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Abstract

Nanotechnology has already started to significantly impact many industries and scientific fields including biotechnology, pharmaceutics, food
technology and semiconductors. Nanotechnology-based tools and devices, including high-resolution imaging techniques, enable characterization
and manipulation of materials at the nanolevel and further elucidate nanoscale phenomena and equip us with the ability to fabricate novel materials
and structures. One of the most promising impacts of nanotechnology is in the area of nanotherapy. Employing nanosystems such as dendrimers,
nanoliposomes, niosomes, nanotubes, emulsions and quantum dots, nanotherapy leads toward the concept of personalized medicine and the
potential for early diagnoses coupled with efficient targeted therapy. The development of smart targeted nanocarriers that can deliver bioactives at a
controlled rate directly to the designated cells and tissues will provide better efficacy and reduced side effects. Nanocarriers improve the solubility
of bioactives and allow for the delivery of not only small-molecule drugs but also the delivery of nucleic acids and proteins. This review will focus
on nanoscale bioactive delivery and targeting mechanisms and the role of high-resolution imaging techniques in the evaluation and development of
nanocarriers.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction prevention and treatment of diseases (NIH Roadmap Initiatives,

http://mihroadmap.nih.gov/initiatives.asp.). Nanomedicine has

Nanotechnology is a multidisciplinary approach that employs
a vast and diverse array of tools and techniques derived from
engineering, physics, chemistry, and biology (Sahoo et al., 2007).
Within the past decade, there has been a flurry of new research,
development and patent applications around nanoscaled
technologies in the health area (Wagner et al., 2006). One of
the principal areas of nanotechnology is ‘“nanomedicine,”
which, according to the National Institute of Health (NIH)
Nanomedicine Roadmap Initiative, refers to highly specific
medical intervention at the molecular scale for diagnosis,
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significant potential for revolutionizing the diagnostics and
therapeutics under the premise of developing smart nanodevices.
The overall objective of nanomedicine is the same as it has been
in medicine: to diagnose as accurately and early as possible, to
treat as effectively as possible without side effects, and to
evaluate the efficacy of treatment noninvasively (Caruthers et al.,
2007). Bioactive delivery nanosystems (nanocarriers) in general,
and drug delivery in particular, constitute a significant domain of
nanomedicine. Most drugs have been formulated for the oral or
injection delivery routes, which are not always the most efficient
routes for a particular therapy. New bioactive materials, such as
nucleic acids and proteins, require novel delivery technologies
that will minimize side effects and lead to better patient
compliance (Hughes, 2005). On the other hand, reformulating


http://nihroadmap.nih.gov/initiatives.asp
mailto:mozafarimr@yahoo.com
http://dx.doi.org/10.1016/j.micron.2007.06.009

K. Khosravi-Darani et al./Micron 38 (2007) 804-818 805

old drugs can reduce side effects and increase patient
compliance, thus saving money on health care system.
Furthermore, drug candidates that did not pass through the
trials phases can be reformulated to be used with new carrier
systems.

Advancements in nanoscience and technology have made it
possible to manufacture and characterize sub-micrometric
bioactive carriers on routine basis. The delivery of bioactives to
various sites within the body and their release behavior is
directly affected by particle size. Compared to micrometer-
sized carriers, nanocarriers provide more surface area and have
the potential to increase solubility, enhance bioavailability,
improve time-controlled release and enable precision targeting
of the entrapped compounds to a greater extent (Mozafari,
2006). As a consequence of improved stability and targeting,
the amount of material required for a specific effect when
encapsulated in, or incorporated to, a nanocarrier is much less
than the amount required when unencapsulated. This is
particularly useful when dealing with expensive/rare bioactive
materials. A timely and targeted release improves the
effectiveness of bioactive compounds, broadens their applica-
tion range and ensures optimal dosage, thereby improving cost-
effectiveness of the product. In general, reactive or sensitive
material, such as polynucleotides and polypeptides, can be
turned into stable ingredients through encapsulation or
entrapment by nanocarrier systems (Mozafari, 20006).

Innovative nanocarriers can make it possible to use certain
chemicals or biologicals that were previously impractical
because of toxicities or because they were impossible to
administer. For example, bioactive targeting is enabling the
delivery of chemotherapy agents directly to tumors, reducing
systemic side effects (Hughes, 2005). Scientists are investigating
new ways to deliver macromolecules that will facilitate the
development of new biologic products such as bioblood proteins
and biovaccines. Similarly, the success of DNA and RNA
therapies will depend on innovative bioactive delivery techni-
ques (El-Aneed, 2004). In many occasions, the success of a
bioactive compound is dependent on the delivery method. This
importance is exemplified by the presence of more than 300
companies based in the United States alone, which are involved
with developing bioactive delivery platforms (D’ Aquino, 2004).

It should be noted that effective bioactive carriers range from
nanosystems (e.g., drug—polymer conjugates and polymeric
micelles) to microparticles in the range of 100 wm. Both nano-
and microscale systems have been extremely important in
developing various clinically useful bioactive delivery systems.
For instance, while microcarriers can be useful for bioactive
targeting to certain parts of the pulmonary tract, for systemic
targeting the tumors nanocarriers are more effectual. For
practical reasons, in this perspective, ‘‘nanotechnology”
includes “‘microtechnology” and “‘nanofabrication’ or ‘“‘nano-
manufacturing” and its micro counterparts (Park, 2007). To
describe what nanotechnology can do to manufacture nano-/
microdrug delivery systems, the manufacturing of nano/micro
particles (or capsules) can be taken as an example. Current
methods of preparing nano-/microparticles are mainly based on
double emulsion methods or solvent exchange technique

(Freitas et al., 2005). The main problems with these methods
are the low drug loading capacity, low loading efficiency, and
poor ability to control the size distribution. Utilizing
nanotechnologies, such as nanopatterning, could allow man-
ufacturing of nano-/microparticles with high loading efficiency
and monodisperse size distribution (Park, 2007).

This review focuses on the potential of nanotechnology in
nanotherapy, including the recent status of nanocarriers for
bioactive delivery and diagnostics and the role of high-
resolution microscopies in this regard. These technologies will
extend the limits of current molecular diagnostics and permit
development of personalized medicine.

