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EXECUTIVE SUMMARY
Background
In 2003, the Royal Society (RS) and Royal Academy of Engineering (RAEng) were asked by
the Government to assess the opportunities and uncertainties concerning nanoscience and
nanotechnology. In their report they defined nanoscience in terms of the scale at which
material properties differed from the same material in larger scale, they pointed out that there
were many nanotechnologies rather than one, and they emphasised the difference between
hazard (the potential to cause harm) and risk (a quantification of the likelihood of such harm
occurring), and pointed to the importance of dose to the target in determining the latter. They
recognised the fundamentally important roles that these technologies were likely to play in the
world economy, and pointed out that relatively few of them implied hazard to humans or the
environment. In discussing hazards, they recognised that (i) nanoparticles (NP) and nanotubes
(NT) posed the greatest concerns (ii) that there were substantial knowledge gaps relating to
the hazard (and risks) of these materials and (iii) emphasis should be placed on research into
human health and environmental effects of these materials, with a view to guiding regulation.
They set out a risk based approach for research, in terms of the identification of hazard and a
structured approach to determining likely exposure to the identified hazard. The Government
accepted this, viewing it as “an essential step to regulating in a proportionate way any risks
from these materials”. DEFRA has commissioned the Institute of Occupational Medicine
(IOM) to prepare this scoping study.
Methods
This study has addressed:
• Methodologies for examining the toxicology, ecotoxicology, persistence
bioaccumulation potential of manufactured unfixed NP and NT;
• Differences in hazard posed by variations in NP size and chemical composition;
• Mechanisms of interaction of NP/NT with cells and tissues in organisms;
• Epidemiology, with a view to developing guidance for future studies;
and has identified knowledge gaps and made recommendations for future research.

and

Results and recommendations
Toxicology of NP and NT: These materials may transgress tissue barriers and cell membranes.
Particle size, shape, durability and chemical composition are likely factors behind the
effective dose to target tissues. Depending on these and perhaps other factors, oxidative stress,
inflammation, fibrogenicity and genotoxicity may be initiated. Little is known about the
nature of such hazards or of the toxicokinetics (adsorption, distribution, metabolism and
excretion) and effects on target organs of most NPs. Key areas for future toxicological
research arranged in order of priority are:
• The formation of a panel of well characterised, standardised NP for comparison of data
between different projects and laboratories;
• The concentrations attained at all potential sites of deposition/absorption (lungs, skin and
gut) and in subsequent target tissues (brain, blood, liver etc…) linked to studies on their
subsequent metabolism and potential routes of excretion;
• The development of short-term in vitro tests aimed at allowing toxicity to be predicted
from the physicochemical characteristics of the particle;
• The role of physicochemical characteristics (e.g. size, shape, composition, coatings,
metals, aggregation state, ability to cause oxidative stress etc) in the toxicity of NP;
• Evaluation of NT to induce toxicity via mechanisms identified for fibre toxicity, namely
length, biopersistence and reactivity;
• Determination of the rate and extent of NP/NT translocation within cells, between cells
and through cell layers;
• Mechanisms of toxicity including ability to induce inflammation, fibrosis, genotoxicity in
all target organs;
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•

QSAR/QSPR models of simple endpoints such as dermal penetration, or induction of
oxidant radical generation, using various nanoparticles

Ecotoxicology of NP: The literature suggests that NP may also exert toxic effects on microorganisms, plants, invertebrates and vertebrates. Key research gaps have been identified,
leading to the following recommendations:
• Develop standard methodologies for assessing the ecotoxicity of NP;
• Assess potential exposure levels and pathways of uptake;
• Consider ecotoxicity during full life-cycle, i.e. production, use and fate;
• Develop procedures to assess fate, biodegradability and persistence of NP/NT in the
environment;
• Establish a set of tests and target species and develop procedures to assess the
significance of endpoints;
• Assess potential for NP bioaccumulation and biomagnification;
• Explore the effects of in vivo exposures of manufactured NP combined with, for example,
metals and organics;
• Assess the potential for release of NP to the environment;
• Provide manufacturers and developers with a quick off-the-shelf methodology for the
assessment of NP.
Human challenge studies: We have reviewed the human inhalation studies on a range of
particles and identified key areas for further research:
• establishment of a suite of nano-materials which can be used for human challenge studies,
toxicology and eco-toxicology to allow consistency of assessment;
• further understanding of a physiological, (eg cardiac or neural) response;
• different routes of penetration (eg the nose, skin and blood stream);
• effects of potential co-exposures (eg temperature, activity);
• quantifying and delivering doses using particle numbers or surface area as the dosing
metric;
• development of protocols to ensure that comparison can be made between different
research groups.
Epidemiology: We have reviewed the relevant epidemiological studies with a view to
developing guidance for future studies. We recommend:
• further analyses of existing carbon black data;
• better understanding of relevant metrics for exposure and pre-morbid health endpoints;
• pro-active development of systems for future epidemiology studies;
• further studies, where possible, of morbidity, mortality and cancer in nanoparticle
exposed workers;
• international collaborations to increase study power.
Conclusions and priorities
Research needs to be guided by information regarding which materials are likely to be
important enough economically to pose a risk of entering the human or natural environment
and have potential to impact on the health of organisms. Critically, such research should be
coordinated and multi-disciplinary from the outset, in order to ensure human and
environmental relevance. Those currently working on particulate air pollution and nanopharmacological research should be part of this collaboration. The following are identified as
major priorities:
• Maintenance of a database of nanoparticle research, development and manufacture;
• Development of improved methods for measuring nanoparticles in relevant
environments;
• Development of a panel of well-characterised nanoparticles for research;
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•
•
•

Development of agreement on appropriate epidemiological methods and prospective
study of cohorts of exposed workers;
Study of deposition, toxicokinetics and in vivo/in vitro effects of selected relevant NP
and NT;
Studies to aid development of agreement on appropriate methods for characterising
ecotoxicological exposures and end-points;

Such a coordinated programme should lead to better understanding both of hazard (what is it
that makes NP/NT different?) and risk (who and what may be exposed and to how much?).

vii

viii

1 BACKGROUND
1.1

SCIENTIFIC BACKGROUND

Nanotechnology is a new and fast emerging field that involves the development, manufacture
and measurement of materials and sytems in the size range of a few nanometers (nm). One of
the main aspects of this is the manufacture and use of particulate material at this scale. Due to
their extremely small size, these nanoparticulates (NPs) exhibit properties that are vastly
different from their ‘parent’ chemicals, and their reactive surface areas are enormously greater
than the corresponding conventional forms. At such a small scale, a number of factors appear
to be become more important in determining the overall properties of NPs including quantum
effects and the relatively large surface area compared to particles not in the nano-size range.
This has implications in terms of whether they should be categorised and regulated as existing
or new chemicals. A wide definition currently used for NPs includes particulates that are less
than 100 nm in size in one dimension. However, some NPs can be tubular, irregularly shaped,
or can exist in fused, aggregated or agglomerated forms.
Nanotechnology is a rapidly growing sector of the material manufacturing industry that has
already captured a multibillion US$ market, and is widely expected to grow to 1 trillion US$
by 2015. It is, therefore, not surprising that some NPs have already found their way into a
variety of consumer products, such as TiO2 in paints, and ZnO in sunscreens. A number of
other applications are in the pipeline; for example, in targeted drug delivery, gene therapy,
cosmetics, stain-resistant coatings, self-cleaning glass, industrial lubricants, advanced tyres,
semiconductors etc. Other more ambitious uses of NPs are also being advanced, such as in
bioremediation of contaminated environments. Rapid growth of nanotechnology suggests that
it will not be long before a variety of new pharmaceutical, electronic, and other industrial uses
of NPs are found. This proliferation of nanotechnology has also prompted concerns over their
safety when released into the environment, although, at the moment, because of their smallscale production, concerns are mainly focused at issues surrounding occupational health and
worker safety at manufacturing premises.
There is a lack of information about the human health and environmental implications of
manufactured nanomaterials (Colvin, 2003). Evidence for other particle types (eg “low
toxicity dusts”) clearly shows that the toxicity of these materials is strongly dependant on
their surface area (Tran et al; 2000). Such ideas are consistent with current views on the links
between environmental pollution and health. Epidemiological evidence from other industrial
processes, such as the manufacture of carbon black, where in principle workers may
potentially be exposed to nanoparticles, is less clear-cut. The large surface area, crystalline
structure, reactivity and exotic properties of some nanoparticles, coupled with what appears to
be an imminent shift away from laboratory based development to industrial manufacture,
strongly indicate a need to more clearly understand the risks associated with these materials.
For example, a study that has been published recently suggests that fullerenes (carbon bucky
balls) induced oxidative stress in the brains of fish exposed to 0.5 ppm of the NPs for 48
hours (Oberdorster, 2004).
In this context, the UK Government commissioned a review in June 2003 on the
environmental, ethical, health and safety or social issues that might arise from the new
technology, and to see whether or not they were covered by current regulations. This
comprehensive review was carried out by the Royal Society (RS) and the Royal Academy of
Engineering (RAEng) and was published in July 2004. The review identified a need for
further research to develop a better understanding of the risks posed by the manufactured
NPs.
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Particular emphasis was placed on the need to further our understanding of the human health
and environmental effects posed by nanoparticles and nanotubes, with a view to designing
and then implementing appropriate regulations. More specifically, the RS and RAEng set out
a risk-based approach with knowledge gaps discussed in terms of two key stages 1)
identification of hazard; and 2) a structured approach to determining likely exposure. As part
of the UK Government response to this report, DEFRA, as chair of the Government’s
Nanotechnology Research Co-ordination Group asked a consortium comprising member of
the Safety of nanomaterials Interdisciplinary Research Centre (SnIRC) collaboration to
review the existing state of knowledge in relation to the hazards posed by nanoparticles and
nanotubes with a view to fill the key data gaps. This report describes the outcomes of a seven
week project to review these issues.
1.2

OBJECTIVES

The overall aim of this project is to perform a scoping study addressing exposure hazard
related issues as they relate to the regulation of the potential risks of nanoparticles and
nanotubes. The specific objectives were to review the following information:
•

For Toxicology and Ecotoxicology,
1.
2.
3.

•

to examine the persistence and bioaccumulation potential of manufactured unfixed
nanoparticles and nanotubes in the living body;
to address the differences in toxicity posed by variations in nanoparticle size,
nanoparticle type (physical structure) and chemical composition, and,
amongst other issues, to address the mechanisms of interaction of nanoparticles with
cells and their components, and partitioning within and between tissues in
organisms.

For Epidemiology, with a particular focus on the exposure-health effect relationship in
contexts, such as carbon black manufacturing, where nanoparticle exposure of humans
has occurred, to undertake the review in order to develop guidance for future
epidemiological studies.

On the basis of the review, prioritised recommendations on each of the above points were
developed, setting out the key areas for additional research. This is intended to help policy
makers arrive at recommendations for addressing gaps in knowledge about the potential
hazards and risks from exposure to nanoparticles and nanotubes, for use in the development
of appropriate regulation.
1.3

APPROACHES AND RESEARCH PLAN

1.3.1

General approach

An extensive review of the issues identified above was performed. This was achieved using
the following approaches:
•
•
•

Using a literature survey of published, web based and grey literature, including conference
monographs, reports and the internet, to examine the state of the science;
Gathering information from national and international sources, ensuring that the EU
Commission and OECD are appropriately consulted as well as British Standards Institute
and the European Committee for Standardisation;
Holding discussions with key experts and research groups, including face-to-face
meetings as necessary to support these investigations and identify, particularly, ongoing
research work;
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•

Presenting progress, in person, for discussion at a meeting of the Nanotechnology
Research Co-ordination Group (NRCG) in late August.

1.3.2

Methodology

We conducted a comprehensive review of the topics identified in the objectives above. As
indicated the review considered the scientific literature, web-based information and
interaction with key experts. The review process was structured to follow the approach
suggested in the ITT, specifically to consider: 1) the quality of the evidence; 2) the potential
for different interpretations of the evidence: 3) key assumptions underpinning the evidence; 4)
levels of certainty in the evidence; 5) what is known or is currently under investigation; 6)
research gaps; 7) a suggested way forward. For each of the review topics, the review was
carried out by an acknowledged UK expert in the field and was built, where possible, on
quality recent review work where this was available.
Literature and web review methodology
In the first stage of the study, information was collected from the public domain and the grey
literature on human and environmental exposure to nanoparticles and nanotubes. A set of
search terms were agreed by the project team at a very early stage in the study and these were
used in the subsequent searches.
Using hosts such as Dialog-Datastar and STN, access was gained to numerous commercial
databases covering chemistry, the environment, medicine and toxicology, agriculture, and the
life sciences.
As well as commercial hosts publications, extensive use was also made of Web-based
sources, including the USEPA ECOTOX database, the SRC environmental fate databases,
Web of Science, PubMed, the GrayLIT Network, the NTIS Electronic Catalog, the National
Nanotechnology Initiative, the Institute of Nanotechnology, Nanotechnology and
Nanoscience, the Foresight Institute, INEX, nanotechnology exploitation website, and the
NASA Technical reports Server for US Federal Agencies material.
Original papers identified in the searches were either obtained from CSL’s stock of 10,000
books and monographs, and subscriptions to over 300 current journals. Where publications
are not available in-house, these were obtained from inter-library loans or via the excellent
range of contacts and reciprocal agreements that CSL has with other special libraries relevant
to CSL’s areas of business.
The collated information was assessed to determine its scientific quality.
Structured interviews
Structured telephone or face-to-face interviews were held with key individuals involved in the
development and assessment of nanomaterials. The interviews involved individuals from the
UK and overseas who have extensive experience in one or more aspects of the review. The
results of the literature review highlighted gaps in the knowledge and provided a focus for the
structure of the interviews.
1.3.3

Scope of review

An outline of the aspects covered in the review and the responsibilities of the project
personnel is provided in the following section.
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Each of the review topics was carried out by an acknowledged UK expert in the field and was
built where possible on quality recent review work where this was available (e.g. the HSE
review on the toxicity of nanomaterials).
Specifically,
a) For Toxicology (Chapter 2), we have:
1.
2.
3.
4.

examined the persistence and bioaccumulation potential of manufactured unfixed
nanoparticles and nanotubes in the living body;
addressed the differences in toxicity posed by variations in nanoparticle size,
physical structure, chemical composition, and
amongst other issues, addressed the mechanisms of interaction of nanoparticles with
cells and their components, and partitioning within and between tissues in
organisms;
reviewed available information on quantitative structure property relationship
(QSPR) modelling to assess potential for predicting some of the potential hazards
associated with NPs.

As part of the report, we (i) set out the state of knowledge in toxicology, including where
further research is needed to understand the hazard data to allow the assessment of the risks
from any given type of nanoparticle or nanotube and (ii) prioritise research needs to help
policy makers arrive at recommendations for developing methods for use in the development
of appropriate regulation. This part of the review was led by Professor Ken Donaldson,
University of Edinburgh.
•

For Ecotoxicology (Chapter 3), we have
1.
2.
3.
4.

examined the persistence and bioaccumulation potential of manufactured unfixed
nanoparticles and nanotubes in aquatic and terrestrial species, including
invertebrates, vertebrates and plants,
addressed the differences in toxicity, on these groups, posed by variations in
nanoparticle size and chemical composition, given their different ecology,
addressed the mechanisms of interaction of nanoparticles with cells and their
components, and partitioning within and between tissues in organisms, and therefore
explore the different mechanisms of toxicity, and
assessed the potential of bio-concentration, bioaccumulation and bio-magnification
of nanomaterials across different food chains.

As with the Toxicology part, we will (i) set out the state of knowledge in ecotoxicology,
including where further research is needed to understand the hazard data to allow the
assessment of the risks to the ecosystem from any given type of nanoparticle or nanotube and
(ii) prioritise the research needs to help policy makers arrive at recommendations for
developing methods for use in the development of appropriate regulation. This part of the
review was led by Dr Vicki Stone, Napier University.
•

For Human Exposure Studies (Chapter 4) we have undertaken a review of the relevant
studies to date. This part of the review was led by Prof Jon Ayres (University of
Aberdeen).

•

For Epidemiology (Chapter 5) we have undertaken a review of the relevant
epidemiological studies (e.g. on microparticulate materials) with a view to developing
guidance for future epidemiological studies. The review has focused on the exposurehealth effect relationship in contexts where human nanoparticle exposure has occurred,
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particularly in the carbon black industry. However, we have also considered in less detail
other occupational exposures which are or may be relevant to, for example TiO2, and
included a brief summary of methodological issues arising from studies of particle
number in ambient air.
The number of directly relevant epidemiological studies was limited. Consequently, there
was a strong focus on identifying methodological issues that arise in any long-term
prospective epidemiological study of exposure-response relationships, and considering how
these might apply to future epidemiology in the new nanoparticle industries, e.g. deciding on
a suitable metric of exposure; linking exposure estimation for epidemiology with routine
surveillance measurement programmes.
As with the Toxicology and Ecotoxicology parts, we set out the state of knowledge in
epidemiology, especially the exposure-health effect relationships from carbon black studies
and the methodological issues that need to be addressed in future epidemiology. We then
identify priority research needs to help policy makers arrive at recommendations for
developing methods for use in the development of appropriate regulation. This part of the
review was led by Fintan Hurley, IOM, with Prof Jon Ayres, University of Aberdeen and Dr.
Rob Aitken, IOM.
The findings from the three parts of the review were assessed, and a suggested way forward
offered. This part of the review (Chapter 6) was led by Professor Anthony Seaton, IOM.
1.3.4

Development of review document

The information collated in Chapter 1 to 5 was incorporated into an overall review document.
This document provides an overview of the current state of the knowledge concerning
exposure to nanoparticles and nanotubes and ongoing work in the area. Recommendations
were developed on the areas in which further research is needed to understand the exposure
scenarios to allow the assessment of the risks from nanoparticles and nanotubes. These
research needs are prioritised overall and by each topic heading.
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2 TOXICOLOGY OF NANOPARTICLES
Applications of nanotechnologies and nano-scale materials implies potential risks in a
number of areas including the environment, food safety, occupational health and safety, safety
of clinical and medical products, consumer protection and public health (see DEFRA website)
However DEFRA’s primary interest is in managing any risks nanoparticles pose to the
environment and human health via environmental exposure. Subsequently this section deals
only with environmental exposures to nanoparticles from the toxicological viewpoint and
human health.
2.1

NANOPARTICLES HAZARD OVERVIEW

Nanoparticles can be viewed as being derived from three sources with different amounts of
toxicological data, as shown in Table 2.1. There is a considerable database on the hazard
(toxicology) of nanoparticles that are accidentally produced, rather less on manufactured NP
like carbon black and very little on the specialised nanotubes and nanoparticles produced for
nanotechnological purposes. One challenge for toxicologists is to determine whether the
knowledge available for the accidentally-produced and bulk manufactured NP is transferable
to the engineered NP (Table 2.1). In fact much of the following review leans heavily on data
derived from nanoparticle of the first two rows of table 2.1, since this is the only data that is
available.
Table 2.1 Toxicological studies in different categories of nanoparticles
Nanoparticles
Accidental

Source
from combustion
Road vehicles, fossil fuel,
cooking
e.g. diesel

Exposure
Low exposure
Everyone

Toxicology
Considerable data

Manufactured (1)

Bulk nanoparticles in industry
e.g. carbon black, TiO2

High exposure
Workers

Some data

Manufactured (2)

Engineered nanoparticles in
the Nanotechnology industry
e.g. buckyballs, nanatubes

High exposure
Workers
The
Low exposure
Everyone

Little data

2.1.1

The toxicokinetic of nanoparticles and nanotubes (Where do NP go?)

The full toxicokinetic model, often termed ADME (Adsorption, distribution, metabolism and
excretion) should be a key aim of quantitative NP studies. Although this is based on classical
chemical toxins it can also apply to particles. Toxicokinetic is important as it informs the
dosimetry for toxicology studies by predicting realistic doses that can be expected at portals
of entry and target organs. The use of plausible doses is important and indeed good
toxicokinetic may exclude some organs as targets for effects of the toxin since the predicted
doses may be negligible. Therefore it is desirable to obtain a toxicokinetic profile of any
nanoparticle as this embraces all of the above as well as the fate of the particles in being
changed and excreted.
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2.1.2

The lungs

a) Absorption
Deposition. Deposition of particles in the lungs is the equivalent of Absorption in the
toxicokinetic model. Deposition depends on the aerodynamic diameter of the particle in
question, as well as on the geometry of the airways and the pattern of breathing. As shown in
Figure 2.1 there is substantial deposition of nanoparticles in all the different lung regions –
extrathoracic (nasal cavaties and throat), bronchial (upper airways) and alveolar (deeper lung
involved in exchange of oxygen and carbon dioxide) (Yeh et al, 1996).

80

Mouth breathing
Nose breathing

Deposition, %

70
60
50
40

ET
Bb
AI

30
20
10
0
1

10

100

1000

Diameter, nm
Figure 2.1 Regional deposition of inhaled particles with diameters between 1nm and
1000nm for nose and mouth breathing in the extrathoracic airways (ET) bronchial
airways (Bb) and alveolar region (Al) during breathing at rest as predicted by ICRP
(Yeh et al, 1996).
The deposition fraction is substantial for all nanoparticles sizes from approximately 100 nm
downwards to 1 nm. The subsequent fate of deposited particles depends on biopersistence as
described below and on their potential for translocation to other tissues and organs.
b) Biopersistence and bioaccumulation
Nanoparticles The concept of persistence as a factor in the toxicity of nanoparticles and
nanotubes is based on a basic tenet of toxicology, namely that the dose (the quantity of toxin)
is a key factor in determining the response. Persistence, more correctly called biopersistence,
or durability when it is measured in vitro, relates to the stability of the particle within the
lungs and how the biochemical milieu of the lung impacts on particle chemistry.
Biopersistence can be complex, as particles often contain both soluble and insoluble
components. Classical biopersistence studies of insoluble particles (mostly fibres) involve
measurement of the lung burden of particles at time zero and at a given later time point(s).
The rate of change in the lung burden can be used to construct a retention halftime (T1/2).
Bioaccumulation covers the same issue and relates to the tendency of particles to accumulate
in an organ, tissue or cell. For a highly non-biopersistent particle there would be no issue of
accumulation because the dose would not build-up. If a nanoparticle is comprised entirely of
soluble material (e.g. NaCl) its large surface to volume ratio means that it would rapidly
undergo dissolution and then is no longer considered a particle, the subsequent toxicity would
be related to the chemical nature of the solutes rather than the particle. At present there is no
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full toxicokinetic data on any NP although below partial toxicokinetic data on translocation
from the lungs to the blood is provided etc.
Nanotubes The concept of biopersistence has been used extensively to describe the
differential pathogenicity of mineral fibres, as these are heavily dependent on biopersistence
for their pathogenicity with only long biopersistent fibres being pathogenic (Donaldson et al,
2004). For non-biopersistent or ‘biosoluble’ fibres the dissolution process can be enhanced at
the acid pH of 5.0 that pertains inside the macrophage phagolysosome (Nyberg et al, 1989).
Long biosoluble fibres undergo leaching of structural molecules and the weakened fibre
undergoes breakage to short fibres that the macrophages can easily clear (Hesterberg et al,
1996). Thus the overall biopersistence of long fibres is a function of their biosolubility, their
tendency to break and to be cleared by macrophages (Donaldson and Tran, 2004).
By analogy with asbestos fibres the biopersistence of nanotubes is likely to play an important
role in pathogenicity. In one study (Muller et al, 2005) the quantity of nanotubes present in
the lungs 28 and 60 days after installation was determined. The samples comprised unground
and ground nanotubes which where 0.7 and 5.9 µm long respectively (Table 2.2). The longer,
unground nanotubes were more biopersistent (i.e. a higher % retained) than the ground at 60
days (Table 2.2). Although this is in keeping with the greater biopersistence of long fibres
seen in studies with asbestos and other mineral fibres, it should be noted that the definition of’
‘long’ for mineral fibres is approaching 20µm (Donaldson and Tran, 2004). This is
consistent with the ability of a 20µm diameter macrophage to enclose and transport the fibre
from the lungs (Donaldson and Tran, 2004). Therefore the length–dependent inhibition of
clearance seen with 5.9µm long nanotubes is rather unexpected. It may be that the welldocumented tendency for nanotubes to form bundles and wires (Maynard et al, 2004) is
important in clearance and the images of the ground NT show much less clumping. Despite a
PubMed search of nanotubes x biopersistence x durability, no other papers were found
relating to nanotubes and biopersistence.
Table 2.2 Data showing clearance of ground carbon nanotubes (CNT) at 60 days
compared to unground nanotubes (Muller et al, 2005). Note the data shows
‘retention’ not clearance.
Parameter
Length (mm)
Diameter (nm)
Specfic surface area (m2/g)
% in lungs after 28 days
relative to day 0
% in lungs after 60days relative
to day 0

