formulation. These specifications for size, MPS avoidance,
active targeting, high drug payload, controlled drug release,
and stability would often have resulted in mutually contradic-
tory stipulations for the earlier platforms. The solid phase of a
nanosuspension, however, offers the prospect of simulta-
neously optimizing multiple parameters.

Numerous, even a bewildering array of, choices for the
carrier are available, which suggests an overemphasis toward
the perspective of polymer design and formulation. This occurs
of course because academic progress is often driven by relative
expense of the programs undertaken, and biological-based
studies are more expensive. The area would benefit from
more extensive interdisciplinary collaboration, emphasizing
biological assessment of the advantages and disadvantages
of the major classes of carriers, to indicate where future
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effort should be expended. Undoubtedly this will occur
because of the approval and marketing of an intravenous
nanosuspension. This demonstrates that the platform has
migrated from a laboratory curiosity to a serious contender
for formulation of enhanced generics as well as for NCE phar-
maceuticals. As such, industry will be more willing to provide
leadership in the area, to further advance applications of
the technology.
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INTRODUCTION

The enteric system has been specifically designed for the
uptake of foreign substances to maintain homeostasis in the
body. Despite the extensive research and success stories with
other routes for drug delivery, the oral route is still the most
preferred route because of its basic functionality and the advan-
tages that ensue. Nanoparticles (NPs) also have been exten-
sively studied for peroral drug delivery, for systemic effect
following uptake from the enteron, or to act locally in the
gastrointestinal tract (GIT). NPs are expected to address some
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specific issues for drug delivery like low mucosal permeability,
absorption windows, low solubility of the drug and gut metabo-
lism, and first pass effect. The potential advantages of NPs as
oral drug carriers are enhancement of bioavailability, delivery
of vaccine antigens to the gut-associated lymphoid tissues
(GALT), controlled release, and reduction of the gastrointestinal
irritation caused by drugs (1).

The utility of NPs for oral drug delivery arises out of the par-
ticulate uptake mechanisms that exist in the GIT, especially the
transcellular absorptive pathways involving vesicular transport
through M cells of Peyer’s patches (PP). From the surface of M
cells, NPs are taken up and transported to lymphocytes in the
form of vesicles. The lymphatic absorption of a drug via the GALT
prevents presystemic metabolism in the liver because it bypasses
the portal blood circulation. This mechanism provides a chance to
target cancers of the lymphatics, rapidly achieve mucosal immu-
nity, and stain the lymph nodes before surgery (2).

After oral administration, colloidal drug carriers have
the ability to increase bioavailability by protecting the drug
from denaturation in the gastrointestinal lumen or by
prolonging the exposure of the mucous membrane to elevated
drug concentration (3).

PHYSIOLOGY OF GIT WITH RELEVANCE TO
PARTICULATE UPTAKE

Gastrointestinal Tract Physiology

The GIT serves to carry out the digestion of food and the
absorption of water, nutrients, and electrolytes, and provides
a selective barrier between the environment and the systemic
circulation. It provides a variety of physiological and morpho-
logical barriers, such as proteolytic enzymes, in the gut lumen
and at the brush border membrane: the mucous layer, the
bacterial gut flora, and the epithelial cell lining itself. Although
the GIT is designed to prevent uptake of particulate matter
(potentially toxic materials and pathogens) from the environ-
ment, it is not a completely prohibitive barrier. Specialized
mechanisms exist that allow internalization of macromolecules
and particles. The mucus, built up from mucin molecules,
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covering the absorptive enterocytes in the intestines, acts as a
barrier for oral absorption of foreign matter, including NPs.
The mucus is a translucent viscoelastic hydrogel and is mainly
composed of glycoproteins that have both acidic and basic che-
mical groups (4—6). The chemical composition of mucus pro-
vides an opportunity for both acidic and basic compounds to
interact with it, thereby increasing the residence time of both
drugs and NPs in close proximity to the absorptive surfaces.

The primary function of the GIT is to selectively take up
interest substances from the ingested bulk. To prevent harmful
material from getting in, various protective mechanisms like
pH variation, degrading enzymes, mucus, and nonpathogenic
microflora exist. Also, the immunological load ingested makes
the mucosa an ideal site for the identification and resistance of
antigenic challenges. The local immune system is composed of
GALT, composed of lymphoid tissues, called PPs in the small
intestine, which are characterized by a monolayer of specia-
lized epithelium containing M cells and absorptive enterocytes,
i.e., follicle associated epithelium (FAE). PPs are present all
along the intestine with the maximum concentration found
in the ileum. FAE, adapted for endocytosis/transcytosis of anti-
gens and microorganisms to the organized lymphoid tissue
within the mucosa and M cell basement membrane, appears
to play an important role in facilitating antigen-to-cell and
cell-to-cell interactions during an immune response. M cells
lack fully developed microvilli in comparison to the neighbor-
ing absorptive cells and deliver the particles taken up to the
lymphatics from where they, in a size-dependent manner, are
then released into the bloodstream (Fig. 1) (7). This specialized
physiological transport mechanism is thus being widely
explored for oral drug delivery through colloidal carriers, such
as NPs (8). This absorption mechanism was demonstrated by
LeFevre’s in 1978 (9), who reported a large accumulation of
2-um latex particles in PPs after chronic feeding.

Channels of Uptake

To deliver their drug content in the blood, lymph, or target
organs, NPs have to cross the gastrointestinal barrier either
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Figure 1 Mechanism of uptake of orally administered NPs: (I) M
cells of the PP, (II) enterocytes, and (III) GALT. Schematic repre-
sentation of the mechanism of uptake of NPs on oral administra-
tion. The direct uptake of NPs through the lymph into the
systemic circulation bypassing the liver reduces the first pass meta-
bolism, thus improving bioavailability. Abbreviations: NP, nanopar-
ticles; PPs, Peyers patches.

by passive diffusion via transcellular or paracellular path-
ways or by active processes mediated by membrane-bound
carriers or membrane-derived vesicles (10,11).

Another possible mechanism for the transport of NP across
intestinal cells is paracellular uptake via aqueous channels. In
humans, the equivalent pore diameter has been estimated to
be between 4 and 8 A and about 10-15 A in rat and rabbit. The
mucosal epithelium in the small intestine consists of polarized
cells, connected by tight intercellular junctions, which account
for < 1% of the surface area of the intestine (8). The uptake of
particulate matter from between the absorptive cells is inversely
proportional to the structural integrity of the tight junction bar-
rier. The epithelial transport of larger molecules or particles can
be increased by reversibly increasing the permeability of the tis-
sue by opening the tight junctions under the influence of some
mucoadhesive polymers and penetration enhancers (10).
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Chitosans (CS) have been shown to transiently affect the
gating function of tight junction in Caco-2 cell lines by inter-
acting with anionic epithelial glycoproteins, such as sialic
acid, to increase the transport of drugs. The intestinal perme-
ability enhancement was dependent on the pH, which deter-
mines the degree of ionization of chitosan (12). Carbomer (a
mucoadhesive polymer) also showed similar partial opening
of tight junctions in Caco-2 cells as visualized by confocal
laser scanning microscopy (CLSM) (13).

Lymphatic Uptake

Translocation of particulates via a transcellular mode of trans-
port particularly across M cells was first shown in 1961 by
Sanders and Ashworth (14) who, using electron microscopy,
reported the endocytosis of 200-nm latex particles in ordinary
enterocytes that were transported to the liver. The transcellu-
lar particle uptake can be divided into four distinct processes
that are influenced by the size, surface charge, and surface
characteristics of the NPs: diffusion of particles through the
mucus lining the surface of the absorptive cells, initial surface
contact and interaction with the enterocyte, cellular vesicular
transport from the mucosal to serosal side, and, finally, the
interaction with postenterocyte cells (11). M cells can carry
out fluid phase endocytosis, adsorptive endocytosis, and pha-
gocytosis, each of which results in the transport of the parti-
cles packed into endosomes and large multivesicular bodies
followed by exocytosis across the basolateral membrane (8).
Initially, only a small fraction of the total particle dose
appears in the blood after oral administration, which may be
due to entrapment of particles in M cell pockets filled with lym-
phocytes and macrophages, nonfenestrated capillary endothe-
lium in PP and trapping in lymph nodes, which impedes direct
access of particulates to circulation (8). This is supported by the
fact that most of the in vivo studies carried out with NPs report
maximum concentration of NPs in the systemic circulation
48-72 hours after administration. The size and surface charac-
teristics influence the fate of the endocytosed particle to a
great extent and different mechanisms may exist for the same.
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Another very important consideration is the difference in the
expression of PPs in various species, in terms of number, type,
and regional occurrence. As PPs are postulated to be the major
uptake portal of NPs, overseeing these differences will result in
inaccurate correlations and predictions of particle uptake (11).
Animals with a higher number of PPs are expected to show a
higher rate of uptake and this may not relate to human
physiology to effect a meaningful extrapolation (15).

PARTICLE SIZE AND SURFACE CHARGE:
CRITICAL FACTORS IN PARTICLE ABSORPTION

Mathiowitz et al. (16) have shown that particles in the size
range of 40-120nm were translocated both transcellularly
and paracellularly. Size is a determining factor for both
uptake and biological fate of particulate systems. In mice,
Poly(lactide-co-glycolide) microspheres larger than 5um in
diameter were not taken up into PPs, whereas those between
2 and 5um remained in the PPs, and those below 2pm
migrated from PPs to mesenteric lymph nodes (8). A size-
dependent phenomenon exists in the gastrointestinal absorp-
tion of particles. The amount of 100 nm particles taken up was
2.5 and 6 times more than 1 and 10 pm particles, respectively,
on a weight basis as studied in Caco-2 cell line (16). The
uptake efficiencies from a 100 ug/mL dose were 41%, 15%,
and 6% for 100nm, 1 um, and 10 um particles, respectively.

Eldridge et al. (17) have also shown that the nature and
the surface characteristics of the particles affect particle
uptake as well. Hydrophobic particles are absorbed more
readily than hydrophilic ones. The number of particles pre-
sent in the PPs following oral administration correlate well
with the relative hydrophobicities of the polymers used to
make the particles. Increasing the hydrophobicity of polystyr-
ene particles enhanced their permeability through mucus but
decreased translocation through and across the absorptive
cells (18). Thus, an efficient uptake process shall require, like
for a drug, an optimum hydrophilic-lipophilic balance as an
essential feature of the particle matrix former.
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Addition of surfactants, especially polysorbate 80, increa-
sed the NP uptake significantly while hydrophobic vehicle,
peanut oil, had no significant effect as compared to saline
(19). Addition of oleic acid to polymethyl methacrylate NPs
increased the oral absorption in Wistar rats by 50%, whereas
incorporation of 5% of polysorbate 80 in a saline suspension
increased the absorption by 200-300% (19). Adsorption of
poloxamer 188 and 407 surfactants onto polystyrene particles
of diameter 60 nm completely inhibited their uptake from the
small intestine of Sprague Dawley rats (20).

BIOADHESION

As mentioned earlier, before the particles come into contact
with the mucosal surface, they have to come in direct contact
with mucus and may develop interactions with it. When
microparticles or NPs are orally administered in the form of
a suspension, they diffuse into the liquid medium and encoun-
ter the mucosal surface rapidly during the time course of their
transit in the GIT, thus remaining away from the absorbing
surfaces for most of the time. The particles can be immobi-
lized at the intestinal surface by an adhesion mechanism,
referred to as bioadhesion (21). When adhesion is restricted
to the mucous layer lining the mucosal surface, the term
mucoadhesion is employed (Fig. 2). Nanoparticulates gener-
ally display variable oral absorption, but actual figures
depend on the size. This renders most encapsulated drugs
ineffective after oral administration and therefore remains
as the main obstacle to their practical application as oral drug
delivery vehicles. Strategies, such as using mucoadhesive
polymers and targeted delivery systems, have been explored
in animals to improve particle absorption efficiency (7). This
can increase the transit time of the particles in the GIT, allow-
ing the particles to be present at the surface of absorptive cells
for a longer duration, and thereby increases and maintains
local concentration gradient at the absorption site. For exam-
ple, on oral administration in rats, the bioadhesive potential
of poly(methylvinylether-co-maleic anhydride) (PVM/MA) was
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Enterocyte

Figure 2 The particles interact with mucus (mucoadhesion) before
coming into contact with the absorptive cells. The distribution of
mucus is lesser over the PP. Positively charged particles thus stand
more chance of uptake as they can associate to the negatively charged
functional groups in the mucus. Abbreviation: PP, Payer’s patches.

found to be 2.3 times higher when formulated as NPs than in
the solubilized form in water, thus signifying that the particu-
late form is capable of imparting certain properties to the
matrix polymer (22).

Bioadhesion can be achieved by either nonspecific or spe-
cific interactions with the mucosal surface. Nonspecific inter-
actions are driven by the physicochemical properties and
surface of the particles. Specific interactions depend on the
presence of a ligand attached to the particle used for the
recognition and attachment to a specific site at the mucosal
surface. The process involved in the formation of such bioad-
hesive bonds has been described in three steps: (i) wetting and
swelling of the polymer to permit intimate contact with biolo-
gical tissue, (ii) interpenetration of bioadhesive polymer
chains and entanglement of polymer and mucin chains, and
(iii) formation of weak chemical bonds (23).
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The mucoadhesives work by the “adhesion by hydration”
phenomenon, where after initial contact, hydrophilic material
starts attracting water by adsorption, swelling, or capillary
forces. Certain mucoadhesives are known to enhance the
mucosal permeability explained by the adhesion—dehydration
theory, where the hydrophilic polymer absorbs water from
mucosal tissue in such a way that the mucosal cells are dehy-
drated and shrunk until the normally tight intercellular
junctions between the cells become physically separated. How-
ever, this is not a universal phenomenon, as seen with chito-
sans that enhance the mucosal permeability when applied as
aqueous solution or gel (5). Even the best mucoadhesives
are severely limited by a physiological limitation that the
adhesive effect lasts only as long as the mucus itself remains
firmly attached to tissue. The mucus turnover rate thus
becomes a limiting factor in mucoadhesion-facilitated absorp-
tion. Besides, because of the high viscosity of the mucus, the
particles entrapped inside this detached mucus have an even
lesser chance of subsequent uptake.

Significant research has been done in an attempt to find
the ideal ligands for mucoadhesion that will confer specificity
and at the same time should be safe. In 1989, Pappo generated
a monoclonal antibody that recognized M cells of rabbit’s PP
(24). This monoclonal antibody was adsorbed onto fluorescent
polystyrene microspheres, and the particles localized specifi-
cally in the PP epithelium after administration. Antibody-
coated particles accumulated in thrice the amount in PPs as
compared to uncoated ones.

The concept of site specificity for mucoadhesion based on
the affinity between sugars and lectins has also been inten-
sively investigated. Either of the two approaches can be tried:
the use of a sugar targeted to a lectin from the intestinal tract,
or the use of a lectin targeted to a sugar from the intestinal
mucus glycoproteins. In the latter case, the lectins employed
are mostly from tomato, mycoplasma, or asparagus. Tomato
lectin conjugates were found to be more specific for the mucous
gel layer and, therefore, for intestinal regions without PPs,
while the mycoplasma and asparagus lectin conjugates were
more specific for the PPs (21). Lectin adsorption on the surface
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of NPs sometimes requires a linking agent. For example, dex-
tran was coated onto polycaprolactone NPs (200 nm) to adsorb
lectins as mucoadhesive ligands onto the surface (25). The
specificity and haemagglutination properties of the adsorbed
lectins were maintained. The absorption of polystyrene NPs
was increased 10-fold by conjugation with tomato lectin (26).

Wheat germ agglutinin (WGA) from Triticum vulgare
specifically binds to N-acetyl-p-glucosamine and sialic acid,
both of which are constituents of mucus. In addition to bind-
ing to the surface of Caco-2 cells and human enterocytes,
WGA is also taken up into the cells by receptor-mediated
endocytosis involving the epidermal growth factor (EGF)
receptor, which is present in a significant amount even on
enterocytes. Poly(lactide-co-glycide) (PLGA) NPs conjugated
with WGA as a carbohydrate binding ligand showed improved
cytoassociation as compared to the unmodified ones (27). The
mucin—lectin interaction is characterized by temperature
dependence, specificity (Dolichos biflorus lectin), pH-depen-
dence, and reversibility (6,10,28).

A number of issues have to be considered for the applic-
ability of the proposed advantages. Formulations grafted with
these ligands should show their specificity independent of
food. As the toxicity of different plant lectins can vary signifi-
cantly, their safety should be established in terms of toxicity,
immunogenicity, and allergenicity. Tomato lectin can provoke
high local and systemic immune responses but WGA, red kid-
ney bean lectin, and U. europaeus isoagglutinin I have elicited
low or no specific immune response (6). Tomato lectin
(~70kDa) is resistant to digestion and binds to rat intestinal
villi without inducing any deleterious effect, but suffers from
the disadvantage of strong cross-reactivity with mucus glyco-
proteins (5).

