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1. Introduction

This article will attempt to describe the effects of nanoparticles on the different organs and
tissues of the intact individual and also describe what is known from cell studies performed in
tissue culture. It does not look at the biological effects of drug delivery systems or the use of
nanoparticles in the treatment of disease. The aim has been to describe the effects of
nanoparticles in the environment or generated in the body.

There exists a large literature on the cellular and tissue responses to particles in man,
experimental animals and in vitro. Particles in general are a source of local irritation initiating
an inflammatory response because of their physical, chemical or biological properties. The
inflammation may be acute and followed quickly by resolution and healing, or it may pass into
a chronic phase. Chronic inflammation is well described as continuing inflammation in the
presence of an attempt at healing. A detailed description is not relevant here. Suffice it to say
that acute inflammation is characterized by a polymorphonuclear leucocyte infiltration of tissue
which shows also extravasation of red cells and an increase in extracellular fluid. Chronic
inflammation usually shows the presence of macrophages and lymphocytes, with plasma cells
under some circumstances, depending on the type of immunological response that is occurring.
The attempt at healing may be manifest as increased vascularity and fibroblast proliferation,
known as granulation tissue when seen together. Depending on the organ or tissue, there may be
healing with restoration of the normal local architecture, or there may be fibrous tissue forming
a scar. None of these is a separate process; rather, there is a continuum as the defensive response
to foreign material evolves.

The literature and the following account refer frequently to the function of specialized
phagocytic cells, the macrophages, in various sites, but it is necessary to bear in mind the
broader context in which the cellular reactions are occurring. Thus, the cells exposed to foreign
particles initiate an immunological response, which may involve antibody production by B
lymphocytes, or be mediated by macrophages under the influence of T lymphocytes in the so-
called cell-mediated or delayed hypersensitivity response. Also, particles may have an effect on
the cellular transcription processes and changes at the molecular level potentially leading to
alterations in the nucleus with carcinogenicity and genotoxicity.
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Particles may gain access to the body by inhalation, ingestion, through the skin or
following introduction of material in some medical procedure, for example implantation of a
prosthetic joint that subsequently wears, generating debris. The dust-related diseases of the
lungs (pneumoconioses) provide an example of the sort of factors involved. Size and shape are
important as particles over 5 um in diameter are filtered out in the airways proximal to the small
terminal bronchioles, while those between 0.5 and 5 wm are able to reach the more distal
respiratory part of the lung, though some of them may be deposited higher up in the nose or
large conducting airways. Asbestos in the serpentine chrysotile (white) form causes little in the
way of significant changes, while the amphibole types, particularly crocidolite (blue), which
exist as long thin straight fibres, cause severe fibrosis, lung cancer and mesothelioma. Solubility
of particulate matter is a factor, so that silica, which is insoluble, causes local, and marked, lung
fibrosis, while beryllium, whose compounds are more soluble, has systemic as well as local
effects. Other factors that need to be kept in mind are the predisposition to develop lung
involvement in any individual, which might be genetic (allergic diathesis), environmental
(cigarette smoking), or related to the presence of some other disease (rheumatoid arthritis and
coal worker’s pneumoconiosis with Caplan’s syndrome).

This Introduction has dealt with particles in general and the response to those particles in
broad terms of conventional biological science. The question arises as to whether these basic
ideas apply to particles at the nanometre level or whether there is a paradigm shift when the
biological effects of such particles are under consideration. Under these circumstances, are
physical characteristics such as shape and chemical factors of importance? What are the
differences between nano- and micro-particles of the same apparent chemistry?

It is necessary to define clearly the terms that will be used, as there remain a number of
papers which discuss nanoparticles but they do not fall within the definitions which are finding
general acceptance. “Nano-" has a longstanding use in science to mean one billionth (the
American billion; 1 x 10?). The prefix “nano” comes from the Greek word “nanos” meaning a
dwarf. A nanometre (nm) is exceedingly small, amounting to about 10 atoms across.
Nanoparticles are therefore also extremely small, having one or more dimensions of 100 nm or
less [1]. Nanoparticles are chemically highly active because of their large surface area
proportional to their volume. This causes them to form agglomerates in which particles are held
together by relatively weak forces, including van der Waals forces, electrostatic forces and
surface tension. Nanoparticles may also form a group of strongly associated particles that
cannot easily be redispersed by mechanical means, and in this case the collection is known as an
aggregate [1]. The use of these terms has been inconsistent in the literature even in the recent
past. An alternative term found in the literature is ultra-fine particle (UFP). Nanoparticles
smaller than 30 nm have markedly altered properties and are often referred to as “quantum dots”
because their size controls the separation (or quantization) of energy levels within them.