CNT
5.9
5.2
378

Ground CNT
0.7
5.1
307

78.4

78.4

81.2

36

Durability is the ability of particles to resist or yield to chemical dissolution in vitro. Typically
this involves exposing fibres to a flow of buffer that partially mimics body fluid in terms of
electrolyte composition and pH (Searl et al, 1999). The loss of weight as the fibres dissolve is
a measure of durability. For a range of mineral fibres the in vitro durability is a good predictor
of the in vivo durability and therefore of the pathogenicity of long fibres (Maxim et al, 1999).
There is no published data relating to the durability of any nanoparticles (PubMed search
biopersistence of durability x nanoparticles. There is no data on the in vitro durability of
nanotubes (PubMed nanotubes x durability).
Asbestos exposure causes mesothelioma, a unique tumour of the pleura and peritoneal cavity
and long biopersistent fibres also cause this tumour in rodents (Britton, 2002;Davis et al,
1993;Mcconnell et al, 1995) . Nothing is currently known of the ability of nanotubes to
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translocate to the pleura or peritoneal cavity following pulmonary deposition or whether they
have any effects in these tissues.
c) Distribution
Transport within cells. The potential of nanoparticles to cross membranes and epithelia is of
considerable interest and the small size of nanoparticles makes it likely that they can cross
membranes and even pass through nm-sized pores in membranes. This may be important in
the translocation of NP to other organs as described below. Larger particles are expected to be
confined within membrane-bounded endosomes inside cells. Nanoparticles seem to have the
ability to cross lipid bilayers, that compartmentalise the cell interior, by diffusive or adhesive
processes (Geiser et al, 2005). The fact that they are within the cell in a non-membrane –
bound form (Geiser, Rothen-Rutlshauser, Kapp, Schurch, Kreyling, Schulz, Semmler M, Im,
V, Heyder, and Gehr, 2005) means that they may for example enter mitochondria as has been
displayed for range of different nanoparticles (Oberdorster et al, 2005). In addition they may
be able to enter the nucleus where they could interact with the DNA to cause genotoxic
effects (Garcia-Garcia et al, 2005). Some nanoparticles are able to enter cells using a
mechanism that is different to the normal phagocytic uptake and so bypasses the normal
pathways (Geiser, Rothen-Rutlshauser, Kapp, Schurch, Kreyling, Schulz, Semmler M, Im, V,
Heyder, and Gehr, 2005). There is very limited published work on the interaction of NP with
cell membranes and their compartmentalisation within cells.
Transport across lung cell layers. Some NP have the ability to cross epithelial cells at the
lung surface and enter the interstitium (Oberdorster et al, 1994;Ferin et al, 1992;Geiser,
Rothen-Rutlshauser, Kapp, Schurch, Kreyling, Schulz, Semmler M, Im, V, Heyder, and Gehr,
2005) and this is an important pathogenic property. This has been demonstrated in vitro
(Geiser, Rothen-Rutlshauser, Kapp, Schurch, Kreyling, Schulz, Semmler M, Im, V, Heyder,
and Gehr, 2005) using fluorescent superparamagnetic iron particles which have been tracked
across a cell monolayer using confocal microscopy (Koch et al, 2005).
Particle translocation from the lungs to other organs. There are several studies on the
translocation of nanoparticles from the lungs. If the studies are taken at face value there are
considerable differences between nanoparticle types in the efficiency of translocation from
the lung to other sites (Table 3). There are, however, reasons not to take these at face value
and some interpretation is necessary. The Oberdorster study (Oberdorster, Sharp Z, Atudorei
V, Elder AP, Gelein, Lunts AK, Kreyling W, and Cox, 2002) showed liver uptake but the
animals received the NP by whole body exposure and rats tend to clean their pelts by licking.
This can result in gut uptake and transport to the liver by the hepatic portal vein that takes
blood from the entire intestine directly to the liver. The irridium particles used by Kreyling et
al, (Kreyling W, Semmler M, Erbe F, Mayer P, Takenaka, Oberdorster, and Ziesenis A, 2002)
were exposed by a ’nose only’ system and so did not suffer from the problem of pelt-cleaning
although they do clean their face and whiskers. It should be noted that all particles cleared by
the muco-ciliary system from the lungs enter the gut from where they can be taken up into
blood. Furthermore, the irridium particles used in these studies are unusual and no-one is
exposed to them, being used here entirely for experimental purposes because of their
insoluble properties. The Nemmar study using carbon particle inhalation (Nemmar, Hoet,
Vanquickenborne, Dinsdale, Thomeer, Hoylaerts, Vanbilloen, Mortelmans, and Nemery,
2002a) was repeated in my own laboratory in the study by Mills et al (Mills et al, 2005a). We
carried out the study with considerable care and failed to repeat the Nemmar findings that
showed that particles of nano-carbon (technegas) entered the blood (Nemmar, Hoet,
Vanquickenborne, Dinsdale, Thomeer, Hoylaerts, Vanbilloen, Mortelmans, and Nemery,
2002a). We believe that there is a plausible technical explanation for the erroneous findings
reported in the Nemmar study involving the thin layer chromatography procedure that is
integral to the study (detailed in (Mills, Amin, Robinson, Davies, de la Fuent, Boon, MacNee
W, Millar, Donaldson K, and Newby, 2005a)). The studies by the Nemmar et al, in hamsters
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used installation and showed transfer from the lungs to the blood of colloidal albumen
nanoparticles (Nemmar, Vanbilloen, Hoylaerts, Hoet, Verbruggen, and Nemery, 2001). It is
very likely that the installation process, which is nonphysiological, enhances the likelihood of
transfer to the blood. The final study by Oberdorster (Oberdorster, Sharp Z, Elder AP, Gelein,
Kreyling W, and Cox, 2004) showed significant transfer to the brain following inhalation
exposure to nanoparticles of carbon. It is postulated that this transfer to the brain is by
transport along the olfactory nerves, whose endings are in the roof of the nose and whose cell
bodies pass directly up into the olfactory lobe of the brain (Oberdorster, Oberdorster, and
Oberdorster, 2005). It is important to note that there is thus no unequivocal human data
demonstrating blood uptake of NP and very limited data in animals.
Table 2.3 Studies on the translocation of NP from the lungs to various organs
Nanoparticle
type
Carbon

Animal

Exposure

Translocation
to
Liver

Efficiency of
translocation
50%

Rat

Inhalation

Iridium

Rat

Carbon

Reference

Inhalation

Liver, blood,
spleen

<1%

(Kreyling W et al,
2002)

Human

Inhalation

Blood

Trace

(Nemmar et al,
2002a)

Carbon

Human

Inhalation

Blood

None

(Mills et al, 2005b)

Protein, diesel
polystyrene

Hamster

Instillation

Blood

Not quantified

(Nemmar et al,
2003c;Nemmar et
al, 2002b;Nemmar
et al,2002c;
Nemmar et al, 2001)

Carbon

Rat

Inhalation

Brain

Not quantified

(Oberdorster et al,
2004)

(Oberdorster et a.,
2002)

Metabolism and excretion. The traditional toxicology paradigm of absorption, disposition
metabolism and excretion remains entirely unelucidated for nanoparticles and nanotubes.
Lipophilic chemical toxins are metabolized by one or more enzymes which convert them to a
more water soluble chemical form that allows the molecule to be excreted in the bile or urine.
The size of nanoparticles may mean that their surfaces are indeed enzymically altered and
they could be excreted in bile or urine. A recent study by Kreyling (personal communication)
showed that gold particles of ~2nm size injected into the blood were excreted through the gut.
This implies that they were taken into the bile and excreted to the bile duct and thereby into
the gut. However, nothing is known about these metabolism processes with regard to other
kinds of NT or NP.
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ADME following skin and gut deposition

Figure 2.2 Pathways for the penetration of particles through the skin (Borm et al,
2005)
Skin Dermal uptake of nanoparticles could be important because of their presence in
cosmetics, shampoos, sunscreens etc. In occupational settings airborne nanoparticles may also
deposit on the skin. There are 3 pathways for the penetration of particles in to the dermis
(Figure 2.2).
Most studies on particle penetration through the skin have focused on particles larger than
1µm. However there are a few studies examining the potential for penetration and
accumulation of nanoparticles into the skin. Both 50 and 500 nm particles were reported to
penetrate transdermally through pig skin provided that they were negatively charged; the
same size positive and neutral particles did not permeate the skin (Kohli et al, 2004). Anionic
latex beads – those with sulfate, carboxyl, or carboxylate modified surface groups – are less
likely to bind to negatively-charged cell surfaces and so may have remained mobile longer.
Lademann et al (1999) carried out a large study with TiO2 nanoparticles and measured
penetration into the stratum corneum of living human skin using tape stripping and bioassays.
Even after long-term application of sunscreen containing the TiO2 nanoparticles, the greatest
proportion were confined to the upper part of the stratum corneum (Lademann et al, 1999).
However, mall numbers of nanoparticles could be found in the deeper layers. Is it likely that
this was due to titanium dioxide which had penetrated through the follicles in the skin. The
study did not look at different kinds of coatings nor different kinds of vehicle e.g. waterbased, oily or lipid. An EU funded project, Nanoderm, is currently using a variety of
microscopical techniques to investigate uptake of NP via the skin. Preliminary results
presented at conferences provide additional data to support the observations outlined above
(Butz, EuroNanoForum, 2005).
Gut The UK adult median intake of fine particulate silicates and titanium dioxide from soil,
toothpaste and pharmaceutical excipients is 35 and 2.5 mg/individual per day respectively,
totalling 1012–1013 microparticles/individual per day (Lomer et al, 2004). Microparticles enter
the gut wall via a number of possible cells and mechanisms but principally via the M cellrich mucosa of intestinal lymphoid aggregates (Powell, 2004). Particles are then passed to
underlying phagocytes for degradation and/or transfer through the reticuloendothelial system.
However, undegradeable particles may spend a lifetime in tissue-fixed macrophages of the
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lymphoid aggregates (Powell et al, 1996). Powell et al have proposed that constitutive uptake
of calcium phosphate, particles, formed from active secretion of calcium and phosphate ions
into the intestinal lumen, occurs as a normal process (Powell, 2004). These appear to make
efficient transfection agents that adsorb antigen/toxins and carry them it into the mucosal
cells, thus enabling immunological tolerance towards soluble aspects of the intestinal lumen
(Powell, 2004). Very little is known about exogenous dietary microparticle toxicity in the gut
and nothing about NP toxicity. However, presentation of antigen/toxins on exogenous
particles may induce unrestrained, pro-inflammatory signalling (Powell, 2004); this could be
worse in the case of NP. Although recent clinical data suggest that such dietary
microparticles are not involved in the exacerbation of active inflammatory bowel disease the
case is not clear for the initiation of disease (Lomer et al, 2005; Powell, 2004).
In relation to drug delivering, Florence and Hussain (2001) report that translocation of
particulate matter across the gastrointestinal tract is now well documented. Jani et al (1990)
report histological, radiological and chemical evidence that 50-100 nm polystyrene
nanoparticles cross the gastrointestinal tract and pass via the mesentery lymph supply and
lymph nodes to the liver and spleen. Desai et al (1996) report that the gastrointestinal uptake
of particles of 100 nm diameter is 15-250 fold higher compared to larger size microparticles.
Furthermore, the uptake efficiency of the particles was dependent upon the tissue type, with
Peyer’s patches exhibiting a 2-200 fold higher uptake than non-patch tissue. The 100 nm
particles were found to be diffused throughout the submucosal layers of the gastrointestinal
tract while the larger size particles were predominantly localized in the epithelium.
Nanoparticles

Brain

Nose

Lung

Skin

Gut

Blood

Bone
Marrow

Spleen

Endothelium

Liver

Heart

Placenta/Foetus

artherogenic
plaques

Figure 2.3 Summary of the hypothetical toxicokinetic pathways for NP
2.1.3

Nanoparticle toxicokinetic: Summing Up:

NANOPARTICLES
•

Good toxicokinetics is necessary to inform the rest of the hazard assessment process and
is important for deriving relevant doses for toxicology studies in vitro and in vivo.

•

Quality of evidence on toxicokinetics of NP is poor. Instillation studies into the lungs
gives useful data but may only be used to compare between particles as the process of
introducing fluid and a bolus of particle into the lungs may change the absolute potential
for translocation. This is analogous to studies on toxicity, where instillation has a place
but only in comparing between particles of different toxicity.
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•

The best evidence is with inhalation of radioactive nanoparticles but there are few studies
of this type. Some of these studies are compromised and liable to different interpretation.
The single published human study on transfer to the blood using commercially available
radioactively-labelled carbon nanoparticles (technegas) may be technically flawed and
shows a false positive as far as can be ascertained from the reviewer’s own bettercontrolled study (in press) which showed no transfer of particles to blood.

•

Rat studies have other problems. Particles can deposit on the pelt in whole-body
inhalation experiment and on the snout and face in nose-only studies. Given the tendency
of rats to lick themselves clean, such studies produce gut and skin exposure and so the
inhalation route is not the sole route of exposure. Interestingly, instillation studies avoid
this problem and so they can be useful in that regard.

•

A key assumption is that investigating the toxicokinetics of one nanoparticle informs
about other NP – this is not necessarily so. For example iridium particles are not used in
industry nor are they accidentally-produced so their relevance is questionable and has
never been demonstrated.

•

There is no published evidence as to whether or not there is translocation from the skin to
the blood.

•

There is good evidence that larger, microparticles, cross the gut barrier under normal
conditions and there is good evidence that this is increased in the case of nanoparticles,
especially in the region of Peyer’s patches. There is no information on how NP in the gut
might affect the immunological homeostasis involved in the normal physiological uptake
of antigen-coated calcium phosphate microparticles.

•

There is limited evidence that NP pass to the brain following inhalation exposure but this
is for a single low toxicity, low solubility particle in rats; little is known about this
pathway either via direct neural transfer to the olfactory lobe from the nose or via the
blood through the blood-brain barrier.

•

Nothing is known of the ADME of NP and there is no full toxicokinetic profile available
for any NP. It is not known whether any solid inorganic NP undergoes metabolic
transformation leading to excretion in the urine or bile. For such particles there is no
published data as to whether or not there is translocation from the site of absorption to the
liver, spleen, bone marrow, or whether there is trans-placental movement of NP from any
portal of entry.

NANOTUBES
There is no toxicokinetic data on nanotubes:
RESEARCH GAPS
For engineered NP and NT information is required regarding the following:
•

Determination of the translocation of NP and NT within different cell types e.g.
localisation to mitochondria, nucleus, cytoskeleton etc.

•

Toxicokinetic data on NP and NT following deposition at all portals of entry.

•

Studies regarding metabolism and excretion in the urine or bile.
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•

Data on quantity and pathway of NP transfer to the brain.

•

Model systems to assess the ability of NP to cross cell barriers in vitro and in vivo.

•

Development of a structure/activity paradigm for NP/NT translocation.

•

Agreement on and preparation of, standard characterised NP/NT samples for toxicology
research.

Specifically for NT we need information on:
• Pleural transport of NT following pulmonary deposition.
• Peritoneal transport of NT following pulmonary deposition.
2.2

THE CONSEQUENCES OF DOSES OF NP IN TARGET ORGANS

The effects of manufactured NP and NT on exposed organs that receive a dose are best
understood in the lungs and poorly understood in the other target organs. As described above,
there is a paucity of toxicokinetics data that would allow evaluation of the dose that these
organs receive. Even in the lungs the argument for effects is largely based on analogy with the
effects of a small number of combustion-derived nanoparticles that have been studied in the
past such as diesel soot.
2.2.1

Cells: sub-cellular organelles as target

NP and NT appear to have the capacity to cross membranes and redistribute within cells and
they have been described as accumulating in mitochondria (Li et al, 2003) and in nuclei
(Geiser et al, 2005). In these and other situations within the cell, a dose of NP could have
various types of effect including effects on oxidative stress and apoptosis from disturbances to
mitochondria and genotoxicity from proximity of DNA. Clearly movement to different
subcellular compartments could have different effects depending on the cell e.g. effects on
neuronal action potential or effects on macrophage phagocytosis capacity.
The lungs
Nanoparticles. The largest database on the toxicity of nanoparticles has originated from the
PM10 literature, where the ‘ultrafine hypothesis’ has proved to be a powerful force for
research. Ultrafine particles are defined as particles with a diameter of less than 100 nm and
hence fall into the NP definition. All of the literature pertaining to ultrafine particles is
applicable when considering NP toxicity. Substantial toxicological data and limited data from
epidemiological sources support the contention that NP in PM10 are important drivers of
adverse effects. Human studies show that the inhalation of diesel nanoparticles, at moderately
high exposure, causes inflammation in the airways (Salvi et al, 2000; Nordenhall et al, 2000).
Short –term inhalation of model nanoparticles of zinc oxide or carbon by human subjects
showed contrasting effects, with NP carbon causing inflammatory effects, mostly in the
blood, but NP ZnO having no such effects (Beckett et al, 2005; Frampton et al, 2004). There
have been many animal studies with NP and these suggest that, after long-term exposure, NP
carbon black and TiO2 can cause inflammation, proliferation, fibrosis and cancer
(Oberdorster et al, 1999b; Oberdorster et al, 1999a; Oberdorster, 1992). These were, on the
whole, chronic high exposure studies and subsequently were complicated by the phenomenon
of rat lung overload (Mauderly, 1997). Studies on the effects of NP at low, plausible lung
burdens are few. In a study by the reviewer, rats were exposed to only 1000 µg/m3 for 7 hours
– this resulted in a rat lung burden of only a few tens of microgrammes; nevertheless there
was evidence of modest inflammation (Gilmour et al, 2004) that was not seen with exposure
to larger carbon black particles with the same aerodynamic diameter. Particle toxicology
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suggests that, for toxic particles generally, more particle surface equals more toxicity and so
NP with their large surface area per unit volume might be anticipated to have more toxicity
and to induce inflammation. The sequels of chronic inflammation in the lungs, in an
‘occupational exposure’ model of high exposure, include fibrosis and cancer and these need to
be considered as outcomes from chronic high level exposure to NP in occupational settings.
In addition, the ‘PM10 model’ suggests a different paradigm, that is, the worsening of preexisting airways disease such as COPD and asthma and effects on cardiovascular disease
patients might result.
Nanotubes. Carbon nanotubes are comprised entirely of carbon, visualisable by imagining a
single sheet of graphite rolled to form a seamless cylinder. There are two classes of carbon
nanotube: single-walled and multi-walled. Multi-walled nanotubes are larger and consist of
many single-walled tubes stacked one inside the other. Single-walled tubes can be as much as
10 times as strong as steel and 1.2 times as stiff as diamond and so they many applications in
industry for reinforcing materials. The have a needle-like shape and in fact are commonly a
few nm wide but can be mm in length. They therefore have some commonality with asbestos
and other fibres used in industry. The harmful effects of fibres are driven by three properties:by length, narrow diameter and biopersistence (Donaldson and Tran, 2004). A typical long,
thin biopersistent fibre that causes lung disease is amphibole asbestos. Our experience with
asbestos-related lung disease suggests that CNT may have adverse effects in keeping with the
fibre paradigm and should be tested with the fibre paradigm in mind (Donaldson and Tran,
2004). Their toxicity testing and possibly their regulation should be benchmarked against
asbestos and not conventional nanoparticles. The target tissues include the lungs and
additionally the pleura and peritoneum, because of the link to mesothelioma (Britton, 2002);
Because of the ability of asbestos fibres to cause cancer, testing of NT should include
genotoxicity assessment.
Cardiovascular system - blood, endothelium, heart and atheromatous plaques. Numerous
epidemiological studies suggest that increases in PM10 have adverse effects on the
cardiovascular system, including increased cardiovascular deaths and hospital admissions.
Additionally, there is an association between elevated particulate and the onset of acute
myocardial infarction (Peters et al, 2001;Peters et al, 2004), an increase in heart rate (Peters et
al, 1999) and a decrease in heart rate variability (Devlin et al, 2003). These data strongly
suggest that exposure to particles has an effect on the cardiovascular system. Epidemiology
studies are not well-suited to demonstrating differences in the toxic potency of the
components of PM, but several studies have gained evidence supporting the contention that
the combustion-derived particles emanating from traffic are a key driver of adverse health
effects (Pope, III et al, 1999; Laden et al, 2000; Schwartz, 1994; Ibald-Mulli et al,
2002;Wichmann et al, 2000; Clancy et al, 2002). PM2.5 more closely approaches these fine
combustion-derived particles than PM10 as it omits the coarse (2.5-10µm) and WHO has
concluded that ‘…. fine particles (<2.5µm, PM2.5) are more hazardous than larger ones
(coarse particles) in terms of mortality and cardiovascular and respiratory endpoints in panel
studies…’ (Report on a WHO working group, 2003).
There are several possible explanations:
1. particle-induced lung inflammation affects endothelial function, thrombotic potential,
fibrinolytic balance and atheromatous plaque activity in ways that favour plaque rupture
and thrombosis;
2. particles enter the interstitium and/or cause inflammation which affects the autonomic
nerve endings that regulate the heart rhythm leading to dysrhythmia;
3. particles translocate to the blood and have direct effects on the endothelium, plaques and
thrombogenic mechanisms.
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Currently, all of these are plausible and in various experimental models all three pathways
have been demonstrated i.e. NP are very potent at causing inflammation (Renwick et al,
2004) and altering clotting factors in the blood (Schwartz, 2001), they interstitialise readily
(Ferin et al, 1992) and they may gain access to the blood (Nemmar et al, 2004). The potential
for NP to reach the blood is especially important because of the use of nanoparticles in
medicine. In these cases the nanoparticles are injected into the blood where their ability to
interact with the vessel walls is used therapeutically.
A number of studies from the laboratory of Nemery suggest that nanoparticles of various
types including diesel and polystyrene latex, instilled into the lungs, enhance clot formation in
the peripheral vessels (Nemmar et al, 2003a;Nemmar et al, 2003b;Nemmar, Hoylaerts MF,
Hoet PHM, Dinsdale, Smith T, Xu H, Vermylen J, and Nemery, 2002b). This pro-coagulant
state could be important in modifying the outcome of a plaque rupture (Mills, Tornquist,
Robinson, Darnley, Boon, MacNee W, Donaldson K, Blomberg, Sandstrom, and Newby,
2005b). Histamine and inflammation was involved in this effect, since using an antihistamine
blocked the inflammation and the later (6 and 24h) pro-thrombotic effect; histamine had no
effect on the early (1 hour) pro-thrombotic effect. This suggest that enhanced thrombosis can
occur by an immediate, direct particle effect and a later inflammatory effect (Nemmar,
Nemery, Hoet, Vermylen, and Hoylaerts, 2003c). Adding nanoparticles to blood activated the
platelets (Nemmar, Hoylaerts, Hoet, and Nemery, 2004) and this could be an important
pathway for mediating direct particle/blood pro-thrombotic effects.
Once circulating, NP may interact with the vascular endothelium. Effects of NP on the
endothelium could be very important in determining cardiovascular outcomes. In studies from
the lab of this reviewer, endothelial cells were exposed to PM10 particles (whole not NP
fraction) and there were very dramatic pro-coagulant effects that would enhance clot
formation (Gilmour et al, 2005). In other human studies carried out by the reviewer and
colleagues, inhalation of diesel nanoparticles caused endothelial dysfunction as measured by
vasomotor impairment and also effects on endothelial-derived coagulation factors that could
promote clot formation (Mills, Tornquist, Robinson, Darnley, Boon, MacNee W, Donaldson
K, Blomberg, Sandstrom, and Newby, 2005b). If nanoparticles do reach the circulation and
interact with the endothelium overlying atherosclerotic plaques they could enter them and
cause local oxidative stress and pro-inflammatory effects similar to those caused in the lungs.
In fact the characteristics of blood flow that promote plaque formation could also lead to the
deposition of any blood-borne nanoparticles into endothelium overlying plaques (Chesler et
al, 2003). Increased inflammation in the vessel wall could destabilise the coronary plaque,
resulting in rupture, thrombosis and acute coronary syndrome (Brook et al, 2004).
Two experimental studies have investigated the effects of particle exposure on plaque
stability. Suwa et al (Suwa et al, 2002) examined Watanabe rabbits that developed fatty
plaques on a high lipid diet and instilled high doses of PM. Undoubtedly this caused lung
inflammation and was accompanied by distinct evidence of plaque destabilisation compared
to rabbits that received saline instead of particles. In the study by Chen et al (Chen et al,
2005) ApoE mice, that develop plaques spontaneously, were chronically exposed to New
York York concentrated air particles (CAPS) for 5 months. Another group of ApoE mice
were exposed to clean air. The plaques of the mice exposed to particles were much more
severe in terms of plaque density and lipid content compared to those breathing room air.
Neither of these studies was an exposure to pure nanoparticles and it is not clear whether the
effects were secondary, due to lung inflammation or a direct effects of bloodborne particles
on the plaques.
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Liver and spleen – the reticuloendothelial system. The reticuloendothelial system is a concept
that integrates the macrophage systems of the liver, spleen and lymph nodes (Stuart, 1970).
In the lymphoid tissue, spleen and liver, macrophages line the sinuses and interact with blood
at it is passing slowly along them. In this position they are able to sample the blood for
bacteria and other particles and detritus. For example particles that are injected into the blood
rapidly accumulate in the sinusoidal macrophages of the liver and spleen and bloodborne
bacteria are removed by the Kupffer cells (Stuart, 1970). Thus any nanoparticles that become
bloodborne are likely to accumulate in the sinusoidal macrophages of the spleen and liver.
One study has examined the effects of injected nanoparticles on liver responses in rats
(Khandoga et al, 2004) and showed that there were enhanced effects on the clotting system.
Heart. Bloodborne nanoparticles may reach the heart where they may affect the
cardiomyocytes and other tissues of the heart directly. Exposure to various particles has been
reported to cause oxidative stress, inflammation, necrosis and apoptosis in the heart tissue of
rats (Gurgueira et al, 2002;Rhoden et al, 2005;Kodavanti et al, 2003)
Placenta. The potential of NP to enter the blood means that there is a possibility of transfer
across the placenta. In one study of exposure to diesel particles by inhalation there was
evidence of embryotoxicity (Fujimoto et al, 2005). It is not clear whether this is an indirect
response to inflammation in the lungs or even NP in the placenta, or direct action of NP on
the foetus/embryo. There is a need to understand the toxicokinetics of NP as it relates to
placenta and foetus and teratogenicity of NP in general.
Brain. Oberdorster et al showed that carbon NP could reach the brain following inhalation
exposure (Oberdorster, Sharp Z, Elder AP, Gelein, Kreyling W, and Cox, 2004) and a recent
study has shown the potential of particle exposure to change the fundamental structure of the
brain. In this study mice exposed to New York CAPS for 5 months showed loss of
dopaminergic neurones in one specific area of the brain. These are shown in Figure 2.4
stained for tyrosine hydroxylase, a marker for this type of neurone. The decrease in the CAPS
exposed mice is evident from the images and the bar graph. Of course the exposure was to
whole CAPS so it is not a definitive effect of NP but there would be a high proportion of
traffic derived combustion derived nanoparticles in the cloud. Studies on Mexico City brains
at autopsy also suggest inflammation and premature Alzheimers disease that is hypothesised
to be a consequence of the particle exposures there (Calderon-Garciduenas et al, 2004). Once
again this is an exposure to whole pollution but the nanoparticles must be suspect given the
experimental data of Oberdorster.
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Figure 2.4. Dopaminergic neurones stained for tyrosine hydroxylase in unexposed
(upper left) and CAPS-exposed (upper right) mouse brain. Lower panel shows bar
graph of the relative numbers from (Chen and Nadziejko, 2005)
Bone marrow. Nanoparticles have also been reported to localise to the bone marrow following
blood deposition (Banerjee et al, 2002; Oberdorster et al, 2005) where there could be a
variety of effects on immunity and haemopoesis.
2.2.2