Besides lectins, other ligands used have been those that
are substrates for receptor-mediated transporters. The endocy-
tosis of folic acid conjugates is being tried as a promising strat-
egy to target tumors that overexpress the folate receptor.
Another concept relying on substrate recognition—mediated
absorption is the utilization of the vitamin Bi5 receptor for
endocytosis of conjugated drugs. Transferrin receptor involved
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in iron absorption and transport is being explored to enhance
the absorption of DNA and proteins like insulin (6).

TRACER TECHNIQUES

Polymeric NPs are being extensively investigated for different
therapeutic applications, such as sustained and targeted drug
release, vaccine, and gene delivery. It is therefore important
to assess the mechanism and kinetics of the cellular and the
tissue uptake for these applications. However, the data gener-
ated from these techniques should be carefully interpreted
because the NP concentration cannot always be assumed to
reflect the drug concentration (which is why it is important
to correlate these results with the polymer degradation and
in vitro drug release). To have credibility, these data should
be supplemented with stability studies which establish that
(i) the NPs remain stable in the GIT for the time till the
uptake occurs, and (ii) the drug is not released in significant
amounts from the NPs before the uptake. The second point
is, however, not an absolute prerequisite as the drug release
data can be integrated with the transit data to predict the
in vivo kinetics and the fate of NPs and the incorporated drug.

Quantification of NP uptake after oral administration in
animal models is difficult and different analytical techniques
are employed, including light, confocal, and electron micro-
scopy, and fluorometry (29).

Microscopy

Quantification using microscopic techniques is cumbersome
as NPs have to be counted on microscopic slides after tissue
preparation from different sites along the GIT. Therefore,
only a semiquantitative picture assessment can be made, that
too on the assumption that the sampling is representative
(29). The different studies done on these particles are comple-
mentary rather than supplementary.

The localization of NPs in a particular cell, tissue, or
specific organ and the effect of various formulation para-
meters on uptake and distribution can be visualized by either
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confocal or fluorescence microscopy (30,31). Confocal micro-
scopy is capable of providing a three-dimensional view of the
samples and has been used to mark NP localization in histolo-
gical sections of tissues exhibiting inflammation (15,32). Scan-
ning electron microscopy (SEM) can provide magnification
from 10x to 300,000x and a resolution of 10nm (33). SEM
allows one to differentiate M cells from enterocytes (15). Trans-
mission electron microscopy can locate particles within the cell
in the cytoplasmic space (30). However, the particles may be
difficult to observe and some intracellular organelles could be
mistaken for nano- or microspheres. To tackle this problem,
electron-dense (ferritin-entrapped) particles are used (15).
Unlike electron microscopes, AFMs can image samples in
air and under liquids. AFM operates by measuring attractive
or repulsive forces between a tip and the sample and do not
use lenses, the resolution being limited by the refraction
angle (34). Like CLSM, AFM also is a three-dimensional ima-
ging technique (35). It provides a high resolution (better than
1nm) and the surfaces of Caco-2 cell monolayers have been
visualized to identify individual microvilli. The major advan-
tage of AFM is that it does not require elaborate sample pre-
parative techniques like fixation, gold sputtering or high
vacuum, and can even be performed on living cells in a phy-
siological buffer and at physiological temperatures (10).

Spectroscopy

Fluorometry is rapid and nonradioactive. The marker used is
nonleaching, and it allows the simultaneous detection of mul-
tiple fluorophores such that two or more different fluorescent
types of particles can be detected in the same sample. This
may enable the study of site of uptake of differently sized par-
ticles (30). As the tissue components can also fluoresce to
interfere with the detection (especially low doses) of NPs, it
is advisable that fluorescent dyes be used in NPs having emis-
sion over 500 nm. The uptake of particles can then be studied
by carrying out spectrofluorometric measurement of the sam-
ples (36). This technique has provided evidence of internaliza-
tion of NPs by Caco-2 cells, showing that surface modification
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of PLGA NPs with vitamin E d-alpha-tocopheryl polyethylene
glycol 1000 succinate (TPGS) improves the cellular uptake (31).

Adsorption isotherm studies using turbidimetry and
FTIR-ATR analysis of polystyrene latex to rat intestinal
mucosa have been carried out and it was shown that these
isotherms depend on the size and surface properties of NPs
(37-39).

Radionuclides

The foremost advantage of radioactivity is sensitivity; how-
ever, instability of the radioisotope can generate false results.
Radiolabeled polymers have been used for making NPs and
then radioactivity was measured to follow the uptake and dis-
tribution (40). Alternatively, the drug can be labeled and
incorporated into polymeric NPs, and disposition studied in
various tissues. After oral administration of NPs containing
14C-labeled zidovudine, higher radioactivity was measured
in blood, liver, reticuloendothelial system (RES) organs, and
brain (41). Similarly,?*I-radiolabeled tetanus toxoid (an anti-
gen) was quantified in blood and lymphatics following oral
administration of NPs to see the effect of coating of polyethy-
lene glycol (PEG) (42). y-Scintigraphy allows noninvasive
visualization of the dosage form under normal physiological
conditions and is being increasingly used to monitor the
GIT transit of novel drug delivery systems by capturing
images at different time points (43). The amount of radionu-
clide required for y-scintigraphy is very small (~1 MBq in
each dosage form). For this purpose, a very small concentra-
tion of radionuclide samarium oxide (*>Sm) is incorporated
into the dosage form (44). One has to be careful though in
interpretation of these results as the radionuclide used can
possibly affect the stability of NPs and vice versa and in either
case, an error in quantification can occur.

IN VITRO AND IN VIVO MODELS

In vitro and ex vivo models are being increasingly explored
to study the influence of particle characteristics including
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size, zeta potential, nature of the polymer, hydrophobicity,
and coating or complexation with mucoadhesive or other
ligands. In vitro models, such as cell cultures, are used
extensively to study the interactions between cells and poly-
meric particles. Caco-2 cell line derived from human colon
adenocarcinoma is the most widely used permeability screen
to study transepithelial transport (15). It has been shown
that the Caco-2 cell line can be converted to M cells by cocul-
ture with PP lymphocytes (45). Establishment of an in vitro
system reproducing the main characteristics of M cells rele-
vant to particle uptake can help in designing strategies to
translocate particulates (8). Ex vivo experiments using ligated
intestinal segments are frequently used to determine the per-
meability of drugs across mammalian intestinal tissue. The
intestinal tissue to be used for examining the uptake and
transport of NPs must be obtained from freshly sacrificed
animals as the epithelial cell layer undergoes rapid lysis
and exfoliation, characterized by a complete loss of villi, after
death (46).

NANOPARTICLE FORMULATION
Materials for Preparing NP Matrix

A number of polymers have been evaluated for the develop-
ment of oral vaccines, including naturally occurring polymers
(e.g., starch, alginates, and gelatin) and synthetic polymers
(e.g., poly(lactide-co-glycolide) (PLGA), polyanhydrides, and
phthalates). Toxicity, irritancy, and allergenicity are the fac-
tors of primary concern and hence there is a need for a biode-
gradable or soluble coating. The advantages of using natural
polymers include their low cost, biocompatibility, and aqu-
eous solubility. However, the natural polymers may also be
limited in their use because of the presence of impurities,
batch-to-batch variability, and generally low hydrophobicity.
In comparison, synthetic polymers are more reproducible
and can be prepared with the desired degradation rates,
molecular weights, and copolymer compositions. But they
may be disadvantageous because of their limited solubility;
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they are often soluble only in organic solvents and, conse-
quently, may not release the drug or may denature suscepti-
ble ones (47).

Natural Polymers and Derivatives

The use of colloidal carriers made of hydrophilic polysac-
charides like CS is increasing as a promising alternative for
improving the transport of drugs and macromolecules, such
as peptides, proteins, oligonucleotides, and plasmids across bio-
logical membranes. CS {(1 — 4)-2-amino-2-deoxy-p-D-glucan} is
a deacetylated chitin that has gained considerable interest for
oral drug delivery. CS has been shown to increase the paracel-
lular permeability of [**C] mannitol (a marker for paracellular
routes) across Caco-2 intestinal epithelia (48). These findings
attributed the property of transmucosal absorption enhance-
ment. CS is soluble only in solutions at pH values below 6.5,
and only protonated chitosan (i.e., in its uncoiled configuration)
can open the tight junctions, thereby facilitating the paracellu-
lar transport of hydrophilic compounds. The problem of CS
ineffectiveness at neutral pH values can be tackled by derivati-
zation at the amine group that renders the polymer soluble and
effective for the purpose (49). However, pH above 6.5 is encoun-
tered only at the distal ends of the enteron and is expected to be
of concern only when NPs are targeted to these portions of the
gastrointestinal tract (GIT), such as the colon.

CS can enhance insulin absorption across human intest-
inal epithelial (Caco-2) cells without injuring them. CS NPs
were more effective than the aqueous solution of CS in
increasing the intestinal absorption of insulin (50). Because
of its low production costs, biocompatibility, and very low
toxicity, CS is a very interesting excipient for vaccine delivery
research also. As chitosan easily forms nano- and microparti-
cles with high loading capacities for various antigens, it is a
promising candidate for designing carrier systems for oral
vaccine delivery. An important advantage of CS nano- and
microparticles is that, often, the use of organic solvents,
which may alter the immunogenicity of antigens, is avoided
during preparation and loading (51). Kumar and others have
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extensively reviewed the chemistry and applications of CS,
especially in the pharmaceutical field (52,53).

Use of cyclodextrins in nanoparticulate delivery systems
has been studied by Duchene et al. (54) in two ways: (i) using
cyclodextrin NPs and (ii) incorporating cyclodextrins in poly-
meric NPs. Esterification of primary hydroxyl groups by
hydrocarbon chains varying from C6 to C14 resulted in
amphiphilic skirt-shaped cyclodextrins, which were capable
of spontaneously forming both nanocapsules and nano-
spheres. The drug in the amphiphilic cyclodextrin NPs is dis-
persed at the molecular level and can be rapidly released. In
the second method, natural or hydroxypropyl cyclodextrins
were loaded onto poly(isobutylcyanoacrylate) NPs. The appar-
ent solubility of saquinavir was increased 400 times by incor-
poration of its complex with hydroxypropyl-p-cyclodextrin
into polyalkylcyanoacrylate NPs (55).

Synthetic Polymers

The foremost area of concern for these polymers is their bio-
compatibility and biodegradability. Polyesters and polyanhy-
drides are the most important class of polymers for drug
delivery applications. Poly(lactic acid) (PLA) has been widely
used for the preparation of NPs (56). McClean reported that
PLA particles had an affinity for, and were absorbed by, both
PP and non-PP tissue (57). Particle uptake was dependent on
size, but was not exclusive to PP tissue. Poly(glycolic acid)
(PGA), PLA, and especially their copolymers, PLGA, are the
most commonly used family of biodegradable polymers. The
PLGA copolymer is degraded in the body by hydrolytic clea-
vage of ester linkage to lactic and glycolic acid, which are
formed at a very slow rate and easily metabolized in the body
(58,59). Bala et al. (60) have reviewed the use of PLGA in
polymeric NPs. PLGA is the most extensively studied and
preferred polymer for drug delivery through NPs because of
its ease of preparation, commercial availability, versatility,
biocompatibility, and hydrolytic degradation into harmless
products. The popularity of PLGA is further supported by
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the United States Food and Drug Administration’s (USFDA)
approval for a number of clinical applications (61).

Polycaprolactone (PCL), a polyanhydride, is also recog-
nized as a biodegradable and nontoxic material. PCL exists
in amorphous form and exhibits high permeability to low-mole-
cular species at body temperature. These properties combined
with documented biocompatibility make PCL a promising
candidate for controlled release application. PCL hydrolyzes
at a rate lower than the PLA and PLGA, and hence is more
suitable for long-term drug delivery. Another positive aspect
of PCL is its remarkable compatibility with numerous other
polymers, allowing the formation of copolymers, which allows
control over the drug release behavior (61).

In addition to the above polymers, a number of other
polymers like methacrylic acid derivatives, Eudragit®,
poly(N-isopropylacrylamide) (PNIPAAm), polyisobutylcya-
noacrylate (PBCA) have also been explored for preparation
of orally deliverable NPs.

Miscellaneous

Stearic acid and Gliadins, hydroxypropyl methyl cellulose
phthalate, have also been used for preparation of NPs. Apart
from “drug only” and polymeric forms, NPs are also prepared
by utilizing simple organic or inorganic compounds (62—64).
The choice of biodegradable polymers on offer is limited. Tyner
et al. (65) converted the drug camptothecin into micelles with
the help of a negatively charged surfactant and these micelles
were then encapsulated into NPs of magnesium—aluminum
layered double hydroxides by an ion exchange process.
Stacked sheet-like nanostructures of 500 nm in two dimen-
sions and 10 nm in the third dimension were obtained.

Stabilizers for NPs

Stabilizers are used to prevent the aggregation of particles by
conferring a surface charge. Normally, the higher the surface
charge the greater is the stability. Surface coating with the
surfactant also increases the mean particle size (20). It is
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now becoming evident that the surfactants also modulate the
particle uptake and release behavior of the incorporated drug
from the NP matrix.

In 0.1 N HCI, nonionic surfactants protected indometha-
cin-incorporated nanosuspensions of ethyl cellulose, poly
(methyl methacrylate), and cellulose acetate butyrate intended
for oral use against flocculation, while anionic and macromole-
cular stabilizers were not effective (66).

Polyvinyl alcohol (PVA) is the most widely used stabilizer
for NPs. One difficulty faced with PVA is that a fraction of it
remains associated with the NPs, as explained in chapter 6,
despite repeated washings because PVA forms an intercon-
nected network with the polymer at the interface. This resi-
dual PVA on PLGA NPs can be controlled by altering the
PVA (read stabilizer) concentration or the type of organic sol-
vent employed in the emulsion. Residual PVA can influence
the physical properties of the particles (like size, zeta poten-
tial, polydispersity index, and surface hydrophobicity), drug
loading, cellular uptake (lower values are associated with
increased hydrophilicity imparted by PVA), and release.
Hence, residual PVA and the factors influencing it can be
used as formulation parameters to alter the properties or
application of NPs (67). A study on the influence of grade of
PVA used for PLGA NPs showed that PVA with a low degree
of hydrolysis gives a higher yield, uniform size distribution,
and excellent redispersibility. Particle characteristics depend
more on the degree of hydrolysis than on the degree of poly-
merization, and should be an important parameter to finalize
in the initial stages itself for developing a nanoparticulate for-
mulation (68).

Cellular uptake of vitamin E d-alpha tocopheryl polyethy-
lene glycol 1000 succinate (TPGS) coated PLGA NPs was shown
to be 1.4-fold higher than that of PVA-coated PLGA NPs and
4—6-fold higher than that of uncoated polystyrene NPs, high-
lighting the role of stabilizers in particulate uptake (31).

Polypeptides and macromolecular drugs often undergo
molecular denaturation on surface adsorption. Kossovsky et al.
(69) have described surface modification of carbon ceramic NPs
and self-assembled calcium—phosphate dihydrate particles
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by carbohydrate adsorption, which serves the dual purpose
of maintaining the dynamic freedom of peptide drugs and
cryopreservation. CS, didodecyldimethyl ammonium bromide
and gelatin are used as positive charge imparting stabilizers
and the resulting NPs are expected to interact more strongly
with mucus than the negatively charged particles.

Freeze-Drying

Freeze-drying is done for ensuring stability, ease in storage
and handling, and formulation into solid-dosage forms. The
presence of water accelerates degradation of various types
of polymers used in NPs (70). Schaffazick et al. (71) have
shown that even nanocapsules and nanospheres can be
freeze-dried without fear of leakage of drug or disturbing
the structural integrity of the capsule wall. They mixed colloi-
dal silicon dioxide, a standard glidant used in oral-dosage
forms, before freeze-drying of diclofenac nanocapsules to pre-
vent aggregation. An increase in size of the NPs was seen fol-
lowing freeze-drying with the aid of cryoprotectants like
sucrose, glucose, trehalose, and gelatin (72). PLGA and PCL
NPs of cyclosporine A (CyA) became 1.5 times their original
size (100nm) after freeze-drying (160nm), and this change
in size can significantly change the uptake and the fate of
the NPs, and hence the pharmacokinetics of the incorporated
drug(s). An important consideration in freeze-drying of poly-
meric nanodispersions for oral delivery is their redispersibil-
ity as the particles have to be present in the segregated
state to allow the uptake processes. To ensure a readily dis-
persible powder, lyo- and cryoprotectants like sugars are
used. Chacon et al. (70) showed improved stability of PLGA
NPs with freeze-drying. Ahlin reported greater redispersibil-
ity of PLGA NPs by using trehalose as cryoprotectant (73).