2. Nanotechnology in bioactive delivery

Nanotechnology is a relatively new discipline, and although
the full scope of its contributions to the field of human health care
remains unexplored, recent advances suggest that nanotechnol-
ogy will have a profound impact on disease prevention,
diagnosis, and treatment (Cheng et al., 2006; Emerich, 2005;
Sahoo and Labhasetwar, 2003; Williams, 2004). Applications of
nanotechnology in medicine are particularly promising and areas
such as molecular imaging, disease diagnosis, bioactive
encapsulation and targeted delivery at specific sites in the body
are being intensively investigated and some products undergoing
clinical trials (Moghimi et al., 2005; Shaffer, 2005; Wilkinson,
2003). Encapsulation and targeting the bioactive agents —
including drugs, vaccines, nutrients and cosmetics — and their
protection from degradation and inactivation have been
investigated extensively using microencapsulation systems.
However, to provide targeted controlled release is a key
functionality that can be provided much more efficiently by
employing nanocarrier technologies (Mozafari, 2006). Many of
the current nanocarrier systems are in fact conventional drug
delivery systems that happen to be in the nanometer range, such
as nanoliposomes, polymeric micelles, nanoparticles, dendri-
mers, niosomes and nanocrystals (Park, 2007). In addition to
reducing the frequency of drug administration and thus
improving patient comfort, novel delivery systems would offer
protection and improve the pharmacokinetics of easily degrad-
able compounds, such as peptides and polynucleotides, which
often have short half-lives in vivo (Orive et al., 2003). For the
pharmaceutical industry the field of bioactive delivery represents
a strategic tool for expanding drug markets, because new delivery
technologies could reformulate/repackage classical drugs,
offering a competitive edge after the upcoming patent expirations
and avoiding competition from generics. It is noteworthy that
13% of the current global pharmaceutical market is related to the
sale of products that include a bioactive delivery system
(Mazzola, 2003).

The efficiency of bioactive delivery to various parts of the
body is directly affected by particle size. Nanostructure-
mediated bioactive delivery, a key technology for the
realization of nanotherapy, has the potential to enhance
bioavailability, improve the timed release of bioactive
molecules, and enable precision targeting (Dass and Su,
2001; Dubin, 2004). Nanoscale delivery systems can be
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applied for pulmonary therapies (Courrier et al., 2002), as gene
delivery vectors (Senior, 1998; Mozafari et al., 2007), and for
stabilization of bioactives that would otherwise degrade
rapidly (LaVan et al., 2002, 2003). Additional benefits of
using targeted nanocarriers are reduced toxicity and more
efficient distribution of bioactive material (Ravi Kumar, 2000).
Anatomic features such as the blood brain barrier, the
branching pathways of the pulmonary tract, and the tight
epithelial junctions of the skin make it difficult for bioactives to
reach many desired physiologic targets. Nanocarriers will help
to penetrate or overcome these barriers to bioactive delivery
(Hughes, 2005).

Many bioactive materials are poorly water soluble, which
results in a low bioavailability. Micelles are currently under
investigation as carrier vehicles of poorly soluble, hydrophobic
bioactives (Torchilin, 2004). Micelles solubilize these drugs by
incorporating them into their hydrophobic core and thus
increase the bioavailability. Microemulsions have also been
investigated for their potential to serve as a drug carrier vehicle,
since their oil phase can contain a high payload of hydrophobic
drugs (Bagwe et al., 2001; Lawrence and Rees, 2000). Another
possibility for the encapsulation and controlled release of lipid-
soluble agents is the use of lipidic carriers with high lipid-phase
to water-phase ratio, such as onion-shaped liposomes in the
form of multilamellar vesicles (MLV).

Delivery of polynucleotides, as an important and new class
of bioactives, is described below in a separate section.

2.1. Site-specific bioactive delivery

The anatomical changes and pathophysiological conditions
of diseased or inflamed tissues offer opportunities for the
delivery of various nanotechnological products. Bioactive
targeting can be achieved by taking advantage of these specific
characteristics of abnormal tissues (Vasir and Labhasetwar,
2005; Vasir et al., 2005). An ideal targeting system should have
long circulation time, should be present at sufficient
concentrations at the target site, and should not lose its activity
or therapeutic efficacy while in circulation (Sahoo et al., 2007).
The increased vascular permeability coupled with an impaired
lymphatic drainage in tumors allows an enhanced permeability
and retention effect of the nanosystems in the tumors or
inflamed tissues (Hashizume et al., 2000; McDonald and Baluk,
2002; Maeda et al., 2000; Matsumura and Maeda, 1986).
Therefore, this pathophysiological opportunity allows extra-
vasation of the nanosystems and their selective localization in
the inflamed tissues (Allen and Cullis, 2004; Hobbs et al., 1998)
(Fig. 1). The tendency of nanosystems to specifically localize in
the reticuloendothelial system also presents an excellent
opportunity for passive targeting of therapeutic agents to the
macrophages present in the liver and spleen. This natural
system, therefore, can be used for bioactive targeting for
intracellular infections such as candiasis, leishmaniasis and
listeria. The macrophages of the infected individual play a role
in these diseases; consequently, if the macrophages are
destroyed then will be the disease as well (Daemen et al.,
1995; Davis, 1997a).

Fig. 1. Nanocarrier accumulation within solid tumors—particle extravasation
from the disorganized tumor vasculature (right part of the scheme) and
nanocarrier particles in normal tissue (left part of the scheme) (from Mozafari
and Mortazavi, 2005, with permission).

An important body organ considered for site-specific
nanotherapy is the brain. However, the therapeutic value of
many promising bioactives for the treatment of various
neurological disorders is diminished by the presence of the
blood-brain barrier (Calvo et al., 2001). The blood-brain barrier
is a unique membrane that tightly segregates the brain from the
circulating blood (Pardridge, 1999). As a result of this very
efficient protection, bioactive delivery to the brain is a challenge.
Nanotechnology offers a solution for using the numerous
chemical entities for treating brain disorders that are otherwise
not clinically useful because of the presence of the blood-brain
barrier. Nanoparticles can be effectively used to deliver relevant
therapeutics to the brain (Alyautdin et al., 1998; Garcia-Garcia
et al.,, 2005). Encapsulation of bioactives into nanoparticles
modifies cell and tissue distribution and leads to a more selective
delivery of biologically active compounds to improve ther-
apeutic efficacy and reduces toxicity (de Kozak et al., 2004; Feng
et al., 2004; Kattan et al., 1992). Consequently, various
nanosystems can be successfully used as new bioactive carriers
for delivery to the brain. In a recent study, Visser et al. (2005)
studied targeting of pegylated liposomes loaded with horse-
radish peroxidase and tagged with transferrin to the blood-brain
barrier in vitro. They obtained effective targeting of liposomes
loaded with protein or peptide drugs to the brain capillary
endothelial cells and suggested that the system is an attractive
approach for drug delivery to the brain.

