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REVIEW

Nanoparticles: pharmacological and
toxicological significance
C Medina, MJ Santos-Martinez, A Radomski, OI Corrigan and MW Radomski
School of Pharmacy and Pharmaceutical Sciences, Trinity College Dublin, Dublin, Ireland

Nanoparticles are tiny materials (o1000 nm in size) that have specific physicochemical properties different to bulk materials
of the same composition and such properties make them very attractive for commercial and medical development. However,
nanoparticles can act on living cells at the nanolevel resulting not only in biologically desirable, but also in undesirable effects.
In contrast to many efforts aimed at exploiting desirable properties of nanoparticles for medicine, there are limited attempts
to evaluate potentially undesirable effects of these particles when administered intentionally for medical purposes. Therefore,
there is a pressing need for careful consideration of benefits and side effects of the use of nanoparticles in medicine. This review
article aims at providing a balanced update of these exciting pharmacological and potentially toxicological developments. The
classes of nanoparticles, the current status of nanoparticle use in pharmacology and therapeutics, the demonstrated and
potential toxicity of nanoparticles will be discussed.
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Introduction
Nanotechnology, as defined by the United States (US)
Nanotechnology Initiative, is ‘the understanding and control of matter at dimensions of roughly 1–100 nanometers,
where unique phenomena enable novel applications’. In the
last decade, engineered nanoparticles have become an
important class of new materials with several properties that
make them very attractive for commercial development. In
fact, they have been increasingly used for manufacturing
diverse industrial items such as cosmetics or clothes and for
infinite applications in electronics, aerospace and computer
industry. In addition, as the need for the development of
new medicines is pressing, and given the inherent nanoscale
functions of the biological components of living cells,
nanotechnology has been applied to diverse medical fields
such as oncology and cardiovascular medicine. Indeed,
nanotechnology is being used to refine discovery of
biomarkers, molecular diagnostics, and drug discovery and
drug delivery, which could be applicable to management of
these patients. The National Institutes of Health (USA)
reviewing the use of nanotechnology in human diseases
introduced the term of ‘nanomedicine’ to describe such
applications. To achieve these aims, nanotechnology strives
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to develop and combine new materials by precisely engineering atoms and molecules to yield new molecular
assemblies on the scale of individual cells, organelles or
even smaller components, providing a personalized medicine
(Jain, 2005a, b). Personalized medicine is individualized or
individual-based-therapy which allows the prescription of
precise treatments best suited for a single patient (Jain, 2002).
In the last few years, several pharmacological companies
won approval from the Food and Drug Administration (FDA)
in the US for the use and development of nanotechnologybased drugs. Obviously, the costs of this new technology are
extremely high. Today, US $9 billion are spent per year all
over the world in nanotechnology (Service, 2004). Indeed,
the US and Japan will spend an estimated US $6.7 billion
until 2008 for research and technological development in
this field. As nanotechnology is undergoing such explosive
expansion in many areas, even poorer developing countries
have also decided that this new technology could represent
a considered investment in future economic and social
well-being that they cannot ignore.
Like most new technologies, including all nascent medicine and medical devices, there is a rising debate concerning
the possible side effects derived from the use of particles at
the nanolevel. Because of increased use of nanotechnology,
the risk associated with exposure to nanoparticles, the routes
of entry and the molecular mechanisms of any cytotoxicity
need to be well understood. In fact, these tiny particles are
able to enter the body through the skin, lungs or intestinal
tract, depositing in several organs and may cause adverse
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biological reactions by modifying the physiochemical properties of living matter at the nanolevel (Oberdörster et al.,
2005a, b). In addition, the toxicity of nanoparticles will also
depend on whether they are persistent or cleared from the
different organs of entry and whether the host can raise an
effective response to sequester or dispose of the particles.
Recently, a number of investigators have found nanoparticles responsible for toxicity in different organs (Shvedova
et al., 2003; Lam et al., 2004; Kipen and Laskin, 2005;
Radomski et al., 2005; Chen et al., 2006; Donaldson et al.,
2006; Hussain et al., 2006). Hence, it seems reasonable to
evaluate the risk/benefits ratio for the use of nanoparticles in
any technological or medical developments. In this review,
we will focus upon different classes of nanoparticles,
applications of nanoparticles in pharmacology, as well as
the plausible side effects related to their use.