Drug Release

Drug release from some of the nanoparticulate formulations
is seen to be biphasic—an initial burst is followed by a rather
slow (and controlled) release (59,66,74,75). This phenomenon
has been explained for NPs prepared by emulsification
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solvent evaporation method (76). For single emulsions, the
solvent elimination concentrates the incorporated substance
toward the surface and for multiple emulsions, it makes holes
in the polymeric walls near the surface resulting in initial
burst release. The rest of the incorporated drug is released
under the dual influence of diffusion and polymer degradation.
After oral administration, the enzymes present in the
lumen can influence the release of drug from the drug deli-
very system. Therefore, the dissolution or release medium
should be incorporated with enzymes for in vitro release stu-
dies. Enzymatic degradation of the NPs depends on the poly-
mer type and molecular weight. The presence of proteolytic
enzyme trypsin in the release medium resulted in increased
drug release from doxorubicin—gelatin NPs conjugate (77).

Dose

The dose to be incorporated into a nanoparticulate system
depends on the extent of particle uptake. This in turn depends
on the particle size (smaller particles are taken up more readily
and in greater proportions than the larger ones), surface hydro-
phobicity/hydrophilicity (an optimum balance is required,
although hydrophobicity shows a higher correlation), zeta
potential, presence of other excipients (which can modulate
particle uptake), and bioadhesivity of the system. Additionally,
the molecular weight of the drug, its interaction with the NP
system, and method of incorporation will decide the maximum
drug loading. Also, a major proportion of the NPs administered
orally can be excreted without absorption, depending on the
particle size and surface characteristics. Based on the above
discussion, it can be inferred that high-dose drugs cannot be
administered in the form of NPs unless linked with carriers
or when particle uptake is not the major mechanism of drug
absorption; as only a fraction of NPs administered are
absorbed, if the absorption at low levels fluctuates, the percen-
tage error in dose absorbed can be significant.

The second point has profound implications in the devel-
opment and adoption of nanoparticulates for oral delivery.
For a given dose, an amount of particles taken up in excess
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of the expected figure will result in toxicity and the lower
absorption will end up in failed therapy as a consequence
of the subtherapeutic drug levels attained. However, this
should not deter the pharmaceutical scientist from exploring
this technology for oral use because there are solutions avail-
able, like bioadhesion and ligand coating, that can signifi-
cantly improve the uptake by providing prolonged residence
at the site of uptake or active transport.

Dosage Form

NPs are normally given orally to experimental animals in
the form of suspension. An oral multiple-unit dosage form,
which overcame many of the problems commonly observed dur-
ing the compression of microparticles into tablets, was developed
by Bodmeier et al. (78). Microparticles and NPs were entrapped
in beads formed by ionotropic gelation of the charged poly-
saccharide, chitosan, or sodium alginate and in solutions of the
counterion, tripolyphosphate, or calcium chloride, respectively.

Polymeric NPs (Eudragit® RL 30D, L 30D, NE 30D, or
Aquacoat®™) were incorporated into various solid-dosage forms
(granules, tablets, and pellets) by Schmidt and Bodmeier (79).
They were evaluated for compatibility studies with excipients
commonly used with solid oral-dosage forms. Ideally, the NPs
should be released from the solid-dosage forms with their origi-
nal properties. Hence, the necessity of the dosage forms to disin-
tegrate back to the constitutive NPs was stressed, identifying
their wettability as a critical parameter. The addition of poly-
meric binders (e.g., polyvinylpyrrolidone, sodium carboxy-
methylcellulose, or hydroxypropyl methylcellulose) to the
aqueous NP dispersions before wet granulation resulted in phase
separation for many NP/binder systems. Two quality control
parameters for the complete redispersibility of the NPs are: (i)
a high minimum-film formation temperature of the polymer dis-
persion, and (ii) a good wettability of the dried polymeric NPs.
Contact angle measurements are good indicators of wettability.

Murakami et al. (80) prepared long-acting matrix tablets
by direct compression of the drug with PLGA NPs. The drug
showed a biphasic release pattern, which was altered by
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variation in tablet weight and size, but the amount released
per unit surface area remained constant. The release pattern
of such a preparation would be based only on the swelling
properties of the NPs and should be independent of the drug.
For local release in GIT, the drug release should be pro-
grammed for 24 hours or lesser.

NPs have also been used as an enteric coat. Hydroxypro-
pyl methylcellulose phthalate and ammonium hydroxide were
used to prepare NPs by neutralization emulsification techni-
que. These NPs were used to provide an enteric coating to
tablets and their drug release and swelling were studied (81).

Formulation Evaluation
Degradation Studies

Degradation in NPs is indicative of their stability and the pos-
sible time period and kinetics of release of incorporated drug.
The dose of the drug to be incorporated can be calculated by
correlating the in vivo detectable levels of NPs with the degra-
dation kinetics over a period of time. Thus, the effective deliv-
ery period of the drug from the NPs becomes dependent on the
combined effect of polymer degradation and natural scaven-
ging mechanisms of the body. The design of these in vitro stu-
dies should be based on the actual physiological environment
to which the particles are going to be exposed. Particle size
plays a significant role in determining the rate of degradation.
As the particle size is reduced, more surface area is available
for entry of water into NPs resulting in faster degradation
and release of therapeutic agent. Polymer degradation was
demonstrated to be biphasic in PLGA NPs, with an initial
rapid degradation during the first 20-30 days followed by
a much slower phase. It was suggested that the surface-
associated PVA rather than the particle size plays a dominant
role in controlling the degradation of NPs (59).

Storage

Depending on its chemistry and morphology, a polymer
will absorb some water on storage in a humid atmosphere.
Absorbed moisture can initiate degradation and a change in
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physicochemical properties, which can in turn affect the per-
formance in vivo. Storage conditions may thus be critical to
the shelflife of a polymeric NP formulation. The incorporation
of the drug may also affect the storage stability of a polymer
matrix. The relative strength of water polymer bonds and
the degree of crystallization of polymer matrix are other
important factors. To maintain the absolute physicochemical
integrity of degradable polymeric drug delivery devices,
storage in an inert atmosphere is recommended (61).

Commercialization of nanoparticulate systems has not
been taken up because of the problems in maintaining the sta-
bility of suspensions for an acceptable shelf life (72). The colloi-
dal suspension, in general, does not tend to separate just after
preparation because submicronic particles sediment slowly
and aggregation effect is counteracted by mixing tendencies
of diffusion and convection. However, after several months of
storage, aggregation can occur. Additionally, microbiological
growth, hydrolysis of the polymer, drug leakage, and/or other
component degradation in aqueous environment is possible.
Freeze-drying is a good method to dry nanospheres to increase
the stability of these colloidal systems. However, because of
their vesicular nature, nanocapsules are not easily lyophilized,
as they tend to collapse releasing the oil core.

APPLICATIONS

The potential applications of orally administered NPs are
depicted in Figure 3 and described in this section.

Enhanced Oral Bioavailability

The physicochemical and biological properties of protein and
peptides are different from those of conventional drugs, such
as molecular size, biological half-life, conformational stability,
physicochemical stability, solubility, oral bioavailability, dose
requirement, and administration (82). NPs can be efficient
drug carriers for achieving oral peptide delivery. Because of
their special uptake mechanisms, NPs can be regarded as



254 Bhardwaj and Kumar

/—ﬂia]ly administered nanoparticles

~_
LUMEN

we—>

. . Enhanced oral bioavailability
Lymphatic targeting

= T
Systemic targeting e.g., EPR effect
from leaky vasculature in tumors

—>C >

Local action in the
gut (e.g.,colon) K—=
\.___________/

Figure 3 Potential applications of orally delivered NPs. Abbrevia-
tion: EPR, Enhanced Permeation and Retention; NP, nanoparticles.

interesting devices to increase the oral bioavailability of
drugs. With the presently available efficiencies of particle
uptake, it might not be possible to increase the bioavailability
of drugs to 100%, but this technology has potential applica-
tions in achieving therapeutic levels of drugs that are consid-
ered undeliverable or have very low bioavailabilities through
this route by regular means.

Damgé et al. (83) found that insulin encapsulated in
PBCA nanocapsules reduced glycemia by 50—-60%, although
free insulin did not affect glycemia when administered orally
to diabetic rats. A specific formulation, 1.6% zinc insulin in
PLGA with fumaric anhydride oligomer and iron oxide addi-
tives (Fe30,4) has been shown to be active orally and is able
to control plasma glucose levels when artificially challenged
with glucose (84). A better control was hypothesized with a
higher homogeneity in size.

The bioavailability of salmon calcitonin (sCT) was
improved significantly by PNIPAAm [poly(N-isopropylacryla-
mide)] NPs composed of graft copolymers, as shown by the
increased hypoglycemic effect. The absorption enhancement
was explained on the basis of the dual effect of mucoadhesion
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of NPs and an increase in the stability of sCT against degra-
dation by digestive enzymes in the GIT (85).

Zhang et al. (62) observed an increase in oral bioavail-
ability and sustained release of CyA from stearic acid NPs
in Wistar rats. The NPs showed reduced maximum plasma
concentration and a relative bioavailability of 80% in compar-
ison to market formulation Sandimmun Neoral®™ (Sandoz).
The influence of charge-inducing agents on CyA NP absorp-
tion was evaluated using chitosan HCI, gelatin-A, or sodium
glycocholate and the results compared against a commercially
available microemulsion preparation (Neoral™). The relative
bioavailability of CyA from chitosan NPs (positively charged)
was increased by about 73%, and by about 18% from gelatin
NPs (positively charged), whereas it was decreased by about
36% from soluble guanylyl cyclase (SGC) NPs (negatively
charged) (86). Dai et al. (87) also compared the oral bioavail-
ability of CyA from NPs of methacrylate polymers (Eudragits)
with Neoral in Sprague-Dawley rats. The relative bioavail-
ability of CyA increased for Eudragits S100, L100-55, and
CyA-L100 NPs, while it decreased for E100 NPs when com-
pared with the Neoral microemulsion.

Arbos et al. (88) evaluated the potential of certain bioad-
hesive NPs to increase the oral bioavailability of drugs
degraded in GIT using 5-fluorouridine as a model drug. From
the urine data, poly(methylvinylether-co-maleic anhydride)
NPs and those coated with albumin showed higher bioavail-
ability over the control oral solution.

Incorporation of danazol into NPs (170 nm) significantly
improved its oral bioavailability over an aqueous suspension
of conventional danazol particles (10 um) in fasted male bea-
gle dogs, and was comparable to that from a danazol-hydroxy-
propyl-B-cyclodextrin complex (89). Maincent et al. (90)
reported improved oral bioavailability of vincamine in rabbits
when administered using polyhexylcyanoacrylate NPs over
the aqueous solution.

Vitamin B, offers many advantages as a carrier for oral
drug delivery, like immunocompliance, low cost, and can be
readily modified to provide suitable functional groups for
conjugation with drugs, especially proteins and peptides. This
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uptake system can potentially increase the oral uptake of
molecules such as luteinizing hormone releasing hormone
analogs, a-interferon, erythropoietin, and granulocyte col-
ony-stimulating factor (G-CSF), which have been covalently
linked to the vitamin B;, molecule (91). Wu et al. (92)
reported that the NanoCrystal® dispersion (a commercialized
nanodrug delivery technology platform) eliminated the food
effect on oral absorption in the dog at a dose of 2 mg/kg. The
drug MK-0869 (aprepitant) exhibits regional specific absorp-
tion with higher amounts absorbed from upper GIT. A large
increase in surface area in the drug NPs could overcome the
narrow absorption window and lead to rapid in vivo dissolu-
tion, fast absorption, and increased bioavailability.

NPs may overcome immune surveillance by surface mod-
ification (e.g., PEGylation); however, it is very likely that
these same surface modifications result in reduced cell uptake
and thus oral absorption via M cells. However, it may happen
that the stealth nature may be of a different degree for GIT
uptake and RES scavenging and if the latter is more, there
is a net overall benefit. PEG coating on PLA NPs was shown
to increase their blood levels as compared to the noncoated
ones (42). It can be implied from this study that the particles
were not only absorbed but also evaded the RES system to
result in higher levels of stealth NPs.

Local Delivery—Colon Specific Targeting

Numerous drugs are inactivated in the GIT, because of the
stomach pH, the presence of proteolytic enzymes, and the
hepatic first-pass effect. For drugs presenting a narrow
intestinal absorption window, bioadhesive solid-dosage forms
offer an interesting approach to prolong the residence time at
or before this absorption window. Targeting a drug directly to
the colon offers many advantages (21). Colon, as a site, offers
a near-neutral pH (slightly alkaline), longer transit time,
reduced digestive enzymatic activity, and greater response
to absorption enhancers.

Polymeric nanoparticulate carrier systems can target the
inflamed tissue in intestinal bowel diseases. As no sedimenta-
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tion occurs with colloidal drug carriers, they might be affected
to a lesser extent because of higher diffusion rates. With the
anti-inflammatory drug rolipram, the oral administration of
drug loaded NP formulations proved to be as effective as solu-
bilized drug in relieving experimental colitis. When drug
administration was discontinued colitis reappeared in ani-
mals treated with the drug solution, whereas animals treated
with the NPs maintained reduced the level of inflammation.
An important advantage of this strategy is direct contact of
the carriers with the inflammation site, which in principle
can provide higher drug concentration. Moreover, NPs were
found not only to accumulate in the ulcer but also to adhere
to nonulcerated inflamed tissue as mucus production is signi-
ficantly increased in inflamed tissue (32,93).

Lymphatic Targeting

The problems inherent with the oral route of delivery, includ-
ing low pH, gastric enzymes, and rapid transit away from the
absorption sites and poor absorption of large molecules, pose
significant challenges to antigen delivery. Thus, an effective
delivery system shall protect the antigen in the gut, target
the antigen to the GALT, or increase the residence time of
the antigen in the intestine through bioadhesion.

PPs are the main targets for orally delivered vaccines.
M cells play a determining role in the sampling and transport
of luminal antigens into lymphoid tissues for immunological
surveillance and initiation of appropriate immunological
response. By incorporating the vaccine into the nanoparticu-
late drug delivery system, the vaccine is protected against
degradation on its way to the mucosal tissue and efficiently
targeted to and taken up by the M cells (51). Oral administra-
tion of vaccines might result in improvements in efficacy, as
oral immunization would stimulate mucosal immunity at the
sites at which many pathogens initially infect the host (47).

Lectins can act as transport molecules to cotransport the
haptens or proteins into and across the intestine. The binding
ability of the targeting molecule, as well as the immunogeni-
city of the antigen to be delivered must be preserved during
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the preparation of bioconjugates. Russell-Jones et al. (94)
incubated Caco-2 and opossum kidney (OK) cells with Leuco-
triene B, Concanavalin A, and WGA-coated NPs and exam-
ined the essential criteria for binding, uptake, and transport
of various sized commercial Fluorescent yellow-green (YG)
NPs from Polysciences. Their studies proved that a wide
range of targeting molecules like these three can enhance
the uptake of nanoparticulates in a range of sizes 50-500 nm.

Systemic Targeting

After their uptake from the intestine, NPs can appear in the
systemic circulation and can thus be used to deliver drugs in
virtually any organ perfused by blood. Drug targeting essen-
tially involves exploiting the altered/unique physiology at the
target site (e.g., a tumor). The functionalities used to enable
NPs this way pose processing and cost challenges, besides
the primary requirement of specificity to the target tissue,
which may have implications on the particle uptake also.

The biggest challenge in antineoplastic chemotherapy is
to achieve selective localization of the drug at the tumor site
for the desired period without causing cytotoxic effects on
other organs. The tumor vasculature is hyperpermeable and
selectively retains macromolecules and colloidal carriers of
diameter up to 600 nm (95). WGA has affinity for the EGF
receptor that is overexpressed in tumors, including those of
the liver, breast, lung, and bladder. Thus, prodrugs or drug
delivery systems containing WGA are expected to be appropri-
ate for targeting of anticancer drugs (6). Brannon-Peppas and
Blanchette (96) have reviewed the application of NPs for can-
cer chemotherapy by utilizing the concepts of enhanced per-
meation and retention effect, gene delivery, and avoiding RES.

A study was carried out to explore lectin-functionalized
PLGA NPs as bioadhesive drug carriers against tuberculosis
(TB) to reduce the drug dosage frequency of antitubercular
drugs and thus improve patient compliance in TB chemother-
apy. On administration of lectin-coated NPs in the size range
of 350—400 nm, through the oral/aerosol route, the presence of
drugs in plasma was observed for 67 days for rifampicin and
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13-14 days for isoniazid and pyrazinamide. However, upon
oral or aerosolized administration of uncoated particles,
rifampicin was detectable in plasma for 4—6 days, whereas
isoniazid and pyrazinamide were detectable for 8-9 days.
All three drugs were present in lungs, liver, and spleen for
15 days. Administration of WGA-coated NPs caused a signifi-
cant increase in the relative bioavailability of antitubercular
drugs (97).