Enhanced uptake efficiency has also been shown for
gastrointestinal absorption (Desai, 1996; Hussain et al.,
2001) and transcutaneous permeation (Kohli and Alpar,
2004), with particles around 100 nm and 50 nm in size,
respectively. However, such small particles traveling in the
lungs may also have a greater chance of being exhaled. Larger,
compartmental or multilayered bioactive carriers can help with
delivery to the pulmonary extremities. For instance, the outer
layers of the carrier architecture may be formulated to
biodegrade as the carrier travels through the pulmonary tract.
As the carrier penetrates further into the lung, additional
shedding will allow the encapsulated material to be released.
Biodegradable nanoparticles of gelatin and human serum
albumin show promise for bioactive delivery to the lungs
(Brzoska et al., 2004).
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Another major site for bioactive transport and targeting is
the skin. Skin acts as a key target as well as a principle barrier
for topical/transdermal (TT) bioactive delivery. The topical/
transdermal delivery route for drug administration has
advantages over other pathways including avoiding the hepatic
first pass effect, continuous drug delivery, fewer side effects and
improved patient compliance (Barry, 2001). The interest of
both the pharmaceutical and cosmetic industry for skin delivery
has prompted the development and investigation of a wide
variety of carrier systems with different physico-chemical
characteristics. A major obstacle to TT drug delivery is low
percutaneous penetration. The stratum corneum provides a
principle barrier to TT delivery of applied bioactive and
consists of corneocytes embedded in an inter-cellular lipid
matrix composed of ceramides, free fatty acids, and cholesterol
(Schurer and Elias, 1991). Several approaches have been used
to weaken this skin barrier and to improve TT bioactive delivery
(Choi and Maibach, 2005; Elias et al., 2002; Williams and
Barry, 2004). Among the most efficient TT bioactive delivery
have been the nanotechnological approaches employing elastic
vesicles and ethosomes of nanometric size ranges (Elsayed
et al., 2006; Lopez-Pinto et al., 2005). In a study on pig skin,
Lopez et al. (2001) employed high-resolution, low-temperature
scanning electron microscopy in order to detect the effect of
nanoliposomes (ca. 200 nm average size) in the protection of
stratum corneum (SC) against a nonionic surfactant. The
imaging technique enabled visualization of native and treated
SC (incubated with nanoliposomes and octyl glucoside)
without causing damage to the SC during sample preparation
for the microscopic investigations (Lopez et al., 2001).

3. Nanotechnology in polynucleotide delivery

Inadequacy of conventional drugs in the treatment of many
of the existing health problems and emergence of new
challenges, including acquired immunodeficiency syndrome
(AIDS) and severe acute respiratory syndrome (SARS), make
the requirement for potent therapeutic formulations a matter of
urgency. A new class of bioactive therapeutic agents are based
on the polynucleotide molecules and our increasing knowledge
of genomics. These molecules, also known as nucleic acid
drugs, have the potential to offer healing of human (and animal)
diseases at their cause rather than only treating their symptoms.
This is very important particularly in the case of hereditary
diseases to make sure they are treated at the source and will not
be passed to the next generations (Mozafari et al., 2005a).
Polynucleotide-based therapeutics such as plasmids containing
transgenes used in gene therapy, antisense and antigene
oligonucleotides, ribozymes, DNAzymes, DNA and RNA
aptamers and small interfering RNA (siRNA), have been
developed over the past 20 years (Crooke, 1998; Mortazavi
et al., 2007; Stull and Szoka, 1995; Ulrich et al., 2006).
Although most polynucleotide-based bioactives are in the early
stages of clinical trials, they have emerged during recent years
as promising therapeutic candidates able to act in a large range
of diseases such as hereditary disorders, cancer, neurological
and cardiovascular disorders, AIDS and other viral infections

(Mozafari et al., 2005a; Stull and Szoka, 1995; Ulrich et al.,
20006).

During the past two decades, more than 400 clinical studies
in gene therapy have been reported. Gene therapy is identified
with the procedures used to insert the exogenous polynucleo-
tides (DNA, mRNA, oligonucleotides) into cells or tissues to
cure a disease or to improve the associated symptoms (Ruozi
et al., 2007). Gene therapy starts with the choice of therapeutic
gene, although the most critical objective is the success in the
gene transfer to the target tissue for which nanotechnology can
play a crucial role. Due to the limited ability of naked DNA to
enter cells and its susceptibility to enzymatic degradation, gene
transfer (transfection) has mainly been achieved using a
delivery vector. Three main types of gene delivery systems have
been described: viral vectors, nonviral vectors (in the form of
nanoparticles, liposomes or dendrimers), and the direct
injection of genetic materials into tissues using the so-called
gene guns (Goverdhana et al., 2005; Labhasetwar, 2005;
Mortazavi et al., 2007; Mozafari et al., 2005a). Viral vectors are
attractive in terms of the scientific strategy exploiting the
natural targeting mechanisms that viruses acquired during the
course of evolution. As a result, viral vectors based on
retroviruses, adenoviruses and other viruses are currently the
most efficient method for DNA transfer into cells. However,
these vectors could suffer from the serious difficulties of
effective pharmaceutical processing and scale-up, and the
possibility of the reversion of an engineered virus to the wild
type (Sahoo et al., 2007). Furthermore, viral vectors have other
drawbacks such as the risk of recombination, immunogenicity
and carcinogenity (Crystal, 1995; Tripathy et al., 1996).
Therefore, synthetic vectors have potential advantages for gene
transfer even if they show a lower efficiency than viral systems.

Liposomes and nanoliposomes, in particular the cationic
ones, have become one of the most studied synthetic nonviral
vectors frequently used in human gene therapy (Audouy et al.,
2002; Eastman and Scheule, 1999; Igarashi et al., 2006). The
ability of cationic liposomes to mediate transfection was
attributed to the intrinsic properties of these systems, namely
spontaneous electrostatic interaction between the positively
charged vesicles and the negatively charged DNA molecules
that ensures an efficient condensation of the polynucleotides.
By modifying the lipid composition the liposome—polynucleo-
tide complex can exhibit an appropriate charge that enhances
the possibility of cellular uptake. In the case of cationic
liposomes both fusion and endocytosis have been proposed as
mechanisms for the DNA or oligonucleotide uptake (de Lima
etal., 2001). To efficaciously use these systems for in vivo gene
transfer, the biological and the physicochemical properties of
the liposomes/DNA complex must be elucidated. Microscopic
techniques have proven to be useful in imaging and clarifying
how the factors such as composition, carrier/DNA ratio,
configuration, size and polydispersity can affect the assembly
and stability of the vector and its gene transfer ability.

Recently anionic nanoliposomes are becoming more popular
as polynucleotide delivery vehicles due to the toxicity and some
other complications associated with the cationic agents
(Mozafari et al., 2005a, 2007; Mortazavi et al., 2007). A
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method of incorporating polynucleotides to the similarly
charged anionic liposomes, by the mediation of divalent
cations, has been reported and is under development by
Mozafari and coworkers since 1994 (Kahveci et al., 1994;
Zhdanov et al., 1994; Mozafari, 1996; Zareie et al., 1997,
Mozafari and Hasirci, 1998; Mozafari et al., 1998, 2002a,
2005a, 2007; Mortazavi et al., 2007). This group studied the
structure of the ternary complexes of liposome—Ca**~DNA
morphologically using scanning probe and other microscopes
(Zareie et al., 1997; Mozafari et al., 1998). In addition, the
mechanism of calcium-induced DNA interaction with lipo-
somes containing zwitterionic lipids, as well as those contain-
ing anionic lipids, has been studied using light scattering
(Mozafari and Hasirci, 1998) and different microscopic
techniques (Zareie et al., 1997; Mozafari et al., 1998). The
problems of toxicity and scale-up to industrial levels have been
addressed by a new technique, called the heating method,
developed by Mozafari et al. (2005a, 2007) and Mortazavi et al.
(2007), in which no potentially toxic solvent or deleterious
procedure is involved.