Nanoparticles are unique because their physical behaviour when measuring less than 100
nm changes from classical to becoming dominated by quantum physics with decreasing particle
size. The surface area of the particles is extremely high, so that a nanoparticle of 2.5 nm radius
with a density of 5 g/cm’ will have a specific surface of 240 m*/g assuming it has a spherical
shape. Twenty per cent of the atoms of such a particle are present at its surface, making it highly
reactive, aggregating with its neighbours and associating with other molecules such as proteins.
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Technology using nanoparticles is being applied for the development of drug delivery
systems, genetic engineering and other therapeutic or investigative procedures. These smart
materials may be targeted to different sites in the body. They are not the subject of this review
and it is clear that sometimes the term nanoparticle is being used in this context more loosely
than defined above. In a number of reports in this area the particles are between 0.1 and 1 um in
size and have lipid, polymer, protein or other molecules attached to them.

Nanoparticles might enter the body by a variety of different routes and this makes the
assessment of the risks in relation to any material difficult. As will be seen, particles may enter
the body by one route but be widely disseminated to various organs and tissues. The most
significant method of exposure to nanoparticles is by inhalation, though ingestion for example
with food, or application to the skin, either deliberately or inadvertently, are other means of
access to the body. Nanoparticles also may be generated de novo within the body, for example,
at the load-bearing surfaces of a prosthetic joint replacement. Nanocoatings on implanted
medical devices that could shed nanoparticles as they wear should also be included. This review
will deal with each of these areas in turn, discussing the main nanoparticles involved in that
form of exposure.

2. Airborne nanoparticles and inhalational exposure

The chief source of primary nanoparticles in the atmosphere is road transport (60%) with a
further 23% produced by other forms of combustion processes in industrial, energy production
and domestic contexts [2]. Diesel and petroleum combustion produces an aerosol that is
nanoparticulate in terms of individual particle size (5-20 nm), though the particles are
aggregated [3, 4]. Diesel produces more particles than petrol for the same unit volume
combusted. It is difficult to be sure as to the numbers of particles in the outdoor environment
since the aggregates will not be detected as nanoparticles and may be measured as larger
microparticles. Background levels of nanoparticles are likely to be from 500010000 particles
per cm’, though they may reach 3000000 particles/cm® at times of heavy pollution [5]. The
factors which are thought to make nanoparticles toxic are large surface area, adsorbed organic
molecules and metals [6, 7] and it is difficult to separate the part played by each of these. Low
solubility particles have been shown to induce inflammation in direct relation to their surface
area. Inhalation of nanoparticles from diesel exhaust results in inflammation and this leads on to
fibrosis. The inflammation occurs after a short time of exposure (hours) in man and
experimental animals [8—10]. Combustion nanoparticles having a low organic and metal
content have been shown to cause inflammation through their surface characteristics and not by
any soluble material. In terms of toxicity, such combustion-derived nanoparticles (diesel soot,
welding fume, carbon black and coal fly-ash) have been considered together [11] even though
they originate in different working environments. Because of the large surface area of these
nanoparticles, they are considered to provide maximum opportunity for dissolution of soluble
molecules from the insoluble particle core. The insoluble core in turn may provide a surface on
which catalytic processes may occur, including free radical chemistry [11]. Thus, oxidative stress
may result from the presence of free radicals and an inflammatory response in the region of the
nanoparticles may be generated. It is also possible that the soluble organic molecules and
transition metals released may cause inflammation.
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Diesel nanoparticles caused an increase in pro-inflammatory cytokines and growth factors,
an effect which was lost when the organic component was removed [12]. Diesel exhaust
particles have been shown to activate intracellular signalling pathways for pro-inflammatory
cytokine expression in cultured respiratory epithelial cells, namely MAP kinase [13—16], and
NFkB [13, 17]. Among the cytokines expressed by cultured lung epithelial cells or alveolar
macrophages in the presence of diesel nanoparticles are IL1[18], TNF [18], IL6 [19], IL8 [19, 20]
and GM-CSF [20].