The cationic polymers bind to the negatively charged
DNA to deliver the payload directly inside the cell (98). Hex-
ylcyanoacrylate NPs were used as drug carriers for azidothy-
midine (AZT) to investigate specific drug targeting of
antiretroviral drugs to reticuloendothelial cells by the oral
route. An increase in bioavailability and the longer duration
of action was observed at sites containing abundant macro-
phages, that is, in blood, brain, and organs of RES. This
may allow a reduction in dosage, and hence a decrease in sys-
temic toxicity. This type of delivery system can be applied to
other drugs also which do not cross the blood—brain barrier
(41). A new chemical entity CGP 70726, which is a very poorly
water-soluble HIV-1 protease inhibitor, was incorporated into
NPs made of poly(methacrylic acid—co—ethylacrylate) copoly-
mer Eudragit L100-55 and oral administration of aqueous
dispersions of these NPs to beagle dogs provided pH sensitive
drug delivery (99).

Reduction in particle size from 20-30pum to 270 nm
reduced the gastric irritation induced after oral administra-
tion of naproxen, a nonsteroidal anti-inflammatory drug.
The size reduction also resulted in a fourfold increase in the
rate of absorption because of increase in surface area avail-
able for dissolution (89).

Lipidic peptide dendrimers of 2.5 nm (NPs by definition)
were orally administered to female Sprague Dawley rats to
assess oral absorption (100). Although the dendrimers were
taken up in the intestine, their absorption was lower than
that documented with 50-3000 nm polystyrene NPs suggest-
ing that size is not the only and the most important determi-
nant in particle uptake. Table 1 summarizes a few examples
of NPs explored for oral delivery of NPs.
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Table 1 A Few Examples of NPs Explored for Oral Delivery

NP matrix Drug References
Polystyrene Trinitrobenzenesulfonic 32
acid
Chitosan Insulin 50
Fumaric acid and sebacic Dicumarol 101
acid copolymer
Stearic acid Cyclosporin A 62
B-cyclodextrin, Poly Saquinavir 55
(alkylcyanoacrylate)
Polyvinylpyrrolidone Danazol 102
Polystyrene Fluorescein (marker) 20
PLGA and polystyrene Uptake studies in excised 46
intestine
N-Isopropylacrylamide, sCT 85
tert-butyl methacrylate
Polylysine dendrimer None 100
Poly(methacrylic acid-co- CGP 70726 99
ethacrylate) (Eudragit
L100-55)
n-hexylcyanoacrylate AZT 41
Commercial YG Vitamin B;5 derivatized 91
(Polysciences) (Caco-2 uptake studies)
PLGA, Enalaprilat 73
polymethylmethacrylate
Polymethylmethacrylate None (radioactively 19
labeled)
PLA, PLGA, and Insulin 84

poly(fumaric-co-sebacic)
anhydride

Abbreviations: NP, nanoparticles; PLGA, poly(lactide-co-glycocide); PLA, poly(lactic

acid).

FUTURE DIRECTIONS

Drug products for human use should be safe, efficacious, and of
an acceptable quality. The safety of NPs has to be established
not only for the drug but also for the matrix used for preparing
the NPs. Safety is a relative term and is generally defined in
terms of an upper maximum limit up to which a substance can
be used in the FDA’s generally recognized as safe list (GRAS),
based on the toxicological data of use in other preparations
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given by the same route. An additional concern is whether the
requirement of sterility can and should be imposed on the NPs
for oral use designed for uptake in the GIT, because there is a
possibility of microorganisms and their spores gaining access
to the systemic circulation along with these carriers.

The critical parameters of a nanoparticulate formulation
to set and monitor quality standards have to be based on sim-
plicity (for routine analysis), reliability, and correlation to the
in vivo performance. These can include particle size, zeta
potential, pH of the suspension, (absence of) visible aggrega-
tion, redispersibility (contact angle measurement), assay of
the incorporated drug, maximum allowable limit of solvents,
residual stabilizer, and degradation products (oligomers/
monomers) for ensuring quality assurance.

Dissolution tests can be developed for nanoparticulate
formulations of only the drug or polymer entrapped drug with
or without surfactant. Similarly, if the NPs are formulated
into a solid-dosage form-like tablet, then a disintegration test
has to be developed that will ensure total recovery of constitu-
tive particles in the original nanosize range and with the same
physicochemical properties. As the mode of absorption of the
drug can be from either a (faster and locally generated) solu-
tion or direct uptake through the PPs, the drug release from
the NPs within the expected time of residence of the particles
in the GIT has to be accounted for in both qualitative and
quantitative terms. This is especially important in the light
of the fact that NPs can give an initial quicker release for
the drug at or near the surface where polymer degradation
and dissolution are not controlling the drug release. The drug
release before the particles are absorbed (and when uptake is
the only mechanism of drug absorption) is not going to contri-
bute to the overall bioavailability of the drug, and thus the
drug release has to be seen in the background of the mechan-
ism of drug absorption.
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INTRODUCTION

The brain is probably one of the least accessible organs for the
delivery of drugs due to the presence of the blood—brain bar-
rier (BBB) that controls the transport of endogenous and exo-
genous compounds, thus providing the neuroprotective
function. The structural BBB is formed by the cerebral capil-
lary endothelial cells that, in contrast to endothelial cells in
capillary blood vessels in most other tissues, are closely joined
to each other by tight junctions produced by the interaction of
several transmembrane proteins (Fig. 1). Moreover, these
endothelial cells demonstrate very little fenestration and
display only low pinocytic activity. This physical barrier effec-
tively abolishes any aqueous paracellular diffusional pathways
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Figure 1 Schematic comparison between brain (left) and general
(right) capillaries. Source: Adapted from Ref. 1.

between the extracellular fluid in the blood and brain. The
endothelial cells forming the BBB also exhibit a number of
bidirectional and unidirectional transporters. Essential com-
pounds such as amino acids, hexoses, neuropeptides, and
proteins employ these transporters or specific carriers to
permeate the brain (1,2). Lipophilic solutes are able to diffuse
across the BBB by direct permeation through the cell mem-
brane if their molecular weight is not more than 500 Da (3).
However, many of these lipophilic molecules will be actively
removed from the cerebral compartment by the adenosine
triphosphate binding cassette (ABC) efflux transporters,
such as P-glycoprotein (P-gp) or multidrug resistance pro-
teins (MRP) (4). Thus, many potential drugs with activity
at a particular site or receptor in the brain have failed in
the treatment of central nervous system (CNS) disorders.
These drugs simply do not enter the CNS in sufficient quan-
tities to be effective, which, consequently, diminishes their
therapeutic value.

Generally, drug targeting to the brain could be achieved
by going either “through” or “behind” the BBB. Several
strategies employ craniotomy-based drug delivery, including
either intraventricular drug diffusion or local intracerebral
implants. Although these procedures can significantly incr-
ease drug levels in the brain, all of them are highly invasive.
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In addition, craniotomy-based drug delivery relies on diffusion
from the local depot sites; since diffusion decreases with the
square of the diffusion distance, the effective treatment
volume is often limited (5). Some of the approaches attempt
to increase delivery of systemically administered drug by dis-
ruption of the BBB by infusion of hyperosmotic solutions or
vasoactive agents, such as bradykinin or, recently, by circum-
vention of the drug efflux mechanisms. These approaches
are probably most suited to short-term treatments, where a
single or infrequent exposure to a drug is required. Another
approach is the chemical modification of the drug for increas-
ing its lipophilicity; however, lipophilic compounds are also
potential substrates for the ABC efflux transporters. The con-
jugation of the drug with the BBB specific transport vector
takes advantage of the normal endogenous transport path-
ways within the brain capillary endothelium; the disadvan-
tage is a low carrying capacity of the vector molecules that
is generally limited by 1:1 stoichiometry of a carrier to a drug
(5). The liposomes have a much higher capacity and could
enable drug transport to the brain; however, liposomal formu-
lation of the antitumor antibiotic doxorubicin (DOX) dis-
played only moderate activity in glioblastoma patients (6).
Receptor-mediated brain targeting of another potent anthra-
cycline, daunomycin, was achieved using immunoliposomes
(7). Yet, the efficacy of this delivery system for chemotherapy
of brain tumors has not been demonstrated so far.

Therefore, despite the certain progress in this area,
development of drug-targeting technology that enables safe
and noninvasive access to the brain remains a challenge,
resulting in the emergence of novel strategies.

Thus, it was shown recently that the drugs normally
unable to cross the BBB could be delivered to the brain after
binding to the surface-modified poly(butylcyanoacrylate)
(PBCA) nanoparticles (NP) (8-10). Further investigations
provided evidence that the NP-based drug delivery systems
possess a significant potential for brain targeting.

This chapter addresses the various aspects of systemic
drug delivery to the brain by means of polymeric NP. The
use of NP for imaging is beyond the scope of the review.
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BIODISTRIBUTION STUDIES

The ability of various NP to deliver drugs to the brain has
been evidenced by a number of biodistribution studies (typical
physicochemical parameters of the carriers are shown in
Table 1).

The pharmacokinetic rule states that the mass of drug
delivered to the brain is equally proportional to the BBB per-
meability coefficient and the area under curve (AUC) plasma
concentration versus time (5).

One way to increase the drug circulation time is the
application of long-circulating NP that avoid rapid clearance
by the tissues of the mononuclear phagocyte system (MPS).
Evasion of particle uptake by macrophages could be achieved
to a certain extent by interference with protein adsorption
and opsonization, thus preventing complement activation
and recognition of NP (steric stabilization of the particles or
the so-called “stealth” effect). The approaches for design and
engineering of long-circulating vehicles have been described
elsewhere (24,25). Generally, steric stabilization of nanocar-
riers in the bloodstream can be performed by physical adsorp-
tion of nonionic surfactants or amphiphilic block copolymers,
such as poloxamers or poloxamines [block copolymers of
poly(oxyethylene) and poly(oxypropylene)l, or by their incor-
poration during the production of NP. Alternatively, particles
can be formed from an amphiphilic copolymer, in which the
hydrophobic block is able to form a solid phase, whereas the
hydrophilic part provides protection of the surface. All of
these technological approaches have proved to be successful
for extension of the circulation time of NP and, in accordance
with the pharmacokinetic rule, afforded enhancement of the
brain delivery of NP and bound drugs.

Binding of camptothecin (Ca) and two anthracyclines,
DOX and idarubicin, to solid lipid nanoparticles (SLN)
afforded a very considerable increase of plasma and brain
AUC (11,26-28). This effect was especially pronounced for
Ca, a very hydrophobic antitumor drug. After intravenous
(i.v.) administration, SLN produced an ~10-fold increase of
brain AUC, whereas plasma AUC was increased only five-fold
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as compared to the drug solution (Ca-sol). Moreover, brain
AUC of Ca bound to SLN (Ca-SLN) was ~6 times higher than
plasma AUC of this formulation; the ratio of brain AUC of Ca-
SLN to brain AUC of Ca-sol was the highest among the tested
organs. The SLN formulation acted as a sustained release sys-
tem: a low but detectable concentration of Ca-SLN (4.7 ng/g)
could be found in the brain 72 hr after i.v. injection of a dose
of 1.3mg/kg (11).

The brain delivery of DOX with SLN was less efficient,
even though plasma AUC was considerably increased; how-
ever, the delivery was significantly improved by steric stabili-
zation of the particles (27). The stealth effect was achieved
using poly(ethylene)glycol (PEG) derivative (PEG 2000—stea-
ric acid) (12,29). The influence of the increasing concentra-
tions of the stealth agent (0.15-0.45%) on the distribution of
DOX bound to SLN was demonstrated in rabbits (12). After
i.v. administration, plasma and brain concentrations of DOX
were increasing in parallel with the increasing amount of
the stealth agent in the SLN (Fig. 2A and B). Compared to
the nonstealth SLN, the SLN containing 0.45% of the stealth
agent produced a nine-fold increase of DOX concentration in
the brain that was achieved 30 minutes after injection. The
concentrations were gradually decreasing with time and after
six hours only the SLN containing 0.45% of the stealth agent
provided a detectable DOX concentration in the brain. It is
noteworthy that all SLN preparations decreased the heart
concentrations of DOX, which suggests that these carriers
may reduce the cardiotoxicity of this drug.

The same tendency was observed for drug-free [**C]-
labeled poly(methylmethacrylate) (PMMA) NP coated with
block copolymer poloxamine 908 or the nonionic surfactant
polysorbate 80 (Tween® 80, Ps 80) (13). Coating was per-
formed by incubation of the particles in a surfactant solution
before injection; the concentration range of the coating agents
was 0.001-5%. Measurements were made 30 minutes after
i.v. administration to rats. It was shown that at concentra-
tions below 0.1% the NP behaved like uncoated particles,
whereas concentrations above 0.1% for poloxamine 908 and
0.5% for Ps 80 significantly influenced the body distribution.
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Figure 2 (A) Plasma AUC of DOX bound to various types of SLN
after i.v. administration to rabbits in a dose of 1 mg/kg. (B) Brain
distribution of DOX bound to various types of SLN after i.v. admin-
istration to rabbits in a dose of 1 mg/kg. Abbreviations: AUC, area
under curve; SLN, solid lipid nanoparticles; i.v., intravenous;
DOX, doxorubicin. Source: Adapted from Ref. 12.
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Again, brain concentrations of the particles were increasing
in a parallel manner to the concentration of the stealth agent.
The maximal brain concentration was achieved after injection
of PMMA NP in 1% solution of poloxamine 908 and reached
0.55% of the injected dose (~9 pg/g). A similar tendency was
observed for Ps 80, although this surfactant was less effective
in increasing the blood and brain concentration.

Similar results were obtained earlier by Troster et al.
(30). These authors extensively studied the influence of differ-
ent surfactants on the biodistribution of PMMA NP in rats.
The preparations were administered i.v. after incubation of
the NP in 1% surfactant solutions. Again, poloxamine 908
was the most effective among other surfactants for increasing
plasma concentration of the NP (100-fold increase 30 minutes
after injection), whereas Ps 80 produced only a five-fold
increase, yet showed a similar brain uptake.

The efficacy of Ps 80 coating for brain targeting, how-
ever, was clearly demonstrated by Gulyaev et al. (15). Ps
80—coated PBCA NP only moderately increased the plasma
AUC of DOX (by ~70%) (Fig. 3A) but enabled a very efficient
delivery of DOX to the rat brain (Fig. 3B).

For surfactant coating, 1% Ps 80 was added to the NP pre-
paration, and the suspension was incubated for one hour prior
to injection. The preparations were administered i.v. in a dose
of 5mg/kg. After administration of DOX loaded in PBCA NP
coated with Ps 80 (DOX-NP + Ps 80), the concentration of
the drug in the brain reached very high levels of 6 ug/g, which
were maintained between two and four hours after adminis-
tration. Brain AUC of this formulation was approximately
10 times higher than plasma AUC. The three other prepara-
tions used as controls [DOX solution in saline (DOX), DOX
solution in 1% Ps 80 (DOX+Ps 80), and DOX bound to
uncoated PBCA NP (DOX-NP)] were inefficient; the brain con-
centrations were below the detection limit of 0.1 pug/g. Both
nanoparticulate preparations considerably decreased the
heart concentrations of DOX and yielded levels below the
detection limit after two hours. This phenomenon was
observed earlier by Couvreur et al. (31) and suggests that car-
diotoxicity of DOX could be decreased by means of PBCA NP.
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Figure 3 (A) Plasma AUC of DOX in solutions and bound to
uncoated and Ps 80—coated PBCA NP after i.v. administration to
rats in a dose of 5 mg/kg. (B) Brain distribution of DOX in solutions
and bound to Ps 80—coated PBCA NP after i.v. administration to
rats in a dose of 5mg/kg: ®, DOX; @, DOX+Ps 80; , DOX-NP;
$, DOX-NP + Ps 80. Abbreviations: AUC, area under curve; PBCA,
poly(butylcyanoacrylate); NP, nanoparticles; i.v., intravenous; Ps
80, polysorbate 80; DOX, doxorubicin. Source: Adapted from Ref. 15.

Calvo et al. (32) compared the biodistribution of different
types of [**C]-labeled poly(hexadecylcyanoacrylate) (PHDCA)
NP: unmodified PHDCA NP, long-circulating PHDCA NP
modified by simple adsorption of poloxamine 908 or Ps 80,
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and PEG-PHDCA NP made from an amphiphilic copolymer of
poly (methoxy-PEG-cyanoacrylate-co-hexadecylcyanoacrylate).
The study was conducted in rats and mice. Again, the highest
plasma concentration was achieved by coating the particles
with poloxamine 908 (84.5% of the injected dose in rats and
43% in mice after one hour), whereas the plasma concentra-
tion of PEG-PHDCA NP was lower (50% dose in rats, 29%
dose in mice) (Fig. 4A). However, in this case, PEG-modified
NP produced the highest brain concentrations in both animal
species (Fig. 4B and C). This effect may be attributed to the
specific interaction of the PEGylated NP with the BBB. The
brain uptake of PHDCA NP coated with Ps 80 again
depended on the concentration of this surfactant.

Interestingly, the brain concentrations of all nanoparti-
culate formulations were much higher in mice than in rats
(Fig. 4B and C). In contrast, the plasma concentrations were
higher in rats; this difference was especially pronounced for
Ps 80—coated particles (10-fold). As mentioned by the authors,
this difference could be explained by distinctly different
mechanisms of blood clearance in these animal species, in
particular, mechanisms of liver and spleen capture of the sur-
factant-coated particles (33,34).