Applications of nanotechnology in human gene therapy have
been reviewed extensively by Davis (1997b), who described
nonviral vectors based on nanoparticles (usually 50-500 nm in
size) employed to transport plasmid DNA. He emphasized that
nanotechnology in gene therapy would be applied to replace the
currently used viral vectors by potentially less immunogenic
nanosize polynucleotide carriers. Usefulness of high-resolution
scanning probe imaging in the study of lipidic gene transfer
vectors and the interaction between liposomes and DNA
molecules have recently been reviewed by Mozafari et al.
(2005b). Liposomes and other carrier systems used in bioactive
transport and targeted nanotherapy are explained in the
following sections.

4. Lipid-based nanocarriers

Lipid-based carrier systems, including liposomes and their
nanoversions (nanoliposomes), are among the most promising
encapsulation technologies employed in the rapidly developing
field of nanotechnology. Compared with other encapsulation
strategies, such as chitosan- and alginate-based carriers, lipid-
based nanoencapsulation systems have unparalleled advan-
tages, including the ability to entrap material with different
solubilities, the possibility of being produced using natural
ingredients on industrial scales, and targetability (Bummer,
2004; Mozafari et al., 2006; Yurdugul and Mozafari, 2004).
Lipid-based carriers can shield an ingredient from free radicals,
metal ions, pH and enzymes that might otherwise result in
degradation of the bioactive compounds. They impart stability
to water-soluble material, particularly in high water-activity
applications (Gouin, 2004). They can accommodate not only
water-soluble material but also lipid-soluble agents, if required,
simultaneously, providing a synergistic effect (Suntres and
Shek, 1996). Another unique property of lipid-based nano-
carriers is the targeted delivery of their content to specific areas
within the body as well as in nonliving systems. In addition,
lipid based nanocarriers may be targeted to the required site

inside the body via active (e.g., by incorporation of antibodies)
and passive (e.g., targeting based on particle size) mechanisms
(Mozafari and Mortazavi, 2005). The main lipid-based
nanoencapsulation systems that can be used for the protection
and delivery of various bioactive materials are explained below.

4.1. Nanoliposomes

The word liposome derives from two Greek words, lipos
(fat) and soma (body or structure), meaning a structure in which
a fatty envelope encapsulates aqueous core(s) or compart-
ment(s). A recent definition, proposed at a conference in the
field of liposomology, describes liposomes as ‘closed,
continuous bilayered structures made mainly of lipid and/or
phospholipid molecules’ (Mozafari et al., 2002b; Mozafari and
Mortazavi, 2005). They are under intensive investigation and
development by the pharmaceutical, cosmetic and food
industries as micro- and nanocarrier systems for the protection
and delivery of bioactive agents. Recent studies suggest that
liposomes are even naturally present in the very first food we
take, breast milk (Keller et al., 2000; Keller, 2001).

Liposomes are composed of one or more lipid and/or
phospholipid bilayers and can contain other molecules such as
proteins or polymers in their structure. A liposome composed of
a number of concentric bilayers is known as a multilamellar
vesicle (MLV), while one composed of many small noncon-
centric vesicles encapsulated within a single lipid bilayer is
known as a multivesicular vesicle (MVV). Another type of
liposome is known as a unilamellar vesicle (ULV), which
contains a single lipidic bilayer (Fig. 2). Owing to the
possession of both lipid and aqueous phases, liposomes can be
utilized in the entrapment, delivery and release of both water-
soluble and lipid-soluble material. The term nanoliposome has
recently been introduced to exclusively refer to nanoscale lipid
vesicles (Mozafari and Mortazavi, 2005), since liposome is a
general word covering many classes of lipid vesicles whose
diameter range from around 20 nm to several micrometers.
Nanoliposomes possess the same physical, structural and
thermodynamic properties as the liposomes described above.
Manufacture of both liposomes and nanoliposomes requires
input of energy to a dispersion of lipid/phospholipid molecules
in an aqueous medium (Mozafari and Mortazavi, 2005). The
underlying mechanism for the formation of liposomes and
nanoliposomes is basically the hydrophilic-hydrophobic
interaction between phospholipids and water molecules
(Mozafari, 2005). Since liposomes are dynamic entities that
tend to aggregate and/or fuse and as a result increase in size,
vesicles prepared in nanometric size ranges may end up
becoming micrometric particles upon storage. However,
nanoliposomes should have sufficient stability to maintain
their sizes and could be defined as ‘bilayer lipid vesicles
possessing and maintaining nanometric size ranges during
storage and application’ (Mozafari and Mortazavi, 2005). The
unique properties of liposomes have triggered numerous
applications in different fields of science and technology, from
basic studies of membrane structure/function to bioactive agent
delivery. Liposomes and nanoliposomes are particularly useful
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Fig. 2. Schematic representation of a multilamellar vesicle (MLV), a multivesicular vesicle (MVV), a double-bilayer vesicle (DBV) and a unilamellar vesicle (ULV).
Note that these vesicles vary in terms of lamellarity and lipid to aqueous phase proportion.

as efficient bioactive delivery devices because of their ability to
pass through lipid bilayers and cell membranes. Targeted
therapy can also be achieved efficiently via liposomes and
nanoliposomes employing passive or active targeting mechan-
isms (Mozafari and Mortazavi, 2005; Mozafari, 2006). Active
targeting is achieved by engineering carriers sensitive to
different stimuli (e.g., pH, temperature, light, etc.) or
conjugating the bioactive/carrier system to one or more
targeting ligands such as tissue or cell-specific molecules. In
a recent study, Zhang et al. (2003) showed that PEGylated
(treated with polyethylene glycol) liposomes, linked to a
monoclonal antibody for the human insulin receptor, led to
widespread reporter expression in the brains of rhesus
monkeys. Passive targeting, on the other hand, uses the natural
course followed by the bioactive—carrier complex upon being
introduced to the body as the method of site-specific delivery
and release of the bioactive agent. It is therefore based on the
physicochemical properties of bioactive—carrier complex and
physio-anatomical conditions of the body. The clearance
kinetics and in vivo biodistribution of carrier systems depend on
the physicochemical factors like size, charge and hydropho-
bicity and can be manipulated to enable passive targeting.