Effects of nanoparticles in target organs: summing up

NANOPARTICLES
Lung
•
•
•

•

The quality of evidence that combustion-derived NP have inflammatory effects in the
lungs is moderately good.
Inhalation of carbon-based NP (diesel and elemental carbon) has pro-inflammatory
effects, even at lowish exposures.
However, NP ZnO had no inflammatory effect at similar exposure. This is wholly
consistent with the idea that composition/surface characteristics, as well as size, of NP
dictate toxicity; dose is also central to the extent of the response and these studies utilised
relatively low exposures.
A key assumption is that learning about effects of one NP informs about others and this is
by no means certain. There is little certainty that we are learning about nanoparticles in
general, rather than solely about the nanoparticle being studied in any particular
experiment.
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•
•

Animal studies show unequivocally that nanoparticles are more pro-inflammatory than
the same mass of larger respirable particles but these studies are confined to low-toxicity,
low–solubility materials following instillation.
Evidence that ultrafine particles cause cancer in rats requires interpretation in view of the
rat lung overload issue.

Blood
•
•
•

•

There is variable evidence that there are inflammatory changes in the blood in response to
inhaled CAPS ; note that although the nanoparticle fraction is suspected of driving CAPS
effects, this remains speculation.
There is a single human study showing changes suggestive of systemic inflammation after
inhaled NP carbon.
In hamsters, several studies from one laboratory and accumulating evidence from another
have provided good evidence that there is a pro-thrombotic effect in the blood after
nanoparticle exposure by pulmonary instillation; modifying the particle surface modified
the extent of this effect.
It is not known whether this is an effect of particles entering the blood or inflammatory
effects in the lungs but there was a suggestion of time-dependence, with early prothrombotic effects driven by blood transfer of particles and later ones by inflammation.

Bone marrow, spleen, liver, heart, placenta/foetus.
•
•

There is little or no published data as to whether there are adverse effects in these organs
caused by NP exposure.
There is no toxicokinetic evidence regarding the likely dose that these organs would
receive after inhalation but the dose after intravenous instillation of nanoparticles for
medical purposes could be large

Skin
• There is insufficient research to determine whether some nanoparticles enter the skin and
cause adverse effects.
Gut
• There is insufficient research to determine whether nanoparticles adversely affect the gut
General
•

An occupational model (High exposure of healthy workers) or an environmental model
(Low exposure of susceptible populations) can be considered for exposure to NP. In the
latter case then there should be toxicological studies in susceptible models.

NANOTUBES
•
•
•

Data quality is poor on the effect of nanotubes on the lung and there are no inhalation
studies in humans or rats.
In the few published papers, high doses were used and there was evidence of moderate
inflammation and severe fibrosis but the role of artefactual blockage of airways is not
known.
There is no published evidence as to whether nanotubes translocate to any other organs.
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2.2.3

Research gaps

For engineered NP, information is required regarding the following:
•
•
•
•
•
•

Mechanism of pro-inflammatory and genotoxic effects in the lungs.
Development of a structure activity paradigm for pro-inflammatory effects of NP in the
lungs.
The effect of NP on the cardiovascular system with special reference to atheromatous
plaque development, endothelial fucntion, platelets, the clotting system and vascular
function.
The effects of NP on bone marrow, spleen, liver, heart and placenta/foetus.
Penetration and toxicity of different NP in the skin.
The effects of ingested and inhaled NP on the normal functioning and immunological
homeostasis of the gut.

For NT, information is required regarding the following:
•
•

Pulmonary, pleural and peritoneal responses to NT following lung deposition.
In vivo genotoxic effects of NT in lungs, pleura and peritoneal cavity.

2.3

WHICH PROPERTIES OF NP CAUSE THE ADVERSE EFFECTS?

For insoluble particles or an insoluble core of a complex particle, only the surface interacts
with the biological system, therefore, the total surface area in contact with the biological
system represents the ‘dose’. For ‘clean’ particles or the insoluble core left after solubilisation
of components of a complex particle, this surface is the only dose and the reactivity of the
surface is then a multiplier to give the overall toxicity that the dose of particles would deliver.
For ‘dirty’ particles that have soluble materials there is potential for an extra toxic effect due
to the soluble material e.g. metals, organics etc. Since particle size determines surface area we
would expect that particle size is important and that smaller particle size means more harmful
particles. By analogy with other particles which show differences in toxicity depending upon
composition, we can anticipate that different types of nanoparticles will have different toxic
potencies depending on these differences in composition.
2.3.1

Size

There is good data to support the contention that nanoparticle toxicity is dependent on particle
size or more specifically on the surface area. For example, for low toxicity, low solubility
particles such as the titanium dioxide, carbon black and polystyrene latex there is clear
enhancement of ability to cause inflammation with the nanoparticles compared to fine
particles of the same material (Brown et al, 2001;Donaldson et al, 2000; Donaldson et al,
2000; Donaldson et al, 1999). In a study by this reviewer a number of these materials in fine
and nanoparticulate form (Figure 2.5) were instilled into the lungs of rats at two different
mass doses and the effect on inflammation was determined 24 hours later. There was no
relationship with the mass instilled but when the data was re-expressed as the surface area
instilled there was a clear linear relationship between extent of inflammation and surface area
of particulate in the lungs (Figure 2.5a and b, Duffin et al, 2002).
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Particle

Mass instilled (? g)

Surface Area instilled (cm2)

TiO 2

125

8.3

Nano TiO 2

125

62.3

Carbon black (CB)

125

9.9

Nano CB

125

317.4

Nano Polystyrene 64

125

111.6

Polystyrene 202

125

35.4

Polystyrene 535

125

13.4

Nano Polystyrene 64

1000

893

Polystyrene 202

1000

283

Polystyrene 535

1000

107

Figure 2.5 Data from Duffin et al ( 2002) showing the characteristics of the particles
(left panel) and the role of mass or surface area in driving inflammatory responses
(right panel)
These data show two important properties of low toxicity, low solubility nanoparticles:
1) for low toxicity, low solubility nanoparticles the surface area is the metric that drives
inflammation- the slope passes through zero indicating that there is no other entity other
than surface area driving the inflammatory effect.
2) even low toxicity surfaces, if the dose is high enough, elicit an inflammatory response in
this model. Importantly, we also showed that nanoparticles with high surface area
comprised of material with intrinsic toxicity e.g. reactive metal; gives a very much
greater inflammatory effect (Duffin et al, 2002). Therefore, the total inflammatory effects
of any nanoparticles will be the product of the surface area times the intrinsic toxicity of
the surface.
Nanotechnology literature frequently invokes ‘quantum effects’ at the particle surface that
are dependent on size. This relates to the proportion of atoms on the surface, as a
proportion of all atoms in the particle (Figure 2.6).
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Figure 2.6 Figure from Oberdorster et al showing the increase in proportion of
molecules on the surface as particle size decreases.
This has been demonstrated in the ability of very small gold particles to affect nearby
fluorophores in a size-dependent fashion (Bene et al, 2005). This needs to be investigated for
different particles and for the role of any size-related ‘quantum effect’ in toxicity.
Aggregation state Nanoparticles readily form aggregates and the role that this has in handling
by cells and on toxicity is unknown. Most of the toxicological studies conducted in vivo and
in vitro have used aggregated nanoparticles compared to aggregated larger particles. In such
studies the aggregated nanoparticles are more potent at driving a wide variety of responses
including inflammation (Duffin et al, 2002, Brown et al, 2001), oxidative stress (Stone et al,
1998, Wilson et al,2002) and activation of cell signalling events in macrophages (Stone et al,
2000, Brown et al, 2004).
2.3.2

Composition

The composition of all particles are modified when they enter biological systems as they
adsorb protein, lipids etc. In the lungs this is determined by the molecules of the lung lining
fluid such as apoproteins that adhere to the particle surface and affect subsequent handling by
macrophages and other cells. This possibly affects the potential to enter the interstitium and
translocate. In the skin, gut and blood the adsorption profile may differ and this could dictate
effects in that compartment or ability to migrate from it to another site. This has been studied
for asbestos but has not been examined for NP.
In the absence of a substantial database on manufactured nanoparticles regarding the role of
composition, there are lessons to be gained from accidentally produced combustion-derived
nanoparticles (CDNP) (Donaldson et al, 2005) . Studies with CDNP have revealed some
common features and some differences between them. Accidentally- produced nanoparticles
such as those produced by diesel engines or welding fumes are shown to have those effects
partially to their surfaces but also as a consequence off contaminating metals and organics.
Even though these particles seem diverse, the common mechanism of oxidative stress unifies
them in terms of their ability to cause inflammation and its sequels. Surfaces, organics and
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transition metals all generate oxidative stress and the seems to be a key feature in driving the
pro inflammatory effects of CDNP in the lungs (Figure 2.7).

NP carbon black
Surface area

Diesel exhaust
particles
Organics,
metals,
surface area

Welding fume
Metals

Coal fly-ash

Surface area

Oxidative stress
Signalling pathways
MAPK
Transcription factors
NF-κB, AP-1
Pro-inflammatory
mediators
Inflammation

Figure 2.7 Combustion-derived particle and their mechanism of generation of
oxidative stress and inflammatory response (from Donaldson et al, 2005)
Oxidative stress is a common pathway for all the main pathological particle types studied,
including quartz, asbestos, coalmine dust and PM10 (Donaldson et al, 2002; Vallyathan et al,
1997). Therefore, nanoparticles fit in to a well-described paradigm. At the cellular level
oxidative stress can be a consequence of a number off pathways including redox cycling of
transition metals and organics and effects on the mitochondria. The mitochondria are
important in producing cellular respiration and so if this function is disturbed there can be a
release of electrons into the cell altering the redox balance leading to oxidative stress (Li et al,
2003). Such oxidative stress effects have been seen for the following nanoparticle types:titanium dioxide (Gurr et al, 2005), carbon black (Stone et al, 2001; Brown et al, 2001) C60
(Sayes et al, 2005) and diesel nanoparticles (Sagai et al, 1993). There may be additional
factors relating to toxicity that are unique to manufactured nanoparticles and this may require
a new paradigm.
There are a huge number of possibilities in the potential composition of new nanoparticles,
including compound particles of more than one material. However, all will have a finite
number of surface functional groups that dictate their chemistry and therefore their interaction
with living systems and potential to cause toxicity. Therefore the coating and chemical nature
of the surface of nanoparticles can be an important modifying factor in toxicity, as is the case
for larger toxic particles (Schins et al, 2002). In a study by Sayes et al (2004) fullerenes
were prepared with different surface functionalities and the toxicity of these towards cells in
culture was determined. There were clear toxic effects of the ‘naked fullerene’ and this was
modified downwards by different derivatisations of the surface. Quantum dots are small (<10
nm) inorganic nanocrystals that possess unique luminescent properties; their fluorescence
emission is stable and tuned by varying the particle size or composition. In 3 different studies
quantum dots were found to be cytotoxic in two and non-toxic in the third (Voura et al, 2004;
Lovric et al, 2005; Shiohara et al, 2004). Clearly it will be difficult to draw general
conclusions about the role of composition in the toxicity of NP unless there is a concerted
effort to systematically understand the role of surface functionalities in a nanoparticles
toxicity paradigm.
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2.3.3

The role of nanoparticle properties: summing up

NANOPARTICLES
•

There is good quality evidence from ‘traditional’ combustion-derived nanoparticles of
carbon black, diesel and welding fume that size and composition are important factors in
modifying the toxicity of nanoparticles.

•

The quality of evidence on the role of size is good for ‘traditional’ low toxicity, low
solubility nanoparticles, where many studies have shown much greater potential of the
smaller particles to cause inflammation and associated effects than the same mass of
larger particles.

•

The effect of decreasing size is to increase the surface area metric which drives
inflammatory effects of low toxicity, low solubility nanoparticles.

•

The contribution to particle toxicity of additional ‘quantum effects’ at the surface of small
particles is unknown.

•

The effect of aggregation on behaviour and effect of NP in the lungs and the effect of the
lungs on aggregation status are not well understood.

•

Such human studies as have been carried out on nanoparticles tend to suggest that ‘dirty
nanoparticles’ with metals and organics like diesel are more inflammogenic than clean
nanoparticles and that some nanoparticles (e.g ZnO) have little toxicity : this is in keeping
with a role for composition and a role for oxidative stress.

•

For ‘traditional’ nanoparticles the dominant paradigm for initiating pathogenic effects is
oxidative stress. High surface area, metals and organics can all contribute to oxidative
stress which is instrumental in initiating inflammation, injury and genotoxicity. It is not
known if this paradigm is applicable to new engineered nanoparticles, but some of these
new materials do seem to have the potential to cause oxidative stress.

•

There is little evidence on the role of particle size or composition in the toxicity of new
engineered nanoparticles. However, there is a low level of data confirming what would be
anticipated from conventional particle toxicology, namely that surface is important and
will influence toxicity.

•

Apart from studies with low toxicity, low solubility particles, it is not possible to
generalise about NP toxicity. There is no existing paradigm or structure/activity
framework to allow prediction of toxicity from one particle to another or to all NP.

•

No studies have sought to validate in vitro methods for nanoparticles and few are even
validated for larger particles in general.

•

Most of the studies that have examined composition have been in vitro and a key
assumption of this is that the results from in vitro studies are applicable for inhaled
particles at low exposure.

NANOTUBES
•

There are no published studies on the role of size and composition in the toxicity of NT.
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•

If the mineral fibre paradigm is invoked we would predict that long (>15-20µm) would be
harmful and that shorter would be less harmful.

•

By the same paradigm bio-soluble NT would be less harmful than non biosoluble NT.

•

NT may have unique forms of toxicity because of their unique structure.

2.3.4

Research gaps

For engineered NP, information is required regarding the following:
1.
2.
3.
4.
5.

The role of size and composition (embraces coatings, metals etc) in the toxicity of NP.
The effect of aggregation and disaggregation in toxic effects of NP.
The integration of such data into a structure/activity paradigm or algorithm aiming to
allow activity to predicted from the physiochemical structure.
The role of particle-derived oxidative stress as a generic driver of inflammation and
genotoxicity.
‘New’ pathways for initiation of pathogenic effects, other than oxidative stress.

For NT, information is required regarding the following:1.
2.
3.
4.
2.4

The role of width, length, composition in the toxicity and of NT in vivo and in vitro.
Data on the role of composition on the durability and biopersistence of NT.
The aggregation of such data into a structure/activity paradigm aiming to allow activity
to predicted from the physiochemical structure of NT.
The role of oxidative stress as a generic driver of inflammation and genotoxicity by NT.
MODELLING

There is a potential use of modelling approach to predict nanoparticle hazards. A number of
scientific studies have shown the ability of ultrafine (especially nano-) particulates to
penetrate through cellular barriers, and cause greater harmful effects in biological systems
than corresponding larger particulates. For example, nanoparticulates have been shown to
increase the production of reactive oxygen radicals in biological systems (Donaldson et al,
2002; 2004). A recently published study suggests that fullerenes (carbon bucky balls) induced
oxidative stress in the brains of fish exposed to 0.5 ppm of the NPs for 48 hours (Oberdörster,
2004).
Over the past decade, computational modelling has emerged as a reliable tool to predict
toxicity of organic compounds without the need for testing on animals. These powerful
computational tools are now routinely used to predict physical, chemical and biological
properties of a wide range of chemicals. For example, models based on quantitative structureproperty relationships (QSPRs) are used to predict physico-chemical properties, and
behaviour of compounds (e.g. persistence, biodegradation, environmental distribution, fate).
Similarly, models based on quantitative structure-activity relationships (QSARS) are used to
predict biological activity (e.g. pharmaceutical activity, toxicity).
These modelling approaches are very useful, especially in the absence of toxicity data, or in
situations where there is a need for testing large number of chemicals, with a consideration to
cost/ time savings. There are also strong ethical reasons to explore non-animal alternatives to
assess the hazards of new substances; e.g. the widely accepted concept of 3Rs principle
(Reduction, Refinement and Replacement of test animals).
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2.4.1

Methods and Approaches

A literature search was carried out to assess the possibility of using a modelling approach to
predict hazards that might be associated with different type of nanoparticles. Searches were
carried out using standard literature search techniques to identify applicable information. Web
based searches were carried out using general on-line search engines such as GOOGLE
(http://www.google.com). Published scientific literature was searched using online databases
such as CAB Abstracts and BIOSIS. Key web sites more specific to QSAR/QSPR and
nanotechnology in general were also identified and searched.
2.4.2

Results and Discussion

The concept of using modelling to predict nanoparticle hazards is new. The results of
literature search showed that modelling techniques have only been used to gain an insight into
3D structure and other characteristics of particulates, such as nanotubes and other polymeric
and composite nanomaterials. The approach has also been used to develop new nanomaterials.
However, there has not been any systematic attempt to use modelling to predict nanoparticle
hazards. This has, nevertheless, been highlighted as a researchable area in recent publications,
and is only beginning to be considered as an alternative to animal testing.
The likely reasons for the absence of modelling approach in this area are that conventional
modelling approaches have been used mainly for organic compounds. Molecular modelling
also requires experimentally tested hazard data (such as a specific toxicity endpoint), as well
as calculated physicochemical parameters. Typically, these data are used to ‘train’ and test a
model, which can subsequently be used as a predictive tool for different hazard indicators,
such as inhibition of an enzyme or a specific toxicity endpoint, within the range of prediction
space of the model.
The lack of data would pose a major limitation to the use of modelling approach to predict
hazards associated with namaterials, because there may not be enough animal test data at
present that can be used to develop models for each type of nanoparticles. However, the
following information is broadly available, and can be used in developing proto-type models,
which can be subsequently refined as more experimental data become available in the future.
1. A number of experimentally tested physical and chemical parameters are available for
nanoparticles, or they can be calculated; for example, particle size, particle number,
electrical conductivity, steric properties, surface area, surface chemistry, functional
groups, type of coating, quantum parameters, charge parameters, aqueous solubility,
hydrophobicity indices, topological and shape parameters, UV/visible absorption,
fluorescence, dermal penetration, physicochemical composition (e.g. free particles,
agglomerates etc). These parameters may provide a basis for developing models for the
prediction of physicochemical properties and/or associated hazards.
2. Biological activity parameters are available for some types of nanoparticles, for example,
induction of oxyradical generation and inflammation, immunological effects etc. So far,
nanoparticles used in toxicity studies are those that have poor aqueous solubility, such as
titanium dioxide, carbon black and diesel fume particlulates. These studies, on one hand,
have shown that on a mass equivalence basis, inhaled ultrafine titanium dioxide particles
cause more hazardous effects in rats than corresponding fine particles (Lee et al, 1985;
Oberdörster et al, 1992; Heinrich et al, 1995). On a surface-area basis, however, the
pulmonary effects produced by ultrafine particles appear to be similar to that of
corresponding larger particles (Oberdörster et al, 1992; Driscoll, 1996). It should also be
noted that nanoparticles are not always more toxic than corresponding larger particles
(Oberdörster et al, 2000b; Warheit, 2004). These findings indicate that other factors (apart
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from size differences) may be playing an important role in determining the toxicity
hazards associated with nanoparticulates.
3. More data on biological action probably exist for microparticles, such as diesel fumes
particulates, than for nanoparticles. Such data may be extrapolated to obtain an indication
of the likely biological effects of nanomaterials. The data from epidemiological studies on
microparticulates can also be modelled against with nano-scale parameters to obtain a
prediction of the nonmaterial hazards.
4. Modern datamining techniques, such as linear and non-linear methods, genetic
algorithms, probabilistic methods and neural networks can find relational patterns in
complex sets of data.
5. The approach will, however, require combining modelling with expert knowledge. Rather
than simply using modelling systems that have been developed for ‘conventional’
chemicals, the modelling approach for nanomaterials will need to consider what makes
nanomaterials different from corresponding larger particles.
6. The modelling approach will also be helpful in predicting potential environmental effects
by predicting breakdown products arising from nanomaterials by different environmental
and metabolic routes.
7. There are also issues around how best to measure and interpret the potential harmful
effects of nanoparticles on human health and the environment. For example, the
conventional mass-dose relationship used for chemicals does not appear to be suitable for
assessing the toxicity of nanoparticles, and new measures are needed that combine
different factors such as mass, particulate size, and surface area. A modelling approach
can help determining the factors that best describe nanoparticle hazards.
2.4.3

Further research

It is recommended that further research into this area may be carried out to explore the full
potential of modelling approaches to predict nanparticle hazards. As a starting point, a
scoping study may be carried out to model simple endpoints such as dermal penetration, or
induction of oxyradical generation, using one model nanoparticulate system e.g. fullerenes,
carbon nanotubes or polymers.
2.5

EXPERT OPINION SURVEY

Nine global opinion leaders in NP toxicology were interviewed and their opinions sought on
the key research gaps and ongoing research on NP toxicology in general. The results of the
interview are given in Appendix I. The distilled content of the main, ongoing and planned
studies, containing the key areas seen as important to the interviewees is:
•
•
•
•
•
•
•

Translocation of NP (Q-dots, gold, carbon, NT);
Inflammatory effects of NP in lung and other tissues (metal oxides, NT, TiO2, fullerenes,
carbon, metal oxides, metallic NP, NT, gold, carbon nanowires);
Effect of NP on blood endothelial cells and platelets and vessel wall function (carbon,
TiO2, CNT, fullerenes, gold);
Behaviour within cells e.g. cytoskeleton, DNA , mitochondria (TiO2, Q-dots);
Dermal uptake (Q-dots, fullerenes);
Interaction of NP with nerves and brain (carbon, CNT);
Genotoxic effects of NP (carbon, metal oxides metallic NP, NT, carbon nanowires);
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•
•
•
•

Effects of NP on tissue structure (carbon, metal oxides metallic NP, NT, carbon
nanowires);
Adsorption of host molecules and effects on toxicity /translocation (TiO2, carbon);
Effects of NP in in vitro models of liver (NT, TiO2, fullerenes, carbon, NT, NP gold);
Translocation of NP (Q-dots, gold, carbon, NT).