Nanogel™ is a new nanoscale carrier system that has
been recently proposed for brain delivery of macromolecules,
such as antisense oligodeoxynucleotide (ODN) (14,35,36). This
system represents a nanoscale size polymer network of cross-
linked ionic poly(ethyleneimine) (PEI) and nonionic PEG
chains (PEG-cl/-PEI). In solutions, PEG-cl-PEI forms dispersed
swollen cross-linked NP that can absorb spontaneously,
through ionic interactions, a variety of biomacromolecules,
including negatively charged ODN. Upon binding of ODN
through electrostatic interaction of this drug with the PEI
chain, collapse of Nanogel occurs resulting in decreased size
of the particles. Due to the effect of PEG chains, the collapsed
ODN-loaded Nanogel forms a stable dispersion with the parti-
cle size of ca. 80nm. The charge of this delivery system
depends on its composition, which is usually described in
terms of N/P ratio, i.e., the ratio of nitrogen (nanogel) to phos-
phate (ODN) concentrations in the final nanogel and ODN
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mixture. At N/P=8, particles exhibited a small positive
charge (zeta potential ca. +2), whereas at N/P =4, particles
were electroneutral.

In vivo biodistribution study of ODN incorporated in
Nanogel particles in mice demonstrated that this delivery sys-
tem enabled enhanced ODN delivery to the brain, as com-
pared to the free phosphorothioate ODN (35). The study
employed two types of radiolabeled formulations: Nanogel-
[*H]-ODN and [*H]-Nanogel-ODN. Both Nanogel formula-
tions produced significantly higher levels of radioactivity in
the brain one hour after i.v. injection, as compared to the free
drug (5.34% and 2.67% of the dose, respectively, vs. 0.18%).
This fact suggests that a significant portion of ODN in the
brain remained associated with the carrier. The brain/plasma
ratio for the Nanogel-ODN formulation increased by one
order of magnitude compared to the free ODN. It also appears
from this study that the cationic Nanogel formulation was
more efficacious in brain delivery of ODN than the electroneu-
tral formulation. Moreover, the accumulation of radioactivity
in liver and spleen was significantly decreased, whereas
plasma and lungs displayed relatively fewer changes.

Pathological Conditions of the CNS

Whereas under normal conditions the BBB limits the passage
of solutes from the blood to the CNS, its function can be con-
siderably compromised during various CNS diseases. Thus,

Figure 4 (Facing Page) (A) Concentration of radioactivity (% dose)
in blood after i.v. administration of various types of [**C]-labeled
PHDCA NP in rats and mice at one hour postinjection: PEGylated,
poloxamine 908 coated, Ps 80 coated, and uncoated. Values are
means and SD, n =4. (B, C) Concentration of radioactivity (% dose)
in brain after i.v. administration of various types of [**C]-labeled
PHDCA NP at one hour postinjection: PEGylated, poloxamine 908
coated, Ps 80 coated, and uncoated. (B), mice; (C), rats. Values are
means and SD, n=4. Abbreviations: i.v., intravenous; PHDCA,
poly(hexadecylcyanoacrylate); NP, nanoparticles; PEG, poly(ethyle-
ne)glycol; Ps 80, polysorbate 80. Source: Adapted from Ref. 32.
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the development of highly malignant brain tumors is charac-
terized by both neovascularization and vascular hyperperme-
ability. In contrast to normal cerebral capillaries, vessels in
gliomas are tortuous and sinusoidal; the size of interendothe-
lial gaps may reach 0.3 x 3 um (37). Another common feature
of glioma vasculature is an increased vessel wall thickness
(endothelial thickness in glioma ~0.50 pm vs. 0.26 um in cere-
bral vessels) that contributes to an increase in nonselective
transendothelial transport (38). It has been hypothesized that,
as in other tumors, the structural abnormalities of glioma ves-
sels facilitate penetration of NP due to passive extravasation
across the impaired endothelium at the tumor site [an
enhanced permeability and retention (EPR) effect] (39). This
effect can be further improved by steric stabilization of the
particles, which prevents their rapid clearance from the
circulation and uptake by the MPS, thus enhancing their
extravasation in the target tissue.

This hypothesis was confirmed by the results of the com-
parative biodistribution study of the stealth PEG-PHDCA NP
and nonstealth PHDCA NP in rats bearing intracranial 9L
gliosarcoma (17). As expected, accumulation in the tumor
was more than three times higher for the long-circulating
(PEG-PHDCA) NP than for PHDCA NP; the latter had a very
short circulation time due to a rapid and massive uptake by
the MPS tissues. Nevertheless, both carriers were able to
extravasate across the BBB at the tumor site and to accumu-
late preferentially in the tumor rather than in the peritumoral
brain or the healthy contralateral hemisphere (Fig. 5A and B).
In addition, the four- to eight-fold higher accumulation of the
PEGylated NP was observed also in parts of the brain pro-
tected by the normal BBB, as compared to PHDCA NP. This
result correlated with the results of the previously discussed
study conducted in healthy animals (32).

In the study of Lode et al. (40), poloxamine 908 and
poloxamer 407 coating of [1*C]-PMMA NP provided a classic
biodistribution profile, increasing blood concentrations and
circulation time and decreasing liver uptake; however, they
failed to promote considerable extravasation of the particles
in the intracerebral U-373 glioblastoma or normal brain



Brain Delivery by Nanoparticles 287

(A)
0.3
03 min
5 min
30 min
g 02 - 2240 min
2
>
?
[=]
-
=2 0.1
9L tumor adjacent contralateral
tissue hemisphere
(8)
03
03 min
B5 min
30 min
o
§ 02 l @240 min
>
[i}]
w
o
T 01
=
. o

9L tumor adjacent contralateral
tissue hemisphere

Figure 5 Brain biodistribution of the various types of [**C]-
labeled PHDCA NP after IV injection to rats bearing intracranial
9L gliosarcoma. (A), rats receiving PHDCA NP; (B), rats receiving
PEG-PHDCA NP. (n=1 at 3min and n=4 at 5, 30, and 240 min).
Statistical differences between PEG-PHDCA NP and PHDCA NP
are indicated by * (p < 0.05), (nonparametric Mann—Whitney
U test). Abbreviations: PHDCA, poly(hexadecylcyanoacrylate); NP,
nanoparticles; IV, intravenous; PEG, poly(ethylene)glycol. Source:
Adapted from Ref. 17.
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tissue. At the same time, these surfactants considerably
enhanced accumulation of PMMA NP in B16 melanoma
implanted intramuscularly and in human breast cancer
MaTu implanted subcutaneously in mice. This difference
was explained by distinctive features of the tumor models.
The immunohistological study revealed the correlation of
the NP uptake in the tumors with the expression of the vas-
cular endothelial growth factor (VEGF), which was inter-
preted as a marker of tumor-induced angiogenesis. The
highest uptake was achieved in B16 melanoma, which was
also characterized by the highest VEGF expression and,
accordingly, by the highest growth rate, whereas a negligible
NP uptake in glioblastoma paralleled a lack of VEGF expres-
sion in this tumor. As mentioned above, the abnormality of
the tumor-associated vasculature is a prerequisite for the
enhanced extravasation of the particles into tumor. Taken
together with a parallel increase of blood concentrations and
circulation time, these facts suggest that the phenomenon of
the enhanced accumulation of PMMA particles in the periph-
eral tumors could be explained by the EPR effect. Ps 80 coat-
ing in this study was ineffective.

Another example of a CNS disorder associated with
impaired BBB integrity is the experimental allergic encepha-
lomyelitis (EAE), a well-established animal model of multiple
sclerosis. Brain and spinal cord concentrations of [**C]-PEG—
PHDCA NP were compared with another long-circulating car-
rier, poloxamine 908-coated PHDCA NP, and with conven-
tional PHDCA NP (41). The microscopic localization of
fluorescent NP in the CNS was also investigated in order to
further understand the mechanism by which the particles
penetrate the BBB. In general, the results of this study
showed the same tendency as the aforementioned study of
Calvo et al. (32) conducted in healthy animals. Poloxamine
908—coated PHDCA NP again showed the smallest brain con-
centrations even though they produced the highest prolonga-
tion of the circulation time. The concentration of PEGylated
NP in the brain, especially in white matter, was greatly
increased in comparison to conventional non-PEGylated NP.
As predicted, this increase was significantly higher in EAE
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rats than in control animals. In EAE rats, PEGylated NP were
colocalized with macrophage infiltrations, suggesting the loss
of BBB integrity in such lesions. The mechanism underlying
particle penetration into the brain is most probably passive
diffusion and macrophage uptake in inflammatory lesions.

Another possible mechanism of particle penetration
across the BBB is their uptake by circulating macrophages
that can cross the barrier during the EAE inflammation and
target particles to the inflammatory foci. This hypothesis is
supported by the immunohistochemical study of Merodio
et al. (20). These authors investigated the distribution of albu-
min NP after intraperitoneal administration in EAE rats. The
results of this study revealed that circulating macrophages
(ED1) that migrate to damaged sites and resident activated
microglial cells (0X42) were involved in the distribution of
albumin NP.

PHARMACOLOGICAL ACTIVITY
Neuroactive Agents

The transport of neuroactive agents across the BBB by means
of PBCA NP coated with Ps 80 has been extensively studied.
These agents include peptides, such as the Leu-enkephalin
analog dalargin (Dal) and kytorphin, the opioid loperamide,
the alkaloid tubocurarine, and the N-methyl-D-aspartate
(NMDA) antagonist MRZ 2/576 (8-10,42—47). All of these sub-
stances are not transported across the BBB after i.v. adminis-
tration and, therefore, do not produce effects in the CNS.
The transport of the NP-bound Dal, kytorphin, and loper-
amide across the BBB was evidenced by the pronounced anti-
nociceptive effects in mice demonstrated by the tail-flick test
or the hot-plate test (8,42,45,47). In contrast to the drugs
bound to Ps 80-coated NP, the drug solutions or uncoated
nanoparticulate formulations, used as controls, did not exhibit
any significant effects (Fig. 6). The antinociceptive effect of Dal
bound to Ps 80—coated NP was accompanied by a pronounced
Straub effect (tail erection) and was totally blocked by a
prior injection of naloxone (the p-opiate receptor antagonist),
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Figure 6 Analgesia in male ICR mice (% MPE) determined by the
tail flick test 45 minutes after IV injection of Dal in solutions and
bound to uncoated and Ps 80—coated PBCA NP (n =5). Values are
mean and SD. Abbreviations: ICR, Institute of Cancer Research;
MPE, maximal possible effect; IV, intravenous; Dal, dalargin; Ps
80, polysorbate 80; PBCA, poly(butylcyanoacrylate); NP, nanoparti-
cles. Source: Adapted from Ref. 45.

demonstrating the involvement of the opioid receptors. These
CNS effects provided additional evidence that Dal was indeed
transported across the BBB. Antinociceptive effects of Dal
were obtained also if the NP were coated with polysorbates
20, 40, 60, or 85, whereas other surfactants, such as poloxa-
mers 184, 188, 338, 407, poloxamine 908, Brij®35, Cremo-
phor®EL, or Cremophor®RH40 were ineffective (43,46).
Transport of tubocurarine across the BBB was demon-
strated using an in situ perfused rat brain technique together
with a simultaneous recording of the electroencephalogram
(10). Tubocurarine (a quaternary ammonium salt) does not
penetrate into the brain across the normal BBB. However,
direct intraventricular injection of tubocurarine provokes
development of epileptiform spikes that can be registered by
the encephalogram. Tubocurarine solution, tubocurarine-
loaded NP without Ps 80, or a mixture of Ps 80 and tubocur-
arine was unable to influence the encephalogram. However,
addition of tubocurarine-loaded NP coated with Ps 80 to the
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perfusate caused frequent severe spikes, as after intraventri-
cular injection of the drug.

A novel noncompetitive NMDA receptor antagonist, MRZ
2/576 is a potent but rather short-acting anticonvulsant. The
short effect of this drug (5—15min) is most probably due to its
rapid elimination from the CNS by efflux transporters that
can be blocked by probenecid. Administration of the drug
bound to PBCA NP coated with Ps 80 prolonged the duration
of the anticonvulsive activity in mice up to 210 minutes and
after probenecid pretreatment up to 270 min compared to
150 min with probenecid and MRZ 2/576 alone (16). The
results of this study demonstrate that Ps 80—coated PBCA
NP not only enhance brain delivery of drugs that are not able
to freely penetrate the BBB but also can prolong the CNS
availability of drugs that have a short duration of action.

Doxorubicin

The therapeutic potential of brain targeting using PBCA NP
was most clearly demonstrated in experiments for the che-
motherapy of intracranial glioblastoma (48). As mentioned
above, malignant brain tumors are characterized by vascular
hyperpermeability. However, if disruption of the BBB is evi-
dent in the tumor core, the barrier is still retained in peritu-
moral regions. DOX is a widely used antitumor antibiotic that
has been shown to poorly cross the BBB because of the efflux
transporters. Indeed, the clinical trials demonstrated that
after i.v. administration DOX did not reach cytotoxic levels
in glioma tissue due to delivery problems (49). At the same
time, a significant increase in survival rate was achieved in
patients with malignant gliomas treated with intratumoral
injections of DOX (50). The enhanced brain delivery of DOX
with Ps 80—coated PBCA NP suggested that this delivery sys-
tem had a potential for chemotherapy of brain tumors (15).
Indeed, a high efficacy of DOX bound to Ps 80—coated
PBCA was demonstrated in rats bearing 101/8 glioblastoma
(48). Groups of five to eight glioblastoma-bearing rats (total
n=151) were subjected to 3 x 1.5mg/kg or 3 x 2.5 mg/kg of
DOX in different formulations injected i.v. on days two, five,
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and eight after tumor implantation. The most prominent
result was achieved in the group treated with 3 x 1.5 mg/kg
of DOX bound to Ps 80—coated NP: a significant increase in
survival time (IST) was obtained (IST 84%, as compared to
the untreated control) and more than 20% animals showed
a long-term remission (Fig. 7).

These animals were sacrificed after six months and no
histological evidence of tumor was observed. Preliminary his-
tology confirmed lower tumor sizes and lower values for pro-
liferation and apoptosis in this group. The mean survival
time was even more prolonged in the group treated with
3 x 2.5mg/kg (IST 169%), indicating a dose dependence of
the antitumor effect. However, long-surviving animals in this
group died before day 180, most probably due to the higher
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Figure 7 Percentage of surviving rats (Kaplan—Meier plot) with
intracranially transplanted 101/8 glioblastoma after IV injections
of DOX in solutions or bound to uncoated or Ps 80—coated PBCA
NP (3 x1.5mg/kg) (summarized data of three experiments,
n =6 -+ 12 in each run). Abbreviations: IV, intravenous; DOX, doxor-
ubicin; Ps 80, polysorbate 80; PBCA, poly(butylcyanoacrylate); NP,
nanoparticles. Source: Adapted from Ref. 48.
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toxicity of this regimen. Interestingly, the survival time was
also increased in the groups treated with DOX solution in
1% Ps 80 and DOX bound to uncoated PBCA NP. This is in
contrast to the previous studies conducted in healthy animals,
where none of the similar controls (drug solutions or drug
bound to noncoated NP) was able to produce the CNS effect.
The phenomenon could most probably be explained by the
EPR effect associated with a higher permeability of the BBB
at the tumor site that allowed entry of other formulations into
the brain (38).

It is noteworthy that clinical signs of neurotoxicity were
absent throughout the study. Moreover, the histological study
of the animals treated with a dose of 3 x 2.5 mg/kg and sacri-
ficed on day 12 did not reveal any signs of neurotoxicity.

Brigger et al. (18) evaluated the efficacy of DOX bound to
PEG-PHDCA NP against intracranial 9L gliosarcoma. As
mentioned above, unloaded PEG-PHDCA NP displayed a sig-
nificant accumulation in this tumor, as well as an affinity for
the healthy brain tissue (17,40). Accordingly, it was assumed
that the increase of DOX distribution in the bulk tumor and
the adjacent tissue due to its association with the carrier
would also enhance drug efficacy. However, DOX loaded in
PEG-PHDCA NP failed to produce an antitumor effect
against 9L gliosarcoma. Nevertheless, this study, together
with the biodistribution studies of PEG-PHDCA NP discussed
earlier, represents an excellent example of a thoroughly
planned development of the drug delivery system designed
for the treatment of brain tumors.

Two nanoparticulate formulations were prepared. DOX
was incorporated in the PEG-PHDCA NP by nanoprecipita-
tion, either by dissolution in the aqueous phase (DOX aqueous
formulation), or in the organic phase (DOX organic formula-
tion) before precipitation. These formulations displayed differ-
ent patterns of the in vitro drug release: whereas the aqueous
formulation released DOX with a burst effect (90% of the drug
after two hours), the DOX organic formulation was character-
ized by better drug retention. The latter formulation displayed
a two-step drug leakage, the slow release phase following zero-
order kinetics that depended on the copolymer biodegradation
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rate [biodegradation products are polycyanoacrylic acid,
MePEG, and hexadecanol (17)]. The simultaneity of these
processes (polymer degradation and drug release) enables
the formation of an ion-pair between DOX and polycya-
noacrylic acid, necessary for reversing P-gp—dependent efflux
of DOX, which could enhance drug penetration through the
BBB (discussed later). Hence, the chemotherapy was con-
ducted using DOX organic formulation.