4.2. Archaeosomes

Archaeosomes are liposomes made from one or more of the
polar ether lipids extracted from the domain Archaea
(Archaeobacteria). Many Archaea live in environments
including high salt concentrations, low pH values or high
temperatures. Hence their membrane structure is unique and
enables them to survive in such hostile conditions. The core
lipids (polar head groups removed) of archaea consist of

archaeols (diethers) and caldarchaeols (tetraethers), wherein
the regularly branched, 5-carbon repeating units forming the
isoprenoid chains (usually 20 carbons per chain in archaeols,
and 40 carbons per chain in caldarchaeols) are attached via
ether bonds at the sn-2,3 position of the glycerol carbons. In
contrast to this, the core lipids found in Bacteria and Eucarya
consist of unbranched (mostly) fatty acyl chains, often
unsaturated, attached via ester bonds to the sn-1,2 glycerol
carbons. The polar moieties (archaeols are monopolar and
caldarchaeols are bipolar) are similar to those (phospho, glyco,
polyol, amino, hydroxyl groups) encountered in ester lipids, but
phosphatidylcholine is rarely present in archaeal lipids
(Mozafari et al.,, 2006; Patel et al.,, 2000). Although
archaeosomes are a recent technology, they have already
proven to be a safe delivery system for bioactive agents
including drugs and vaccines (Patel and Chen, 2006).
Compared with liposomes (which are made from ester
phospholipids), archacosomes are relatively more thermo-
stable, and more resistant to oxidation and chemical and
enzymatic hydrolysis. They are also more resistant to low pH
and bile salts that would be encountered in the gastrointestinal
tract (Patel et al., 2000). Archaeosomes prepared from the total
polar lipid extract or from individual purified polar lipids show
promise as adjuvants that promote strong humoral and
cytotoxic T-cell responses to encapsulated soluble antigens.
Therefore, there is a great potential for using archaeosomes in
drug, vaccine and other bioactive material delivery applica-
tions. As is the case with liposomes, it is possible to incorporate
ligands such as polymers to archaecosomes. It has been shown
that incorporation of polyethyleneglycol and coenzyme Q10
into archaeosomes can alter the tissue distribution profiles of
intravenously administered vesicles (Omri et al., 2000). It has
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recently been reported that intravenous and oral delivery of
nanometric-sized archaeosomes to an animal model was well
tolerated with no apparent toxicity (Omri et al., 2003). The
results of these studies are very promising for the utilization of
archaeosomes in the encapsulation and delivery of different
bioactive compounds.

4.3. Cochleates and nanocochleates

Cochleates are small-sized and stable lipid-based carriers
comprised mainly of a negatively charged lipid (e.g.,
phosphatidylserine) and a divalent cation such as calcium
(Zarif et al., 2000; Zarif, 2003). They have a cigar-shaped
multilayered structure consisting of a continuous, solid, lipid
bilayer sheet rolled up in a spiral shape with little or no internal
aqueous space. Hydrophobic, amphiphilic, negatively or
positively charged molecules can be delivered by cochleates.
Cochleates and their sub-micron versions (i.e., nanocochleates)
have been used to deliver proteins, peptides and DNA for
vaccine and gene therapy applications and are able to cover
unpleasant taste and smell of bioactive material intended for
oral delivery (Mannino and Gould-Fogerite, 1997; Mozafari
et al., 2006; Zarif and Mannino, 2000). Due to their nanometric
size, stability and resistance to degradation in the gastro-
intestinal tract, nanocochleates have revealed great potential to
deliver bioactive agents both orally and parenterally (Mannino
and Gould-Fogerite, 1997; Zarif and Mannino, 2000; Zarif
et al., 2000; Zarif, 2003). Cochleates containing amphotericin
B (AmB) are now in development to enter Phase I clinical trials,
for both the oral and parenteral treatment of fungal infections
(Zarif, 2003). The unique structure and properties of cochleates
make them an ideal candidate for oral and systemic delivery of
sensitive material including peptide and nucleic acid drugs.

5. Polymeric nanocarriers

Polymer materials potentially possess several desirable
properties to be used as nanocarriers including biocompat-
ibility, biodegradability, and functionalization capability.
Through functionalization and structural manipulation of
polymer materials, bioactive molecules can be incorporated
within the polymer. Entrapping or encapsulating the drug
within a polymer allows for greater control of the pharmaco-
kinetic behavior of the bioactive molecule (Hughes, 2005). The
bioactive can be released with a more ideal, near zero-order
kinetic profile, which establishes a more constant flow of the
encapsulated substance out of the carrier. This pharmacokinetic
behavior maintains more appropriate steady levels of the
bioactive material at the site of delivery. In contrast,
conventional oral delivery typically follows first-order release
kinetics where the release rate is proportional to the amount of
material remaining in the carrier. Landgraf et al. (2003) have
compared the release kinetics of an anti-inflammatory agent
taken orally by use of a macroporous copolymer carrier and a
microporous copolymer carrier containing nanochannels.
The macroporous bioactive carrier releases the encapsulant
with an initial burst and follows first-order release kinetics.

The microporous carrier structured with nanochannels steadily
releases the biomaterial in near zero-order fashion.

Techniques that are used to couple the bioactive with the
polymer include sequestering, conjugation, and micelle
formation (Duncan, 2003). Ulrich et al. (1999) have reviewed
the biodegradable polymeric materials that show promise for
bioactive delivery applications. Biodegradable polymer
nanoparticles, typically consisting of polylactic acid
(PLA), polyglycolic acid (PGA), or a copolymer of PLA
and PGA, are being investigated for the delivery of
polynucleotides and polypeptides, vaccines, anticancer
therapeutics, ocular drugs, and cytokines (Hughes, 2005).
Other polymers being investigated as nanoscale bioactive
carriers include polyalkylcyanoacrylate, poly(3-hydroxybu-
tanoic acid) (PHB), poly(organophosphazene), poly(ethylene
glycol) (PEG), poly(caprolactone) (PCL), poly(ethylene
oxide) (PEO), and copolymers such as PLA-PEG. Synthetic
polymers, such as PEG, can be used to encapsulate biologic
materials to create a more stable nanocarrier (Hughes, 2005).
One example of a hybrid drug carrier is a liposome coated
with PEG, called a stealth liposome. Conventional liposomes
and nanoliposomes are typically cleared rapidly from the
blood circulation. Stealth liposomes, with PEG coatings, can
have prolonged circulation times (Moghimi and Szebeni,
2003). The mechanisms behind this prolonged circulation are
still being investigated. Furthermore, polymers are being used
to enhance the release characteristics of other carrier systems;
as is the case with the coating of tablets with hydroxypropyl
methylcellulose phthalate (HPMCP) nanoparticles (Kim
et al., 2003). The nanoparticle-coated tablets show a decrease
in release rate and a migration towards zero-order release
kinetics as the particle size is decreased.