The main NP types that are being addressed in nanotoxicology projects, based on the
responses of the US and European interviewees, European and Japanese projects and the
reviewer’s knowledge, are quantum dots, TiO2, nanotubes, metal particles and oxides, carbon
black, gold and fullerenes.
2.6

RECOMMENDATIONS

From the results of our reviews, we have identified the following key areas for future
research:
•
•
•
•
•
•
•
•

The formation of a panel of well characterised, standardised NP for comparison of data
between different projects and laboratories;
The concentrations attained at all potential sites of deposition/absorption (lungs, skin and
gut) and in subsequent target tissues (brain, blood, liver etc…) linked to studies on their
subsequent metabolism and potential routes of excretion;
The development of short-term in vitro tests aimed at allowing toxicity to be predicted
from the physicochemical characteristics of the particle;
The role of physicochemical characteristics (e.g. size, shape, composition, coatings,
metals, aggregation state, ability to cause oxidative stress etc) in the toxicity of NP;
Evaluation of NT to induce toxicity via mechanisms identified for fibre toxicity, namely
length, biopersistence and reactivity;
Determination of the rate and extent of NP/NT translocation within cells, between cells
and through cell layers;
Mechanisms of toxicity including ability to induce inflammation, fibrosis, genotoxicity
and in all target organs;
QSAR/QSPR models of simple endpoints such as dermal penetration, or induction of
oxidant radical generation, using various nanoparticles.
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3 ECOTOXICOLOGY OF NANOPARTICLES
3.1

GENERAL INTRODUCTION AND REVIEW AIMS

Since early 2003 there have been several publications, some at Government level across the
world (e.g. UK, Denmark, France, Canada, Netherlands), highlighting issues relating to the
imminent development of nanotechnologies (Bergeron and Archambault, 2005, Allianz and
OECD, 2005, The Royal Society and Royal Academy of Engineering, 2004, Arnall, 2003,
Corriu et al, 2004, van Este and van Keulen, 2004, Durrenberger and Hohener, 2004,
Williems and van den Wildenberg, 2004, Christiansen, 2004). Issues concern two main areas,
opportunities and risks (Helland, 2004, Donaldson et al, 2004, Hood, 2004). The first focuses
on the new fields, uses and prospects for which nanomaterials can be employed. The second
focuses on concerns and challenges which so far have not been well researched (van Este and
van Keulen, 2004). One such area is the assessment of environmental impacts (Brumfield,
2003, ETC, 2003).
3.1.1

Opportunities

Many of the current and intended uses of nanoparticles are ‘environmental’. Examples of
nanomaterial applications that may result in contamination of the environment are listed
below.
a) Biodetection, the use of sensors to assess environmental pollutants and pathogens
(Mazzola, 2003, Simonian et al, 2005), where nanoparticles may be accidentally and
deliberately released into the environment.
b) Remediation (the degradation of environmental pollutants in air, terrestrial and aquatic
environments), which would involve the intended release of nanoparticles into the
environment (Alivisatos, 2004, Mahfuz and Ahmed, 2005, Gardea-Torresdey et al, 2005,
Bergeron & Archambault, 2005). For example, iron nanoparticles synthesised from Fe(II)
and Fe(III) and comprising of >99.5% Fe of size 10-100nm, are used to effectively
transform and detoxify (e.g. dechlorinate) a range of organochlorine pesticides (e.g.
Lindane, DDT), chlorinated organic solvents (e.g. carbon tetrachloride (CCl4) and
tetrachloroethene [C2Cl4]) and polychlorinated biphenyls (Zhang, 2003). In addition, the
use of metallic or zero valent iron (Fe0) can lead to the transformation of oxidised
inorganic species such as nitrate in groundwaters, and, affect speciation of metals and
radionuclides, leading to insolubility and immobilisation. Bimetallic nanoparticles (e.g.
Fe-Pd, Fe-Ni, Fe-Ag) that are immobilised onto cellulose acetate have been used to
detoxify water containing chlorinated organic substances (Meyer et al, 2004). It is
currently assumed that iron nanoparticles used for remediation are non-toxic as there is no
available toxicity information. Regulatory bodies in the USA have accepted the use of
nanoparticles in remediation because of this lack of toxic effects (EPA, 2003). It has been
suggested that for environmental applications new types of nanomaterials can be used to
replace standard materials with resulting improved efficiency and lower toxicity
(Bergeron and Archambault, 2005, Biswas and Wu, 2005).
c) Bioactive aluminium nanofibres are incorporated into filters used in water treatment
processes, and through electrostatic attraction retain bacteria, viruses, organic and
inorganic colloids, macromolecules and other substances. A typical product is that
produced by Agronide Nanomaterials through a material called NanoCeram used in
nanofiltration.
d) TiO2 used in self-cleaning glass formulations, photo-catalytic water treatment, and, antireflection coatings.
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e) Nanoparticles have also been proposed as coatings for glass beads, designed to float in
water, in the application of algal control (toxic cyanobacterial blooms) in eutrophic water
systems (Kim & Lee, 2005).
f) Companies such as QuantumSphere Inc in the US produce high quality metallic
nanomaterials including nickel (n-Ni), silver, copper, Ni/Co and other proprietary alloys.
These materials are replacing platinum as the main catalyst in hydrogen fuel cell and
other electrode assemblies (http://www.memagazine.org/nanoapr05/spheres/spheres.html.
It is therefore expected that large quantities of such nanoparticles will need to be
produced with concomitant environmental release. This situation may be related to rocket
fuel constituents such as perchlorate used as propellant, and MELANJ, an
environmentally hazardous rocket fuel used by former Warsaw countries in the past. Fuel
constituents are associated with toxicity and require emission control, neutralisation,
recycling or remediation.
Further information on the environmental applications of nanoparticles can be found in
Bergeron and Archambault (2005), Biswas and Wu (2005), Vissokov and Tzvetkoff (2003),
and EPA (2002).
3.1.2

Concerns and challenges

The growing use of nanotechnologies will lead to an increasing release of nanoparticles into
the environment. Although some such releases are natural or accidental, others are intentional,
and therefore it is important that overall impacts and risks are addressed adequately (Colvin,
2003, Nature, 2003, Oberdorster et al 2005). Concerns have been expressed regarding the
lack of knowledge regarding the environmental and health implications of this fast developing
area (e.g. Reynolds, 2001, Kosal, 2004, ETC, 2002, 2003, 2004) and calls have been made for
the development and implementations of stricter and thorough regulations (Sheremata and
Daar, 2005, Jacobstein and Reynolds, 2004).
For example, little work has been done on the fate and effects of these pollutants on biota in
natural habitats. It is for this reason that the Royal Society, London, in a report prepared with
the Royal Academy of Engineering, has recommended that the release of nanoparticles to the
environment should be minimised until such time as more information is available on their
effects on ecosystems. The ETC Group, a Canadian non-governmental body, has been critical
about industrial nanoparticles applications, calling for an immediate moratorium on new
nanomaterial production until demonstration of safety of nanotechnology for human health
and the environment (ETC, 2002).
3.1.3

Review aims

This review aims to cover:
a) The current legislation protecting the environment from chemical discharges which may
apply to the environmental management of nanomaterials (Section 3.1.1)
b) The current knowledge regarding the ecotoxicological effects of nanomaterials (Section
3.2)
c) Knowledge gained from toxicological studies in this context and how this should help
steer the newly immerging field of nanoparticle ecotoxicology (Section 3.3)
d) Approaches to assessing the overall environmental impacts of nanomaterials (Section 3.4)
Specific strategies for assessing the environmental toxicology of nanomaterials based upon
what is currently known and the results of questionnaires sent out to experts within the field.
(Section 3.5).
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3.1.4

Current legislation

A review undertaken by The Royal Society and the Royal Academy of Engineering in 2004
addressed the current developments in the area of Nanoscience and Nanotechnology and
assessed opportunities and issues associated with such developments (RS & RAE, 2004).
Important in the context of this review, the RS & RAE report focused, inter alia, on general
environmental, health and safety implications or uncertainties associated with
nanotechnology, and the identification of areas where regulation needs to be considered (RS
& RAE, 2004). Dowling (2004) summarises the key findings and recommendations of the
report. It highlights that although this area has huge potentials, uncertainties regarding human
and environmental impacts of certain nanomaterials are still prevalent. It is recommended,
therefore, that more research should be undertaken to improve our understanding of the
toxicology of, and exposure pathways to, free manufactured nanomaterials.
This document was followed by a response by the UK Government to the issues raised (HM
Government, 2005). The document states the Government’s commitment to engage the public
and the general community in early discussions so that any aspirations and concerns can be
addressed. In this context it is proposed that further funding should be committed to
environment-related research, amidst others. In addition, the report states that precaution
should be employed, in the use of free nanomaterials, given potential environmental and
health concerns, and that steps should be taken to identify, reduce or remove potential waste
products containing manufactured nanomaterials. In addition, nanoremediation using these
materials should be prevented until there is a fuller understanding of the risks (HM
Government, 2005).
At the EU level a Communication from the Commission, Towards a European Strategy for
Nanotechnology, was produced in May 2004 (COM (2004) 338 final) where a review of
issues associated with the current developments of Nanosciences and Nanotechnologies is
presented. In this document the Commission makes clear the importance of developments in
this area but calls upon Member States to develop proper risk assessments and generate
adequate toxicological and ecotoxicological data and evaluate potential human and
environmental exposure.
This document was followed by a second Communication, Nanosciences and
nanotechnologies (N&N): an action plan for Europe 2005-2009 (COM (2005) 243 final),
which was produced in June 2005. In this document the Commission highlights that any
environmental risks potentially associated with products and applications of N&N need to be
addressed up front and throughout their lifecycle.
There are therefore recommendations, both at UK and EU level, for enacting caution in the
development of nanosciences and nanotechnology, especially in what concerns the use of
manufactured free nanomaterials.
The Commission proposal on REACH (Registration, Evaluation and Authorisation of
Chemicals; COM(2003)644) may cover some aspects on nanoparticles produced in high
quantities. Until REACH is adopted, the notification scheme under Directive 67/548/EEC will
apply for new substances and notified substances with significantly new uses (COM (2005)
243 final). It is suggested that in addition to REACH sector-specific regulation may be
required to regulate the use of nanomaterials and that, before they are in place, the UK
Government will restrict releases of nanomaterials into the environment (HM Government,
2005).
Council Directive 92/32/EEC amends Directive 67/548/EEC and has the objective to
approximate laws regarding dangerous substances. The procedure focuses on the notification
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of substances, assessment of the potential risk of, and exchange of information on, notified
substances. Information on the new substance must include, inter alia, physical and chemical
properties and test reports from toxicological and ecotoxicological assays. Stringent
(eco)toxicological tests and requirements are necessary for substances used in larger
quantities. Directive 93/67/EEC lays down the legal principles of risk assessment of new
chemical substances and detailed guidance is provided in the Technical Guidance Document
on risk assessment for New and Existing Substances (ECJRC, 2003). This required risk
assessment must cover the following: hazard identification, dose (or concentration) – response
(effect) assessment; exposure assessment; risk characterisation. This should be carried out for
the air, terrestrial, and aquatic (marine and freshwater) environments (ECJRC, 2003).
The recently implemented Water Framework Directive (2000/60/EC) will introduce a
different approach to the management of surface and underground water bodies. Article 16 of
this Directive sets out a strategy against pollution of water. Under the scope of this strategy
lists of priority substances will have to be drafted (and continuously updated) and a distinction
will need to be made between standard priority substances and priority hazardous substances,
which are of particular concern for water bodies. The hazardous priority substances will be
subject to cessation or phasing out of discharges, emissions and losses, whereas the general
other priority substances will be subject to a progressive reduction in discharges, emissions or
losses. This will have to be achieved within a specific timetable, the general objective being
the achievement of ‘good status’ by 2015. The European Commission is currently preparing a
daughter directive on the priority substances. The proposed procedure for the identification of
priority hazardous substances is outlined in the working document (ENV/191000/01 of 16 Jan
2001) and focus on hazard assessments procedures as laid down in a variety of international
European, OSPAR, UN documents.
The UK Chemicals Stakeholder Forum (CSF) has defined criteria for identifying chemicals
which may be deleterious to the environment or have the potential to affect human health
through the environment. These criteria are:
(a) persistence, that is chemicals that take longer than 2 months (when in water) or longer that
6 months (when in soil or sediment) to decay to half of its original quantity are considered
persistent;
(b) bioaccumulation, which is evaluated by assessing a chemical’s affinity for fatty tissues of
an organism it has entered; any substance that favours fatty tissue in a ratio (quantity-wise) of
10,000 to 1 is considered bioaccumulative (that is log Kow (octanol-water coefficient) >4), or
BCF >500 (if data available);
(c) toxicity, that is a chemical that causes harm to organisms as highlighted in Directive
67/548/EEC, and with an LC50 of 0.1mg/l; OR
(d) evidence of endocrine disrupting factors.
Chemicals that may breach any of the above criteria would have to go through rigorous risk
assessment and their use either conditioned or banned/phased out.
It is clear that many materials currently employed at the nanoscale level may not be new
materials altogether. Nevertheless, because of their size and the ways in which they are
used, they have specific physical-chemical properties and therefore may behave
differently from their parent materials when released and interact differently with living
systems. It is accepted, therefore, that it is not possible to infer the safety of
nanomaterials by using information derived from the bulk parent material (HM
Government, 2005). In addition, nanomaterials cannot be considered as a single entity.
There are different types with different properties/characteristics. Furthermore, some of
these materials (e.g. nanotubes) contain residual metals. The type and content of such
metals may in itself be important in terms of their relative toxicity (Owen and Depledge,
2004) and therefore their toxicity should be assessed on an individual basis.
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The Royal Society report recommended that manufactured free nanomaterials should be
treated as new chemicals under UK and EU legislation so that appropriate testing procedures
take place before their widespread use and environmental release (RS and RAE, 2004). In its
response the UK Government agreed that these materials should undergo a thorough
assessment before their general use (HM Government, 2005). Recommendations at
international level concur with these views. For example, the Royal Netherlands Academy of
Sciences working group Consequences of Nanotechnology proposed that more research
should be done on the toxicological properties of nanoparticles and their kinetics in organisms
and environment (van Este and van Keulen, 2004).
3.2

CURRENT KNOWLEDGE

Apart from laboratory studies conducted on mammalian and rodent models (primarily to
investigate the pulmonary and cardiovascular effects of NPs), studies focussing on the
ecotoxicological effects of NPs are still currently rather sparse. Laboratory studies specific to
mammalian and rodent models are covered in detail within other chapters of this report and
are only discussed in this chapter in reference to how toxicological studies can help to steer
the emerging field nanoparticle ecotoxicology. This section is subdivided into the following
broad categories: microorganisms, plants, invertebrates and vertebrates, reviewing published
papers and unpublished reports/abstracts into the ecotoxicological effects NPs.
3.2.1

Microorganisms

Magnetic nanoparticles have been demonstrated as a tool to facilitate the removal of bacteria
from aquatic environments (Watson et al, 2000; Bergeron and Archambault, 2005). The
procedure involves the precipitation of heavy metals (present in the environment) onto
bacterial cell walls in the presence of added magnetic ions, such as iron sulphide. The
bacteria loaded with heavy metals are then bound to the magnetic nanoparticles, restricting
their growth and spread. However, the disadvantage of this procedure is its lack of specificity
in that it may also remove non-target bacteria required for the continued balance of the
ecosystem (e.g. for the degradation of organic waste matter). Currently no information is
available to indicate whether such treatments would significantly alter the microbial
community diversity and hence impact on the ecosystem as a whole.
In other studies, actinomycete bacteria, referred to as mycolic acid producing bacteria, of the
genus Rhodococcus have been used in the synthesis of gold nanoparticles, resulting in a NP
preparation with good monodispersivity and a size range of 5-15 nm (Ahmad et al, 2003).
The NP were observed situated on the cell surface and cytoplasmic membrane of the bacteria
and according to the authors did not appear to be toxic to the microorganisms involved. Xu et
al (2004) have demonstrated the uptake of silver nanoparticles of different sizes up to 80nm
through the cell membranes of the bacterium Pseudomonas aeruginosa. Other
microorganisms have also been observed to generate nanoparticles on their cell wall and in
the periplasmic space (space between the outer membrane and plasma membrane of Gramnegative bacteria or the plasma membrane and peptidoglycan [cell wall] of Gram positive
bacteria), an example being the bacterium Shewanella oneidensis that is capable of biological
reduction of soluble palladium (Pd(II)) to Pd(0).
The implication of such studies is that perhaps microorganisms and plants can produce,
modify and concentrate nanoparticles that can subsequently be bioconcentrated/biomagnified
by other organisms following ingestion, and hence having an effect on higher organisms.
The large surface area of nanoparticles makes them ideal for use as absorbents and a number
of products are being developed for the decontamination and destruction of chemicals and
biological warfare agents (Koper & Klabunde, 2000). These include powder oxides of
magnesium, calcium and aluminium that have been shown to be effective in bacterial
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destruction and a company called NanoScale Materials is seeking US EPA certification to
mass produce and market nanoparticles under the name of FASTACT (Koper et al, 2002).
Such antimicrobial substances in the environment may have an effect on natural ecosystem
populations affecting function. These can be particularly detrimental to microorganisms
involved in waste treatment if discharged to sewer. In addition, ingestion of quantities of these
may lead to microbial intestinal imbalance. It is evident that a large number of excellent
adsorbent nanomaterials, including allophane and smectites, are natural in origin. Work on
modifying such natural materials for metal sorption is ongoing and although their impact on
the environment is not known at present they are considered unlikely to be of environmental
and human concern (Yuan, 2004).
The toxicity of buckyballs/fullerenes (C60) to bacteria in water is inferred from the exposure
experiments utilising large-mouth bass carried out by Oberdörster (2004). In addition to
biochemical changes in the fish, it was noted in this study that the water in which the animals
were treated became clear, presumably due to nanoparticle interference with bacterial growth
(Oberdorster, 2004).
Kim and Lee (2005) recently studied the effects of TiO2-coated hollow glass beads on the
photosynthetic activity of the cyanobacteria, Anabaena and Microcystis, and the diatom,
Melosira. All algal species either lost, in the case of cyanobacteria, or displayed lower
(diatom) photosynthetic activity in the presence of TiO2-coated beads. In addition, Anabaena
(a filamentous cyanobacterium) and Microcystis (colonial cyanobacterium) displayed
separation in cell formations after TiO2-coated bead exposure. Kim and Lee (2005) discuss
the potential of TiO2-coated glass beads in remediating excessive algal growth in eutrophic
waters.
Lee et al (2005) recently deployed TiO2-coated multi-walled nanotubes (MWNTs) in the
photoelectrochemical sterilisation of bacterial endospores. The authors report that irradiating
bacterial spores with solar UV lamps in the presence of a photocatalyst (TiO2-coated
MWNTs) successfully inactivated the spores, a result that could not be achieved by solar UV
lamps alone.
Silver ions have a broad-spectrum antimicrobial activity and silver nanoparticles can be used
in wound dressings. Microbial toxicity is a function of silver ion toxicity but may also be
related to interaction of the silver nanoparticles with the organisms. Elechiguerra et al (2005)
showed size-dependant (range 1-10nm) attachment of silver nanoparticles with HIV-1 viruses
with a suggestion of preferential binding to the gp120 glycoprotein.
3.2.2

Plants

Algae and plants as primary producers represent key components of ecosystems and any
adverse effects on the function of photosynthesis should be considered an important toxicity
endpoint. While the direct single-measure fluorescence of chlorophyll is widely used to
quantify the chlorophyll, it only poorly reflects the physiological status. On the other hand,
fluorescence kinetics of chlorophyll having a unique profile has been previously used for
principal functional studies of photosystems. The use of the chlorophyll fluorescence kinetics
can be a useful and rapid biomarker of nanoparticle impact on non-target photoautotrophic
aquatic organisms. Rapid and significant changes in the kinetics profile can be correlated with
the stress in autotrophic cells following exposure to tested nanoparticles.
Yang and Watts (2005) investigated the phytotoxicity of 13nm aluminium nanoparticles (AlNPs) on growth in five plant species. The endpoints measured included root elongation and
relative root growth. Results from these experiments demonstrated that Al-NPs could inhibit
root growth at 2mg ml-1, but not at 20 and 200µg ml-1. Larger Al particles of 200-300nm were
unable to significantly affect root growth supporting suggestions from previous reports that
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the size of nanoparticles is important in the study of their toxicity. Interestingly, when Yang
& Watts (2005) loaded Al-NPs with the polycyclic aromatic hydrocarbon (PAH),
phenanthrene, the inhibiting effects on root growth of reduced. The authors suggest the reason
for the reduced inhibition is possibly due to the disappearance of free hydroxyl groups and a
consequential change in particle surface characteristics. The idea was supported by loading
Al-NPs with DMSO (a known free hydroxyl group scavenger) and observing similar results.
Whilst the concentration of particles might be considered relatively high to what might be
expected in the environment, this study does highlight suggestions from other toxicological
studies that particle size and surface chemistry are important when evaluating the toxicity of
NPs.
Alfalfa (Medicago sativa), a member of the pea family, is a perennial forage crop. Alfalfa
plants have been shown to uptake elemental gold (Au[0]) and produce monoelement
nanoparticles of crystalline structure (Gardea-Torresdey et al, 2002). To what extent these
observations may be enhanced by nanoparticles, released into the environment, is not known.
3.2.3

Invertebrates

Standard acute toxicity tests have also been conducted by a few research groups, although
those results have not as yet been published. Eva Oberdorster conducted 48hr standard acute
toxicity LC50 tests (lethal concentration in 50% of the organisms tested) on Daphnia magna.
Fullerenes are highly water insoluble (Tagmatarchis and Shinohara, 2001) and so for standard
exposures to aquatic organisms a solvent/carrier may need to be used. Although this
procedure is not new in ecotoxicity assessments, it is important that the solvent/carrier does
not increase the toxicity of the test material. Due to the low solubility of the C60 and their
tendency to aggregate in water, Oberdorster used tetrahydroforan (THF) to solubilise the C60
preparation as described in Deguchi et al (2001). Whereas the LC50 obtained for Daphnia
exposed to THF-prepared C60 was 800 ppb, the LC50 obtained for water-stirred C60 was
greater than 30 ppm, suggesting that the C60 in the absence of THF are far less toxic to the
invertebrates. Prior to treating the organisms, the solution is evaporated to eliminate the THF
and filtered through a 0.22 µm filter to yield a working nC60 suspension in water. Through
discussions with Oberdorster she has suggested that despite the filtering and evaporation of
the C60 preparation prior to use, THF remains in the core of the C60 cluster and may
contribute to the increased toxicity. Hence, it is important to design an appropriate protocol
so that so that it is possible to assign the toxicity to the correct component of the exposure
mixture.
Acute toxicity assessments on Daphnia magna were also carried out by Lovern and Klaper
(pers. comm.). In this study they exposed the invertebrates for 48hrs to a range of
nanomaterials, using a variety of different procedures. The results obtained are presented in
Table 3.1.
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Table 3.1. Median lethal concentration (LC50), lowest observable effect
concentration (LOEC), and no observable effects concentration (NOEC) for all
solutions as well as the 100% mortality level in parts per million (ppm) or parts per
billion (ppb) determined using the Daphnia magna assay.
LC50