Overview of different classes of nanoparticles
Liposomes are nanoparticles comprising lipid bilayer membranes surrounding an aqueous interior. The amphilic
molecules used for the preparation of these compounds
have similarities with biological membranes and have been
used for improving the efficacy and safety of different drugs
(Hofheinz et al., 2005). Usually, liposomes are classified into
three categories on the basis of their size and lamellarity
(number of bilayers): small unilamellar vesicles or oligolamellar, large unilamellar vesicles and multilamellar
vesicles. The active compound can be located either in
the aqueous spaces, if it is water-soluble, or in the lipid
membrane, if it is lipid-soluble.
Recently, a new generation of liposomes called ‘stealth
liposomes’ have been developed. Stealth liposomes have
the ability to evade the interception by the immune
systems, and therefore, have longer half-life (Moghimi
and Szebeni, 2003).
Emulsions comprise oil in water-type mixtures that are
stabilized with surfactants to maintain size and shape. The
lipophilic material can be dissolved in a water organic
solvent that is emulsified in an aqueous phase. Like
liposomes, emulsions have been used for improving the
efficacy and safety of diverse compounds (Sarker, 2005).
Polymers such as polysaccharide chitosan nanoparticles
have been used for some time now as drug delivery
systems (Agnihotri et al., 2004). Recently, water-soluble
polymer hybrid constructs have been developed. These are
polymer–protein conjugates or polymer–drug conjugates.
Polymer conjugation to proteins reduces immunogenicity,
prolongs plasma half-life and enhances protein stability.
Polymer–drug conjugation promotes tumour targeting
through the enhanced permeability and retention effect
and, at the cellular level following endocytic capture,
allows lysosomotropic drug delivery (Lee, 2006).
Ceramic nanoparticles are inorganic systems with porous
characteristics that have recently emerged as drug
vehicles (Cherian et al., 2000). These vehicles are biocompatible ceramic nanoparticles such as silica, titania and
alumina that can be used in cancer therapy. However,
one of the main concerns is that these particles are
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non-biodegradable, as they can accumulate in the body,
thus causing undesirable effects.
Metallic particles such as iron oxide nanoparticles
(15–60 nm) generally comprise a class of superparamagnetic
agents that can be coated with dextran, phospholipids
or other compounds to inhibit aggregation and enhance
stability. The particles are used as passive or active targeting
agents (Gupta and Gupta, 2005).
Gold shell nanoparticles, other metal-based agents, are
a novel category of spherical nanoparticles consisting of a
dielectric core covered by a thin metallic shell, which is
typically gold. These particles possess highly favourable
optical and chemical properties for biomedical imaging
and therapeutic applications (Hirsch et al., 2006).
Carbon nanomaterials include fullerenes and nanotubes.
Fullerenes are novel carbon allotrope with a polygonal
structure made up exclusively by 60 carbon atoms. These
nanoparticles are characterized by having numerous points
of attachment whose surfaces also can be functionalized for
tissue binding (Bosi et al., 2003). Nanotubes have been one of
the most extensively used types of nanoparticles because of
their high electrical conductivity and excellent strength.
Carbon nanotubes can be structurally visualized as a single
sheet of graphite rolled to form a seamless cylinder. There are
two classes of carbon nanotubes: single-walled (SWCNT)
and multi-walled (MWCNT). MWCNT are larger and
consist of many single-walled tubes stacked one inside the
other. Functionalized carbon nanotubes are emerging as
novel components in nanoformulations for the delivery of
therapeutic molecules (Pagona and Tagmatarchis, 2006).
Quantum dots are nanoparticles made of semiconductor
materials with fluorescent properties. Crucial for biological
applications quantum dots must be covered with other
materials allowing dispersion and preventing leaking of the
toxic heavy metals (Weng and Ren, 2006).

Use of nanotechonology in diagnostics,
pharmacology and therapeutics
Discovery of biomarkers
Nanotechnology is being applied to biomarker-based proteomics and genomics technologies. Nanoparticles can be
used for qualitative or quantitative in vivo or ex vivo diagnosis
by concentrating, amplifying and protecting a biomarker
from degradation, in order to provide more sensitive analysis
(Geho et al., 2004). Initial studies with magnetic nanoparticle probes coated with antibodies and single ‘bar code’
DNA fragments are able to amplify signals of small abundant
biomolecules. This amplification is comparable to polymerase chain reaction (PCR) amplification of nucleotide
sequences, and can theoretically be used to detect hundreds
of protein targets at a time in patient samples. Such analysis
would enable physicians to properly diagnose disease at very
early stages and begin treatment before severe cellular
damage, improving patient prognosis. For instance, in vitro
streptadivin-coated fluorescent polystyrene nanoparticles
have been used to detect the epidermal growth factor
receptor (EGFR) in human epidermoid carcinoma cells by
flow cytometry (Bhalgat et al., 1998). These results were
British Journal of Pharmacology (2007) 150 552–558
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really successful as nanoparticles enhanced the sensitivity
to detect EGFR compared to the conjugate streptadivin–
fluorescein. In addition, a nanoparticle oligonucleotide
bio-barcode assay has been used to detect small levels of
the cancer marker prostate-specific antigen (PSA) in serum
(Nam et al., 2003). The use of this new technique offers a
high ratio of PCR-amplifiable DNA to labelling antibodies
that can considerably enhance assay sensitivity. Therefore, a
low amount of free serum PSA could be detected in patients
suffering from prostate cancer or even women suffering from
breast cancer with a great improvement in tumour screening
and diagnosis (Nam et al., 2003).