In welding, two metals are joined together using another metal, the welding material, at high
temperature. The metal is vaporized to produce a fume containing oxides of metal which occur
mostly as nanoparticles containing aluminium, cadmium, chromium, and copper [21]. In vitro
cell studies and human bronchoalveolar lavage samples have both shown the expression of pro-
inflammatory cytokines in the presence of nanoparticulate welding fume [22—24]. Carbon black
is a well established material valued for over one hundred years for its optical properties, being
incorporated into paints and inks, and more recently in plastics. Nanoparticulate carbon black
causes NFkB expression by lung epithelium [25].

3. Distribution of nanoparticles to other sites after inhalation
3.1. The heart

There is evidence from epidemiological studies in man that increases in particulate
pollutants in the atmosphere are accompanied by increased incidence of cardiovascular disease
[26-28], including acute myocardial infarction [29, 30]. The question arises as to whether this is
through the effects on the lung, causing increased strain on the heart, or whether there might be
a direct effect of nanoparticles on the cardiovascular system. It has been demonstrated in man
and from animal studies using *’Tc (< 100 nm) or '’Ir (< 80 nm) that nanoparticles that are
inhaled or instilled into the lungs gain access to the circulating blood [31-33].

Radioactivity was detected in the blood within one minute and reached a peak between 10
and 20 minutes in a study with 5 volunteer humans [31]. The possible pathophysiological
mechanisms for such cardiac involvement have been reviewed [34] with the suggestion that
particles sequestered in the lung might lead to the release into circulation of prothromboticand
inflammatory cytokines. It should be pointed out that this particular article also considers
sulphur dioxide, nitrogen dioxide and carbon monoxide effects as well as ozone, all of which
have been shown to have adverse cardiovascular effects [34]. A recent human study gives no
support to the hypothesis that short-term exposure to diesel nanoparticles is associated with
systemic inflammation, activation of blood coagulation, endothelial dysfunction or lung
epithelial injury in individuals at risk with obstructive airways disease [35].

3.2. The brain

Transfer of inhaled nanoparticles to the brain in rats has recently been demonstrated using
radiolabelled carbon [36]. These workers concluded that there was transmission from the
nasopharyngeal region through the olfactory mucosa and down the olfactory nerve to the brain.
They have also shown similar transfer of inhaled manganese oxide particles [37]. This may not
be the mechanism of dissemination of all particles to the brain. There is one further example of
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a rat study in which the presence of manganese from stainless steel welding fume was
demonstrated in the blood, liver and brain after a 60 day exposure [37]. More work is required
to characterize nanoparticle translocation to the brain.

4. Nanoparticles and the skin

Theoretically nanoparticles might penetrate the skin by entering between or through
epithelial cells (inter- and intra-cellular routes) or via the skin appendages (hair follicles,
sebaceous and sweat glands) [39]. One of the best examples of the application of nanoparticles
to the skin is in sun blocks, which contain a small proportion of ultrafine particles of TiO,, other
constituents being larger than 100 nm. These materials do not enter the skin but are localized to
the superficial part of the stratum corneum where their optical properties provide an effective
reflecting and ultraviolet absorbing layer. They are also found in hair follicles [40]. Since the
particles in this study were coated, there could be some question as to whether overall they
should be considered nano- or microparticles. A similar pattern is reported with so-called
microfine particles of TiO, and ZnO using pig skin, though again it is difficult to be completely
sure that these were in the “nano” range [41]. Another study with the same result used polymer
particles but their range was unfortunately 20-200 nm [42]. Evidence from studies of clearly
nanoparticulate cadmium sulfide suggest that this is definitely localized to the cornified layer
with material also present in the orifices of hair follicles [43]. Three different types of
nanoparticulate TiO, failed to penetrate deeper than the stratum corneum in a study in which
electron microscopy was included as a technique [44].