5.1. Dendrimers

Dendrimers are a unique class of polymers, which provide
another avenue for nanodelivery of different bioactive
compounds. The word dendrimer is derived from the Greek
words dendri- (tree branch-like) and meros (part of) (Gardikis
et al., 2006). Dendrimers are considered as highly branched
macromolecules; they are small in size, while their low
polydispersity can contribute to the reproducibility of their
pharmacokinetic behavior (Cloninger, 2002). Dendrimers are
fabricated from monomers using either convergent or divergent
step-growth polymerization. The well-defined structure, mono-
dispersity of size, surface functionalization capability and
stability are properties of dendrimers that make them attractive
nanocarrier candidates (Hughes, 2005). An ideal dendrimer as
bioactive delivery system, however, must also be nontoxic,
nonimmunogenic and biodegradable (for a review, see Aulenta
et al., 2003).

The first complete dendrimer family which has been
synthesized, characterized and commercialized is the poly(-
amidoamine) (PAMAM) dendrimers. They are characterized as
safe and nonimmunogenic nanocarriers and have been used for
the delivery of drugs and antisense nucleotides and in gene
therapy, both in vitro and in vivo (Frechet and Tomalia, 2001).
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Bioactive molecules can be associated to dendrimers via either
complexation or encapsulation as schematically shown in
Fig. 3. A conjugate carrier system composed of dendrimers and
liposomes has recently been manufactured and characterized by
Gardikis et al. (2006).

6. Niosomes

Niosomes are vesicles made of nonionic surfactant
molecules and have been developed as controlled delivery
systems in order to overcome the problems associated with
some other nanocarriers such as sterilization, large-scale
production and stability. They are liposome-like vesicles
formed from the hydrated mixtures of cholesterol, charge
inducing molecules and nonionic surfactants such as monoalkyl
or dialkyl polyoxyethylene ether. The assembly into closed
bilayers, both in the case of liposomes/nanoliposomes
(Mozafari and Mortazavi, 2005) and niosomes, is not
spontaneous. Thermodynamically stable vesicles form only
in the presence of proper mixtures of surfactants and charge
inducing agents. The mechanism of vesicle formation upon use
of nonionic surfactants is not completely clear. The most
common theory is that nonionic surfactants form a closed
bilayer in aqueous media based on their amphiphilic nature.
Formation of this structure involves some input of energy, for
instance by means of physical agitation (e.g., by using the hand-
shaking method; see Baillie et al., 1985) or heat (e.g., by using
the heating method; see Mozafari, 2005; Mozafari et al., 2002a,
2007). In this closed bilayer structure, hydrophobic parts of the
molecule are oriented away from the aqueous solvent whereas
the hydrophilic head comes in contact with the aqueous solvent.
Niosomes resemble phospholipid vesicles (liposomes and
nanoliposomes) and hence, enable entrapment of both
hydrophilic and hydrophobic material.

The low cost, stability and resultant ease of storage of
nonionic surfactants have led to the exploitation of these
compounds as alternatives to phospholipids (Uchegbu and
Vyas, 1998). Niosomes can entrap hydrophilic drugs and other
bioactives upon encapsulation or hydrophobic material by
partitioning of these molecules into their hydrophobic domains.

T,
L

These vesicles can be formulated either unilamellar or
multilamellar in structure. Moreover, niosomes possess great
stability, cost-effectiveness, and simple methodology for the
routine and large-scale production without the use of hazardous
solvents. Uchegbu et al. (1996a, 1996b) have studied the
different phases and morphologies of niosomes (e.g., discomes
and polyhedral niosomes) by employing confocal laser
scanning microscopy. Microscopic examinations enabled
observation and identification of the spherical, helical, tubular
and polyhedral niosomes (for a review, see Uchegbu and Vyas,
1998).

7. Silicon-based nanocarriers

Along with the more conventional polymer- and liposome-
based formulations, silicon-based nanocarriers are emerging in
the field of bioactive encapsulation and targeting (Ferrari,
2005). The most commonly investigated silicon-based materi-
als for bioactive delivery are porous silicon and silica, or silicon
dioxide. Architectures include calcified nanopores, platinum-
containing nanopores, porous nanoparticles, and nanoneedles
(Hughes, 2005). Porous silicon was discovered more than 50
years ago and since then has attracted much interest after the
demonstration of its photoluminescence at room temperature
(Cullis et al., 1994; Vaccari et al., 2006). Two aspects of porous
silicon are of particular relevance for in vivo applications;
namely: (i) it can be used as a sensitive biosensor for proteins,
antigens, and DNA, and (ii) it can be modified with a wide
range of biological or organic molecules. These features should
allow porous silicon to serve as a versatile biomaterial.
Although efforts in this area are still in early developmental
stages, combining the biocompatibility of the material with its
highly bio-sensitive capabilities leads to new applications in
tissue-based bioassays, bioactive delivery, and health-monitor-
ing applications.

The demonstration in 1995 of porous silicon biodegrad-
ability in physiological environment (Canham, 1995) with a
dissolution rate dependent on the medium acidity, porous
silicon morphology, porosity, and on the chemical surface
derivatization, opened the way for its applications in
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Fig. 3. Representation of bioactive incorporation within the structure of a dendrimer. (a) Complexation: covalent attachment to end groups. (b) Encapsulation:

bioactive entrapment inside the core of dendrimer.
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biomedicine (e.g., see Vaccari et al., 2006). In the most basic
sense, porous silicon is a network of air holes within an
interconnected crystalline silicon matrix. The free volume
inside pores can be loaded with a bioactive that will be released
in the body following the dissolution of the matrix. This idea
has been the guideline followed for the design of an implantable
microsystem prototype as an anticancer device for the release
of doxorubicin in the treatment of tumors (Minotti et al., 2004;
Vaccari et al., 2006).

Ordered mesoporous silica material with very high surface
area and large pore volume appeared as a new member in the
family of silica-based materials in 1992 (Beck et al., 1992). The
pore size distribution of mesoporous silica is very narrow and
can be modulated in the mesoporous region from 2 to several
nanometers, which has expanded the available pore sizes of
zeolites. Such properties would make these materials poten-
tially very interesting as novel carriers for large drug molecules
(>2nm). Recently, considerable investigations have been
carried out for the applications of mesoporous silicas as
nanocarrier systems for high bioactive loading capacity and
sustained or controlled release (Xue and Shi, 2004; Tang et al.,
2006).

Some examples of therapies being investigated for use with
silicon-based delivery systems include porous silicon embedded
with platinum as an antitumor agent, calcified porous silicon
designed as an artificial growth factor, silicon nanopores for
antibody delivery, and porous silica nanoparticles containing
antibiotics, enzymes and DNA (for a review, see Hughes, 2005).