Molecular diagnosis
Nowadays, imaging diagnosis is not only limited to a gross
description of anatomic structures, but can also involve
imaging of cellular signalling. Nanoparticles are currently
being tested for molecular imaging in order to achieve
a more precise diagnosis with high-quality images. In fact,
contrast agents have been loaded onto nanoparticles for
tumour and atherosclerosis diagnosis. The physicochemical
characteristics of the nanoparticles (particle size, surface
charge, surface coating and stability) allow the redirection
and the concentration of the marker at the site of interest.
Different nanoparticles have been used for molecular
imaging with magnetic resonance images (MRI), ultrasound,
fluorescence, nuclear and computed tomography imaging
(Lanza and Wickline, 2003; Wickline and Lanza, 2003).
For instance, gadolinium complexes have been incorporated
into emulsion nanoparticles resulting in a dramatic enhancement of the signal compared to usual contrast agents
(Flacke et al., 2001). In addition, it has been shown that
ultrasmall superparamagnetic iron oxide particles enhanced
the MRI signal of the thrombus in an experimental animal
model developed in rabbits (Schmitz et al., 2001). In the last
few years, an emerging area of great interest is stem cell
imaging with MRI. This new technique allows treating stem
cells in vitro with superparamagnetic nanoparticles and
afterwards these cells can be injected to a specific localization in the body. The stem cells can ingest the nanoparticles
by endocytosis, which results in the intracellular accumulation of nanoparticles that can exert a local effect for
detection in vivo (Frank et al., 2003; Kraitchman et al., 2003).

Nanoparticle drug delivery systems
The use of pharmacological agents developed using classical
strategies of pharmacological development is frequently
limited by pharmacodynamics and pharmacokinetics problems such as low efficacy or lack of selectivity. Moreover,
drug resistance at the target level owing to physiological
barriers or cellular mechanisms is also encountered. In
addition, many drugs have a poor solubility, low bioavailability and they can be quickly cleared in the body by the
reticuloendothelial system. Furthermore, the efficacy of
different drugs such as chemotherapeutical agents is often
limited by dose-dependent side effects. Indeed, anticancer
drugs, which usually have large volume of distribution, are
toxic to both normal and cancer cells. Therefore, precise
British Journal of Pharmacology (2007) 150 552–558

drug release into highly specified target involves miniaturizing the delivery systems to become much smaller than their
targets. With the use of nanotechnology, targeting drug
molecules to the site of action is becoming a reality resulting
in a personalized medicine, which reduces the effect of the
drug on other sites while maximizing the therapeutic
effect. This goal is mainly achieved by the small size of
these particles, which can penetrate across different barriers
through small capillaries into individual cells. In addition,
nanoparticles can be prepared to entrap, encapsulate or bind
molecules improving the solubility, stability and absorption
of several drugs, as well as avoiding the reticuloendothelial
system, thus protecting the drug from premature inactivation during its transport. In fact, it has been shown that
nanoparticles have the ability to carry various therapeutic
agents including DNA, proteins, peptides, and low molecular
weight compounds. Among all of them, liposome and
polymer-based nanoparticulates are the most widely used
nanoparticles as drug delivery systems, as these compounds
are generally biodegradable, do not accumulate in the body
and they are possibly risk-free (Sapra et al., 2005). For
instance, several anticancer drugs including paclitaxel
(Fonseca et al., 2002), 5-fluorouracil (Bhadra et al., 2003)
and doxorubicin (Gnad-Vogt et al., 2005) have been successfully formulated using polymers and liposomes as drug
delivery systems. However, further investigation is needed
to control the drug release profile and to guide nanoparticle
delivery systems to the specific target. In addition, in vivo
studies are needed to study plausible toxicological effects
derived from body accumulation of non-biodegradable
nanoparticles.
Biodegradable nanoparticle-based vaccines, for oral vaccination, are also in development and may allow targeting of
antigens to specific dendritic cell receptors (Foster and Hirst,
2005).

Toxicity of nanoparticles
Humans have been exposed to nanoparticles throughout
their evolutionary phases; however, this exposure has been
increased to a great extent in the past century because of the
industrial revolution. Nanoparticles constitute a part of
particulate matter (PM). Epidemiological studies have shown
that urban pollution with airborne PM deriving from
combustion sources such as motor vehicle and industrial
emissions contributes to respiratory and cardiovascular
morbidity and mortality (Pope, 2001; Peters and Pope,
2002; Brook et al., 2004). The respiratory risks associated
with air pollution have been known as the London fog
episode of 1952 (Logan, 1953).
A typical ambient PM is a highly complex mix of particles
with median diameter size ranging from nm to 100 mm. Only
the fraction of these particles with a mass median diameter
of 2.5 mm or less is capable of depositing deep in the lung.
Most of the ambient particles are submicron in size because
they originate from combustion of fossil fuels or are
formed by reactions from gases generated by such combustion. A typical urban atmosphere contains approximately
107 particles/cm3 of air that are less than 300 nm in diameter.
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Carbon in elemental form is a major component of these
particles and the size of these particles is a determinant of
their ability to cause systemic cardiovascular effects. Indeed,
fine and ultrafine PM (from 0.1 to 2.5 mm in mass median
aerodynamic diameter) that can more easily access the
vasculature via inhalation are linked to cardiovascular
dysfunctions (Brook et al., 2004), particularly in subjects
with pre-existing vascular diseases.
The growing use of nanotechnology in high-tech industries is likely to become another way for humans to be
exposed to intentionally generated engineered nanoparticles. Nanotechnology is also being applied in medical
sciences trying to achieve a personalized medicine. However,
the same properties (small size, chemical composition,
structure, large surface area and shape), which make
nanoparticles so attractive in medicine, may contribute to
the toxicological profile of nanoparticles in biological
systems. In fact, the smaller particles are, the more the
surface area they have per unit mass; and this property
makes nanoparticles very reactive in the cellular environment. Therefore, any intrinsic toxicity of the particle surface
will be enhanced (Donaldson et al., 2006).
The respiratory system, blood, central nervous system
(CNS), gastrointestinal (GI) tract and skin have been shown
to be targeted by nanoparticles.