5. The gastro-intestinal tract and nanoparticles

Papers dealing with the gastro-intestinal (GI) fate of ingested nanoparticles often can be
criticized for the imprecision with which the particles are defined. Thus, many of the so-called
nanoparticles are actually over 100 nm in size. It is estimated that 10'>~10" microparticles
(100-300 nm in this case) are ingested per person per day in the Western world [45]. They are
said to be taken up by phagocytic cells in the intestinal mucosa and so do not pass through the
intestinal epithelium itself. Such phagocytosed particles find their way into the gut-associated
lymphoid tissue (Peyer’s patches). Rats fed a suspension of iron particles, which were
microsized (6—9 wm) down to nanosized (5-30 nm), showed the presence of iron within the
duodenum, by light and electron microscopy, the latter including X-ray microanalysis. Metallic
iron nanoparticles were found in the brush border, lateral intercellular spaces of the mucosal
cells, mitochondrial cristae and cytoplasm of both mucosal and stromal cells, indicating
passage of the particles across the epithelial barrier [46] The absorption and translocation of
polystyrene latex “nanoparticles” (50 nm—3 um) was related to size and constitution, uptake
increasing with decreasing particle diameter. Adsorption of hydrophilic block copolymers onto
the polystyrene markedly reduced the uptake by intestinal lymphoid tissue, and surface
modification with lectin molecules producing binding to and internalization by enterocytes [47].

Other workers have failed to show significant translocation of ultrafine radioactive metal
particles from the GI tract to other organs through the blood [33]. After oesophageal administra-
tion of an ultrafine '"Ir particle suspension by gavage, virtually all the isotope was found in
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faecal excretion within 2-3 days, no detectable '**Ir was observed in urine any day during the
observation period, and at termination (6 days) no '*’Ir was detected in any organ or tissue.

6. Nanoparticles and the brain

Access by nanoparticles to the brain by a transneuronal route along the olfactory nerve has
already been described in §3.2. There are also important questions about the blood-brain
barrier, a highly specialized endothelial cell and basal lamina junction that minimizes the
passage of all but the smallest molecules to the brain. Transport to the brain of large molecules
such as proteins is by a transcellular route. It seems likely from studies using magnetic
nanoparticles and MRI" that this physiological barrier protects the brain from exposure to
blood-borne nanoparticles.

7. Dissemination to other organs

It has been known for over 30 years that particles and dyes introduced into the circulation
are taken up in what was called the reticulo-endothelial system, now more often referred to as
the macrophage system. This consists of cells that have the ability to phagocytose foreign
material, cellular debris, pathogens and foreign substances. These cells reside mainly in the
liver, spleen and bone marrow though uptake in other organs such as the adrenal also occurs.
The liver acts as a filter for the blood draining from the gastro-intestinal tract via the portal vein,
while the spleen has a similar function for the general circulation. (Incidentally, lymph nodes
serve the same function as filters of lymphatic fluid passing through them in the lymphatic
vessels.) Greater numbers of particles are present in the spleen and liver at autopsy of coal
workers than in non-coalworkers, implying the circulation of particles in the bloodstream of the
former [50] (see §3.1). In man, there is a condition known as idiopathic granulomatous liver
disease, in which generalized symptoms are present and small granulomas are seen in the liver
parenchyma. In a small study of six patients with this diagnosis who had biopsy-proven
granulomas present in the liver, traces of metals in nanoparticlulate form were found in the
livers by environmental scanning electron microscopy (Revell and Gatti, unpublished
findings). The metals detected could all be related to some event in the medical history of the
individuals. Blood-borne carbon black particles (14 nm) induced platelet accumulation in the
hepatic microvasculature of healthy mice [51]. This platelet adhesion was associated with fibrin
deposition and increased von Willebrand factor (VWF) expression but other features of
inflammation such as P-selectin expression on endothelial cells were not increased.

There is little information available about the localization of nanoparticles in the lymphoid
organs apart from work by the group of the author, which has shown the localization of
nanoparticles of hydroxyapatite implanted in the femoral bone marrow to the spleen of rabbits
[52] and of microparticles of CoCr (0.3—5 wm) from the same site also to the spleen in guinea
pigs [53]. These particles were also localized to the liver (Revell and Gatti, unpublished findings)
(Fig. 1). Dissemination of particles from loosened prosthetically replaced joints to lymph nodes
and spleen is well recognized [54, 55], but these are not at the nanoparticle level as far as is known.