100% mortality

LOEC

NOEC

Sonicated Titanium
Dioxide

not obtained

not obtained

not obtained

not obtained

Filtered Fullerenes
(THF)

460ppb

880ppb

260ppb

180ppb

Filtered Titanium
Dioxide (THF)

5.5ppm

500ppm

2.0ppm

1.0ppm

Sonicated Fullerenes

7.9ppm

not obtained

0.5ppm

0.2ppm

Lovern and co-workers’ main objective was to assess the potential impacts nanoparticles may
have upon release into aquatic environments (Lovern et al, 2004, Lovern and Klaper, 2005).
They prepared titanium dioxide (TiO2) and fullerene (C60) nanoparticles by filtration in
tetrahydrofuran (THF) or by sonication. Daphnia magna were exposed to the four solutions
following U.S Environmental Protection Agency (U.S. EPA) 48hr acute toxicity test
procedures. Exposure to filtered C60 and filtered TiO2 caused an increase in mortality with an
increase in concentration, with the C60 causing higher levels of toxicity at lower
concentrations. Exposure to the sonicated solutions caused varied mortality. The LC50 values
obtained after exposure of the invertebrates to the sonicated C60 indicated that this form of
NP treatment was significantly less toxic (17 fold difference in LC50 values) than when
delivered in a form pretreated with THF and then filtered. However, the LOEC value was
only 2-fold greater, whereas the NOEL value was similar, for the sonicated preparation..
Results obtained for TiO2 revealed that although it was also more toxic for the pretreated
chemical, no toxicity values could be ascertained for the range of concentrations tested.
Lovern and co-workers have also investigated the effects of nanoparticles of different sizes on
the swimming behaviour of Daphnia magna (Lovern, pers. comm.). Although the full results
of these experiments are as yet unavailable, irregular swimming behaviour were observed in
exposed organisms. Daphnia showed escape behaviour and sporadic swimming when
exposed to fullerenes. They exhibited more spinning movements than the normal 'hop and
sink' swimming. It is unclear as yet what the significance of these results may be. Further
research on the physiology of exposed Daphnia is currently being undertaken by Lovern and
co-workers.
Work currently underway at Napier University (Edinburgh, UK) by the authors of this report
has so far investigated the acute and chronic toxicity of several nanoparticles (TiO2, ultra-fine
carbon black, C60 fullerenes) on marine and freshwater crustaceans (Artemia, Daphnia,
Gammarids). Preliminary results indicate that particles are both ingested and adhere to
external surfaces of exposed organisms (gills, exoskeletons, appendages), suggesting several
routes of exposure and absorption. In addition, LC50 (48 hr) results ranged 5-20 ppm. The
methodology employed involved sonication, although using a different method from that of
Lovern. Further work focussing on specific cellular endpoints, heart-rate beat, growth and
behaviour, is currently underway.
It is unclear what the results so far obtained from the acute tests conducted on Daphnia
magna indicate. Although median lethal results are not very low, there is still a cause for
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concern. In addition, acute tests on other target organisms have not as yet been published, and
so there is still a lack of knowledge in this area. It is clear that different nanomaterials and test
procedures are factors in the results obtained, but these need to be further explored.
A wide range of organisms (Wiltschko and Wiltschko 1995) utilise geomagnetic fields to
facilitate orientation, homing (navigation) and foraging. These include sea turtles, homing
pigeons, salmon, honeybees and others. Magnetic iron oxide nanoparticles have been
extracted from different parts of ants and it has been proposed that those situated in the head
and abdomen are associated with geomagnetic field detection (Acosta-Avalos et al, 1999). An
increase in the availability of nanoparticles in the environment may interfere with this system.
It is suggested, therefore, that insects may form a useful tool to investigate such interactions
Examples of nanoparticle biological oxidation-reduction and nanoparticle production include
the magnetostatic bacteria that can synthesise magnetic nanoparticles (Dickson, 1999). The
effect of uptake and distribution of iron or other metal nanoparticles on the magnetotactic and
other behavioural traits of ants and other biota is currently not known.
3.2.4

Vertebrates

Oberdorster (2004) studied juvenile largemouth bass exposed to 0.5 and 1ppm uncoated
fullerenes (nC60) for 48 hrs. Significant increased lipid peroxidation was observed in the
brains of the fish following the 48hr exposure to 0.5ppm fullerenes. Lower levels of lipid
peroxidation were observed in the gills and liver but these were not statistically significant at
the aquarium treatment level, only at the individual fish level. Although the difference in
responses between these tissues is considered by the author to be striking, it is suggested that
more efficient enzymatic repair is at play within the gills and liver, and therefore enacting
improved antioxidant defences. Selective transport of NP to the brain of rodents has been
observed in other studies (Oberdorster et al, 2005) and this could be the reason for the
enhanced lipid peroxidation levels observed. There was also some indication of depletion of
total glutathione (GSH) in the gills. Oberdorster suggests that GSH depletion may indicate
oxyradical scavenging ability, showing that the antioxidant defence system is overwhelmed
by reactive oxygen species. There were no differences found in total protein oxidation in any
of the tissues assessed. Improved water clarity was observed and, as discussed previously, this
was attributed to an interference with bacterial growth (i.e. to fullerenes acting as a
bactericide).
Some questions, however, may be put forward in relation with the Oberdorster (2004) study.
It is not clear from research carried out so far what the role of the solvent tetrahydrofuran
(THF) used was in the results obtained by Oberdorster (2004). As in the study conducted
using Daphnia, the author used the method described by Deguchi et al (2001) in which C60 is
suspended in THF. Oberdorster has, however, proposed that there may be significant toxicity
differences between the THF and water-stirred nC60 preparations. She suggests that THFprepared fullerene contains THF inside the fullerene aggregates, which may cause increased
toxicity (E. Oberdorster, pers. comm).
More work is therefore required to address the development of an optimal procedure for the
study of the effects of nanomaterials on aquatic targets. As described, many nanomaterials are
insoluble and do not tend to stay in suspension when in liquid media. A variety of methods,
including stirring, probe sonication and bath sonication for a differing amount of time, have
been proposed and it is as yet unclear how realistic they may be and how they may affect the
results of whole organism toxicity assessments. Therefore, it is important to ensure uniform
preparation of nanomaterials and uniform nanomaterial sources (E. Oberdorster, pers. comm.)
Notwithstanding the above, Oberdorster’s study was the first which investigated the impact of
NP on aquatic organisms undertaken in vivo and indicated that manufactured nanomaterials
can have adverse effects. Results obtained by Oberdorster (2004) suggest that similar effects

Research Report

39

may occur in other target organisms, including humans, and so they further support the call
for more research work to be undertaken to assess the environmental fates and effects of
nanomaterials.
As yet, there is a conspicuous lack of studies carried out on whole organism exposures,
following standard toxicity assessments.
For all organism types, it is important to consider that transformations and interactions
between different compounds and pollutants do take place in the natural environment. Sayes
et al, (2004) demonstrated that the cytotoxicity of water-soluble fullerene species is a function
of surface derivatization and water solubility. The lethal dose of C60 changed by 7 orders of
magnitude within two human cell lines following relatively small alterations to fullerene
structure (Sayes et al 2004). Associations between microparticles and toxic chemicals have
been demonstrated (Mato et al 2001) with such particles serving both as transport medium as
well as a potential source of toxic chemicals (e.g. PCBs, DDE, nonylphenols). In addition, an
indication of particles synergisms between nanomaterials and metals or organic compounds
have also been put forward (Biswas and Wu, 2005, Wilson et al, 2002). Wilson et al (2002)
used a rodent model to demonstrate that iron chloride can potentiate the inflammation induced
by carbon nanoparticles. Furthermore, this study demonstrated that the iron chloride, iron
sulphate and copper sulphate all potentiated the production of toxic reactive oxygen species
by the carbon nanoparticles. Investigations of this sort in other systems and organisms are
required to investigate potential interactions.
The Foresight and Governance Project on Nanotechnology, funded by the Wilson Centre
(USA), is currently developing an a priori testing strategy for determining the safety of
nanomaterials on environmentally-relevant species (E. Oberdorster, pers. comm.). The
objective is to encourage industries involved in environmental nanotechnology to become
involved in assessing the ecotoxicology of the materials they are using/developing. The
project aims to develop a battery of tests and standardised protocols which would allow
screening of materials using a variety of endpoints. This project is a collaboration between a
commercial company, EcoArray, and E. Oberdorster’s laboratory at Southern Methodist
University, USA.
3.2.5

Fate in the environment

It is not possible to consider the potential ecotoxicology of NP without discussing the fate of
NP in the environment. The fate of such materials determines which environments are most
likely to be affected (e.g. aquatic versus terrestrial), which organisms are most likely to be
exposed (e.g. vertebrates versus microogranisms) and what the route of exposure is likely to
be (e.g. dermal absorption versus ingestion). However, a more comprehensive review of NP
fate in the environment has been commissioned by DEFRA to a separate consortium and so it
will only be mentioned here in brief.
The assessment of the environmental impacts of nanomaterials, as for any other materials,
will have to focus on residence time in the environment, toxicity (acute and long-term),
bioaccumulation potential and persistence in living systems. Little is known about all of these.
In addition, information on their physical-chemical properties and general behaviour is
required for adequate risk assessment studies.
Some nanomaterials may persist in the environment for extended periods (Biswas and Wu,
2005). Concerns have been expressed regarding insoluble particles like carbon black and gold
which may adsorb, travel and accumulate in/through specific tissues where they may have
adverse effects for extended periods (Walgate, 2004).
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As mentioned previously, nanoparticles may not only be released into the environment as
pollutants but may in fact be used to effect pollution reduction. Many pollutants adsorb onto
particulate mineral and organic materials that make them difficult to remediate. This is
particularly important for hydrophobic organic compounds such as PAHs that can be
degraded by microorganisms if bioavailable. Bioavailability can be enhanced through the use
of surfactants in bioremediation protocols. Their removal from surfaces can be facilitated by
specific design of colloidal amphiphilic polyurethane nanoparticles that can be engineered to
have a high affinity for particular pollutants (Tungittiplakorn et al, 2004). The colloidal
properties and hence their mobility in aqueous systems can be controlled and it is not known
what effects such particles may have if released to natural environments. It is interesting to
note that the size of nanoparticles is such that they are freely mobile in groundwaters in which
they have been injected to facilitate remediation of contaminants. Lecoanet and Wiesner
(2004) examined the effect of flow on nanoparticle transport and deposition in porous media.
They utilised suspensions of fullerenes, and oxides of silicon and titanium in a wellcharacterised porous medium at different flow rate conditions. Mobility and deposition were
affected by type of nanoparticle, surface chemistry, size and flow conditions.
At a higher level, it has been suggested that there is a potential for some of these
nanomaterials to bioaccumulate and potentially be passed on through the food chain (ETC,
2002, ETC, 2004, Biswas and Wu, 2005). For example, fullerenes are lipophilic and tend to
localise in lipid-rich tissues (Oberdorster, 2004) which may suggest potential
biomagnification. Brumfield (2003) has suggested that fullerenes can travel through soil and
accumulate in earthworms, and possibly accumulate in food chains.
Nanoparticles released into the air may interfere with atmospheric processes taking place and
therefore could have a role in climate change (Biswas and Wu, 2005). Although this is a vast
subject that is outside the scope of this review, it is important to consider what the wider
effects may be with relation to human and general environmental health.

3.3

INTEGRATION
OF
KNOWLEDGE
ECOTOXICOLOGICAL STUDIES

FROM

TOXICOLOGICAL

TO

Due to the lack of knowledge regarding the ecotoxicology of nanomaterials, it is essential that
an informed strategy be identified to initiate this area of research in order that it should
generate meaningful results in the shortest time possible. A considerable amount is known
about the toxicology of nanomaterials in mammalian and rodent models, and this information
can be used to inform the ecotoxicology.
The information gained from the toxicology can be broken down into two general areas:
(i)
Physical and chemical characteristics
(ii)
Toxicological mechanisms
3.3.1

Physical and chemical characteristics

A number of physical and chemical characteristics that relate to toxicological impact have
been identified from the toxicology literature. These characteristics include:
(a) Size –Using a number of different in vivo and in vitro assay systems, low solubility low
toxicity nanoparticles have been repeatedly shown to be more toxic than larger particles
of the same material. Since all living organisms are made of cells and essentially similar
or the same biological molecules, it is feasible that size will also be important in other
organisms found in the environment, including vertebrates, invertebrates, plants and
microorganisms. Size influences a number of the subsequent physical factors outlined
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(b)

(c)

(d)

(e)

(f)

below, e.g. surface area, as well as many of the toxicological factors, such as penetration
into cells. These factors in relation to size will be discussed below.
Surface area – as the size of the particles decreases, the surface area per unit mass is
increased substantially. Since it is the surface of the particles that interacts with
biological systems, this increases the potential and extent of this interaction.
Furthermore, if any adverse reactions occur at the particle surface, e.g. production of free
radicals and reactive oxygen species, then such reactions will be more productive. Again,
there is no reason to suggest that this would be different in different species. However,
the consequences for different species could be variable.
Dimensions – although nanoparticles of different dimensions have not yet been
investigated in detail, studies using respirable fibres, e.g. asbestos, clearly show that long
fibres are more toxic than short fibres or particles, as they are more difficult to clear from
the tissue. In other multi-cellular organisms found in the environment, dimensions are
also likely to be important for the same reasons. For single celled organisms, such as
bacterial, fungi and some plants, e.g. algae, dimensions may influence the uptake of the
nanomaterial into the cells.
Solubility – The solubility of the material determines the particles biopersistence or
durability. Soluble materials are easily cleared from tissues, and unless the soluble
material possesses a high inherent toxicity, the absorption into the body of such particles
is likely to have little impact. A biopersistent or durable material resides in the tissue for
a longer time, interacting with cells and molecules and hence increasing the chances of an
adverse biological reaction. Many of the newly engineered nanoparticles, e.g. fullerenes
and carbon nanotubes possess low levels of solubility in acids and solvents, suggesting
that they would be biopersistent. From an environmental perspective, solubility may
influence the potential for nanomaterials to come into contact with living organisms. If
the particles are water soluble, then they are likely to be readily dissolved and the
chemical constituents dispersed prior to significant particle uptake by cells or organisms.
Furthermore, even if the particles do gain access to biological fluids or cells, then if the
particles are soluble they are unlikely to biopersist as particles in the organism. Again the
chemical composition will determine the ecotoxicity of the solutes.
Free radicals and reactive oxygen species – as mentioned above, these species are
generated by a number of low toxicity, low solubility nanoparticles such as carbon black,
TiO2 and polystyrene beads. Free radicals and reactive oxygen species are highly
damaging species that can disrupt proteins, lipids and DNA. Cells and body fluids
contain antioxidants that protect the body against these agents, but prolonged exposure
leads to depletion of antioxidants and oxidative stress in which the proteins, lipids and
DNA become more vulnerable to attack. Numerous studies on the effects of oxidative
stress caused by a variety of environmental pollutants have been published. Target
species have included molluscs, crustaceans, annelids, fish and primary producers.
Transitional metals, PAHs, organochlorine and organophosphate pesticides, PCBs,
dioxins, and other xenobiotics have been demonstrated to play important roles in the
mechanistic aspects of oxidative damage. Elevated enzyme activities have been linked
with higher levels of contamination.
Aggregation/clumping – many of the bulk nanoparticles studied have a tendency to
aggregate when dry, when aerosolised and when in an aqueous medium. The aggregation
process obviously increases the size of the ‘object’ that comes into contact with the cells
and molecules of the organism, however the surface area remains large. Toxicology
studies on the lung suggest that providing the aggregate is small enough to be inhaled,
even when aggregated, nanoparticles retain their ability to be more toxic than larger
particles. Such studies are supported by observations in a number of in vitro systems that
aggregated nanoparticles are more toxic than aggregated larger particles. The behaviour
of nanoparticles in different environments has not been systematically analysed. For
example, their behaviour in air is likely to differ to in pure water, water containing
different solutes and in different soils. Many surfactants can be found in the environment
that might promote particle disaggregation. Disaggregation is likely to aid dispersion of
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nanoparticles in the environment and hence increased interaction with different
organisms. Disaggregation may also promote uptake of nanoparticles into an organism
via specific routes if particle size determines access to the site of absorption (e.g. lung).
The role of aggregation in influencing the ability of nanoparticles to cross biological
membranes has not been studied in any system.
(g) Contaminants – there are a number of papers that suggest contamination of nanoparticles
with agents such as metals or organic species that can lead to interactions and enhanced
toxicity. Humans are likely to be exposed to nanoparticles either in the workplace, where
there is a possibility they will be in a pure form, or contaminated. In general, consumers
will be exposed to accidental, bulk and engineered nanoparticles that are contaminated
with other components of the product formulation of other substances found in the
environment. The same is also true for other organisms exposed to nanoparticles released
into the environment. Such organisms are unlikely to be exposed to pure nanoparticles,
and hence it will be essential to compare nanoparticle exposures in controlled laboratory
settings with model systems that simulate a more relevant environment, in order to
ascertain whether other substances influence the ecotoxicology of nanoparticles.
Interactions may influence nanoparticles in a number of ways. Firstly, as mentioned
above any substance that alters nanoparticle aggregation will influence its subsequent
dispersion in the environment. Other substances may alter the surface properties of the
nanoparticles, or they may have no specific effect on the particle. Instead, other
components may have effects on the organism that interact with the effects of the
nanoparticle to induce a synergistic or antagonistic effect. For example, a substance
containing antioxidant potential would decrease the ability of nanoparticles to generate
reactive oxygen species in the organism. Conversely, a substance able to generate
oxidative stress would enhance the effects of the nanoparticles.
(h) Composition – much of the research conducted in this area has used nanomaterials
constructed of low toxicity materials (e.g. carbon or TiO2). The small number of studies
conducted using materials of greater toxicity, e.g. nickel, indicate that their resultant
toxicity is a combination of particle size and surface reactivity that is dependent upon
their composition. Again, this is likely to be relevant to other organisms in the
environment.
3.3.2

Toxicological mechanisms

(a) Oxidative stress – as mentioned above, a large number of toxicology studies indicate that
oxidative stress plays a key role in driving the toxicological effects of nanoparticles. As
suggested above oxidative stress induces adverse reactions in a number of species and so
this mechanism is likely to be widespread across different phyla.
(b) Inflammation – low solubility, low toxicity nanomaterials have been repeatedly shown to
be more inflammogenic than larger particles, especially in the lung and cardiovascular
system. Comparatively little research has been conducted in other organs. In relation to
other multicellular species, immune systems are quite variable and depend on the
complexity of that organism. However, even simple organisms such as molluscs are
known to contain phagocytic cells that clear debris from tissues, and hence it is likely that
nanomaterials will impact on the immune function of even relatively simple organisms.
(c) Toxicokinetics (Absorption, distribution, metabolism and excretion ADME) – very little
research has been conducted in this area regarding nanomaterials in rodent or mammalian
models. One reason for this is that it is difficult to trace nanomaterials in a complex
multicellular organism. Due to their small size they are obviously difficult to find by
microscopy, tracing the chemistry or radioactivity of the nanoparticles in different organs
can only generate conclusive results if the particle is completely insoluble. Studies on
absorption suggest that nanoparticles possess an enhanced capability to cross cell
membranes and epithelial cells and hence to gain access to the body. Some studies
suggest that nanoparticles translocate from their site of absorption (e.g. the lung) to other
organs (e.g. the liver). There is no evidence as yet that the body is able to metabolise low
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toxicity, low solubility nanoparticles, but work with drug delivery dendromers suggest
that for these materials, this may be possible. The route of excretion for nanomaterials is
influenced by the route of absorption. Particles inhaled into the lungs can be cleared via
the airways or lymphatic system. Particles entering the systemic circulation will have to
be cleared via different mechanisms, potentially including urine and bile, but little
information is currently available. Toxicokinetic in other organisms would be useful in
studying the behaviour of nanoparticles in the environment, but such studies, especially
those using ‘simple’ organisms may also help to inform the toxicology studies.
Finally, many physiological and biochemical findings have been achieved using species other
than rodents. For example, neurophysiology has been extensively studied in the crayfish and
snails, as these organisms possess a relatively simple nervous system that is easier to control
and understand. These results have been used to develop hypotheses that have been tested
and supported in subsequent studies in more complex organisms. For this reason
ecotoxicology studies using invertebrates and microorganisms are particularly useful to
inform toxicology, given that data may be easier to interpret and they would reduce vertebrate
animal testing.
3.4
3.4.1

APPROACHES TO ASSESSING THE ENVIRONMENTAL IMPACTS
General approaches

The concept of ecosystem health has become prominent over the last 10 years. There are
several definitions of ecosystem health but in simple terms it is accepted that the term
incorporates the diversity and functioning expected in an undisturbed environment. A healthy
ecosystem would be expected to function well and be able to resist and/or recover promptly
from disturbance. Two important points are key: what it is meant by undisturbed environment
and how can we assess and evaluate departures from that state (Hardman-Mountford et al,
2005).
The norm here could be reference conditions, as considered by the Water Framework
Directive and OSPAR, or specifically through the use of particular indicators which can be
appropriate for different habitats/ecotypes (e.g. Bergen Declaration 2002; Rogers and
Greenway, 2005). Assessment of departures against a background of natural variability, is
therefore the objective and this would be achieved through the use of methods/procedures
which would provide a distinction between signal and noise, that is the identification of an
‘abnormal’ signal against a naturally ‘noisy’ background. Methodologies for the practical
assessment of ecosystem health have been developed along two lines. One involves holistic
measures of health, the other focus on measurements of different components of health. The
first tends to concentrate on bulk indicators like species diversity or overall primary
production, whereas the second focus on specific biological processes/endpoints (e.g. specific
enzymatic activity, imposex in molluscs).
It is in this context that biomarkers were developed, with the objective of assessing pollution
effects, taking into consideration that these may manifest themselves at different levels of
biological organisation. Biomarkers have been defined as biological responses that give a
measure of exposure and, sometimes, also, of a toxic effect (Walker et al, 1997). In some
cases (e.g. scope-for-growth) a biomarker measures the physiological status of the organism,
reflecting its overall condition, rather than the effect of pollutants themselves. Therefore, in
this context, biomarkers can be used to assess the overall health of an organism, population or
community, depending on which type of biomarker, or combination of biomarkers, is selected
(Moore et al, 2004, Lam and Gray, 2003).
Table 3.2 describes how ecosystem health can be assessed at different levels of biological
organisation. A variety of targets can be identified for monitoring when assessing structure or
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functioning at different levels. Some will be easy to measure, quantify and assess (e.g.
specific enzymatic processes), whereas others (e.g. ability to engage in interactions, general
behaviour) are not. In addition, it is important to stress that a detection of a change at cellular
level, although potentially an indicator of a localised disturbance, might not indicate that the
disturbance is of significance at ecosystem level. Homeostatic processes might actually be
taking place, such that changes at cellular level could be of no consequence at ecosystem
level.
Table 3.2 – Assessment of health at different levels of biological and systemic
organisation
Parameter
Cell

Assessment of health
Biochemical functioning, as the maintenance of cellular
processes; or maintenance of structure as the integrity of
the organelles

Example of endpoints
Oxidative stress,
metalothioneins, stress
proteins, lysosome
stability

Individual

Functioning in terms of physiology, reflecting impaired
performance; structural health e.g. anatomy and
morphology in which changes will impair performance
and fitness to survive

Scope for growth,
morphometrics

Population

Reflected in the sustainability and maintenance of the
population, in terms of growth, behaviour and
reproduction

Reproductive endpoints

Community

Reflected in the maintenance of an appropriate
assemblage (mixture of forms) which functions as
expected, to allow the maintenance of the relationships
between different species (including interspecific
relationships e.g. predator-prey, symbiotic, commensal)

Species diversity,
primary productivity,
sensitive vs hardy
species prevalence

Ecosystem

Reflected by a combination of appropriate structure,
functioning and an ability to withstand disturbance.