Respiratory system
One of the most important portals of entry and organ target
for nanoparticles is the respiratory system. It is well known
that lungs are easily exposed to atmospheric pollutants such
as PM and many other products of thermodegradation. In
this regard, combustion-derived nanoparticles have been
largely studied as a possible etiologic factor for several
adverse health effects, including exacerbations of airways
disease as well as deaths and hospitalization from cardiovascular disease (Clancy et al., 2002; Donaldson et al., 2005).
One of the main mechanisms of lung injury caused by
combustion-derived nanoparticles is via oxidative stress
leading to activation of different transcription factors with
upregulation of proinflammatory protein synthesis (Schins
et al., 2000). In fact, activation of mitogen-activated protein
kinase and nuclear factor-kappa B signal pathways by
combustion-derived nanoparticles can culminate in transcription of a number of pro-inflammatory genes such as IL-8,
IL-6 and TNF-a (Yang et al., 1997; Steerenberg et al., 1998;
Salvi et al., 2000). As nanotechnology is being applied in
aerospace and computing, the release of high amounts of
nanoparticles in an enclosed environment may be of great
concern for airline crews and hardware engineering (Lam
et al., 2004). In addition, aerosol therapy using nanoparticles
as drug carrier systems is becoming a fashionable method to
deliver therapeutic compounds (Eerikainen et al., 2003). It
has been found that nanoparticles can induce increased lung
toxicity compared to larger particles with the same chemical
composition at equivalent mass concentration (Oberdörster
et al., 2005b). In addition, it has been also shown that
nanoparticles of different diameters can induce inflammatory reactions in the lungs of experimental animals (Brown
et al., 2001; Gilmour et al., 2004; Dailey et al., 2006). In fact,
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a significant correlation between the surface area of nanoparticles and the induced inflammation was observed via
increased oxidative stress (Brown et al., 2001). Interestingly,
various types of nanoparticles can induce different inflammatory reactions. In fact, SWCNT has been found to be
more toxic compared to other nanoparticles in inducing
dose-dependent epithelioid granuloma and interstitial
inflammation in lungs (Lam et al., 2004). In addition,
nanoparticle-induced pro-inflammatory reactions have
been demonstrated in several in vitro models of exposure
(Brown et al., 2001, 2004). Therefore, these results
indicate that nanoparticles can lead to inflammatory and
granulomatous responses in lungs and this could have
important implications for human risk assessment. However,
as in most animal studies instillation, but not inhalation was
used as a mode of delivery of nanoparticles to lungs, the
relevance of pathological observations made in animals for
humans remains to be established.