Magnetic resonance imaging.
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Figure 1a. Electron micrograph by SEM of CoCr particles (0.3—5 wm) retrieved from tissues adjacent
to a human implant at revision surgery.

Figure 1b. Electron micrograph by ESEM of a microparticle (centre) and nanoparticles (top left, bot-
tom centre) in the liver of a rabbit following implantation in the femoral bone marrow. The particles
used are those shown in Figure 1a.

8. Nanoparticles generated within the body

It has been known for over 40 years that prosthetic replacement joints wear and that
particles are generated from the load-bearing surfaces This wear debris is shed into the joint
space from where it is cleared by the phagocytic synovial lining cells and synovial fluid
macrophages, being moved off to the local lymph nodes [56, 57]. Particles find their way down
between the bone and the implant and when there is a large accumulation of them they are
responsible for substantial peri-implant bone loss. The particles provoke a macrophage and
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multinucleate giant cell (MNGC) response, which encroaches onto bone giving rise to the
resorption and bone loss known to surgeons as osteolysis [57]. The nature of the particles
clearly depends on the materials used at the bearing surfaces. They may be metal alloy, ultra-
high molecular weight polyethylene (UHMWPE), ceramic (zirconia or alumina), or acrylic
from “bone cement”’(polymethylmethacrylate, PMMA). Although more than 95% are less than
0.5—1 wm in size, regardless of material type [58], nanoparticles have not been identified with
any regularity in the past. Our own group has observed 15 nm titanium particles by TEM in
macrophages adjacent to loosened joints [58], and similar findings of metal nanoparticles (< 50 nm)
have been reported by others where metal is rubbing on metal [59]. Nanoparticulate UHMWPE
was generated in joint simulator studies though this has not been found in tissues where
particles have been > 100 nm [60]. Particles from prosthetic joints have been shown in the liver,
spleen, kidney, lung and lymph nodes [54, 55, 61], but there are no reports to date of
nanoparticles in these sites from an orthopaedic implant, with the exception of the lymph node
of one individual reported in an autopsy series [55]. Metal levels for the spleen, liver and lymph
nodes were also described in that paper showing the presence of implant-derived materials, but
no ultrastructural images were shown for those sites.

9. The effects of nanoparticles on cells in culture

Cell culture enables the dissection of complex biological events into small component
parts, albeit in an artificial environment divorced from the multifactorial environment occurring
in the organs and tissues of the body. Comparisons may be made between the effects of
nanoparticles in different systems and commonalities sought. It is not known at present whether
work with a particular type of cell, for example a human macrophage cell line, is relevant to
other cell types, for example alveolar macrophages. The interpretation of such in vitro studies is
fraught with questions about the validity of such comparisons, but the same cell, lines are now
being used in different laboratories as well as comparisons being made with primary cells so
that more confidence in the interpretation of such in vitro work should be possible.