The treatment started three days after intracerebral
tumor transplantation. At that time, the permeability of the
BBB at the tumor site was already increased, as shown by
extravasation of a hydrophilic tracer (Evans Blue), which is
a premise for the EPR-mediated drug delivery.

Then, the drug administration schedule was planned
with a consideration of the individual features of the tumor
model, i.e., the cell kinetics. The schedule consisted of three
or five i.v. injections daily, since the 9L cells doubling time
was reported to be ~20 hours (51).

The result of chemotherapy was disappointing: incor-
poration of DOX in PEG-PHDCA NP was unable to improve
its antitumor effect against 9L gliosarcoma. The treatment
effect of the DOX organic formulation (5 x 1.8 mg/kg) was
not above 30% IST, as compared to the control group that
received unloaded NP. This result did not differ significantly
from that of free DOX or the aqueous formulation: 50% and
49% IST, respectively.

Additional experiments were carried out to gain insight
into the question why the DOX-loaded PEG-PHDCA NP
failed in the 9L gliosarcoma model. The most important find-
ings are as follows:

1. First, it was shown that loading of the particles with
DOX had a considerable impact on their biodistribu-
tion profile. The most intriguing finding was,
perhaps, the 2.5-fold lower concentration of the
DOX-loaded NP in the tumor and the adjacent tis-
sue, as compared to that of unloaded NP, even
though the blood concentration of the loaded parti-
cles was increased. Moreover, the loaded particles
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showed a different distribution within MPS organs,
with considerable accumulation in the lungs and
the spleen after a single injection.

2. Serious interaction of the DOX-loaded particles with
plasma proteins was observed after in vitro incuba-
tion with pure serum. Such an interaction was not
observed for the unloaded PEG-PHDCA NP. This
phenomenon was explained by a reversion of the sur-
face charge of the particles due to adsorption of posi-
tively charged DOX molecules (+15.5mV for loaded
NP vs. —24.4mV for unloaded). Furthermore, after
incubation in rat plasma, the surface charge of the
DOX-loaded NP was reversed again and became
negative, whereas unloaded NP displayed only a
slightly more negative zeta potential.

The interaction with plasma proteins was associated
with an instantaneous increase of the effective size of DOX-
loaded NP, which could be responsible for the increased accu-
mulation of the particles in the lungs, since lung capillaries,
as a capillary bed of the first passage, retain larger particles.
Finally, it was assumed that increased accumulation of DOX-
loaded PEG-PHDCA NP in lungs and spleen could divert
them from non-MPS organs, thus interfering with brain
delivery.

On the other hand, it may be relevant to mention here
the study of Sharma et al. (52). These authors treated
9L-bearing rats with high doses of DOX encapsulated in
long-circulating liposomes (cumulative dose 17 mg/kg, three
weekly injections). The liposomal formulation was more effec-
tive than free DOX; however, this effect (median IST 29%)
was not greater than that of DOX-loaded PEG-PHDCA NP.
At the same time, the physicochemical parameters of DOX-
loaded liposomes (Caelyx®) were beneficial: the surface
charge was negative (—25.5mV) and the size was smaller
(~80nm), as compared to the NP (18). Therefore, it may be
speculated that 9L gliosarcoma is relatively refractory to
DOX, which, among other factors, may be responsible for
the limited efficacy of DOX formulations in this tumor model.
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MECHANISMS OF DRUG DELIVERY TO THE
BRAIN BY MEANS OF POLYMERIC NP

A number of possibilities exist that could explain the mecha-
nism of drug delivery across the BBB by means of NP:

1. A mechanism of general toxicity involving an open-
ing of the BBB due to surfactant and/or NP effects
characterized by an increased permeability of the
endothelial cell membranes and/or an opening of
the tight junctions between the endothelial cells.
The NP and/or the drug could then permeate
through the BBB.

2. Increased retention of NP in the brain blood capil-
laries due to their adhesion to the capillary wall.
This could create a higher concentration gradient
that would enhance the transport to the brain.

3. Endocytosis of the NP by the endothelial cells fol-
lowed by the release of the drugs within these cells
and delivery to the brain.

4. Transcytosis of the NP with bound drugs through
the endothelial cell layer.

5. Interaction of the NP with the membrane of the
endothelial cell in the brain vessels. This could
induce changes in the cell membrane viscosity/fluid-
ity thus inhibiting the efflux system, such as P-gp,
and facilitating the brain uptake of P-gp-dependent
drugs.

These mechanisms could be also cooperative. Among
these mechanisms, mechanism 1 (opening of the BBB) is unli-
kely to contribute to the NP-mediated drug delivery to the
brain. A number of facts provide evidence that the brain
uptake of Ps 80—coated PBCA NP is not associated with an
opening of the BBB due to toxic effects.

First, a number of independent studies in healthy ani-
mals employing Ps 80—coated PBCA NP involved administra-
tion of a drug in a surfactant solution as a control (8,15,45,48).
These preparations were ineffective in terms of either
enhancement of brain concentration or pharmacological
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effects. These results suggest that the doses/concentrations of
Ps 80 used did not induce the BBB opening.

Second, it is unlikely that the BBB opening is induced by
a nonspecific permeabilization related to the toxicity of PBCA
NP coated with Ps 80, as suggested by Olivier et al. (53). If
this would be the case, prior binding of drug to these NP
would not be necessary, as the drug would have free diffu-
sional access to the brain through the opened tight junctions.
In order to test this hypothesis in vivo, free Dal was injected
into mice 5 or 30 minutes after the injection of unloaded Ps
80—coated PBCA NP (54). The antinociceptive effect of this
treatment was negligible and identical to those of a Dal solu-
tion or empty uncoated particles. In contrast, Dal bound to NP
prior to their coating with Ps 80 exhibited a pronounced and
statistically significant effect, indicating that the binding of
Dal to NP was a prerequisite for brain delivery. These obser-
vations correlated with the results of earlier studies of
Alyautdin et al. (8) and Olivier et al. (53).

Moreover, the integrity of the BBB in rats treated with
Ps 80—coated PBCA NP was evaluated by the measurement
of the inulin spaces (55). The increase of the spaces by 10%
after 10 minutes and 99% after 45 minutes was found. This
increase would suggest that the coated NP were increasing
the volume available to the intravascular inulin slightly but
were not significantly disrupting the BBB, as this would have
required an increase by a factor of 10-20.

Inconsistent results were obtained in the in vitro studies
of the modification of the BBB permeability due to Ps 80—
coated PBCA NP. The permeability was evaluated by measur-
ing the flux of the exrtracellular markers [**C]-sucrose and
[®*H]-inulin across a cell monolayer.

In the experiments of Kreuter et al. (54) no significant
changes of ['*Cl-sucrose and [?H]-inulin permeability were
observed in the in-vitro BBB model after coincubation with
Ps 80—coated or uncoated PBCA NP. This model consisted of
a coculture of bovine brain capillary endothelial cells and
rat astrocytes and was shown to establish a barrier.

Olivier et al. (53) used the same BBB model and observed
an over 10-fold increase in the sucrose and inulin fluxes after
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incubation with PBCA NP coated with Ps 80 (53). However, in
this case, serum was not added to the cell medium, which
could impair the integrity of the cell layer.

Steiniger et al. (56) cultivated bovine brain capillary
endothelial cells (no coculture with astrocytes) originating
from the gray matter onto precoated Transwell® inserts.
After incubation with 10 pg/mL of the NP preparation, the
['*C]-sucrose flux increased twofold with uncoated and 6.5-
fold with Ps 80—coated PBCA NP.

These results demonstrate that slight changes in the in-
vitro models of the BBB can lead to considerable discrepan-
cies in the experimental results.

The transport of other types of NP also was not associated
with disruption of the BBB. The evaluation of the modification
of the BBB permeability due to PHDCA NP or surfactants
using ['*C]-sucrose was performed in the study by Calvo
et al. (32). None of the nanoparticulate preparations modified
the low passage of sucrose, which indicates that penetration of
the NP was not associated with the increase of the BBB perme-
ability. However, 1% solution of Ps 80 increased noticeably the
concentration of sucrose in all brain structures.

The influence of two novel types of SLN on the perme-
ability of the BBB was investigated by Koziara et al. (21)
and Lockman et al. (57). The SLN were composed either of
emulsifying wax (E. Wax/Brij 78) or Brij 72/Ps 80 and labeled
with entrapped [*H]-cetyl alcohol. For both SLN types, signif-
icant brain uptake was measured by an in situ brain perfu-
sion. At the same time, these NP did not induce statistically
significant changes in BBB integrity, permeability, or choline
transport. The presence of the particles did not significantly
influence cerebral perfusion flow, and the [1*C]-sucrose brain
distribution space was not increased, indicating that these
SLN had minimal effect on the BBB integrity. Additionally,
Western blot analysis confirmed that the incubation of these
NP with bovine brain microvessel endothelial cells did not
alter expression of the BBB junctional proteins, such as occlu-
din and claudin-1. The above data suggest that the brain
uptake of these NP also was not associated with paracellular
movement due to the opening of tight junctions.
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Alternatively, the enhanced brain delivery could be
explained by increased retention of NP in the brain blood
capillaries due to their adsorption to the capillary wall. This
could create a higher concentration gradient, thus enhancing
transport across the endothelial wall to the brain (mechanism
2). Indeed, the interaction of various NP with brain microves-
sels was observed in several studies (see later). Troster et al.
(30) believed that PMMA particles were not engulfed by the
endothelial cells lining the vasculature but rather adhered
to these cells. This mechanism was also suggested, among
other possibilities, for DOX-loaded stealth SLN (12). In this
study, the enhanced uptake of DOX in the brain was asso-
ciated with the increase of the concentration of the stealth
agent in SLN. At the same time, the increasing concentration
of the stealth agent (PEG derivative) also suggested a parallel
increase of the surface hydrophilicity of the carriers.
This increasing hydrophilicity could be expected to hinder
NP interaction with the cell membrane and passage through
the BBB; however, this was not the case. This observation
implies involvement of an additional mechanism in DOX
transport to the brain with the stealth SLN.

Another mechanism is endocytosis of the NP by brain
microvessel endothelial cells (mechanism 3). Indeed, there
are facts indicating that the enhanced brain delivery of the
drugs loaded in PBCA NP is the result of their internalization
by the endothelial cells forming the BBB.

This hypothesis is supported by the study of the interac-
tion of PBCA NP with the BBB in vitro and in vivo (55). As
mentioned earlier, an increase in inulin spaces by 10-99%
was found in rats treated with Ps 80-coated PBCA NP. This
slight increase could be interpreted as a result of an upfolding
of the cell membrane due to endocytic events, or an increase
in fluid phase endocytosis of inulin associated with the inter-
nalization of the NP. In addition, the uptake of fluorescent
PBCA NP labeled with Rhodamine 6G was observed in cul-
tured human, bovine, and murine brain microvessel endothe-
lial cells (58). The uptake was followed by fluorescence, as
well as by laser confocal microscopy. Uptake of the surfac-
tant-coated NP was far more pronounced compared to the
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uncoated particles, even though in the bovine cells a slight
increase in uptake of the uncoated particles was observed
with increasing time of incubation. Using image analysis soft-
ware, a 20-fold increase in uptake of coated with respect to
uncoated NP was observed in two hours. Human cells also
exhibited the enhanced uptake of the coated NP.

The uptake of fluorescent PBCA NP by rat brain
endothelial cells of the RBE4 cell line also was demonstrated
by Alyautdin et al. (565). The PBCA NP were labeled with
fluorescein isothiocyanate (FITC) dextran 70,000. After the
addition of Ps 80-coated NP, the cells showed a punctate
appearance of fluorescence concentrated within the cells. In
contrast, after treatment with the uncoated NP no fluores-
cence was observable within the cells, even after the addition
of a 10-fold higher concentration of NP, while a strong fluor-
escence was apparent in the surrounding medium. In none
of the above experiments did the addition of Ps 80—coated or
uncoated NP appear to damage the RBE4 cells.

Taken together, the results of these extensive studies
suggest that Ps 80—coated PBCA NP are endocytosed by the
brain capillary endothelial cells. Furthermore, Kreuter et al.
(59,60) suggested that endocytosis of these NP is mediated
by plasma apolipoprotein B and apolipoprotein E (ApoE)
adsorbed on the surface due to coating with Ps 80. These apo-
lipoproteins interact with the low-density lipoprotein (LDL)
receptors expressed in the BBB and promote uptake of the
NP by the brain capillary endothelial cells via receptor-
mediated endocytosis. This hypothesis was based on the
following findings: Kreuter et al. (46) observed that besides
Ps 80, coating of the PBCA NP with polysorbate 20, 40, or 60
also enabled an antinociceptive effect after injection of Dal-
loaded PBCA NP, whereas other surfactants, such as poloxa-
mers and poloxamines, were unable to achieve this effect. At
the same time, Liick found that coating of PBCA NP with
these surfactants significantly increased the amount of ApoE
adsorbed on the surface of these particles after their incuba-
tion in human plasma (61). Moreover, human and bovine brain
capillary endothelial cells expressed high levels of LDL recep-
tor, as demonstrated by immunohistochemical staining (58).
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These findings were corroborated by another experiment,
in which the possible involvement of a number of other apoli-
poproteins in the transport of drugs bound to PBCA NP into
the brain was investigated (60). PBCA NP loaded with Dal
or loperamide were coated with the apolipoproteins All, B,
CII, E, or J without coating or after precoating with Ps 80.
After i.v. injection to mice the antinociceptive threshold was
measured by the tail-flick test. An antinociceptive effect was
achieved only after treatment with Dal or loperamide-loaded
PBCA NP coated with Ps 80 and/or with apolipoprotein B or
ApoE. The effect was higher when NP were first coated with
Ps 80 and then overcoated with ApoE (Fig. 8). Furthermore,
the antinociceptive threshold of Ps 80-coated Dal-loaded
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Figure 8 Analgesia in male ICR mice (% MPE) determined by tail
flick test after i.v. injection of Dal bound to PBCA NP coated with Ps
80 and/or ApoE (n=5) in a dose of 7.5 mg/kg. Abbreviations: ICR,
Institute of Cancer Research; MPE, maximal possible effect; i.v.,
intravenous; Dal, dalargin; PBCA, poly(butylcyanoacrylate); NP,
nanoparticles; Ps 80, polysorbate 80; ApoE, apolipoprotein E.
Values are mean and SD. Source: Adapted from Ref. 60.
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PBCA NP was determined in ApoE-deficient and normal
mice. In the ApoE-deficient mice, the antinociceptive effect
was considerably reduced in comparison to normal mice. A
similar antinociceptive effect was also achieved after coating
of Dal-loaded particles with apolipoprotein B.

Therefore, it was concluded that apolipoprotein B and
ApoE are involved in the PBCA NP-mediated transport of
drugs across the BBB. Polysorbate coating promotes adsorp-
tion of the circulating apolipoproteins, so that NP are assumed
as lipoprotein particles that could be taken up by the brain
capillary endothelial cells via receptor-mediated endocytosis.
Bound drugs then may be transported into the brain by diffu-
sion following release from the particles within the endothelial
cells, or together with the carrier by transcytosis.

The role of Ps 80 coating of NP that facilitated their
interaction with brain microvessel endothelial cells has been
also demonstrated for other types of NP. Lipid drug conjugate
(LDC) NP were composed of stearic acid and diminazene; Ps
80 was used as an emulsifier (62). Confocal laser scanning
microscopy of the murine brain tissue showed Nile Red-
labeled LDC particles adhering to the endothelium of the
brain vessels and the dye diffusion into the brain tissue.
The plasma protein adsorption pattern investigated by two-
dimensional electrophoresis revealed strong adsorption of
apolipoproteins A-I and A-IV onto LDC NP after their incuba-
tion in murine plasma; ApoE could not be identified. The
authors hypothesized that the ability of Ps 80—coated NP to
deliver drugs to the brain is not only mediated by adsorption
of apolipoprotein B and ApoE but probably involves “team
work” of other apolipoproteins that prevent the hepatic
uptake of the NP, thus facilitating brain delivery.

The recent study of Sun et al. (22) employed poly(lactic)
NP loaded with FITC dextran and coated with Ps 80 by
24-hours incubation. The direct observation of NP delivery
to the brain was carried out using fluorescent microscopy of
murine brain sections obtained after vascular perfusion fixa-
tion. The fluorescence was observed only in the animals trea-
ted with FITC dextran bound to Ps 80—coated NP, whereas
treatment with other preparations, such as solution of FITC
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dextran in Ps 80, FITC dextran bound to uncoated NP, or
in situ mixture of all components, did not produce any fluor-
escence of the brain sections. The fluorescence was mainly
located at the wall of brain microvessels, which is indicative
of the interaction between Ps 80—coated NP and brain micro-
vessel endothelial cells.