Nanoparticle translocation to the blood stream and central
nervous system
Interestingly, nanoparticles could avoid normal phagocytic
defences in the respiratory system and gain access to the
systemic circulation or even to the CNS. Once inhaled and
deposited, nanoparticles can translocate to extrapulmonary
sites and reach other target organs by different mechanisms.
The first mechanism involves passing of nanoparticles across
epithelia of the respiratory tract into the interstitium and
access to the blood stream directly or via lymphatic
pathways, resulting in systemic distribution of nanoparticles. Berry et al. (1977) showed for the first time that
nanoparticles can be rapidly observed in rat platelets after
intratracheal instillation of particles of colloidal gold
(30 nm). Nemmar et al. (2002) also found that inhaled
(99 m)Tc-labelled carbon particles (o100 nm) pass to the
blood circulation 1 min after exposure. In contrast, Brown
et al. (2002) did not find an accumulation of the
same radiolabel in the liver after exposure. However, once
nanoparticles are translocated into the blood stream they
could induce adverse biological effects. We have previously
found that mixed carbon nanoparticles and nanotubes, both
MWCNT and SWCNT, are able to induce platelet aggregation
in vitro and, in addition accelerate the rate of vascular
thrombosis in rat carotid artery (Radomski et al., 2005).
Furthermore, it has been found that nanoparticles can
directly induce cytotoxic morphological changes in human
umbilical vein endothelial cells, induction of proinflammatory responses, inhibition of cell growth and reduction of
endothelial nitric oxide synthase (Yamawaki and Iwai, 2006).
Inhibition of cell function and induction of apoptosis have
also been reported in vitro in kidney cells treated with
SWCNT (Cui et al., 2005).
The translocation of nanoparticles to CNS may not only
take place as a result of systemic distribution. The other
mechanism involves the uptake of nanoparticles by sensory
nerve endings embedded in airway epithelia, followed by
axonal translocation to ganglionic and CNS structures. In
addition, nanoparticles can be taken up by the nerve endings
of the olfactory bulb and translocated to the CNS. It has been
British Journal of Pharmacology (2007) 150 552–558
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found that C60 fullerenes can induce oxidative stress in the
brain of largemouth bass via the olfactory bulb (Oberdörster,
2004). Recent studies have indicated that this translocation
pathway is operational for inhaled nanoparticles. It has been
shown that the exposure of rats to 13C ultrafine particles
(35 nm) for 6 h resulted in a significant increase of 13C in the
olfactory bulb on day 1 and this increase was even greater
on day 7 post-exposure (Oberdörster et al., 2004). This result
contrasts with 15-day inhalation of larger-sized MnO2
particles in rats (1.3 and 18 mm median diameter) where no
significant increase in olfactory Mn was found (Fechter et al.,
2002). The latter observation could have been expected
given that the individual axons of the fila olfactoria (forming
the olfactory nerve) are only 100–200 nm in diameter.
However, there are substantial differences between humans
and rodents and therefore, these results should be interpreted with caution. In humans, the olfactory mucosa
comprises only 5% of the total nasal mucosal surface,
whereas in rats this amounts to 50%. Interestingly, human
studies have shown that elevated levels of Mn could be
associated with increased rate of Parkinson’s disease
(Olanow, 2004). Recently, it has been found that exposure
of PC-12 neuroendocrine cell line to nanosized Mn induced
an increase in reactive oxygen species and dopamine
depletion (Hussain et al., 2006). However, further studies
are required to evaluate whether Mn nanoparticles can
induce dopamine depletion in vivo.

Gastrointestinal tract and skin
Other portals of nanoparticles entry in the body are GI tract
and skin. Nanoparticles can be ingested into the gut by many
ways. For example, nanoparticles can be ingested directly
from the food, water, drugs and cosmetics, but inhaled
nanoparticles can also be ingested by GI tract once they are
cleared by respiratory tract (Hoet et al., 2004). It is known
that the kinetics of particle uptake in GI tract depends on
diffusion and accessibility through mucus, initial contact
with enterocytes, cellular trafficking and post-translocation
events. The smaller the particle diameter is the faster they
could diffuse through GI secretion to reach the colonic
enterocytes (Szentkuti, 1997). Following uptake by GI tract
nanoparticles can translocate to the blood stream and
distribute all over the body (Jani et al., 1990). Recently, it
has been shown that Cu nanoparticles administered via oral
gavage can induce adverse effects and heavy injuries in the
kidney, liver and spleen of experimental mice compared to
micro-Cu particles (Chen et al., 2006).
As with lungs, GI tract is easily exposed to stimuli that can
induce an inflammatory response. Inflammatory bowel
disease (IBD) that includes both ulcerative colitis and
Crohn’s disease (CD) is an inflammatory chronic condition
whose aetiology remains still unclear. However, several lines
of evidence suggest that IBD can result from a combination
of genetic predisposition and environmental factors (Podolsky, 2002). It has been shown that a diet low in Ca2 þ and
exogenous microparticles alleviated the symptoms of human
CD with a significant improvement in the CD activity index
(Lomer et al., 2002). These results are particularly relevant to
CD as an abnormal intestinal permeability has been found in
British Journal of Pharmacology (2007) 150 552–558

this disease (Podolsky, 2002). However, to our knowledge, no
studies published to date showed direct toxicological effects
of nanoparticles in GI tract.
Nanoparticles can be also taken up by lymphatic nodes at
skin level, translocating to the blood stream via lymphatic
pathways (Kim et al., 2004). It has been found that SWCNT
can induce oxidative stress and pro-inflammatory responses
in human keratinocyte cells in vitro (Shvedova et al., 2003).
However, no studies in vivo have been performed and
therefore, more research is needed to investigate the effects
of nanoparticles on skin.

Conclusions
The development of engineered nanoparticles with substantial biomedical significance has posed new opportunities
and challenges for pharmacology and therapeutics. Nanomaterials and nanoparticles are likely to be cornerstones of
innovative nanomedical devices to be used for drug
discovery and delivery, discovery of biomarkers and molecular diagnostics. As nanoparticles may also exert toxicological effects, nanotoxicology has emerged as a new branch of
toxicology for studying undesirable effects of nanoparticles
(Donaldson et al., 2004; Service, 2004; Seaton and Donaldson, 2005). Therefore, development of novel nanoparticles
for pharmacology, therapeutics and diagnostics must proceed in tandem with assessment of any toxicological and
environmental side effects of these particles. As the bioenvironment is already polluted with nanoparticulates of
PM caution should be taken to prevent and contain any
environmental effects of intentionally generated nanomaterials. The diversity of engineered nanoparticles and of
several possible side effects represents one of the major
challenges for nanopharmacology and therapeutics.