The effect of diesel exhaust nanoparticles on lung epithelial cells and alveolar
macrophages has been mentioned above (see §2). The pro-inflammatory cytokines that are
produced (IL1,IL6, TNFo,, GM-CSF) turn out to be among those which are well-recognized as
being up-regulated when macrophages or phagocytic cell lines are incubated with various types
of orthopaedic particulate wear debris [56, 57, 61]. Moreover, the cell signalling molecules that
are activated (MAPkinase, NFkB) in lung cells with diesel nanoparticles are also the same as
those upregulated in macrophages with those nano- and microparticles that are relevant to the
replacement joint [62,63]. A direct comparison between nano- and microparticles when
incubated with the monocyte/macrophage cell line U937, as well as with primary peripheral
blood monocytes, has shown the close similarity between these two cell types with respect to
the response [63]. Also, microparticles had a more marked effect than nanoparticles on the
expression of all the molecules examined. Thus, there was greater costimulatory molecule
expression with microparticles of diamond (0.15-0.81 wm) than with two different
nanodiamond particles (both 1-5 nm). CoCr particles (0.3—1.0 um) of comparable size to the
larger diamond particles resulted in effects like those found with those particles [64]. Diesel
nanoparticles and an organic extract of them caused increased Ia and costimulatory molecule
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expression on peripheral blood monocytes but not alveolar macrophages in other work [65].
Nanoparticles of hydroxyapatite have also been shown to upregulate costimulatory molecule
expression on macrophages in vitro [66]. Particles were found in both aggregated and single
nanoparticulate form after incubation with macrophages (Revell and Lewin, unpublished
findings) (Fig. 2). The expression of IL1 and TNFo. was also less with the two nanoparticles of
diamond than it was with the microparticles in our own laboratories [63, 64]. The nanoparticles
were difficult to keep separate from their aggregated form and the aggregates were between
0.19 um and 0.57 um, i.e. certainly not nanosized. Nevertheless there were clear indications of
a difference in behaviour from the microparticles in this size range. An increasing amount of
evidence shows that aggregates do not behave like microparticles of the same apparent geometri-
cal shape and overall size, because of the greater surface area of the individual particles forming
the the aggregate and present at its surface. Aggregates seem to have the same effects in terms of
toxicity and upregulation of inflammatory mediators as the nanoparticles of which they are made.
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Figure 2b. Electron micrograph by TEM of the
Figure 2a. Electron micrograph by TEM of same nanoparticles as shown in Fig. 2a. These
nanoparticles of hydroxyapatite, occurring particles are formed into aggregates between 1
as single particles or possibly in pairs. and 4.7 um in size in this sample.

Figure 2c. Electron micrograph by TEM of a
macrophage which has internalized the nanoparticles
shown in Figure 2a and b after incubation with them in
culture. All sizes of aggregate including small ones are
present within a membrane-bound phagolysosome. The
smallest particles present may be single nanoparticles
though they are difficult to resolve at this magnification
in a biological preparation. The smaller aggregates on the e
upper right are associated with some other membrane- ; "
containing structure, which may be a mitochondrion. o
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Particles of nanometre size have been observed in cells both in vivo and after cell culture
studies. The question arises as to how they are internalized by the cell. Microparticles in the
range 0.3—-10 wm are the optimum size for phagocytosis [67]. Large particles give rise to
multinucleate giant cell formation by the fusion of macrophages. Substances at the molecular
level are taken in by pinocytosis. The mechanism for nanoparticles might therefore also be
pinocytosis. Pinocytosis involves the ingestion of fluid and solutes via vesicles of about 100 nm
in diameter. However, when a human epithelial cell line was cultured with nanoparticles of
TiO,, the particles that had been phagocytosed were in aggregates and separated nanoparticles
were present as a layer at the cell surface [68]. Ultrafine particles (< 100 nm) and microparticles
(0.2—1 um) of polystyrene have been found within macrophages after culture but the uptake of
the former was blocked by cytochalasin D while that of the microparticles was not [69]. That the
nanoparticles were not membrane-bound also suggested that their uptake was not phagocytotic.
Possible more “passive” ways in which nanoparticles may be taken up by cells are discussed by
these authors [69]. “Nanoforms” of Cr have been described in association with macrophages
incubated with 50 ppm of Cr*" in vitro [70]. These were formed as chromium phosphate with
some protein according to elemental analysis, and were both intracellular and on the surface of
the cell membrane. Actin-based mechanisms are involved in phagocytosis of particulate wear
debris in the micrometre range and in the internalization of nanoparticles [62].

There are differences in opinion as to whether nanoparticles are, in general, more or less
toxic than microparticles of the same material. Apart from our own studies quoted above, there
is evidence from various other sources that nanoparticles of materials that are finding use in
implants and drug delivery systems are not toxic. Thus SiC, which is an interfacial material for
diamond-like coatings of orthopaedic implants, has not been found to be toxic in nanoparticu-
late form to macrophages in vitro [71]. SiC and particles derived from a diamond-like coating
also failed to cause inflammatory changes in a rabbit bone chamber model [72]. Using
endothelial cells, uptake of a series of nanoparticles into phagolysomes has been demonstrated.
No evidence of a cytotoxic effect was found for SiO, TiO, or Ni nanoparticles and toxic effects
were only seen with Co nanoparticles at high doses [73].