In the study by Koziara et al. (21) the transfer rate of the
SLN stabilized by Ps 80 (Brij® 72/Ps 80) NP from perfusion
fluid into the brain was significantly higher than that of the
NP stabilized by Brij® 78 (E. wax/Brij 78).

The hypothesis that Ps 80 mediates an interaction of the
NP with the brain endothelial cells is, in a way, corroborated
by the pharmacokinetic data discussed earlier. Indeed,
although the coating of various NP with Ps 80 considerably
enhanced drug delivery to the brain, the effect of this surfac-
tant on the circulating characteristics of the particles was not
very pronounced (13,15,30,32). In contrast, poloxamine 908
most efficiently extended the circulation time of various NP;
nevertheless, its effect on brain uptake was often moderate
or minimal. It could be hypothesized that poloxamine 908 cre-
ated the steric barrier that not only protected the NP from
opsonization, thus increasing circulation time, but also inter-
fered with the cell membrane recognition step, which pre-
vented transport of the NP across the BBB (32). On the
other hand, and in accordance with the pharmacokinetic rule
cited earlier, Ps 80 is likely to enable a specific interaction of
the particles with the BBB endothelial cell.

This assumption is supported by the in vitro results of
Borchardt et al. (63). These authors investigated the influence
of surfactants on the uptake of [**C]-PMMA NP by bovine brain
microvessel endothelial cells isolated from the gray matter of
the cerebral cortex. The highest and fastest uptake (>300%
compared to uncoated controls after two hours) was observed
after coating with Ps 80, whereas coating of the NP with polox-
amine 908 yielded an insignificant uptake enhancement.

Interestingly, long-circulating PEGylated PHDCA NP
not only provided higher accumulation in the brain tumor tis-
sue but also displayed an affinity for brain regions protected
by the normal BBB (17). Obviously, and in concert with other
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studies, the concentration of the particles in the brain was
improved due to reduced clearance of the long-circulating car-
rier by MPS. Moreover, the analysis of the pharmacokinetic
data allowed authors to conclude that if the mechanism of
intratumoral accumulation was similar for PEGylated and
non-PEGylated carriers, an affinity of PEGylated particles
for the normal brain could not be considered as a simple
diffusion/convection process. It can be speculated that, as
with Ps 80, PEG coating enables a specific interaction of the
particles with the BBB endothelial cells.

Above all, these results suggest that prediction of the
brain uptake of the NP-bound drug on the basis of their circu-
lation behavior is not always unequivocal and cell/particle
interactions must be considered to achieve efficient brain
delivery.

Adsorptive endocytosis is a likely mechanism of the
enhanced transport of ODN across the BBB with the posi-
tively charged Nanogel particles (14,35). The main obstacle
to effective therapy with ODN compounds is their anionic
character and relatively large molecular structure, which
hampers their access to the target sites localized in the cell
cytoplasm and/or nucleus. On the other hand, the positively
charged NP are believed to interact electrostatically with
the negatively charged cell membranes, which is followed by
the internalization of these particles within these cells via
adsorptive endocytosis. Indeed, the positively charged Nano-
gel formulation allowed more effective ODN transfer across
the monolayers of brain microvessel endothelial cells, as com-
pared to the electroneutral formulation. This result is in con-
cert with the in vivo data demonstrating the substantial
brain/plasma ratio of ODN achieved after injection of ODN-
loaded Nanogel particles (discussed earlier). The cationic nat-
ure of this carrier system may also influence intracellular
trafficking of ODN. Thus, delivery with Nanogel particles
afforded effective release of ODN and its accumulation within
the nucleus, whereas free ODN molecules are mainly
localized within endosomal and lysosomal compartments
and their access to the nucleus is usually achieved only
after addition of chloroquine. It is possible that following
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internalization, the cationic NP interact with the negatively
charged endosomal membrane, which may cause destabiliza-
tion of the membrane and facilitate the release of ODN and its
access to the nucleus (Fig. 9).

The influences of the surface charge and the size of the
carriers on brain delivery are not yet clear; however, certain
tendencies can be noted. Thus, in contrast to positively
charged DOX-loaded PEG-PHDCA NP that failed to produce
a high brain/blood ratio, ODN-loaded Nanogel particles had a
lower zeta potential (+2.3 vs. +15.5 mV for PEG-PHDCA NP)
and were considerably smaller (90 vs. 180nm). In the study

(A)

(B)

Figure 9 (A) Internalization of oligonucleotide (ODN)-loaded
Nanogel particles by adsorptive endocytosis and putative mechan-
ism of ODN release into the cytosol. (B) Destabilization of the endo-
somal membrane: (1) interaction of the positively charged Nanogel
particles with negatively charged phospholipids; (2) Nanogel wrap-
ping with interacting phospholipids, and (3) collapse of Nanogel-
phospholipid complex and release of ODN into the cytosol. Source:
Adapted from Ref. 14.
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by Zara et al., (12) DOX accumulation in the brain increased
parallel to the decrease of a negative zeta potential of the
stealth SLN, which, among other factors, could contribute to
successful brain targeting of these carriers (Table 1). These
observations evidently imply the importance of both para-
meters for brain targeting.

Transcytosis (mechanism 4) of cationic polysaccharide
NP coated with a lipid bilayer across the in vitro BBB model
was observed by Fenart et al. (23). The BBB model consisted
of a coculture of bovine brain capillary endothelial cells and
rat astrocytes. Neutral, anionic, and cationic 60-nm NP were
prepared from cross-linked maltodextrin derivatized or not
(neutral) with anionic (phosphates) or cationic (quaternary
ammonium) ligands. The particles were labeled with fluores-
cein and coated (or not) with a lipid bilayer. Cationic lipid-
coated NP were found to be the best for permeating across
the BBB, whereas coating of the neutral particles did not sig-
nificantly alter their permeation characteristics. No modifica-
tion of the paracellular permeability was observed during the
incubation of cells with the NP, so this increase was not due to
a breakdown of the barrier. The distribution of these particles
throughout the cytoplasm was characteristic of transcytosis.
In contrast, the perinuclear localization of uncoated polysac-
charide NP showed an intracellular accumulation of these
NP in a degradation compartment.

Finally, the enhanced drug delivery to the brain with Ps
80—coated PBCA NP may be associated with the inhibition of
the transmembrane efflux pumps, such as MRP and P-gp
(mechanism 5). As could be seen from the data above, coating
with Ps 80 enables interaction of the NP with the membranes
of the brain microvessel endothelial cells. Apart from other
effects, this interaction could influence the membrane
fluidity/viscosity, which can cause the conformational change
and inhibition of the transmembrane efflux pumps. The efflux
pumps are important constituents of the BBB and most of the
drugs delivered to the brain by means of Ps 80-coated PBCA
NP (such as loperamide, Dal, DOX, and MRZ 2/576, described
earlier) are P-gp and/or MRP substrates. Although the possi-
bility of involvement of P-gp has been mentioned in earlier
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publications, the role of the efflux mechanisms in the NP-
mediated drug delivery to the brain has not been investigated
(55,59). At the same time, this hypothesis is supported by the
following facts.

Polyalkylcyanoacrylate NP display a unique ability to
overcome multidrug resistance (MDR) mediated by P-gp
(64-66). Thus, poly(isobutylcyanoacrylate) NP could reverse
P-gp—dependent MDR to DOX and produce considerable cyto-
toxic effects in P388/ADR cells resistant to DOX
(65—67). Intracellular accumulation of DOX and cytotoxicity
clearly depended on the release of the drug from the particles.
However, in contrast to what was believed, internalization of
the particles in the P388/ADR cells was not required for over-
coming MDR. The suggested mechanism of action was that
the NP adsorb to the surface of the tumor cells and simulta-
neously release the encapsulated drug and NP degradation
products (polycyanoacrylic acid) that form an ion pair, which
could cross the membrane without being recognized by P-gp
(Fig. 10). It was demonstrated that the contact of the particles
with the cell membrane was essential for MDR reversion. The
authors assumed that the MDR reversion was more related to
the changes in the membrane permeability or fluidity than to
the direct interaction with P-gp.

Furthermore, the effect of poly(alkylcyanoacrylate) NP
was enhanced in the presence of inhibitors of P-gp or MRP.
Thus, it was shown that the Ps 80—coated NP significantly
prolonged the anticonvulsive effect of MRZ 2/576; being a sub-
strate of MRP efflux pump, this drug is actively pumped out of
the brain (66). A similar effect was achieved when MRZ 2/576
bound to uncoated NP was injected after pretreatment with
probenecid, which is a known MRP inhibitor. It can be specu-
lated that inhibition of the drug efflux by Ps 80 coating of the
NP is similar to the effect of probenecid. Moreover, the inhi-
biting effect of probenecid was enhanced if this agent was
bound to the NP. These data are in concert with the in vitro
results of Soma et al. (19) who demonstrated that the cytotoxi-
city of DOX bound to poly(isobutylcyanoacrylate) NP
against P388/ADR cell line resistant to DOX, could be

q

enhanced by cyclosporine® A, a potent P-gp inhibitor. The
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(A) (B)

Nanoparticle in the
course of degradation

Figure 10 Hypothetic mechanism of DOX-loaded poly(alkylcya-
noacrylate) NP bypassing MDR at the cellular level. DOX-loaded
NP are not endocytosed by the resistant cells (A) but adhere to the
cell surface where they simultaneously release degradation products
and the drug (B). The degradation products and the drug form ion-
pairs (C) that can penetrate the cells avoiding recognition by the
P-gp. Abbreviations: DOX, doxorubicin; NP, nanoparticles; MDR, mul-
tidrug resistance; P-gp, P-glycoprotein. Source: Adapted from Ref. 64.

effect of cyclosporine, in turn, could be enhanced if the drug
was bound to the NP.

Although DOX loaded in uncoated PBCA NP could
reverse P-gp—associated MDR in the cell culture, in vivo only
DOX bound to Ps 80—coated NP could be delivered to the
brain (15). It is possible that the ability of DOX-loaded PBCA
NP to circumvent P-gp is assisted by Ps 80. Indeed, this sur-
factant was found to reverse P-gp—associated drug resistance
by increasing drug influx into the cells (68-70). In vivo, Ps 80
enhanced the adsorption of methotrexate from the mouse gas-
trointestinal tract (GIT) and drug uptake into the brain in a
dose-dependent manner (71). Moreover, Ps 80 could facilitate
the particle interaction with the endothelial cell membrane.
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Figure 11 Hypothetic mechanism of drug delivery to the brain by
means of Ps 80—coated poly(alkylcyanoacrylate) NP: (1) receptor-
mediated endocytosis enabled by adsorption of ApoE onto the NP;
(2) transcytosis; (3) endocytosis followed by intracellular degrada-
tion of NP, resulting in release of the drug and diffusion across
the BBB; (4) inhibition of P-gp; and (5) modulation of permeability
of the BBB by opening of tight junctions. Abbreviations: Ps 80, poly-
sorbate 80; NP, nanoparticles; ApoE, apolipoprotein E; BBB, blood—
brain barrier. Source: Adapted from Ref. 67.

Hence, it can be hypothesized that PBCA NP coated with
Ps 80 cause indirect inhibition of P-gp through changes in the
cell membrane. Possible mechanisms of DOX transport across
the BBB with polyalkylcyanoacrylate NP are summarized in
Figure 11.

CONCLUSIONS

NP-based drug delivery systems represent a new and inter-
esting perspective among other strategies for drug targeting
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to the CNS, offering opportunities for noninvasive chemother-
apy of CNS disorders.

The mechanism(s) of drug transport to the brain by
means of NP is presently not fully elucidated. There are a
number of processes that can be involved in this phenomenon;
they may run in parallel or may be cooperative. The available
data suggest that the mechanisms are likely to depend on
the physicochemical parameters of the delivery systems (such
as size, charge, and hydrophilicity/hydrophobicity) and the
chemistry of surface-modifying agents. Hence, it is probable
that different particles enable drug delivery by different path-
ways. The endocytic uptake of the particles by brain microves-
sel endothelial cells obviously plays an important role for
most types of the carriers reviewed in this chapter. On the
other hand, the correlation of plasma and brain concentra-
tions observed by a number of authors suggests that the
enhanced drug transport into the brain with the NP can be
dependent on their pharmacokinetic parameters governing
the blood-brain gradient of the drug concentration.

Obviously, an ideal drug delivery system capable of
crossing the BBB must combine adequate circulation and
drug release characteristics with the feasibility of specific
cell/particle interactions. The diversity of the targets in the
CNS will probably call to life a wide variety of colloidal car-
riers. It can be expected that future research will concentrate
on the development of the vectorized delivery systems com-
bining the advantages of the colloidal carriers, such as large
payloads of a drug, with active targeting. In this respect,
the results obtained with the NP conjugated with the surface
ligands, such as thiamine, insulin, transferrin, or an anti-
transferrin receptor monoclonal antibody, are encouraging
(14,35,72-74).

Our understanding of the BBB has advanced consider-
ably and it is now recognized as a highly complex and reactive
interface interacting with numerous blood-borne factors,
which modulate its functions. This improved knowledge is
expected to move drug development into a more rational
phase. Overall, the design of formulations for CNS delivery
of low molecular drugs and biomacromolecules will demand
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an in-depth understanding and careful consideration of drug
receptors and sites of action, as well as the processes traffick-
ing the drugs to their cellular and intracellular targets, such
as endocytic pathways, and other transport mechanisms gov-
erning the accumulation and elimination of the drugs in the
brain. Moreover, a careful choice of adequate in vivo and in
vitro models for evaluation and prediction of pharmacological
activity cannot be disregarded. Finally, the success of this
technology will depend on toxicological issues that have been
only marginally addressed so far.
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INTRODUCTION

Anatomically, ocular drug delivery targets either the anterior
segment or the posterior segment of the eye. While the target
tissues of interest in the anterior segment include the cornea,
iris-ciliary body, and lens, those in the posterior segment
include the choroid, retina, vitreous, and optic nerve.
Anterior segment drug delivery via topical drops is
impeded by several precorneal and corneal factors including
the tear flow, blinking, and the epithelial barriers with the
resultant drug bioavailability to the aqueous humor being
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<5% (1-4). Tear flow and blinking result in short precorneal
residence of the eye drops, because of the drainage of most of
the dose into the nasolacrimal duct within a few minutes, and
subsequently into the systemic circulation. Drugs from drops
can also enter the systemic circulation via the conjunctival
circulation. Frequent dosing is hence a necessity when topical
ocular delivery is utilized. For drugs with long half-lives the
dosing can be two to four times a day, which is manageable.
However, for drugs with short half-lives dosing every one to
two hours may be required, which may lead to the loss of
patient compliance. Approaches to prolonged precorneal resi-
dence time are needed to increase drug bioavailability to the
anterior segment following topical drop administration. Addi-
tionally, approaches are needed to rapidly lodge the drug in
the corneal epithelium during the short precorneal residence
times of a dosage form. Nanoparticles can be potentially
designed to enhance drug delivery to the anterior segment
on both these counts for some drugs. Alternative approaches
to prolong drug delivery by the topical route include the use
of drug loaded ointments, viscous vehicles, inserts, contact
lenses, and collagen shields to prolong the precorneal resi-
dence time of the drug in the tear film.

Eye drops are ineffective for all practical purposes in
delivering drugs to the posterior segment disorders, especially
those afflicting the neural retina. In addition to the aforemen-
tioned factors limiting drug absorption into the eye, the drug
has to cross multiple tissue and vascular barriers [conjunc-
tiva, sclera, choroid, Bruch’s membrane, and retinal pigment
epithelium (RPE) or cornea, aqueous humor, lens, and vitr-
eous] to reach the neural retina following topical administra-
tion. Because of these multiple barriers, eye drops are
currently not useful for retinal drug delivery. Therefore,
alternative approaches are needed to provide therapeutic con-
centrations of the drug in the posterior segment. Systemic
route can deliver the drug to the retina; however, the delivery
is limited because of the presence of the outer and the inner
blood-retinal barriers. In addition, only a small fraction of
the drug given systemically can actually access the ocular tis-
sues. For instance, although the vitreous area under the
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concentration (AUC) versus time curve for fleroxacin follow-
ing intravenous administration is ~10% that of serum, the
actual dose fraction delivered to the vitreous is about 0.02%
(5). This is because 0.1 mg of intravitreal fleroxacin resulted
in an estimated vitreal AUC of ~70 mg/hr/L, when compared
to 3.4 mg/hr/L vitreal AUC obtained following about 23-30 mg
intravenous dose. Because of such low fractions delivered to
the posterior segment, large systemic doses are required,
which might lead to systemic toxicity. To deliver drugs to
the posterior segment, alternative routes, such as periocular
or intraocular routes, are being investigated. However, these
routes require invasive administration and therefore, fre-
quent administrations are unwarranted as patient safety
and compliance could be compromised. Thus, even for the pos-
terior segment, there is a need for the development of systems
that can sustain drug delivery. Additionally, when intracellu-
lar targeting is desired, as is the case with gene delivery, sys-
tems capable of targeting intracellular compartments are
required. Nanoparticles will likely be useful in sustaining
retinal drug delivery as well as providing intracellular drug
targeting in the posterior segment. Alternative delivery sys-
tems for prolongation of the posterior segment drug delivery
include implants, scleral plugs, microparticles, and liposomes.
Nanoparticles are not a universal solution for drug delivery in
the eye. The choice of a delivery system ultimately has to be
made based on the drug, the disease, and the target anatomy
of interest.