Acknowledgements
This work was supported by a grant from Science Foundation
Ireland (SFI). MWR is an SFI Investigator.

Conflict of interest
The authors state no conflict of interest.

References
Agnihotri SA, Mallikarjuna NN, Aminabhavi TM (2004). Recent
advances on chitosan-based micro- and nanoparticles in drug
delivery. J Control Release 100: 5–28.
Berry JP, Arnoux B, Stanislas G, Galle P, Chretien J (1977). A
microanalytic study of particles transport across the alveoli: role of
blood platelets. Biomedicine 27: 354–357.
Bhadra D, Bhadra S, Jain S, Jain NK (2003). A PEGylated dendritic
nanoparticulate carrier of fluorouracil. Int J Pharm 257: 111–124.
Bhalgat MK, Haugland RP, Pollack JS, Swan S, Haugland RP (1998).
Green- and red-fluorescent nanospheres for the detection of
cell surface receptors by flow cytometry. J Immunol Methods 219:
57–68.

Nanoparticles
C Medina et al

Bosi S, Da Ros T, Spalluto G, Prato M (2003). Fullerene derivatives:
an attractive tool for biological applications. Eur J Med Chem 38:
913–923.
Brook RD, Franklin B, Cascio W, Hong Y, Howard G, Lipsett M et al.
(2004). Air pollution and cardiovascular disease: a statement for
healthcare professionals from the expert panel on population and
prevention science of the american heart association. Circulation
109: 2655–2671.
Brown DM, Donaldson K, Borm PJ, Schins RP, Dehnhardt M, Gilmour
P et al. (2004). Calcium and ROS-mediated activation of transcription factors and TNF-alpha cytokine gene expression in
macrophages exposed to ultrafine particles. Am J Physiol Lung Cell
Mol Physiol 286: L344–L353.
Brown DM, Wilson MR, MacNee W, Stone V, Donaldson K (2001).
Size-dependent proinflammatory effects of ultrafine polystyrene
particles: a role for surface area and oxidative stress in the
enhanced activity of ultrafines. Toxicol Appl Pharmacol 175:
191–199.
Brown JS, Zeman KL, Bennet WD (2002). Ultrafine particle deposition and clearance in the healthy and obstructed lung. Am J Respir
Crit Care Med 166: 1240–1247.
Chen Z, Meng H, Xing G, Chen C, Zhao Y, Jia G et al. (2006). Acute
toxicological effects of copper nanoparticles in vivo. Toxicol Lett
163: 109–120.
Cherian AK, Rana AC, Jain SK (2000). Self-assembled carbohydratestabilized ceramic nanoparticles for the parenteral delivery of
insulin. Drug Dev Ind Pharm 26: 459–463.
Clancy L, Goodman P, Sinclair H, Dockery DW (2002). Effect of
air-pollution control on death rates in Dublin, Ireland: an
intervention study. Lancet 360: 1210–1214.
Cui D, Tian F, Ozkan CS, Wang M, Gao H (2005). Effect of single
wall carbon nanotubes on human HEK293 cells. Toxicol Lett 155:
73–85.
Dailey LA, Jekel N, Fink L, Gessler T, Schmehl T, Wittmar M et al.
(2006). Investigation of the proinflammatory potential of biodegradable nanoparticle drug delivery systems in the lung. Toxicol
Appl Pharmacol 215: 100–108.
Donaldson K, Aitken R, Tran L, Stone V, Duffin R, Forrest G et al.
(2006). Carbon nanotubes: a review of their properties in
relation to pulmonary toxicology and workplace safety. Toxicol
Sci 92: 5–22.
Donaldson K, Stone V, Tran CL, Kreyling W, Borm PJA (2004).
Nanotoxicology. Occup Environ Med 61: 727–728.
Donaldson K, Tran L, Jimenez L, Duffin R, Newby D, Mills N et al.
(2005). Combustion-derived nanoparticles: a review of their
toxicology following inhalation exposure. Part Fibre Toxicol 2: 10.
Eerikainen H, Watanabe W, Kauppinen EI, Ahonen PP (2003).
Aerosol flow reactor method for synthesis of drug nanoparticles.
Eur J Pharm Biopharm 55: 357–360.
Fechter LD, Johnson DL, Lynch RA (2002). The relationship of
particle size to olfactory nerve uptake of a non-soluble form of
manganese into brain. Neurotoxicology 23: 177–183.
Flacke S, Fischer S, Scott MJ, Fuhrhop RJ, Allen JS, McLean M et al.
(2001). Novel MRI contrast agent for molecular imaging of fibrin:
implications for detecting vulnerable plaques. Circulation 104:
1280–1285.
Fonseca C, Simoes S, Gaspar R (2002). Paclitaxel-loaded PLGA
nanoparticles:
preparation,
physicochemical
characterization and in vitro anti-tumoral activity. J Control Release 83:
273–286.
Foster N, Hirst BH (2005). Exploiting receptor biology for oral
vaccination with biodegradable particulates. Adv Drug Deliv Rev
57: 431–450.
Frank JA, Miller BR, Arbab AS, Zywicke HA, Jordan EK, Lewis BK et al.
(2003). Clinically applicable labeling of mammalian and stem cells
by combining superparamagnetic iron oxides and transfection
agents. Radiology 228: 480–487.
Geho DH, Lahar N, Ferrari M, Petricoin EF, Liotta LA (2004).
Opportunities for nanotechnology-based innovation in tissue
proteomics. Biomed Microdevices 6: 231–239.
Gilmour PS, Ziesenis A, Morrison ER, Vickers MA, Drost EM, Ford I
et al. (2004). Pulmonary and systemic effects of short-term
inhalation exposure to ultrafine carbon black particles. Toxicol
Appl Pharmacol 195: 35–44.