Nutrient cycling

The use of biomarkers or general bioindicators as well as the specific endpoints selected is
important in the overall assessment of ecosystem health given that some species/endpoints
could be more sensitive than others, and some endpoints may be representative of particular
types of disturbances, whereas others may be responding to unspecified general disturbances.
In addition, although some biomarkers may constitute an early stress warning, it is sometimes
unclear what the significance of that signal may be in the longer term at higher system levels
(i.e. population and community; Den Besten and Tuck, 2000; Hyne and Maher, 2003).
Nevertheless, some biomarker responses may persist long after a transient exposure to a
contaminant (Depledge and Galloway, 2005) and in other cases a response at biomarker level
may be easier to identify than it would be to undertake direct measurements of chemical
contaminants (e.g. imposex and the paint component TBT).
Biomarkers used in the assessment of general field effects need to be considered with caution.
As described above, some biomarkers do not reflect specific environmental deterioration, and,
in addition, organisms from different locations may elicit differing responses solely due to
their specific local adaptations rather than due to a particular stressor (Depledge and
Galloway, 2005). As far as laboratory assessments are concerned this can easily be overcome
through adequate experimental design in strictly controlled conditions. However, more
thought needs to be given to the use of biomarkers in the context of general environmental
monitoring (Moore et al, 2004, Wu et al, 2005). Environmental management requires an
understanding of the complex interactions taking place in the environment. Monitoring will
have to be undertaken against this background of natural complexity and variability. A
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combination of endpoints at different biological levels will go some way in addressing these
issues (Fent, 2004, Broeg et al, 2005). The recent trend towards an ecosystem-based approach
indicates the willingness to address the environment as a whole, while recognising the
importance of the individual parts and their interconnection (Laffoley et al, 2004).
It is suggested, therefore, that target test species should be selected as representative of
different exposure guilds (in this context referring to different functional groups, that is
species) and standard testing procedures should be followed. In addition, it is proposed that
biomarkers at different levels of biological organisation (as described above) should be
selected. These should include markers of oxidative stress, lysosome stability, neurological
function and stress proteins, as well as behaviour, development, morphology and reproductive
endpoints (methodologies for these are widely available for an extensive range of test
organisms). Methodologies that track uptake and fate of nanoparticles in biological systems
should be used and those target organs studied in more detail to assess effects at different
levels of biological organisation.
In the UK and Europe the DPSIR (Drivers – Pressures – State – Impacts – Responses)
approach is widely applicable in the management of the environment (Smeets and Weterings,
1999). This framework describes the interactions between society and the environment and it
has the following aims: (a) to be able to provide information on all of the different elements
of the DPSIR chain, (b) to demonstrate their interconnection, (c) to estimate the effectiveness
of the response. The application of DPSIR to the management of nanotechnology, would
focus on the societal demand for new products and applications (drivers), the assessment of
the resulting loads and emissions into the system (environmental pressures), the levels of
(added) nanomaterials in (to) the environment (state), the quality status of the environment (in
relation to a reference status; impacts), and society response to environmental changes
enacted to ameliorate/prevent disturbance (response). The process will then go full circle and
the responses enacted (implemented through the regulatory system) would ensure the activity
would have a managed environmental impact. There are, however, links missing within that
cycle and they focus mostly on the State and Impacts categories. At this stage we lack
knowledge on what is happening (description indicators) and on what the significance of any
potential changes may be (performance indicators).
More work in this area will provide increased knowledge regarding the toxicological and
ecotoxicological effects, as well as an assessment of the potential environmental impacts of
nanoscience and nanotechnology. This would allow the development of an adequate
environmental management strategy geared towards nanotechnology which would address
knowledge gaps within the DPSIR cycle. In addition, this would allow an improved dialogue
with the general public and the development of a safe, transparent, industry.
3.4.2

Specific approaches and short term recommendations

The following approaches are examples of procedures that would be useful to investigate the
ecotoxicology of nanoparticles. In each case, it will be necessary to use a panel of wellcharacterised nanoparticles that vary in size, shape, durability, composition and surface
reactivity, as well as varying the presence of potential contaminants such as metals.
A major challenge in any of the studies is the determination of the molecular events that may
occur at low doses (realistic exposure situation for nanoparticles) and that are necessary for
toxicological outcomes, versus those that are adaptive, beneficial, and/or unrelated to the
health and development of an organism.
Determine the effects of nanoparticles on naturally occurring microorganisms
Known microorganisms can be exposed to different nanoparticles and the effects on growth
and survival monitored. These are simple experiments, but they do not provide any
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information about mechanism and hence do not provide information that might allow
development of safer nanomaterials in the future.
Determine the mechanism of NP toxicity to microorganisms
Libraries of genetically modified bacterial (e.g. Escherichia coli) and fungal (Aspergillus spp)
strains are available that respond to chemical stress by the generation of an easily quantifiable
fluorescent or light signal (Belkin, 1998; Daunert et al, 2000; Davidov et al, 2000; KozlovaZwindermann et al, 2005). Such bioassays can be used to determine the toxicity of
nanoparticles. In each member of the library, an individual stress/repair response gene
promoter is fused to a reporter system that consists ofgenes for either bioluminescence (lux), a
fluorescent protein (e.g. green fluorescent protein.) or in the case of the fungus Aspergillus
the photoprotein aequorin. In each case, the optical signal generated from the cells will
indicate the activation of a specific promoter. The microorganisms engineered for toxicity
testing can accurately report, for example, oxidative damage, membrane damage, protein
damage, DNA damage and other effects. These systems have the advantage that in addition to
providing information relating to the mechanism of microbial toxicity, the reporter strains can
be used to develop highly sensitive testing tools to use in the field.
Effects of NP on waste water treatment systems
Industrial wastewaters, and the most important nanoparticles, selected on the basis of
quantities likely to be released, can be treated in a model bench-scale wastewater treatment
system. Processes, which can be tested on bench scale systems, are listed below.
(a) A conventional nitrifying activated sludge system consisting of an aeration tank.
Experimental conditions that can be examined include influent flow rate, sludge residence
time and sludge loading.
(b) Two alternative disinfection techniques: treated wastewaters from the activated sludge
system can be subjected to chlorine and ozone disinfection.
(c) An advanced treatment technique can be studied in order to assess potential
environmental impacts due to water reuse. Processes that can be tested during this phase
include flocculation by inorganic and organic coagulants (such as salts of Al and Fe,
cationic and anionic polyelectrolytes).
Effects of NP on invertebrates and vertebrates
(a) Target test species need to be identified on the basis of those that are likely to be exposed
and those for which standard testing procedures are already in place. This will allow
comparison of the relative toxicity of NP with known environmental pollutants. The
target species chosen should be selected as representative of different exposure guilds
ranging from simple invertebrates to vertebrates. In the first instance, the relative toxicity
of different NP in these different species needs to be investigated (e.g. LC50 tests) on a
variety of standard invertebrate species. The results of such studies will also be useful to
determine sensible doses/concentrations for sub-lethal toxicity testing. Toxicity testing
using ‘higher’ species are ethically difficult to justify and can be avoided to some extent
by using the data from toxicology studies.
(b) Methodologies that track uptake and fate of nanoparticles in biological systems should be
used and those target organs studied in more detail to assess effects at different levels of
biological organisation.
(c) In order to determine the mechanism of toxicity, it is also appropriate that biomarkers at
different levels of biological organisation (as described above) are selected. These should
include, where possible, markers of oxidative stress, inflammation, genotoxicity,
lysosome stability, neurological function and stress proteins, as well as behaviour,
development, morphology and reproductive endpoints (methodologies for these are
widely available for an extensive range of test species).
Long-term recommendations:
1. Develop standard methodologies for the assessment of the toxicity of nanomaterials.
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2. Treat manufactured nanomaterials as new materials and as such follow standard
methodologies, to assess their potential eco-toxicology; proceed to undertake more indepth assessments, depending on results from initial tests.
3. Consider full life-cycle, i.e. production, use, and fate, in these assessments.
4. Establish a set of tests and target species which will allow the in-depth assessment of
toxicity
of
manufactured
nanomaterials;
this
should
follow
standard
EU/OECD/EPA/ASTM methodology and regulations (e.g. ECJRC, 2003). In this context,
test a variety of biomarkers and develop procedures which will allow linking and an
assessment of significance between different endpoints, from the enzymatic/cellular to the
population level. Assess potential for bioaccumulation and biomagnification.
5. Develop procedures to assess fate, biodegradability and persistence of nanomaterials.
6. Explore the effects of in vivo exposures of manufactured nanomaterials in combination
with compounds such as metals and organics; this methodology to be developed.
7. Provide manufacturers and developers with a quick off-the-shelf methodology for the
assessment of nanomaterials.
8. Assess and attempt to quantify overall sources of nanomaterials; particularly assess the
potential sources for the unintentional release of (toxic) nanomaterials to the environment.
9. Assess fate and behaviour of nanomaterials in the environment.
10. Assess potential exposure levels, pathways and uptake.
3.5

EXPERT OPINION SURVEY

Forty-five scientists currently working in the area of nanoscience, particularly especially on
environmental aspects, were interviewed. The results of the interview are given in Appendix
I. In summary, most researchers agreed that:
•
•
•
•
•
•

There is a lack of knowledge concerning NP release (type and amount) into the
environment;
Different nanoparticles would behave and induce toxicity in different ways, depending on
their type, size and surface chemistry;
There is a need for a multifaceted approach in addressing ways to assess the
environmental impacts of nanomaterials;
There is a need to understand the fate, transport and transformation of these materials in
the environment, how they move from one media to another (air, water, soil);
There is a need to understand how nanoparticles may biotransform, bioaccumulate or
become bioavailable;
The regulation of nanomaterials is currently inadequate and the researchers voiced the
views of several previous reports that a precautionary approach was necessary until more
comprehensive impact assessments had taken place.

Research Report

48

4 HUMAN EXPOSURE STUDIES
We will cover here both human challenge studies (laboratory based volunteer exposure
studies) and a review of what little is known about nano-particles when deliberately inhaled as
therapeutic agents (inhaled therapy largely for individuals with lung disease).
4.1

HUMAN EXPOSURE STUDIES

Human exposure studies in chambers, via masks or by use of head domes have been used for
decades to assess biological responses to controlled levels of specific air mixtures. This has
been done by changing the proportions of inhaled gases, by adding particles to the inhaled air
or by a combination of both. Such studies have the great advantage of providing precise
control of delivered concentrations and, where pulmonary ventilation rates are known, the
lung dose. Ventilation rates can be varied by introducing structured exercise protocols which
not only increased lung dose but also induced changes in cardio-pulmonary responses which
could affect the overall response of the individual to such a combination. To date, no studies
have considered the effects of changes in co-exposures such as temperature or humidity in
understanding responses to particle exposures although some studies have looked at the
effects of pollutants in modifying responses to subsequent allergen exposure. However, the
benefits of this approach to understanding responses to human exposures is ideal for assessing
acute (i.e. immediate to 24 hours) responses to pollutants. However, they are unsuitable for
assessing the effects of long-term exposure to specific substances or mixtures.
The range of biological responses that can be studied will vary depending on the invasiveness
of the procedures involved. For instance, biopsy of lower respiratory tract mucosa can only
be done by bronchoscopy while systemic responses such as changes in circulating
inflammatory markers, simply require blood tests. The dynamics of the responses are also
critical and timing of measurements may occur too soon (before an effect can be seen) or too
late when a response is transient. Equally, in some cases the responses measured may simply
reflect a “normal” physiological response to an exposure rather than a patho-physiological
(abnormal) response. A good example is the change in heart rate variability shown in some
air pollution challenge studies where changes are less marked than those seen with simple
exercise or change in ambient temperature. If exposure to a substance does induce a change it
is crucial that these changes are interpreted in the context of responses to exposures which
would be regarded as normal events (such as breathing cold air). The risk of downplaying
any effects seen in these studies, however, is that truly important patho-physiological
responses may be disregarded. Understanding these differences is crucial when considering
exposures which may have subtle yet important effects after short-term exposures. There is a
large gap in our knowledge about how to address this issue.
Most of the human challenge work to date has been undertaken with respect to the effects of
air pollution. Ambient air pollution particles either constitute an insoluble, solid core (in the
case of ambient particles, carbon) or entirely comprise soluble components (e.g. sulphuric
acid or sulphates). The solid particles form a base for the carriage of other molecules of
greater or lesser bio-activity so an approach to decide on mechanisms of such complex
structures need to either take the pragmatic view that the whole particle should be assessed or
to study the individual components in isolation. Initial studies have contemplated pure carbon
at differing size fractions as animal work has suggested that size alone may be important in
causing a pro-inflammatory response. Apart from considering the constituents of the
particles, dose is a fundamental driver of a biological response. There has been a tendency to
take the conventional toxicological approach to these issues by considering high exposures
(which for particles will be in terms of mass) and then, if there is no response deem that
substance not be of concern. Now that it is clear that particles in ultra-fine range are
important, mass clearly is an inappropriate index of dose as these particles are very light but
have a vast surface area. There is a need to be able to develop systems for delivering nanoResearch Report
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materials in these studies in sufficient dose but using surface area or number as the dosing
metric. These physico-chemical characteristics of the inhaled dose will also influence health
effects. A simple example is that larger particles tend to impact higher in the respiratory tract
while smaller ones will reach the alveoli while still depositing in significant quantities in the
upper reaches. There is a standard model which summarises lung deposition but this may be
over simplistic and new methods of modelling deposition (e.g computational fluid dynamics)
offer important insights into variations in lung deposition and thus consequent health impacts.
In the context of responses to inhaled nano-materials human challenge studies is limited in
use to assessing immediate responses which may or may not be relevant in understanding the
mechanisms involved in long-term exposures. As there are no studies specifically of
manufactured nano-sized particles, much of the available information comes from studies of
particles derived from the internal combustion engine or from laboratory generated particles
whose content is part of that seen in ambient particles.
For this chapter we have aimed to review the existing literature on human exposure studies in
the laboratory setting which considered nano-sized particles even if only as part of an
exposure which incorporated particles of larger size fraction.
4.1.1

Approach

We undertook a Medline search using a wide range of search strategies. However, the key
words used by the various investigators were extremely varied with little consistency. In the
event the majority of papers were identified through those found by this approach, from the
personal collection collected by Prof Ayres over the last 15 years and papers identified from
the reference listings in these initial papers. To date we have identified 35 papers which
address the effects of particles on human responses but only 13 incorporate exposures in the
nano range.
4.1.2

Exposures

The great majority of these studies considered a source of particles for which either the exact
particle size range was unknown or where the range included, but was not limited to, the
nano-particle range. This is, to some extent, inevitable as this reflects the real life setting as,
for example, when considering exposures to diesel exhaust particles (DEP) and Concentrated
Ambient Particles (CAPs). The only studies of particles solely in the nano-particle range are
those where the particles are specifically generated in the laboratory (usually using an
electrical spark generator) and thus usually comprising a single type of particle (e.g. carbon,
iron or zinc). We have found no studies which have considered responses to manufactured
nano-materials whether as nano-particles or nano-tubes. We have found three studies of zinc
oxide exposure aimed at understanding responses in metal fume fever.
These studies are summarised in Table A2 in Appendix II.
4.1.3

Subjects

The findings from air pollution epidemiology shows that subjects with pre-existing cardiopulmonary disease, usually those of older age, are those affected by day-to-day changes in air
pollution. However, for a range of reasons including availability of volunteers and perhaps
ethical concerns about exposing individuals with moderate to severe disease to a potentially
risky exposure, most subjects used in these studies have been younger, healthy volunteers
although some studies have exposed subjects with mild asthma. Only one study has exposed
individuals with significant cardiac disease (Routledge et al, 2005) and one individual with
COPD (Wong et al, 2005).
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4.1.4

Outcomes

Most studies have concentrated on either inflammatory markers in blood or airway washings.
Airway washings have considered nasal lavage (an easily accessible respiratory mucosa) and
bronchial lavage and wash. Bronchial wash is the initial return following instillation of fluid
into the lung at bronchoscopy and represents the inflammatory response in the first 10-15 or
so generations of bronchi. Broncho-alveolar lavage is that which is returned in the latter part
of the retrieval of fluid following installation and represents the more distal parts of the
respiratory tract. Some studies have looked at indices of cardiac autonomic control (neural
control of heart rate and rhythm) while there is some, as yet unpublished work on. In some,
airway responses in terms of changes in lung function are measured. None have considered
changes in gas transfer or metabolic responses such as changes in blood sugar or pituitary
based hormonal responses.
4.1.5

Diesel Exhaust Particles (DEPs)

DEPs contain particles in the nano- size range but all diesel exhaust particulate exposures by
definition will contain larger particles. Consequently, it is not possible to be absolutely
certain that any changes seen in human challenge exposures to DEPs are due to the nanofraction.
Some studies have looked at captured diesel exhaust re-suspended and instilled in the nose to
look for inflammatory and immunologic changes. Diaz-Sanchez has undertaken the leading
work in this area. However, as particle aggregation will have occurred during collection and
reinstallation it is difficult to be sure how to interpret these in the context of concerns about
nano-particles per se. We have therefore not considered them further here.
We have identified six studies of diesel exhaust exposure, where there is adequate information
on particle size distribution, which have looked at a range of outcomes. (Rudell et al, 1996;
Salvi et al, 1999; Nordenhall et al, 2000; Salvi et al, 2000; Nightingale et al, 2000; Holgate et
al, 2002) It is likely that there are other papers in the grey literature but these have yet to
come to light in the very short timescale available and bearing in mind the difficulties in
identifying common search terms in this area.
Most of the studies delivered moderately high concentration in mass terms (100-300 µg/m3).
Normals and mild asthmatics were usually studied. The only consistent changes seen were
evidence of a neutrophilic inflammatory response in broncho-alveolar lavage, bronchial wash
and some biopsies and evidence on biopsy of increased high Il8 mRNA. Increased Il8 mRNA
was also seen in bronchial wash on a couple of occasions. Biopsies also tended to show
increased evidence of adhesion marker expression (ICAM1, VCAM1) in endothelial wall.
These suggest that DEP can cause a neutrophilic inflammatory response in both normal and
asthmatic subjects, probably mediated through Il8, with some evidence of endothelial
activation especially in the asthmatic subjects.
4.1.6

CAPs Exposure

One study has looked at CAPs exposure in human setting. Methodologically it was insecure
and although the particle size incorporated particles of around 100 to 1500 nm, it is likely that
there would have been some ultrafines in this exposure. Again this simply showed an
increased neutrophil response. Gong (Gong et al, 2003) has also shown variable changes of
small degree in cardio-pulmonary and systemic inflammatory responses in healthy and mild
asthmatic volunteers in response to CAPs exposure although this study showed similar
ultrafine exposure in their control “air” exposure to that seen with CAPs. An unpublished
report from Edinburgh (Newby, D personal communication) suggests that endothelial
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activation occurs following CAPs exposure in normal individuals in a similar manner to that
seen following cigarette smoke exposure.
4.1.7

Zinc

Three studies of exposure to zinc oxide fume have been undertaken, two trying to recreate
metal fume fever (Kuschner et al, 1995 and 1997) but one by creating pure zinc oxide
particles from an electric spark generator (Beckett et al 2005). The spark generated zinc
looked at two particle size fractions (fine - ca. 260um and ultra-fine – around 41.0 µm) but at
doses of around 500 µg/m3. The spark generated zinc oxide produced no effects on any
inflammatory marker. Zinc oxide produced systemic effects typical of metal fume fever
(raised temperature and muscle aches) and increased plasma Il6. There was also a doserelated increase in BAL neutrophils. Exposures however were high, up to 37 mg/m3.
4.1.8

Sulphuric acid

Two studies of sulphuric acid particles (in the nano-meter range) have shown no effects on
lung function (Frampton et al, 1992; Tunnicliffe et al, 2001). One of these studies showed no
changes in BAL inflammatory markers although the other showed some reduction in urate
levels in nasal washings suggesting consumption of antioxidant protection in the nose. A
third study which was designed to look at the effects of ultra-fine sulphuric acid on response
to allergen exposure (Tunnicliffe et al, 2003) showed enhancement of the allergen response in
the airways (in terms of decline in FEV1) similar to that seen with nitrogen dioxide.
However, the exposure was high (1000 µg/m3) and it is difficult to know what this means
apart from perhaps implying that sulphuric acid can set up some sort of local inflammatory or
pre-inflammatory response. There is some evidence from the United States that these effects
might be seen in a delayed fashion at 18-24 hours.
4.1.9

Carbon

There have been two studies looking at ultra-fine carbon exposure. One from the UK using
oral-nasal exposures in patients with severe coronary artery disease, compared to age-matched
healthy controls showed an immediate effect by increasing cardiac vagal control in normal
subjects but not in those with disease (Routledge et al 2005). This may have been partly an
effect of therapy but does suggest that ultra-fine carbon can induce a cardio-protective effect
in normal individuals. The greater effects were seen with sulphur dioxide but these are not of
relevance here. The other, from the United States delivered ultra-fine carbon through the
mouth to normal and asthmatic subjects (Frampton et al 2004). Again the particles were in
the nanometre range and, while the results showed no change in heart rate, heart rate
variability, lung function or inflammatory markers there was a suggestion that on exercise
there was shortening of the Q-T interval of the ECG in those exposed.
One study has considered effects on gas exchange in normal and asthmatic individuals
(Pietropaoli et al 2004). Intriguingly this showed no effect of 25 µg/m3 UF carbon in
asthmatic and normal individuals in any lung function or inflammatory parameter but at the
higher dose (50 µg/m3) normal subjects showed a significant fall in gas transfer and maximal
mid-expiratory flow but with no concomitant change in inflammatory markers, suggesting a
non-inflammatory change in ventilation/perfusion balance. Asthmatics were not exposed to
the higher dose.
Overall, these findings suggest that ultrafine particles do have the capability of inducing
physiological and inflammatory responses in man although most studies were undertaken in
young, healthy populations or individuals with mild asthma. There are ethical issues about
studying individuals with severe coronary artery or pulmonary disease although it can
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properly be argued that the exposures used are typical of those seen on severe air pollution
days.
The effects are those of a neutrophilic inflammation mediated through Il8 with evidence of
endothelial activation. Direct measurement of such activation has been seen with CAPs
exposures but the meaning of these responses in fit young individuals who do not represent
those affected in the air pollution epidemiology studies is unclear. Some studies, but not all,
have shown changes in heart rate variability but again the implications of these effects are
unclear.
Summary of future needs
It is clear that there is very little work on human responses to nano-particle exposures and
none on manufactured nano-material exposure in the laboratory setting. Indeed, all work to
date relevant to understanding the acute effects of nano-particle exposure comes from the air
pollution field and it is likely that this field of work will continue to provide very useful and
transferable information with respect to other nano-material exposures. It would, however be
advisable for such research to consider aspects of study design which would specifically deal
with issues surrounding other nano-material exposures.
While there may be considered to be more concern about longer-term exposures (for which
this experimental approach is not best suited) biological responses to acute exposures may be
of relevance when considering long term exposure effects. For instance, repeated
inflammatory responses after repeated “acute” exposures may well result in airway
remodelling, alveolar and peri-alveolar inflammation and may induce vascular responses
which will contribute to atherogenesis. In this context, a better understanding of what
constitutes a physiological as opposed to a patho-physiological response is needed across a
range of outcomes. Equally, human exposure studies also allow us to understand how
particles penetrate into the less immediately accessible parts of the body, such as the brain.
The information on direct penetration of particles into the circulation after inhalation is
limited and conflicting but understanding routes of penetration is important for both shortand long-term exposures and their effects.
Secondary to this understanding is the ability to be sure that co-exposures are not interfering
with interpretation of results. For instance, temperature will have an effect on heart rate
variability directly but may also modify the way the cardiovascular system responds to a
particle exposure. In terms of apportioning contribution, and therefore where control
measures might be needed to greater effect, this is critical. Studies which allow the effects of
these potential co-exposures to be worked out are needed for a wide range of exposures using
this technology.
In the air pollution field transition metals have been regarded as potential factors in inducing
adverse health effects. Epidemiological studies of work forces exposed to such metals are
relatively few, where the particles size distribution of the exposures is also known. Examples
are welders and electroplaters. Studies of specific metal exposures have been limited to zinc
although pilot work from our laboratory with ultrafine iron from a spark generator has shown
little effect on HRV in patients with angina. However, it is likely that the valent state of the
metal is important and future studies which take this component-based approach should
ensure that physico-chemical aspects of the exposure (including charge) are known.
At present, the systems for delivering nano-materials in the laboratory setting are relatively
simple. Electrical spark generators are limited in the amounts being able to be delivered and
are not suitable for generating exposures of already manufactured nano-materials.
Improvements on the current “spinning disc” technology, for creating an aerosol of the
produce, needs to be considered as well as other potential approaches.
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Dosimetry is usually driven by mass at the present stage, with other parameters of particle
size/form such as numbers and, very rarely, surface area, being measured pari passu.
Systems for quantifying and delivering doses using particle numbers or surface area as the
dosing metric are urgently needed.
Body dose, while clearly related to the amounts generated by any given exposure system, is
also critically dependent on where in the lung (the most important portal of entry in this
context) the materials deposit. There is very limited information on lung deposition in the
context of nano-materials, such as there is being largely derived from modelling based on the
long established ICRP model. With the development of increasingly sophisticated imaging
techniques such as PET-CT, there is now the opportunity for understanding better where
nano-materials deposit once inhaled in relation to specific size/property/surface characteristics
and how these may behave during the process of inhalation. Some computational fluid
dynamicists believe that the current lung deposition model is flawed because of assumptions
about patterns of flow within the airways, and these ideas need to be addressed. This whole
area may also require some new thinking on the radio-isotopes used to obtain appropriate
images which may be partly dependent on the material being studied.
These new approaches to imaging also offer the opportunity to explore the nose as a portal of
direct entry of nano-materials to the brain (through the cribriform plate) and perhaps also the
ingested route. Direct human exposure studies in this regard do not exist to date in this area.
As emerging nano-materials have different physico-chemical properties it is likely that they
may induce differing biological responses. To date, the existing work has focused on
pulmonary, cardiac, inflammatory and blood clotting changes, but it is clear from work on
welders that cerebral effects can be seen (mild cognitive impairment) which may or may not
have long term consequences. Consequently, while it is reasonable to continue to concentrate
on those outcomes which have been shown to respond to date, any work in this area needs to
horizon scan to ensure that potential different effects might be emerging in different fields
which could be tested using human exposure systems. Multi-agency collaborative groups are
best suited to respond to these signals quickly and to best benefit.
For those outcomes which are currently considered there are still issues about the time scale
of measuring outcomes as some may be delayed (18-24 hours or longer after exposure) and
some may be transient (e.g. some changes in heart rate variability). Development of protocols
which are likely to ensure that relevant parameters are measured in a timely manner would be
essential.
It would appear that some individuals seem to be more susceptible to the effects of air
pollution in general terms and it is very likely that, if there prove to be adverse effects from
exposure to nano-materials then studies of potentially susceptible groups will be necessary.
Susceptibility may relate to co-exposures (as outlined above) or genetic factors. While this is
not seen to be an immediate need such interactions are crucial and to some extent cut across a
number of the recommendations made below.
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4.2