An ideal ocular drug delivery system would be able to
provide therapeutic concentrations of the drug at the target
tissue by overcoming the blood ocular barriers, provide tar-
geted delivery to the ocular tissues with minimal systemic
effects, be safe and nonirritating to the tissues, and provide
prolonged delivery, thereby reducing the dosing frequency.
This chapter mainly focuses on the use of polymeric nanopar-
ticles as drug delivery systems for ocular drug delivery. To
better develop and utilize nanoparticulate systems for ocular
drug delivery, it is important to understand the disposition
and safety of these particulate carriers besides their ability
to sustain drug delivery and enhance intracellular uptake.
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Therefore, the purpose of this chapter is to describe the dispo-
sition, sustained delivery, and safety aspects of nanoparticles
in the eye. Topical, intravitreal, as well as periocular routes
are addressed in this chapter. Wherever the information is
available, studies at the level of cells and excised tissues have
been presented. Comparisons have been made between nano-
particles and other delivery systems, particularly using
microparticles, wherever appropriate.

DISPOSITION OF NANOPARTICLES IN THE EYE
Topical Disposition of Nanoparticles

Topically applied nanoparticle suspensions can be eliminated
in a fashion similar to other aqueous topical ophthalmic
formulations. The probable disposition pathways for
topically applied nanoparticles can be envisioned as outlined
in Figure 1. The nanoparticles in the eyedrop formulation
can enter either the cornea or the conjunctiva or drain via
the nasolacrimal duct. Particulate systems in the cornea and
conjunctiva might contribute to drug levels in the various eye
tissues with contributions primarily to the anterior segment.
Nanoparticles entering the nose can be further cleared to the
gastrointestinal tract. The particles lodged in the nasal and
gastrointestinal tissues might release the drug and contribute
to the systemic drug levels. As a major fraction of the topical
dose is drained via the nasolacrimal duct, particles entering
the nasolacrimal duct might be the primary source of drug
levels in the circulation following topical administration of
nanoparticles. It is not unlikely that very small nanoparticles
might escape the nasal and gastrointestinal epithelial barriers
to enter the systemic and portal circulations, respectively.

A number of investigators employed topical nanoparti-
cles for ocular drug delivery (6—27). One goal of topical nano-
particulate systems is to enhance the precorneal residence
time of the drug. Even for nanoparticulate systems with high
surface area available for adsorption, it is difficult to extend
the half-time for precorneal residence time by more than a
few minutes for some nanoparticles. A precorneal clearance
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Figure 1 Probable pathways for the clearance of nanoparticles
following topical, periocular, or intravitreal routes of administra-
tion. The dotted arrows indicate potential nanoparticle transport
into target tissues in the immediate vicinity of the administration
site. The double-sided arrows represent other possible nanoparticle
disposition pathways. Disposition is expected to be driven by parti-
cle concentration gradients and fluid flow directions.

study of 100-300 nm dextran particles in a rabbit model using
v-scintigraphy indicated biphasic drainage of particles from
the cornea with an initial rapid decline in 15 seconds and a
later slower terminal half-life of 2.15 4 0.09 minutes (14).
However, poly(hexyl-cyanoacrylate) particles are probably
better retained in the tissues and cleared by a slower rate pro-
cess (24). Following topical administration in rabbits, radiola-
beled poly(hexyl-cyanoacrylate) particles exhibited the
highest concentrations in tears and much lower levels in the
cornea and the conjunctiva. The concentrations in tears were
high initially and then declined rapidly with first-order
kinetics over a period of six hours. On the other hand, the



324 Amrite and Kompella

levels in the cornea and the conjunctiva were fairly constant
throughout the six hours (Fig. 2). The authors speculated that
the nanoparticles might have adhered to the cornea and con-
junctiva, with nasolacrimal drainage being the major route of
precorneal elimination. The work of Calvo et al. (9) suggested
that coating poly(e-caprolactone) (PECL) nanocapsules with
chitosan potentially elevates the precorneal residence time
of nanoparticles.
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Figure 2 Concentration time profile of poly(hexyl cyanoacrylate)
nanoparticles in the tear film, cornea, and the conjunctiva after
topical administration of the nanoparticles. Male albino rabbits
were dosed with 25 pL of 0.385% (w/v) suspension of nanoparticles
by topical application to the cornea. (A) Concentration time profile
in the tear film over a period of six hours. The tear volume was
assumed to be 7 pL. (B) Concentration time profile of the nanopar-
ticles in the cornea (filled circles) and in the conjunctiva (open cir-
cles) over a period of six hours. Data is expressed as mean + SEM
for n > 8. Source: From Ref. 24.
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A second objective of topical nanoparticles is to enhance
the cellular uptake of the drug. A prerequisite for such a pos-
sibility is a better uptake or accumulation of the nanoparticles
compared to the drug of interest. Rabbit corneal and conjunc-
tival uptake studies with 120 +20 nm poly(butyl cyanoacry-
late) (PBCA) nanoparticles labeled with propidium iodide or
rhodamine 6G over 30 minutes in a standard perfusion cell,
indicated particle entry into these cells (25). The particles
likely entered the corneal and conjunctival cells via endocyto-
sis, as the particles were visible in intracellular vesicles. The
particles stained the conjunctiva more intensely compared to
the cornea. In the cornea, the penetration of the PBCA parti-
cles was limited to the superficial cell layers, with no particles
observed in the corneal stroma and endothelium. In vitro stu-
dies with conjunctival cells have demonstrated uptake of the
nanoparticles by an endocytic process not mediated by cla-
thrin or caveolin containing vesicles (28-30). Nanoparticulate
systems are expected to be useful in enhancing the cellular
uptake of drugs with poor membrane permeability. In addi-
tion, they might improve the cellular accumulation of drugs
with significant enzymatic instability in the precorneal area.

In general, nanoparticle uptake is greater in the conjunc-
tiva when compared to cornea and inflammation can further
influence the tissue uptake of topical nanoparticles with the
uptake being usually higher. Evidence for this comes from a
study employing [1*Clpoly(hexyl-cyanoacrylate) nanoparticles
in rabbits with healthy or inflamed eyes (31). The inflamma-
tion was induced in the eyes by topical application of clove oil.
In healthy rabbit eyes, the accumulation of poly(hexyl-cya-
noacrylate) nanoparticles in the conjunctiva was four- to five-
fold higher compared to the cornea (24). In inflamed eyes, the
nanoparticle concentration in the conjunctiva was about half
when compared to the healthy eyes for the initial time points
up to 30 minutes and higher at subsequent time points for up
to four hours (31). The profiles in the cornea, nictitating mem-
brane, and the aqueous humor showed similar trends with
higher concentrations of the nanoparticles in the inflamed
eyes as compared to the healthy eyes at all time points up
to four hours. Corneal and conjunctival concentrations of
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the particles increased during the first 10 minutes and dec-
lined in a biphasic manner with initial and terminal half-lives
of about 30 and 240 minutes, respectively. Thus, particle
uptake is in general greater under inflammatory conditions.

Thus, a major fraction of the topically applied nanoparti-
cles remains in the tears and disappears via nasolacrimal
drainage, with the kinetics of drug clearance being margin-
ally altered by nanoparticles when compared to a solution
form. Conjunctival uptake of topical nanoparticles is higher
in general compared to the corneal uptake. Under inflamma-
tory conditions, the uptake of nanoparticles by both these tis-
sues is elevated. The nanoparticles entering the tissue are
cleared slowly with the potential of contributing drug levels
for prolonged periods.

Intravitreal Disposition of Nanoparticles

Following intravitreal injection, nanoparticles settle onto the
inner limiting membrane of the retina within a few hours
(82—34). The settling is governed by Stoke’s law

2gr*(p1 — p3)
_ 1
v o (1)

where v is the settling velocity of the particle suspended
in the vitreous (cm/sec), g is acceleration due to gravity
(cm/sec?), r is the equivalent radius of the particle (cm), p;
is the density of the particle (g/cm?®), ps is the density of the
vitreous (g/cm?®), and u is the viscosity of the vitreous (dyne/
sec/cm?). As Stoke’s law is based on the settling of a particle
in a stagnant liquid layer, and because the vitreous in vivo
will have some mobility because of the eye movements and
the fluid clearance, the nanoparticle sedimentation times in
vivo could be shorter than those estimated using Stoke’s law.
Thus, besides the particle properties, the properties of the vitr-
eous including viscosity, density, convection currents, and fluid
clearance determine particle settling. The site of injection
within the vitreous will also determine when and where the
particles settle within the vitreous cavity. Following deposition
on the inner limiting membrane of the retina, nanoparticle
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penetration into the various retinal layers has been observed
(32,33,35). Once the particles gain access to the retina, they
might gain partial access to the systemic circulation via the ret-
inal or choroid vasculature (Fig. 1). In addition, as most of the
intravitreal injections are given close to the limbus in the pars
plana area where the retina is absent, settling and initial pene-
tration of the particles into the iris and the ciliary body have
been observed (Fig. 3) in some studies (32,33). Penetration into
the ciliary body might be facilitated by the anatomical proxi-
mity of these structures to the site of intravitreal injection,
the high porosity of these structures, and the elimination
mechanism of the particles via the anterior segment.

Influence of the particle’s size on disposition is best
understood using nondegradable particles. Employing such a
strategy in a rabbit study, Sakurai et al. (36) investigated
the effect of particle size on the intravitreal disposition of
nanoparticles, by selecting nonbiodegradable polystyrene par-
ticles of three sizes, 50, 200, and 2000 nm. The investigators
observed a decrease in intravitreal half-life with an increase
in particle size (Fig. 4) (36). The clearance of all these particles
is much slower compared to sodium fluorescein, for which a
half-life of 7.8 + 0.7 hours was observed. The 50- and 200-nm
particles penetrated the ocular tissues to a significantly
greater extent compared to the 2000-nm particles, as assessed
by fluorescence microscopy at one month postadministration.
However, the nanoparticle concentrations in the ocular tissues
were not quantified. It was suggested that the larger particles
(2um) are mainly eliminated through the anterior chamber
angle, whereas the smaller particles may be cleared via the
retina as well as the anterior chamber angle. In a rat study,
polylactide nanoparticles of 140 and 310nm did not exhibit
any differences in distribution following intravitreal adminis-
tration (33). Both sizes of particles were seen to be penetrating
the inner layers of the retina, concentrating in the RPE. The
penetration pattern was similar for both sizes of particles.
This is possibly because the range of sizes tested was very nar-
row compared to the study of Sakurai et al. (36).

Vitrectomy increases microparticle clearance from the
posterior segment. The influence of vitrectomy on particle
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(A)

(B)

Figure 3 Ocular tissue distribution of ganciclovir-loaded albumin
nanoparticles two weeks postintravitreal injection. Female Wistar
rats (11-13 weeks old) were injected with 5 pL of suspension of albu-
min nanoparticles (304 + 47 nm mean size and 200 mg/mL) intravi-
treally: (A) localization of the particles in the posterior structures,
and (B) localization of the particles in the anterior structures.
Abbreviations: B, photoreceptor layer; C, ciliary muscle; NE, neuro-
nal interplay area; NU, outer and inner nuclear layers; R, retina;
RE, retinal pigment epithelium; and V, vitreous cavity. Source:
From Ref. 32.

clearance was assessed in rabbits using ~50 um 5-fluoroura-
cil-poly(lactic/glycolic acid) (PLGA) particles (37). No parti-
cles were observed in the vitreous cavity at the end of
48 + 5.2 days after injection in normal animals. In the vitrec-
tomized animals, particle clearance was more rapid with
almost complete disappearance of the particles occurring at
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Figure 4 Influence of size on the intravitreal disposition of poly-
meric nanoparticles. Microparticles (2 um) and nanoparticles (200
and 50nm) of fluorescent polystyrene were injected into the vitr-
eous cavity of pigmented rabbits. Data are expressed as mean -
+SEM of n =5. Source: Based on data from Ref. 36.

the end of 14 +2.4 days. Fundus examination, a subjective
technique, was used in this study. The authors did not mea-
sure the penetration of the particles into the ocular tissues.
In another study, 60 um particles could be observed in the
vitreous cavity in 73% of rats at two months postintravitreal
administration (15).

Bourges et al. (33) investigated intravitreal disposition of
polylactide nanoparticles in rats. The nanoparticles migrated
in all directions and initially adsorbed to the lens posterior
capsule and entered the iris and ciliary body. The particles
also penetrated through the retinal layers and a significant
accumulation was seen in the RPE. By four weeks the parti-
cles disappeared from the vitreous and preferentially accumu-
lated in the RPE layer.

Inflammatory conditions within the vitreous can
enhance particle clearance. The influence of experimental
autoimmune uveitis, a vitreal inflammatory condition, on
the disposition of intravitreally administered nanoparticles
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was assessed by DeKozak et al. (34) in a rat model. In normal
eyes, the nanoparticles entered the intraocular tissues with
uptake occurring within 24 hours in the cells of the iris and
in the astrocytes within the inner limiting membrane of the
retina. In about three days, the nanoparticles were found in
the RPE, choroid, and ciliary body. However, under inflam-
matory conditions at the end of 24 hours, besides the astro-
cytes, the penetration was also observed in the RPE and
anterior chamber of the eye. In addition, the nanoparticles
were taken up by infiltrating macrophages at the end of one
day. At three days postadministration, under inflammatory
conditions, the nanoparticles were detected in the cervical
lymph nodes and rare nanoparticles were detected in the
spleen and the liver, which was not observed when ocular
inflammation was absent.

Following intravitreal administration, 300nm albumin
nanoparticles were retained in the vitreous at the end of
two weeks in rats (32). The nanoparticles were mainly seen
overlaying the retina on the inner limiting membrane. Ploy-
lactide—rhodamine nanoparticles of 140 + 20 nm were shown
to be retained to a small extent within the vitreous, for at
least one month after administration in rats (33). Significant
particle intensity could be detected in the intraocular tissues
including the ganglion cell layer, rod outer segments, and,
specifically, the RPE at one month postadministration. The
presence of particles in the inner layers of the retina and
the RPE has also been demonstrated by Merodio et al. (32).
Penetration of the particles after two weeks was seen in the
neural retina as well as the RPE (Fig. 3). Unfortunately,
the particle levels were not quantified in these studies.

RPE uptake of the microparticles and nanoparticles has
been demonstrated in vitro (33,38—41). The RPE has a natural
mechanism of phagocytosing the rod outer segments, and
investigators believe that it could be one of the reasons for
increased uptake of nanoparticles by the RPE. The uptake of
nanoparticles of different sizes has been investigated (39).
Fluorescent carboxylate—modified polystyrene particles with
sizes ranging from 20 to 2000nm were incubated with
the ARPE-19 cells for three hours (Fig. 5). The uptake of the
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Figure 5 Size dependent in vitro uptake of fluorescent polystyr-
ene nanoparticles and microparticles by ARPE-19 cells. Confluent
ARPE-19 cells grown in 48-well plates were exposed to nanoparticle
suspensions of various sized nanoparticles at concentrations ran-
ging from 50 to 500 pg/mL for three hours. The data are expressed
as mean + SD for n =4. Source: From Ref. 39.

particles into the cells was visualized using confocal micro-
scopy and the particle uptake was quantified using spectro-
fluorometry. The authors observed that the percentage
uptake of the nanoparticles increased with a decrease in parti-
cle size (Fig. 5) with the percentage uptake being as high as
20% by a 1-cm? monolayer of RPE cells in three hours. To elu-
cidate the mechanism of uptake of the particles by the RPE
cells, the authors determined the uptake of 20 and 2000 nm
particles in the presence of colchicine, cytochalasin B, and
sodium azide. These inhibitors have been previously shown
to reduce particle uptake in cells (42—44). The cellular energy
depletion using sodium azide did not decrease the uptake of
the 20nm particles by ARPE-19 cells but reduced it for the
2000-nm particles suggesting that uptake of larger particles
can be energy dependent. Colchicine, a compound that depoly-
merizes microtubules, reduced the uptake of 20- and 2000-nm
particles suggesting that microtubules are involved in the
uptake of nano- and microparticles. Cytochalasin B, a com-
pound that impairs actin gelation and microfilament assembly,
reduced the uptake of 20 nm particles but not of 2000 nm
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particles suggesting that microfilaments might be more critical
for the uptake of nanoparticles as compared to microparticles.
The degradation of biodegradable particles occurs in t