557

Gnad-Vogt SU, Hofheinz RD, Saussele S, Kreil S, Willer A, Willeke F
et al. (2005). Pegylated liposomal doxorubicin and mitomycin C
in combination with infusional 5-fluorouracil and sodium folinic
acid in the treatment of advanced gastric cancer: results of a phase
II trial. Anticancer Drugs 16: 435–440.
Gupta AK, Gupta M (2005). Synthesis and surface engineering of iron
oxide nanoparticles for biomedical applications. Biomaterials 26:
3995–4021.
Hirsch LR, Gobin AM, Lowery AR, Tam F, Drezek RA, Halas NJ et al.
(2006). Metal nanoshells. Ann Biomed Eng 34: 15–22.
Hoet P, Bruske-Hohlfeld I, Salata O (2004). Nanoparticles – known
and unknown health risks. J Nanobiotechnol 2: 12.
Hofheinz RD, Gnad-Vogt SU, Beyer U, Hochhaus A (2005).
Liposomal encapsulated anti-cancer drugs. Anticancer Drugs 16:
691–707.
Hussain SM, Javorina A, Schrand AM, Duhart H, Ali SF, Schlager JJ
(2006). The interaction of manganese nanoparticles with PC-12
cells induces dopamine depletion. Toxicol Sci 92: 456–463.
Jain KK (2002). Personalized medicine. Curr Opin Mol Ther 4:
548–558.
Jain KK (2005a). Role of nanobiotechnology in developing personalized medicine for cancer. Technol Cancer Res Treat 4: 645–650.
Jain KK (2005b). The role of nanobiotechnology in drug discovery.
Drug Discov Today 10: 1435–1442.
Jani P, Halbert GW, Langridge J, Florence AT (1990). Nanoparticle
uptake by the rat gastrointestinal mucosa: quantitation and
particle size dependency. J Pharm Pharmacol 42: 821–826.
Kim S, Lim YT, Soltesz EG, De Grand AM, Lee J, Nakayama A et al.
(2004). Near-infrared fluorescent type II quantum dots for sentinel
lymph node mapping. Nat Biotechnol 22: 93–97.
Kipen HM, Laskin DL (2005). Smaller is not always better:
nanotechnology yields nanotoxicology. Am J Physiol Lung Cell
Mol Physiol 289: L696–L697.
Kraitchman DL, Heldman AW, Atalar E, Amado LC, Martin BJ,
Pittenger MF et al. (2003). In vivo magnetic resonance imaging of
mesenchymal stem cells in myocardial infarction. Circulation 107:
2290–2293.
Lam C-W, James JT, McCluskey R, Hunter RL (2004). Pulmonary
toxicity of single-wall carbon nanotubes in mice 7 and 90 days
after intratracheal instillation. Toxicol Sci 77: 126–134.
Lanza GM, Wickline SA (2003). Targeted ultrasonic contrast agents
for molecular imaging and therapy. Curr Probl Cardiol 28: 625–653.
Lee LJ (2006). Polymer nano-engineering for biomedical applications. Ann Biomed Eng 34: 75–88.
Logan WPD (1953). Mortality in the London fog incident, 1952.
Lancet 1: 336–338.
Lomer MC, Thompson RP, Powell JJ (2002). Fine and ultrafine
particles of the diet: influence on the mucosal immune
response and association with Crohn’s disease. Proc Nutr Soc 61:
123–130.
Moghimi SM, Szebeni J (2003). Stealth liposomes and long circulating nanoparticles: critical issues in pharmacokinetics, opsonization and protein-binding properties. Prog Lipid Res 42: 463–478.
Nam J-M, Thaxton CS, Mirkin CA (2003). Nanoparticle-based bio-bar
codes for the ultrasensitive detection of proteins. Science 301:
1884–1886.
Nemmar A, Hoet PHM, Vanquickenborne B, Dinsdale D, Thomeer M,
Hoylaerts MF et al. (2002). Passage of inhaled particles into the
blood circulation in humans. Circulation 105: 411–414.
Oberdörster E (2004). Manufactured nanomaterials (fullerenes, C60)
induce oxidative stress in the brain of juvenile largemouth bass.
Environ Health Perspect 112: 1058–1062.
Oberdörster G, Maynard A, Donaldson K, Castranova V, Fitzpatrick J,
Ausman K et al. (2005a). Principles for characterizing the potential
human health effects from exposure to nanomaterials: elements of
a screening strategy. Part Fibre Toxicol 2: 8.
Oberdörster G, Oberdörster E, Oberdörster J (2005b). Nanotoxicology: an emerging discipline evolving from studies of ultrafine
particles. Environ Health Perspect 113: 823–839.
Oberdörster G, Sharp Z, Atudorei V, Elder A, Gelein R, Kreyling W
et al. (2004). Translocation of inhaled ultrafine particles to the
brain. Inhal Toxicol 16: 437–445.
Olanow CW (2004). Manganese-induced parkinsonism and Parkinson’s disease. Ann N Y Acad Sci 1012: 209–223.