8. Carbon-based nanocarriers

The carbon nanostructures, which have received much
attention in recent years are hollow, cage-like architectures
known as nanotubes and fullerenes, also called buckyballs
because of their spherical structure resembling the geodesic
domes of Buckminster Fuller (Hughes, 2005). Single-wall
nanotubes, multiwall nanotubes, and C60 fullerenes are
common configurations. The size, geometry, and surface
characteristics of these structures make them attractive for
application as nanocarrier systems. Carbon nanotubes are on
the light spot of nanoscience and nanotechnology owing to their
exceptional physical properties (Zanella et al., 2007). The
electronic properties of single-wall carbon nanotubes are
remarkable insofar as they can be either metallic or
semiconducting, depending on their (n, m) indices or chirality
(Saito et al., 1998). Nanotubes are very stable molecules and
their chemical inertness is due to the strong covalent sp> bonds
of the carbon atoms on their surface.

Surface-functionalized carbon nanotubes can be internalized
within mammalian cells (Shi Kam et al., 2004). Much work
with carbon nanotubes has involved composite materials. For
example, temperature-stabilized hydrogels for bioactive deliv-
ery applications incorporate carbon nanotubes (Li et al., 2004).
On the other hand, fullerenes have also shown bioactive
targeting capability. Tissue-selective targeting as well as
intracellular targeting of mitochondria have been shown with
the use of fullerene structures. Furthermore, experiments with

fullerenes have also shown that they exhibit antioxidant (Lin
et al., 1999) and antimicrobial activities (Tsao et al., 2002).

Carbon nanostructures containing ferromagnetic material
are another means of bioactive targeting. These nanocarriers
can be injected intravenously and then directed using an
external magnetic field upon which they will travel through the
blood vessels to the region of interest for treatment (Berry and
Curtis, 2003). The process of bioactive targeting using a
magnetic delivery system is based on the competition between
forces exerted on the nanocarrier by the blood flow and the
magnetic forces generated by the externally applied magnetic
field. When the magnetic forces exceed the linear blood flow
rates in arteries (10 cm/s) or capillaries (0.05 cm/s), the
nanocarriers are retained at the target site and internalized
by the cells of the target tissue (Tartaj et al., 2003). The particles
should be small enough to remain in the circulation after
injection and to pass via the capillary systems of organs and
tissues avoiding vessel embolism. The nanocarrier surface can
be grafted by COOH groups after the acid treatment. Bioactive
molecules and targeting ligands can be covalently attached to
the nanocarriers via carboxyl groups (Fig. 4). The ligands
attached to the nanocarriers recognize individual components
characteristic for cell-surface antigens (Berry and Curtis, 2003;
Wozniak et al., 2006). The morphology and cytotoxicity of
magnetic carbon nanoparticles have recently been evaluated by
Wozniak et al. (2006) using inverted microscope and atomic
force microscopy (AFM).

9. Role of imaging in nanocarrier studies

Modern nanocarrier systems such as nanoliposomes,
niosomes, solid lipid nanoparticles (Saupe and Rades, 2006),
as well as silicon-, carbon- and polymer-based nanocarriers
play an important role in controlled delivery of the bioactive
agents to the desired site of action, limiting the side effects at
nontarget sites (Ruozi et al., 2007). Development of these
nanosystems requires a rational characterization approach.
Certain parameters pertained to each of the newly developed
nanocarrier systems must be thoroughly assessed before being
approved for clinical applications. In the case of liposomes, for
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Fig. 4. Schematic representation of a magnetic carbon nanocarrier with
attached bioactive molecules and targeting ligands.
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instance, parameters having critical importance on their in vivo
performance such as morphology, size, polydispersity index,
number of lamellae, zeta potential, bilayer fluidity, lipid
composition, encapsulation efficiency, carrier-bioactive inter-
action and chemical stability must be studied. For these, various
analytical techniques are being applied. Dynamic light
scattering (DLS, also known as photon correlation spectro-
scopy, PCS) is used in the determination of particle size
distribution, while the nuclear magnetic resonance (NMR) and
the electron paramagnetic resonance (EPR) are being applied to
investigate the lamellarity, the permeability of the bilayer and
the influence of particle size on the bioactive transport (for a
recent review, see Ruozi et al., 2007).

The microscopical approach is commonly used to char-
acterize the structure/morphology/geometry of the nanocar-
riers. Electron microscopy techniques have been widely used to
measure the size and the size distribution of particles. Several
electron microscopy techniques can be employed for nano-
carrier research. These include: (i) scanning electron micro-
scopy (SEM); (ii) transmission electron microscope (TEM);
(iil) negative stain electron microscopy (NSEM); (iv) freeze
fracture transmission electron microscopy (FFTEM). In
particular, TEM provides information on the size distribution
and shape of nanocarrier systems. In addition to the
configuration of nanocarriers, electron microscopy can also
provide information on the interaction between particles (e.g.,
in the form of aggregation or fusion), different types of each
nanocarrier (e.g., in the case of liposomes, MLV, ULV and
MVYV types; see Fig. 2), different phases of each carrier (e.g.,
discomes and polyhedral niosomes), location of the bioactive
with respect to the carrier (e.g., internalized or attached to the
surface) and the stability of the carrier systems in time.
Compared with other electron microscopes, SEM is a less
frequently used imaging technique, particularly in liposome
research. However, several SEM micrographs showing cells
with absorbed liposomes have been published, which are very
useful in determining mechanisms of cell-liposome interactions
(e.g., see Vinay et al., 1996). Unfortunately, nanocarriers may
suffer structural perturbations as a result of the high vacuum
conditions and the staining process required by some of the
electron microscopes (see Fig. 5).

In the previous years, besides the progress in sample
preparation, other microscopical techniques have been devel-
oped. Atomic force microscopy (AFM), one of the techniques
belonging to the family of scanning probe microscopes (SPM)
with dimensional resolution approaching 1 A, has revolutio-
nized imaging of the nanosamples (Binning et al., 1986; Santos
and Castanho, 2004). The most attractive characteristics of
SPM are the potential to image samples with subnanometer
spatial resolution under physiological conditions and provide
information on their physical and mechanical properties. The
other SPM technique is scanning tunneling microscope (STM)
that was invented in 1982 by Binnig and coworkers (Binnig
et al., 1982a, 1982b) and has since become established as a
powerful tool for the study of micro- and nanoscale structures.
Compared with the other types of microscopy, STM has unique
characteristics that include: (i) ultra-high resolution down to
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Fig. 5. A representative micrograph of structural perturbations of lipidic
bioactive carriers possibly incurred as a result of sample preparation for
negative stain electron microscopy examination (see text for details).

atomic dimensions; (ii) three-dimensional images with very
high resolution especially in the vertical direction; (iii) a variety
of operating conditions, such as vacuum, air, and liquids; (iv)
observation range from micrometer to angstrom; (v) the ability
to do tunneling spectroscopy (Feng et al., 1989). Fig. 6 depicts
three-dimensional STM images of double-stranded DNA
molecules. Major and minor grooves of DNA are visible in
Fig. 6B. Representative STM images of two-months old
nanoliposomes are presented in Fig. 7. These nanoscale images
enabled characterization of the nanocarriers including evalua-
tion of their size and stability; as indicated by their size and