10. The possible effects of nanoparticles on the genome

It will by now be clear that nanoparticles readily enter the cytoplasm of cells and have
effects on intracellular signalling molecules (see §§2 and 9). Both MAPkinase and NFkB are
activated not only in inflammatory but also in neoplastic processes. Whether they are important
factors in genotoxicity in relation to particles, including nanoparticles, has yet to be determined.
What is clear is that chronic irritation leads on to the development of cancer in a number of
different systems, for example the lung and the bladder.

The difference between particles and fibres at the nanometre level on the one hand and non-
particulate chemical carcinogens on the other has been emphasised [74], though the differences
may not be so clear-cut. Consider, for example, the combined effects of a city dweller who
smokes tobacco and inhales fine dusts as part of an occupational exposure. Nanoparticles may
themselves form complexes with harmful chemicals, for example diesel exhaust particles
comprise a carbon core which may be associated with organic materials like polycyclic
aromatic hydrocarbons and transition metals. These cause DNA damage partly by oxidative
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mechanisms, some of which may in turn be primarily related to inflammatory processes [75].
DNA damage caused by hexavalent Cr inhalation has been considered to be due to the generation
of reactive oxygen species [76]. Carbon black particles have been used as a means of investigat-
ing carcinogenetic mechanisms in the rat. Unfortunately, there are special effects from
overloading the rat lung with carbon black, but bearing this in mind, lung tumours have been
produced by chronic inhalation and instillation in this species [77]. That diesel exhaust fumes
are carcinogenic in man and rat seems well documented [11]. The exact mechanisms are less
certain. Recently the development of sarcomatous (malignant connective tissue tumours)
lesions has been reported in rats implanted subcutaneously with nanoparticles of metals [78, 79].
It has been known for many years that long term subcutaneous implantation of materials in solid
sheets or in particulate form gives rise to sarcoma development in rats. This phenomenon is
known as the Openheimer effect—tumours developed in the rat with many different materials
for which there is not evidence of their promoting malignancy in man or other species. A source
of further references on genotoxicity of nanoparticles is available in the review by Donaldson
and colleagues [11], which also provides a large amount of other information on combustion-
related particles.

11. Summary and conclusions

While there is a large body of evidence about the effects of dusts and larger (micrometre-sized)
particles on the different body systems and cells from which they are constituted, there is less
known about the biological consequences of exposure to nanoparticles. It is unlikely that the
effects will be exactly the same as those with microparticles since the whole physics and
chemistry involved changes below a particle size of 100 nm. This “quantum” level of activity
means that the particles aggregate readily, and also become associated with other molecules and
elements, factors which make the analysis and understanding of mechanisms all the more difficult.

There is a substantial body of material on airborne pollution that includes nanoparticles. The
effects of their inhalation in terms of lung disease including carcinoma are described, and relevant
cellular biology studies have been performed examining intracellular signalling molecules and the
expression of pro-inflammatory cytokines. Nanoparticles may also gain access to the body by
ingestion or be generated within joints as wear particles from the bearing surfaces of a prosthetic
replacement. That nanoparticles can penetrate the skin is less certain. Direct transneural spread
from the nose to the brain has been described. Dissemination around the body in the bloodstream
occurs with nanoparticles that have been inhaled, ingested or derived from wear of replaced joints.
The sites of deposition of these particles include the liver and spleen, in which organs there may be
general consequences of exposure, for example the stimulation of immune processes.

Cellular studies in vitro have shown evidence for the up-regulation of antigen presentation
in the form of increased costimulatory molecule expression, both for alveolar macrophages and
lung epithelial cells with relevant nanoparticles of carbon and for macrophages in general as
these relate to nanoparticulate wear. This provides some evidence for the idea that immune
stimulation may occur. Whether mutagenesis is also induced in cells exposed to nanoparticles is
more difficult to determine. Malignant tumours are readily induced in rat models, both in the
lung and after soft tissue implantation, but there are reasons to believe that the rat may not be
representative of the situation in other species, including man.
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In conclusion, nanoparticles represent a new challenge to those involved with toxicology
and biocompatibility since evidence suggests that they behave differently from particles of
larger size. Relatively little is known of the biological consequences of exposure to nanoparticles.
The increasing availability of sophisticated methods of evaluating biological phenomena,
including molecular biology especially as it is applied in immunology and genetics, present
opportunities for unfolding knowledge in this exciting and important area.
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