British Journal of Pharmacology (2007) 150 552–558

558

Nanoparticles
C Medina et al

Pagona G, Tagmatarchis N (2006). Carbon nanotubes: materials for
medicinal chemistry and biotechnological applications. Curr Med
Chem 13: 1789–1798.
Peters A, Pope III CA (2002). Cardiopulmonary mortality and air
pollution. Lancet 360: 1184–1185.
Podolsky DK (2002). Inflammatory bowel disease. N Engl J Med 347:
417–429.
Pope CA (2001). Particulate air pollution, C-reactive protein, and
cardiac risk. Eur Heart J 22: 1149–1150.
Radomski A, Jurasz P, Alonso-Escolano D, Drews M, Morandi M,
Malinski T et al. (2005). Nanoparticle-induced platelet aggregation
and vascular thrombosis. Br J Pharmacol 146: 882–893.
Salvi SS, Nordenhall C, Blomberg A, Rudell B, Pourazar J, Kelly FJ
et al. (2000). Acute exposure to diesel exhaust increases IL-8 and
GRO-alpha production in healthy human airways. Am J Respir Crit
Care Med 161: 550–557.
Sapra P, Tyagi P, Allen TM (2005). Ligand-targeted liposomes for
cancer treatment. Curr Drug Deliv 2: 369–381.
Sarker DK (2005). Engineering of nanoemulsions for drug delivery.
Curr Drug Deliv 2: 297–310.
Schins RPF, McAlinden A, MacNee W, Jimenez LA, Ross JA, Guy K
et al. (2000). Persistent depletion of I kappa B alpha and
interleukin-8 expression in human pulmonary epithelial cells
exposed to quartz particles. Toxicol Appl Pharmacol 167: 107–117.
Schmitz SA, Winterhalter S, Schiffler S, Gust R, Wagner S, Kresse M
et al. (2001). USPIO-enhanced direct MR imaging of thrombus:
preclinical evaluation in rabbits. Radiology 221: 237–243.

British Journal of Pharmacology (2007) 150 552–558

Seaton A, Donaldson K (2005). Nanoscience, nanotoxicology, and
the need to think small. Lancet 365: 923–924.
Service RF (2004). Nanotoxicology: nanotechnology grows up.
Science 304: 1732–1734.
Shvedova AA, Castranova V, Kisin ER, Schwegler-Berry D, Murray AR,
Gandelsman VZ et al. (2003). Exposure to carbon nanotube
material: assessment of nanotube cytotoxicity using human
keratinocyte cells. J Toxicol Environ Health A 66: 1909–1926.
Steerenberg PA, Zonnenberg JA, Dormans JA, Joon PN, Wouters IM,
van Bree L et al. (1998). Diesel exhaust particles induced release of
interleukin 6 and 8 by (primed) human bronchial epithelial cells
(BEAS 2B) in vitro. Exp Lung Res 24: 85–100.
Szentkuti L (1997). Light microscopical observations on luminally
administered dyes, dextrans, nanospheres and microspheres in the
pre-epithelial mucus gel layer of the rat distal colon. J Control
Release 46: 233–242.
Weng J, Ren J (2006). Luminescent quantum dots: a very attractive
and promising tool in biomedicine. Curr Med Chem 13: 897–909.
Wickline SA, Lanza GM (2003). Nanotechnology for molecular
imaging and targeted therapy. Circulation 107: 1092–1095.
Yamawaki H, Iwai N (2006). Mechanisms underlying nano-sized airpollution-mediated progression of atherosclerosis: carbon black
causes cytotoxic injury/inflammation and inhibits cell growth in
vascular endothelial cells. Circ J 70: 129–140.
Yang HM, Ma JY, Castranova V, Ma JK (1997). Effects of diesel exhaust
particles on the release of interleukin-1 and tumor necrosis factoralpha from rat alveolar macrophages. Exp Lung Res 23: 269–284.