24 nm

Fig. 6. Three-dimensional scanning tunneling microscopy images of double-
stranded DNA molecules. Image dimensions: (A) 24 nm x 20 nm and (B)
12 nm x 10 nm.
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sample 3

Fig. 7. Two and three-dimensional scanning tunneling micrographs of nanoliposomes deposited on HOPG (highly oriented pyrolytic graphite) and dried at room
temperature under atmospheric pressure. Nanoliposomes (indicated by arrows) were prepared by the heating method two months prior to imaging.

morphology variation in time (e.g., see Mozafari et al., 2002a).
AFM, on the other hand, was developed in 1986 and has since
been applied for imaging surfaces of different material
including ceramics, metals, in addition to biological and
pharmaceutical samples (Binning et al., 1986; Mozafari et al.,
2005b; Ruozi et al., 2007; Santos and Castanho, 2004). The
AFM ability to explore samples under variety of environmental
conditions, including biological specimens in an aqueous/
physiological environment, or in air at different temperatures,
or under controlled humidity, make it a very versatile
characterization technique. In addition, it is possible to study
samples at low temperatures using cryo-AFM (Prater et al.,
1991; Shao et al., 2000). Unlike the electron microscopical
methods, which often require sophisticated sample preparation
procedures, the sample preparation for AFM is easy and fast
and it allows the material to be preserved in its native state
(Mozafari et al., 2005b).

AFM can be operated in a number of different imaging
modes depending on the nature of the interaction between its tip
and sample surface. When the scanning is carried out keeping
an approximately constant distance between probe and sample,
AFM operation is in the “contact mode.” New generations of
AFM also use another scanning mode called ‘“‘tapping mode”
or “MacMode” (Santos and Castanho, 2004). Tapping mode
AFM provides high-resolution topography images with
minimal damage to the sample surface. Application of the
additional measurement modes such as lateral force mode
(LFM) and force modulation mode (FMM) are possible with
AFM (Ruozi et al., 2007). In addition to topographic imaging,
and especially considering the versatility of the operation
modes, AFM can also provide information regarding micro-
mechanical properties such as surface and adhesive forces
(Ruozi et al., 2007). SPM studies of phospholipid bilayers, for
example, have been providing valuable insights into the
micromechanical properties of biomembranes (Liang et al.,
2004) as well as biological processes such as formation of pili
and bacterial conjugation (Maeda et al., 2002). As is the case
with the electron microscopes, SPM techniques also enable
investigation of particle-particle interactions and the aggrega-
tion and fusion processes characteristics of certain nanocarriers
(Uvarov et al., 1996). Furthermore, STM in particular is very

useful in determining the bilayer thickness of liposomes,
nanoliposomes, niosomes and archaecosomes by its analytical
ability in the vertical axis (Zareie et al., 1997). Another useful
application of the microscopical techniques in general, and
SPM in particular (due to their high resolution), is that they can
identify both the density and the spatial distribution of ligands
such as polymers, peptides, and antibody molecules anchored
to the surface of the nanocarriers. As explained above, these
ligands equip the nanocarriers with specific targeting mechan-
isms.

For a rational development of nanocarriers as bioactive
delivery systems, it is essential to characterize these systems as
particles. The evaluation of nanocarrier morphology includes
the characterization of shape, structure, surface morphology
and size measurement of these particles. Evaluation of size
distribution of nanocarriers is important not only to study the
physico-chemical properties and the stability of the prepara-
tions but also to identify the in vivo kinetics of these systems
and in particular their ability to cross vessel walls and to be
accumulated in target tissues (e.g., tumors or infected sites) in
order to exert the desired effect. Determination of nanocarrier
size distribution is an obligatory quality control assay due to the
following reasons: (i) The size distribution of bioactive delivery
formulations is an important parameter with respect to the
physical properties and stability (Goren et al., 1990); (ii) size
distribution, along with composition, defines plasma pharma-
cokinetics, biodistribution, and stability of nanocarriers and
their associated/entrapped substances in plasma and other
organs (Barenholz and Amselem, 1993); (iii) nanocarrier size is
a major factor in their permeation through tumor microvessels
and their local residence in tumor tissue (Nagayasu et al.,
1999); (iv) in pulmonary applications the deposition region of
bioactive carriers depends mainly on density, shape, and size of
the particles (Mozafari et al., 2005b).

Each of the currently used particle size determination
techniques has its own advantages and limitations. Light
scattering, for example, provides cumulative average informa-
tion of the size of a large number of particles simultaneously.
However, it does not provide information on the shape of the
nanosystem and it assumes any aggregation of more than one
particle as one single particle. SPM and other microscopic
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techniques, on the other hand, make direct observation
possible, and hence provide information on the shape of the
nanocarriers as well as presence/absence of any aggregation/
fusion (Mozafari et al.,, 2005b). The drawback of the
microscopic investigations is that the number of particles that
can be studied at any certain time is limited. With respect to a
statistically meaningful analysis of size distribution of the
nanocarriers, methods such as light scattering, which measure
the average size of large number of particles, are more
appropriate than microscopic techniques (Mozafari and
Mortazavi, 2005). It should be noted that SPM techniques
can assess samples in liquid or as adsorbed on a solid surface
(partially or fully dehydrated) while the light scattering method
evaluates particles in suspension. The general approach for the
determination of size distribution of nanocarrier formulations
should hence be to use as many different techniques as possible,
or at least combine high-resolution imaging and particle sizing
techniques together.

10. Conclusions

As we gain more knowledge with respect to disease
pathophysiology and cellular mechanisms, more specific
bioactive materials are being developed. To use the specificity
and potency of these bioactives, new carrier systems must be
exploited. Nanostructured delivery systems are promising
candidates that will enable efficient and targeted delivery of
novel bioactive compounds. Systematic characterization of the
nanocarriers is one of the main steps in the evaluation of their
present and coming applications. In this respect, the micro-
scopical approach enables direct visualization and provides
valuable information about the geometry and morphology, size
distribution and the superficial properties of the nanocarriers
affecting their interaction with the bioactive material and target
cells. The microscopical techniques in general, and SPM in
particular, enable us to identify both the density and the spatial
distribution of targeting ligands such as polymers, peptides, and
antibody molecules anchored to the surface of the nanocarriers.
The localization and the way by which nanocarriers interact with
the bioactive materials are very important to obtain a good in vivo
applicability. Moreover, force measurement is another interest-
ing property of high-resolution microscopes such as SPM, which
provides significant information about the elastic, chemical and
adhesion properties of nanocarriers. The information obtained
through high-resolution imaging techniques are crucial in the
rational design and formulation of optimal nanocarrier systems
to be used in the modern field of nanotherapy.
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