INHALATION OF THERAPEUTIC AEROSOLS

4.2.1 Deliberate inhalation of aerosols has been a form of treatment for individuals with
lung disease for many decades although the beginnings of the development of conventional
pressurised metered dose inhalers only began in the 1950s and ‘60s. Most of the drugs
delivered are broncho-dilators, inhaled steroids and antibiotics to individuals with lung
disease. Lately, insulin has been made available as an inhaled therapy for diabetes but there is
little clinical experience of this as yet. Before pressurised metered dose inhalers arrived, hand
held glass nebulisers were used for the delivery of broncho-dilator drugs such as ephedrine
and isoprenaline, although we could find no available information on the particle size
distribution below the one micron limit for these preparations. In general particle distribution
from a therapeutic point of view has been deemed to be optimal if the MMAD is around 2-5
microns, although these studies have largely focussed on broncho-dilator activity, as this is an
easily measured endpoint. Most of these preparations are wet aerosols and therefore include
propellants. For many years the propellants were CFCs but with the Montreal protocol these
have been replaced by hydrofluoroalkanes (HFAs) or, more widely, dry powder inhalants.
4.2.1 Particle size in therapeutic inhalers. There is a substantial literature on particle size
in these areas although relatively little on the nano-particle fraction because it has been
generally believed that next to no biological activity is present in these size particles, on the
basis that the effect is where the mass lies. This came to the fore when 3M produced their
inhaled steroid beclamethosone with HFA as a propellant as opposed to CFC and found that
the particle size distribution of the HFA product was significantly lower. This was associated
with better lung deposition and a doubling of potency microgram for microgram compared to
Beclamethosone delivered with a CFC propellant (Leach et al, 2002). However, we can find
no information in the published literature on particle size distribution in the nano-range for
dry powder inhalers although almost certainly the pharmaceutical companies have this
information.
4.2.2 Factors affecting inhaled drug deposition. There are a number of factors which are
known to affect drug deposition and therefore lung dose some of which may be relevant when
considering the active fraction in size terms. Women are more likely to have a higher lung
deposition than men (Jaques and Kim, 2000) and individuals with longer breathing time
patterns also have greater deposition (Jaques and Kim, 2000) as do those with pre-existing
disease such as COPD (Anderson et al, 1990). The smaller the particles, the greater the lung
deposition (Jaques and Kim, 2000; Hiller et al, 1987) and when particles are charged (Cohen
et al, 1998) this is more likely to increase total lung deposition. Low inhalation velocity (and
that partly may be contributed to by muzzle velocity from a metered dose device) will result
in increasing lung deposition (Cheng et al, 2001) while the presence of non-volatiles such as
glycerol or polyethyleneglycol actually increases particle size (Brambilla et al, 1999) and
presumably reduces nanoparticle numbers although there is no direct proof for this. Finally, if
moisture is allowed to get in to an aerosol delivery system this will result in an increase in the
fine fraction (Williams & Hu, 2000) but it is not known whether this also affects the ultra-fine
or nano-particle fraction.
Recent work has shown that conventional metered dose inhalers produce substantial numbers
of nano-particles both for inhaled steroids and broncho-dilators. When assessing the particle
size distribution by numbers the number median aerodynamic diameters for inhaled steroids
ranged from 68-89nm and for a broncho-dilator around 85nm, with the percentage of particles
less than 100nm exceeding 60% in every case (Crampton et al, 2004). The same group found
similar particle size distributions for nebulised drugs even though the mass median
aerodynamic diameter for nebulisers is around 4 microns (Crampton et al unpublished data).
Subsequent work on trying to define how much biological activity resides in the nano-particle
fraction suggests that a significant portion of the total broncho-dilator activity of salbutamol
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delivered by nebuliser may reside in the nano-particle fraction often as much as 40%
(Crampton & Ayres, unpublished data).
4.2.3 Potential for adverse effects of inhaled nano-particles in inhaled drugs. So we
know that these therapeutic aerosols contain many nano-particles and potentially carry
biological activity but do they cause problems in terms of adverse health effects? This is
difficult to determine in the acute setting with broncho-dilators (apart from the
pharmacological side effects such as tremor) although occasional paradoxical bronchoconstriction has been reported but this is assumed to be an upper airway affect (Shaheen et al,
1994).
Long-term use of inhaled steroids can in some cause local mucosal atrophy in the nose and
possibly in the lower respiratory tract with inhaled steroids but this is a pharmacological
effect and probably not related to particle size. The other effects of inhaled steroids long term
are systemic and related to the drug per se and not the particle size distribution.
However, it should be borne in mind that greater lung penetration may represent greater bioavailability of drug to cause long-term side effects. Only a minority of drugs that are inhaled
from inhalers reach the lungs, the majority being swallowed but the drugs are less bioavailable once swallowed although there is still significant absorption. It should also be
recognised that wet aerosols as soon as they impact on the epithelial lining fluid in the lung
should lose their particle characteristics although this may not be the case for dry powder
inhalers. We could find no published work to help us on this.
4.2.4
Summary. There is evidence that therapeutic aerosols contain large numbers of
nano-particles which do contain biological activity. However, there is no evidence at present
to suggest that inhalation of these agents cause long-term adverse effects. This is partly
because such potential effects are perhaps not recognised and therefore have not been looked
for. Equally if these effects are relatively small (which they may be) they will be difficult to
identify, let alone quantify, in the face of the large benefits of inhaled therapy which has
followed from the advent of the modern inhaled systems in the treatment of asthma and
COPD.
Recommendations
•

Human exposure studies of air pollutants should consider aspects of study design which
would specifically deal with issues surrounding other nano-material exposures.

•

A better understanding of what constitutes a physiological as opposed to a pathophysiological response is needed across a range of outcomes.

•

Studies which consider different routes of penetration (e.g via the nose or the blood
stream are needed.

•

Studies which allow the effects of potential co-exposures (e,g, temperature, activity) to be
worked out for a wide range of exposures are needed.

•

Consideration of metal particle exposures should ensure that they are combined with
knowledge of the particle’s charge, valent state and other relevant physico-chemical
properties.

•

Better systems for enabling delivery of manufactured nano-materials in aerosol form are
needed (e.g. advances on spinning disc technology).
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•

Systems for quantifying and delivering doses using particle numbers or surface area as the
dosing metric are urgently needed.

•

New developments in imaging (in particular lung imaging) should be used to understand
better lung deposition of nano-materials once inhaled to help explain susceptibility and
differential patterns of bio-responses. This would also enable studies of changes in fractal
properties of the particles to be assessed which will affect the pattern of deposition of the
particles within the airways.

•

These approaches can also be considered for following nasal penetration of inhaled
particles or exposures via the ingested route.

•

Work in this area needs to horizon scan to ensure that potential different bio-effects which
might be emerging in different fields could be tested using human exposure systems.
Multi-agency collaborative groups are best suited to respond to these signals quickly and
to best benefit.

•

Development of protocols to ensure that relevant outcome parameters are measured in a
timely manner and that comparison can be made between different research groups is
essential. Other outcomes (such as gas exchange) should also be pursued further as
changes may not be mediated through an inflammatory pathway.

•

Information on the particle size distribution of dry powder devices will be of importance
as the carrier, although ostensibly inert (usually lactose) may persist long enough to
induce an initial inflammatory response.
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5 EPIDEMIOLOGY
5.1
5.1.1

PURPOSE AND SCOPE
The request by DEFRA

As noted in Section 1.2, DEFRA asked for a review of “…..epidemiology, with a particular
focus on the exposure-health effect relationship in contexts, such carbon black manufacturing,
where nanoparticle exposure has a case history, and undertaken with a view to developing
guidance for future epidemiological studies”.
5.1.2

What we have done; scope of the present review

There is an enormous body of knowledge from epidemiology concerning the effects of health
of exposure to particles – in the workplace, in outdoor air, in indoor air. Health effects vary
according to factors such as:
• Intensity of exposure.
• Duration of exposure.
• Size distribution of the particles, within the inhalable range.
• Composition of the particles.
• Susceptibility, including pre-existing health status of individuals.
• Possible interaction with other risk factors (socio-economic; smoking habits etc.).
Again as summarised earlier (Section 1.3), we have undertaken a review of the relevant
epidemiological studies (e.g. on microparticulate materials) with a view to developing
guidance for future epidemiological studies. The review has focused on the exposure-health
effect relationship in contexts where nanoparticle exposure has a case history, particularly in
the carbon black industry (Section 5.2). However, we have also considered in less detail other
occupational exposures which are or may be relevant, for example TiO2, and included a brief
summary of methodological issues arising from studies of particle number in ambient air
(Section 5.3).
Thus, the present short review is focused on the risks from short-term and long-term exposure
to nanoparticles that have been manufactured intentionally as part of the development of new
products and materials. This is in contrast to the effects of nanoparticles generated as a sideeffect of other processes, particularly combustion; for example, welding fumes in the
workplace, environmental tobacco smoke (ETS) in indoor air, and near traffic outdoors.
However, studies of these other contexts are informative about possible risks to humans and
so we consider them, sometimes briefly.
The number of directly relevant epidemiological studies was limited. Consequently, there
was a strong focus on identifying methodological issues that arise in any long-term
prospective epidemiological study of exposure-response relationships, and considering how
these might apply to future epidemiology in the new nanoparticle industries (Section 5.4).
Finally (Section 5.5) we then identify priority research needs, and associated methodological
issues, to help policy makers arrive at recommendations for developing a strategy to support
the development of appropriate regulation.
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5.2
5.2.1

EPIDEMIOLOGY IN THE CARBON BLACK INDUSTRY
Substantive results: mortality and carcinogenicity

The UK study of Hodgson and Jones (1985)
Hodgson and Jones (1985) studied mortality in 1422 male carbon black workers in five
factories in Great Britain. The aim was to study every person who worked at any of the five
factories from when production started (1947) until 1974. Because of incomplete personnel
data, 1967-68 was the effective start of follow-up at two of the plants.
There was a statistically significant deficit of deaths from non-malignant respiratory disease
(ICD8 460-519), including in the three factories with complete data where results,
standardised for region, showed 5 observed, 11.1 expected, giving a standardised mortality
ratio (SMR: 100 times the ratio of observed to expected deaths) of 45. The deficit occurred
almost entirely in men whose mortality follow-up was <15y.
Deaths from circulatory
disease (ICD8 390-458) were also fewer than expected (45 Obs, 52.6 Exp, SMR 86), the
deficit being entirely in the first 10 years of mortality follow-up. As noted by the authors, this
is consistent with the ‘healthy worker’ selection and survival effects, whereby in order to gain
and keep employment, people at work are healthier (and so have better survival chances) than
the general population of the same age. Indeed, Hodgson and Jones (1985) speculate a
possible strengthening of this effect: “The factories were visibly very dusty, and this may
have deterred potential employees with respiratory problems from working there.”
An excess of lung cancer overall (25 Obs, 16.5 Exp, SMR 152), not statistically significant,
occurred principally in the two factories with incomplete data. Allowing for a latency of at
least 10 years since 1st exposure, an excess remained at 21 Obs, 13 Exp, SMR 162, of which
11 Obs, 7.9 Exp, SMR 139 occurred at the other three factories. Following detailed
investigation, including via a case-control study matched for date of birth and factory, the
authors concluded that “Evidence that an excess of lung cancer is due to carbon black
exposure is almost entirely negative” – the excess occurred primarily in the factories with
lowest exposures, and cases and controls had similar durations of employment. This
conclusion seems well justified. A small excess of bladder cancer (3 Obs, 1.2 Exp, SMR 250)
was based on too few cases to attribute to exposure or not. The authors note that carbon black
contains traces of polyaromatic hydrocarbons (PAHs), an established carcinogen. Whether
or not this is biologically available was unclear.
Update by Sorahan et al (2001)
The cohort of Hodgson and Jones (1985) was followed up until the end of 1996 by Sorahan et
al, (2001), giving a further 16 years of follow-up data. Some updating of work histories was
possible at two of the five factories. Detailed dust measurements had been taken at these
same two factories, as part of the European carbon black respiratory study – see Section 5.2.2,
following and a job-exposure matrix (JEM) was developed. Estimates of cumulative
exposure were derived for all subjects, assuming that dust conditions at the three closed
factories were similar to those at one of the two which remained open and where
measurements had been taken; results are presented for four categories of cumulative
exposure.
We follow the authors and focus on results for 1147 male manual workers employed for 12
months or more.
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Lung cancer
• Results showed a statistically significant excess of lung cancer compared to deaths
expected based on death rates for England and Wales (Obs 61, Exp 35.3, SMR 173, 95%
CI 132-222).
• The excess was a little higher (SMR 185) using local death rates.
• There were marked and statistically significant differences in SMRs between factories,
with a clear and statistically significant excess at two factories (SMRs 278 and 315
respectively).
• There was no evidence of a gradient with time since first employment.
• There was some suggestive but not statistically significant evidence of increasing risks
with duration of employment, with relative risks (RRs) of 1.58, 1.72 and 1.21 for
durations of 5-9y, 10-19y and 20+y respectively, compared to a baseline of 1-4y duration.
• Weak evidence (P = 0.16) of a trend with estimated cumulative carbon black exposure
was not sustained after adjustment for factory and other factors.
• There was no evidence of a positive trend with estimated cumulative exposure lagged
20y.
The authors conclude that the excess lung cancer mortality “has not been shown to be due to
carbon black exposure”. The authors seek explanation in factory differences, but are unable
to pinpoint what these may have been – smoking data and histories of work elsewhere were
unavailable. They note, however, some limitations attached to the exposure data, including
limited work histories and possibly inappropriate exposure metric (surface area would have
been desirable – see also later) and comment that “the absolute effects of these limitations
upon the study findings are unknown but they would be more likely to cause the study to
underestimate the size of any real occupational hazards than to overestimate them”. Thus,
while the conclusion that an occupational effect has not been shown is undoubtedly true, the
possibility of one cannot be excluded.
Non-malignant respiratory disease (ICD8 460-519) and circulatory disease (ICD8 390-458)
Mortality from both causes was unexceptional in the main study cohort of 1147 men. Results
showed SMR 107 (35 deaths) for respiratory diseases, SMR 100 (157 deaths) for circulatory
diseases – both SMRs lower than the all-cause SMR of 113.
Further results are for
respiratory diseases only.
• There were no marked differences between plants, suggesting that whatever factors
caused the factory-specific lung cancer excess did not affect non-malignant respiratory
diseases similarly.
• There was a statistically significant trend with time since first employment, with a deficit
in the early years (1-19y) and an excess later (at 30+y).
• There was no evidence of a relationship with estimated cumulative carbon black exposure
unlagged.
• Results for duration of employment are not given but can be assumed not significant
statistically.
The authors did not consider these findings sufficiently suggestive for discussion or for
inclusion in the Abstract. Their implied conclusion that the study does not show an effect of
carbon black exposure on non-malignant respiratory mortality is surely right. However, the
limitations of study size and exposure data also make it difficult to be confident that there is
no effect. It seems reasonable to conclude however that there is no strong or severe adverse
effect.
IARC evaluation
IARC (1996), considering the human evidence as a whole, concluded that “for the specific
purpose of assessing the carcinogenicity of carbon black……the study of carbon black
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producers in the United Kingdom [is] the most informative. The Working Group
…considered the whole body of evidence rather weak and the results conflicting”. The
classification as a possible human carcinogen (2B) was based on animal evidence. IARC will
review its assessment of the carcinogenicity of carbon black, early in 2006.
5.2.2

Substantive results: morbidity

Overview
Gardiner, van Tongeren and colleagues, then based at the Institute of Occupational Health
(IOH, now Institute of Occupational and Environmental Medicine) at the University of
Birmingham, carried out a long-running study of the respiratory health of workers in the
European carbon black industry. The health effects studied have been (i) those based on chest
radiographs (Gardiner et al, 1993; van Tongeren et al, 2002); (ii) lung function and
respiratory symptoms (Gardiner et al, 1993; Gardiner et al, 2001).
The most striking aspect of the results of these studies is that they seem to be unexceptional.
By this we mean that they show relationships between exposure and respiratory health
endpoints, but these effects do not signify a particularly extreme response to the workplace
dusts. It may be important that lung function and respiratory symptoms were related
principally to current rather than cumulative exposures.
Early findings: Gardiner et al (1993)
The early results indicated an effect of exposure to carbon black dust, but signalled no great
cause for alarm. Thus, for example, Gardiner et al (1993) reported results from a crosssectional survey of 1742 employees in 15 plants for respiratory symptoms and spirometry,
and 1096 chest radiographs from 10 plants for radiology. Respiratory symptoms and lung
function were associated with current rather than cumulative exposure. Small opacities of
category 2 or more were found in only 3% of those studied. However, small opacities of
various degrees of profusion were associated clearly with indices of cumulative exposure.
The authors concluded that “The findings are consistent with a non-irritant effect of carbon
black dust on the airways combined with dust retention in the lungs” while Gardiner (1995),
in a review of the respiratory health effects of occupational exposure to carbon black,
concluded that whereas “almost all of the studies have either methodological shortcomings or
fail to report the necessary detail…. exposure-related effects are evident in those populations
studied in terms of small opacities, reduction in forced expiratory volume in 1 s and forced
mid-expiratory flow, and symptoms of chronic bronchitis”.
Recent results on lung function and respiratory symptoms: Gardiner et al,
(2001)
More recent updates have reinforced this view. Gardiner et al (2001) reported results from
two cross-sectional surveys of lung function and respiratory symptoms – Phase 2 (1991-2)
with 2324 workers from 19 plants, Phase 3 (1994-95) with 1994 workers from 16 plants.
There was a substantial overlap of workers on both occasions. Mean current exposure to
inhalable dust was 0.77 mg.m-3 (Phase 2) and 0.57 mg.m-3 (Phase 3), with highest
concentrations up to 7.41 mg.m-3 and 3.26 mg.m-3 respectively. Estimated cumulative
exposures were, however, similar on both occasions, with mean of about 250 mg.month.m-3
and max about 3500 mg.month.m-3. Mean duration of employment on both occasions was
nearly 15 years.
Results, adjusted for age and cumulative smoking, showed a consistent effect of current
exposure to carbon black on the range of respiratory symptoms studied – cough, sputum
production, both together, and chronic bronchitis (both together, for at least 3 months of the
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year). The odds ratios for current concentration of 1mg.m-3 were in the range 1.3-1.8. These
are not trivial, but are much smaller than the range of 5-12 for the highest category of
cumulative cigarette smoking. Evidence on cumulative exposure and symptoms was
ambiguous. Both, current and cumulative exposure to carbon black, were related to lower
lung function – FEV1, FEF25%-75% and FEV1/FVC ratio. Both for symptoms and lung
function, there was some evidence that the effect of exposure was weakest in current smokers
(symptoms), and/or those with higher cumulative smoking (lung function). Analyses aiming
to separate the effects of current and cumulative exposures were largely unsuccessful at doing
so.
Recent results on radiology: van Tongeren et al, (2001)
Van Tongeren et al, (2002) reported, in passing, that cross-sectional results from Phases 2 and
3 of the carbon black study had confirmed the radiological findings of Gardiner et al, (2001),
i.e. of a strong relationship with cumulative exposures – a finding not unexpected, given the
overlap of subjects on the three occasions, and that cumulative exposures at the three survey
times will also have been strongly related to one another. Nevertheless, the consistency of
findings is noteworthy.
The main aim of van Tongeren et al, (2001) was however to study radiological changes
longitudinally, with a focus on changes between 1st and 3rd surveys, based on 675 workers.
The main dust exposure index used was cumulative exposure between surveys 1 and 3,
inhalable rather than respirable dust being used because of the greater precision of its
measurement. Small opacities were principally irregular rather than rounded. Progression
was higher in smokers, and in those with poor film quality at 1st survey, and was marked in
one of the 11 factories included. Adjusting for smoking habit and film quality, there was a
relationship of progression, and especially of new cases, with inter-survey cumulative
exposure. Regression and reversion also occurred, but were not related to exposure.
5.2.3

Commentary

These results do show some adverse effects of exposure to carbon black dust on respiratory
health. However, the main implications of these results are reassuring.
• There is some consistent evidence of effects on respiratory symptoms and lung function
(FEV1 and mid-flow rather than FVC), which appear to be associated principally with
recent rather than cumulative exposure.
• There is, in addition, clear radiological evidence of dust retention, though little evidence
of what is usually called radiologically-identified disease (i.e. category 2 or more small
opacities).
• In particular, the mortality study showed no strong and little suggestive evidence of
excess non-malignant respiratory disease and, though there is evidence of excess
mortality from lung cancer at two of the five factories, “the study has been unable….to
link exposure to carbon black with elevated risks of lung cancer” (Sorahan et al, 2001).
Epidemiology is an inexact science; every study has its limitations methodologically, many of
them unavoidable. Of the questions arising, we highlight three.
First, what do these studies tell us methodologically that is relevant to the conduct of future
epidemiology in the nano-particle industry? Methodologically, these studies give rise to
similar issues as would be expected to arise in any long-term occupational study of mortality
or morbidity. These issues are discussed in Section 5.4, later.
Secondly, could methodological limitations of either the mortality or morbidity studies have
given rise to misleading conclusions? i.e. is it possible that there are severe risks to health in
the carbon black industry, which these studies have failed to reveal? Small methodological
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variations would surely give rise to somewhat different results, but not to markedly different
conclusions. Whereas some work-related influence on risks of lung cancer or non-malignant
respiratory mortality cannot be excluded, particularly because of unavoidable limitations in
estimating cumulative exposures, it is most highly unlikely that severe work-related risks
remain unidentified. Results from the morbidity studies also seem generally consistent across
different medical surveys, and across radiological classifications by different readers. Finally,
the evidence from morbidity and mortality studies is consistent, in that neither points to a
marked serious adverse effect.
Thirdly what, then, does this imply for (i) current assessment of the risks from
nanoparticles and (ii) further epidemiological work to understand these better? Put
differently, can we already conclude that the risks from nanoparticles in other contexts are not
great? While the results from the carbon black studies are reassuring, there are several
reasons why they do not justify such a generalisation.
a. A key aspect which is missing from this argument is the size of the primary particles
underlying the exposure of workers in the carbon black studies. For example, Gardiner
(1995) notes differences in the particle size of the product, as follows:
• 9-29 nm channel black;
• 13-100 nm furnace;
• 30-200 nm lampblack; and
• 150-500 nm thermal black.
An understanding of how different primary particle sizes underlie workers’ exposures
would require a review of what carbon black factories produced nanomaterials, when that
production started, and how different occupations were differently affected at different
points in time – in effect, an elaboration of the job-exposure matrices developed by the
study team. Assuming that in general particle size has reduced over time, it is worth
noting that different indices of exposure, and so different analyses, may contain different
information about pimary particles of different sizes.
• Lifetime cumulative exposures (relevant to mortality and some analyses of respiratory
morbidity) will have been dominated by high occupational exposures in the past,
when dusts were coarser.
• Current exposures will reflect more recent conditions, i.e. at the time of surveys, and
so as recently as 1994-95. The cross-sectional analyses of lung function and
symptoms relative to current concentrations, and the longitudinal analyses of
radiology in relation to recent inter-survey dust exposures, may therefore better
reflect the effects of nanomaterial production than do the studies of cumulative
exposure.
• It is tempting then to try to identify whether the estimated risks vary over time, i.e.
across different Phases of the carbon black studies, in a way that suggests greater
toxicity at more recent surveys. However, epidemiology is not sufficiently precise to
identify reliably small real changes in risk coefficients across surveys, against the
background of all the other sources of variation that are necessarily in the data.
b. In discussion for this review, Dr. Martie van Tongeren pointed out that nanoparticles in
the airborne dust as sampled for the carbon black studies are found primarily in
agglomerated form. This view was endorsed by Dr. Rob Aitken, who has led an earlier
occupational hygiene review for HSE (Aitken et al, 2004). It is unclear to what extent the
results of the carbon black studies translate to other situations, for example where
exposure is to particles in their nanoparticle form. Similarly, it is unclear what happens to
agglomerated particles following inhalation – whether they remain bound, or they
separate, what influence surfactant may have, and what implications this may have for
toxicity. (It is likely that agglomerated particles from different sources and substances
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will behave differently in that respect.) It seems however, for toxicology, that the key
issue is the size of the primary particles, not whether agglomeration has occurred.
c. Finally, it is of course a key consideration that not all nanoparticles are the same. These
materials are being developed precisely because they are different – from the same
substances in bulk (coarser) form, and from each other – and so other characteristics of
particles may be relevant.
• This includes particle shape. Some of the new materials may be compact single
particles, some aggregated chains, some fibres. For example, the fact that carbon
nanotubes are fibre-shaped is certainly relevant to concerns about their possible
effects. (It may well be relevant to the actual risks also, and not simply the perceived
ones).
• Furthermore, particle chemistry is a key factor in driving potential toxicity. For
example, carbon black is a relatively inert substance whereas other materials being
delivered in a nanoparticle form (e.g. cadmium in quantum dots, or iron in
ferromagnetic beads) have higher intrinsic toxicity.
Given this diversity, it would be very surprising if their health effects were not also
different.
Section 5.3, following, has some information relevant to the diversity of effects of different
particles, from epidemiology studies in other contexts.
5.3
5.3.1

ADDITIONAL RELEVANT OR POSSIBLY RELEVANT EPIDEMIOLOGY
Occupational exposures

Titanium dioxide
The production of titanium dioxide (TiO2) can include the production of nanoparticles, and
there are epidemiological studies of workers producing TiO2. Most of these studies focus on
cancer, and the findings are generally negative. Thus, for example, a recent major study of
the mortality of 15,017 workers (14,331 men) employed in 11 factories producing TiO2 in
Europe concluded that the “results of the study do not suggest a carcinogenic effect of TiO2
dust on the human lung” (Boffetta et al, 2004). Hext et al, (2005) concluded that likewise
other major mortality studies, notably Fryzek et al, (2003), did not show a relationship
between lung cancer and past exposure to TiO2. However, they noted two studies of
respiratory morbidity showing no evidence of serious lung disease but some suggestive
evidence, not statistically significant, of dust retention (Chen and Fairweather, 1988) and of
reduced lung function (Garabrant et al, 1987), the latter possibly being attributable to titanium
tetrachloride.
Overall, these results are similar in nature to those for carbon black.
It does not follow, however, that the epidemiology is directly relevant to TiO2 in its
nanoparticle form. Nanoparticle TiO2 is a very small fraction of the overall market and, in
discussions for this review, Dr. John Cherrie, who led the exposure estimation for the IARC
study (Boffetta et al, 2004), said these were not among the 11 plants studied. This view is
supported by the recent review by Hext et al, (2005), who discussed the issue as follows:
“Some of the dust arising from the manufacture of pigmentary TiO2 will contain small
amounts of ultrafine particles and the industry is currently attempting to quantify this.
However, the ultrafine particles are known to agglomerate before release in the workplace
atmosphere and hence it is unlikely that exposure to a true ultrafine dust explains some of the
variations in lung cancer mortality between studies and factories. The epidemiology studies
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provide little information to evaluate and assess the health risks associated with the
manufacture of ultrafine particles, as this process did not start until the 1990s”.
Note that the toxicology studies conducted today nearly all use agglomerated particles, but the
nanoparticle form is always more potent at driving inflammation. . This is consistent with the
concept, discussed in the toxicology chapter, that surface area rather than diameter is the
primary driver of toxicity, since aggregated nanoparticles will have a surface area that reflects
that of the individual particles themselves.
Welding fume
Welders are exposed to very fine particles. There is a huge literature on mortality and
morbidity of welders. Thus, Antonini et al, (2003), in a review for NIOSH, concluded that
“Pulmonary effects observed in full-time welders have included metal fume fever, airway
irritation, lung function changes, susceptibility to pulmonary infection, and a possible increase
in the incidence of lung cancer”.
However, the effects depend on exactly what metals are being welded. As noted by Seaton et
al (2005): “Welding fume is undoubtedly toxic, although risks to welders other than that of
pneumonia are generally attributed to components of the fume other than iron.” It is therefore
difficult to extrapolate from the epidemiology of welders and welding fumes to that of very
small particles from the new nanotechnology industries. We note however that some of the
effects may be immediate (acute), as reported e.g. by Fishwick et al (2004) and Kim et al
(2005), even where the exposures were not considered to be exceptionally high.
Asbestos and ‘man-made’ mineral fibres
There is an extensive literature confirming excess cancer mortality (lung cancer,
mesothelioma) and respiratory morbidity following occupational exposure to asbestos, as well
as studies of other fibres. We make no attempt to review this here but note that it may be
relevant, because of the fibrous shape of some new nanomaterials. It is established from
studies of fibres that the characteristics determining toxicity are length greater than 10-15µm,
diameter less than 3µm, and solubility in the lung milieu, with a further contribution from
surface properties. Nanotubes with these characteristics might be expected to show similar
hazards; risks would of course depend on dose inhaled and retained.
Comments
From the viewpoint of estimating health risks and of carrying out informative epidemiology,
there are at least three broad conclusions that can be drawn, methodologically.
i.
The effects of dust depend not only on its size, but also on what kind of dust it is, e.g. if a
metal, exactly which metal? It follows that care needs to be taken in estimating risks
from new substances.
It does not necessarily follow that epidemiology is either
necessary or practicable for risk estimation – it may be possible to argue by analogy,
supported by toxicology – though alignment between results from animal studies and
from human studies may be imperfect.
ii.
It is important to characterise as well as possible the nature and size distribution of the
aerosols to which workers are exposed, and to track in sufficient detail workers’ time
spent in these conditions. There are limits to how well this can be done retrospectively.
iii.
Study power is a factor. This includes study size (numbers of subjects) and duration of
exposure. For studies of mortality it also includes length of follow-up.
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5.3.2

Particles in ambient air: studies of particle number

Evidence and results
It is well-known that daily variations in particles in outdoor air are associated with a very
wide range of adverse health effects, including increased cardio-respiratory mortality,
increased hospital admissions from respiratory and from cardiac causes, increases in visits to
primary care physicians (GPs), increases in work and school absenteeism, exacerbations of
asthma, and changes in detailed measures of respiratory and cardiac health such as lung
function and heart rate variability. Furthermore, long-term exposure to outdoor particles has
been shown to be associated with earlier mortality (reduced life expectancy) in adults and
with increased mortality in infants.
These results are based on studies of mass concentrations of ambient particles, for example
measured as PM10 or PM2.5, principally because mass concentrations in PM10 and,
increasingly, in PM2.5 also, are measured routinely in a wide range of locations in North
America, in Europe (including UK) and elsewhere. It has long been conjectured however that
small particles from combustion sources have a key role in driving the PM-health
relationships. This has led to an interest in epidemiology which can differentiate the effects
of ultrafine from larger respirable particles, using for example measure of particle size.
There is, as yet a limited number of relevant epidemiological studies, almost all from
Germany or from Finland. One of the German studies examines mortality (Wichmann et al,
2000). The other studies examine panels of people with impaired health, mostly pollutionrelated changes in the respiratory health of people with asthma, though cardiovascular health
endpoints have been studied also.
Papers up to and including those published in 2002 have been reviewed in detail by
Morawska et al, (2004). They conclude the following:
• There are adverse effects associated with the ultrafine fraction of respirable particles;
• Those effects are shown on mortality in the general population, and on panels of
individuals with asthma or other impaired health;
• The studies suggest a more-or-less immediate effect of fine particles as conventionally
measured (PM2.5), whereas the effect of ultrafine particles seems to be delayed by a few
days;
• This suggests that fine particles are insufficient as a surrogate for ultrafine particles.
In addition, there have been more recent publications which add information to the role of
nano-particles using the number metric as a surrogate measure. A study from Rome of out-ofhospital sudden death (Forastiere, 2005) showed that death was related to particle numbers in
the nano-size range, particularly on the day of death, but to a greater degree than either
particle mass or carbon monoxide concentrations. On the other hand, a study of elderly
individuals with coronary artery disease suggested that particle mass (PM2.5) was the more
important driver of health effects although particle numbers did relate to activity restriction
(de Hartog et al, 2003).
Commentary
These studies support the view that there may be particular hazards associated with
nanoparticles, and that epidemiology should aim to differentiate between exposure to nanoparticles and exposure to particles from other sources.
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5.4

CONSIDERATIONS IN CARRYING OUT LONG-TERM EPIDEMIOLOGY,
WITH SPECIAL REFERENCE TO THE NEW NANO-PARTICLES
INDUSTRIES

5.4.1

Introduction

The nature of the industry now, and how it may develop, has been described by Aitken et a.
(2004). We draw on that review as context, as well as on extensive experience of long-term
and multi-centre epidemiological studies in other industries (e.g. Hurley et al, 1994), in
considering the general issues of epidemiology as they may apply to future studies to
understand and quantify the risks to health from the new nano-materials industries.
The literature review above strongly suggests that there may be relatively mild adverse
respiratory effects from short-term or longer-term occupational exposure in situations where
nanoparticles are produced, although the extent to which these effects are attributable to
(agglomerated) nano-particles is unclear.
The literature review suggests also, however, that the methodological issues involved in
estimating these risks epidemiologically are not intrinsically different from those involved in
designing and carrying out long-term epidemiological studies in any industry – with the
obvious caveat that any epidemiological study needs to be tailored to the practical constraints
and possibilities of the specific industry being studied.
The main methodological issues identified are concerned with issues of study power and
exposure reliability. It is interesting to note that these were the issues also highlighted in a
recent Australian review, leading to recommendations for further epidemiology on the effects
on health of exposure to ultrafine particles in ambient air (Morawska et al, 2004), which
referenced a WHO report edited by Schwela et al (2002). In the context of ultrafine particles
in ambient air, they highlighted the need for:
•
•
•
•
•

Sufficient contrast, between high and low exposed people (or, between people exposed at
high and low concentrations);
Long enough periods of observation to enable study of latency;
Sufficiently detailed exposure characterisation such that the effects related to particle size
of interest (<0.1 micrometres) could be decoupled from other characteristics of the
particles or complex pollutant mixtures;
Large enough sample sizes to enable adjustment for confounders and the study of
susceptibility; and
Studies in different locations, with people exposed to different mixtures.

5.4.2

Issues relating to study power and design

Numbers of subjects
Having ‘enough’ people to study is always a consideration, and what is meant by ‘enough’
varies with study design. Where outcome is summarised as a binary (‘yes/no’) variable, and
assuming that exposure is characterised at the level of individual, then expected or actual
number of cases possibly attributable to exposure is a crucial factor. This in turn is
determined by the number of study subjects, by the prevalence or incidence rate of the
condition of interest, by the expected (actual) distribution of exposures, and by the estimated
(actual) exposure-related risk. A whole host of other factors, which we generally call
‘chance’, also influence the actual numbers.
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For longitudinal studies of morbidity (cardiovascular or respiratory disease) and/or for cohort
studies of mortality, the length of follow-up is also crucial. For morbidity studies, this
includes both the number of medical surveys and the length of time between them.
Observably, studies in the carbon black and titanium dioxide industries have involved several
factories, often in different countries, in order to obtain sufficient numbers for study, and
international collaboration is highly desirable and arguably necessary in planning
epidemiology in the new nanomaterials industries.
Typically, of course, studies have multiple outcomes, and sufficient power for studying one
outcome may not be sufficient for another.
Distribution of exposures/ distribution of exposure variability
Studies of exposure-response relationships require sufficient exposure variability in
exposures, and sufficient distribution of individuals across that distribution of exposures, to
provide the contrasts necessary to estimate relationships reliably. With respect to exposure to
nanoparticles in a laboratory or workplace situation there is the additional problem of
assessment of exposure and its measurement against a background of naturally-occurring
nanoparticles. The issue of what is the best metric – size-number, mass or surface area – is
one common to occupational and general environmental epidemiology (see below).
The distribution of exposures across individuals presupposes a view on what are the key,
biologically-relevant estimates of exposures. Assuming that lifetime cumulative exposure is a
key index, then exposure variability is decomposed as variability in (i) long-term average
intensity of exposure and (ii) duration (number of years) exposed. For new industries, there
will initially be little variability in duration of exposure. This will come only as some people
leave, and others start, over time. Variation in average intensity of exposure may be low in a
well-controlled industry. This may lead to studies where, at least initially, the main contrasts
are between exposed and unexposed people.
Prior assessment of the variability in exposure is easier for current concentrations and
exposures, which both the carbon black studies, and studies of particle number in ambient
particles, have shown to be health-related.
Identification and measurement of confounding factors
This is another key design issue. We make no attempt to be exhaustive. However, for
respiratory disease, including lung cancer, it certainly includes current and lifetime smoking
habits. For studies of respiratory disease, data on smoking habits are usually collected at
medical surveys, and often are unavailable for mortality studies, because mortality studies are
usually based on existing records, and data on smoking habits will usually not have been
gathered routinely. Subject to suitable permissions, it may be possible to ‘design-in’ the
routine collection of smoking histories among workers in the new nano-technology industries,
with a view to their use in future research. Associated issues of ethical permission and data
maintenance and access would need to be addressed. These will vary from one country to
another.

5.4.3

Issues relating to reliability and relevance of methods

Issues relating to reliability and relevance of methods are relevant also to study power and
design. However, they are sufficiently important that we consider them separately.
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Measurement of dust concentrations: which measure of particles?
While many aspects of epidemiology can be considered ‘routine’, epidemiology in the new
nanomaterials industries does raise important new questions about exposure metrics and so
we focus at some length on this issue. What to measure and how to measure it, is crucial.
Surface area
At this point it is difficult to make firm recommendations about the most appropriate metric
by which to assess exposure by inhalation to nanoparticles. Current toxicological evidence
suggests that, for most nanoparticles, the most appropriate metric is surface area. (This is
probably not universally true e.g. for particles which could be considered to be fibres, such as
some forms of carbon nanotubes, particle number may be more appropriate). However, direct
measurement of surface area in workplaces has not yet been shown to be practical for the
purpose of epidemiology. Although some equipment, based on diffusion charging, is
becoming available, this is still unproven, expensive and bulky and not suited to the collection
of personal samples.
Mass concentration
Conventionally, mass concentration is used as the metric in workplace studies. Typically, this
is used with size selecting entry stages so that the concentration collected corresponds to
either the inhalable or respirable fractions (CEN, 1993). The respirable fraction may be
considered to represent particles less that 5000 nm, the inhalable fraction larger still. For mass
to be used as a metric to assess nanoparticles raises the question of what would be an
appropriate size selecting inlet. Use of either an inhalable or respirable inlet would result in a
sample swamped by larger particles (assuming such particles are present in the workplace
air).
Although not commercially available, it is possible to design an inlet with a much smaller cut
point, say 100 nm. This raises two problems.
• Firstly, the sensitivity of such a system would be poor since the mass collected is likely to
be very low. This would require long sampling times (>1 shift) to collect masses greater
than the limit of detection.
• Secondly, aggregates with aerodynamic diameters greater than 100 nm would be
excluded from the sample. This is contrary to current thinking about the potential
harmfulness of these materials.
One useful improvement would be to collect a series of size-banded fractions, for example
with a cascade impactor. This would have value in that it would provide information on the
relative contributions of the various size fractions. However, a solution to the limit of
detection issue would still be required.
Particle number
Real-time measurement of particle number can readily be achieved using a range of
commercially available instruments. Most are based of optical particle counting. Particle size
information can also be obtained by linking these devices with particle classifiers or mobility
analysers. Particle counting methods are used for monitoring ambient aerosol and in the
analysis of engine exhaust and are now being used for the assessment of nanoparticles in the
workplace.
However, use of particle number may be dangerously misleading, even when combined with
mass information. There are three aspects to this.
i.

Any aerosol is likely to be present in a distribution of sizes. Where size information has
been collected for nanoparticle aerosols (e.g. Wake et al, 2001) it is common to find that
what is measured by the instrument appears to be the tail (at the large end) of the number
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distribution. It follows that the peak of distribution is below the resolution limit of the
instrument. Typically such instruments have limits of resolution from 5 to 20 nm and this
can vary between instruments of the same type as well as the same class and for the same
instrument at different times. This presents the potential for large scale variability in this
metric.
ii. This difficulty is compounded by what is likely to be a highly dynamic state for
nanoparticle aerosols. Nanoparticles in a high airborne concentration will in most cases
rapidly agglomerate (e.g. Preining, 1998). This means that a number count close to a
source will be much higher, possibly by several orders of magnitude, than that in the
general workplace. Therefore there will be large variability in this index depending of
where the sample is taken. In general, this will lead to underestimates of personal
exposure since most of the measurement systems (in particular those which provide size
information) are relatively large and not suited to personal sampling.
iii. The surface area of agglomerated particles is much greater than that of primary particles,
and approximates to the surface area of the same dose of primary particles. Insofar as
surface area is the main driver of inflammation, a particle number metric would
completely miss this, in that a large agglomerate comprising 1000 primary particles
would detected and counted as 1 particle.
It follows that low particle number does not necessarily imply low risk.
Conclusions
What would unify all of this is to use a metric of surface area. This appears to fit best with
current toxicological evidence (Chapter 2) and would deal directly with the issue of
agglomeration. Ideally a personal sampler would be available which could assess this metric.
However as indicated above is not really feasible at this time.
It is widely recognised that there is a need to look at these issues on a case-by-case base. Until
have a better understanding of the relationships between different metrics, for different
nanoparticles in different scenarios, we need to consider each case and devise the most
appropriate strategy and combination of measurements to arrive at the most useful metric.
Different aerosols in different industry scenarios will lead to different risks which may be
assessed by different combinations of measurement. Thus, for nanotubes it is likely that fibre
number should be measured, especially if the fibres are long (>20µm) and durable (bio
persistent).
In any case, it is also necessary to consider characterising exposures according to aerosol
mass and number concentration until further information and improved methods are available.
For each of these exposure metrics, but particularly in the case of mass concentration, sizeselective sampling will need to be employed to ensure that only particles within the relevant
size range are sampled.
Dermal and ingestion exposure
For dermal exposure, measurements should also be biologically relevant. At this stage there
is insufficient evidence to indicate whether mass, number or surface area is the most
appropriate metric. Measurement approaches should ideally also consider the skin area
exposed and the duration of exposure.
For ingestion exposure too, measurements should also be biologically relevant. There is
insufficient evidence to indicate whether mass, number or surface area is the most appropriate
metric.
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Measurement of dust concentrations: aspects of a measurement programme
i.

Base measurement programme on groups, or on individuals within groups? Or, put
differently, to what extent are measurements on one worker informative about
another? This is a classic problem to which there is not a general answer, but it is one
that needs to be considered in each instance. It may be that it is addressed in the
companion report on exposure estimation. Note that use of information about the
group is essential for retrospective estimation of past exposures.

ii.

Focus on average exposures, or ‘peaks’? This is an important question, but it is
impossible to specify what that might mean without clarifying if an epidemiological
study is geared towards estimating effects of long-term or short-term exposure. We
assume that the main focus will be on studies of long-term exposure, with possibly
specific studies of short-term effects designed within it, to provide early evidence of
possible effects. On that basis, ‘average’ may refer to a period of months, and ‘peak’
to a single shift, whereas for short-term studies, ‘average is a whole shift, ‘peak’ may
be a 15-minute period within it. Either way, it is fair to say that studies of particles
both indoors and outdoors suggest that reliable characterisation of average exposure
is crucial; information on peaks may in addition be important, according to the
postulated mechanism of effect, but it is likely to be subsidiary.

iii.

Frequency of measurement/ allocation of sampling effort: This will depend on
many factors, e.g. whether measurement is for individuals or groups; if for groups,
their likely size; the size of day-to-day (or shift-to-shift) variability. These
considerations were spelled out almost 50 years ago in the context of the
Pneumoconiosis Field Research (PFR) of the UK coal industry (Ashford, 1958), an
account which has rarely been bettered since.

Past occupational exposures
The importance and relevance of past occupational history will depend hugely on who is
employed in the new nanotechnology industries; and, especially, on the extent to which
workers in these new industries will have had a prior history of exposure in dusty
occupations. Nevertheless, a full lifetime work history will need to be taken, with trigger
questions about prior occupations and/or exposures of particular interest.
It may be that such a questionnaire can be administered on recruitment of the individual,
rather than only at medical surveys subsequently. This especially would be useful for studies
of mortality, where attendance at medical survey is not required.
Measurement of health: what to measure, and how often, in different study
designs
Mortality studies of effects of long-term exposure
Mortality studies – tracking date and cause of death – are relatively easy to put in place.
Monitoring of outcome is via standard systems – see below. The disadvantages are that time
is needed to get sufficient exposures, to get sufficient deaths for study (death rates will
increase anyway as the cohort ages), and to allow artefacts such as the health worker effect
(HWE) to work their way through the data, though exposure-response relationships should be
robust to the HWE.
Morbidity studies of long-term exposure
The studies of carbon black and titanium dioxide industries have focussed on respiratory
health, including lung function, respiratory symptoms and radiologically identified dust
retention or lung changes, as indeed had the large-scale studies in the UK coal industry (PFR)
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previously. Issues of design would include whether new studies should be repeated crosssections, or strictly longitudinal, studies. Given the numbers, longitudinal with new entrants
on each occasion seems best.
Undoubtedly, such endpoints would still be relevant. Studies of outdoor air have however
shown the importance of cardiovascular endpoints for mortality, both in studies of long-term
average exposure and short-term (‘daily variations’). Other indicators of cardiovascular
health, namely pulse rate, blood pressure and heart rate variability, have been shown to be
related to short-term exposure to ambient air pollution. (A consultation draft review, by the
UK Committee on the Medical Effects of Air Pollutants, of this body of literature is currently
(September 2005) available for comment on the COMEAP website at
http://www.advisorybodies.doh.gov.uk/comeap/expertreview.HTM.) It would be important,
therefore, to include measurements of cardiovascular changes among the health endpoints to
be studied.
Neurological endpoints may also be of interest.
Studies of short-term exposure
Two kinds of well-established study design are possible.
a. In occupational settings, it is usual to measure workers at the beginning and end of a shift,
and to relate changes over time to measures of their exposure during the shift.
b. Panel studies of the short-term effects of air pollution track individuals over time, with
measurements of health on one or more occasions each day being related to measures of
daily exposure – usually background ambient concentrations, occasionally measures of
personal exposures.
Health measurement is usually self-administered, e.g. by
questionnaire and/or peak flow measurement of lung function.
Either kind of design is workable in principle, in the new nanotechnology industries. Note
that panel studies, over time, have the great advantage that each individual is his/her own
control. Such studies are practicable, however, only if there are appreciable day-to-day
variations in the background and/or individuals’ personal exposures.
It may be useful and important to carry out some studies of effects of short-term exposure at
an early stage, to give guidance on whether or not exposure-related changes are identifiable,
and if so of what magnitude, even if these changes may be transient and to do in themselves
constitute cardiovascular or lung ‘disease’.
Consistency of methods over space and time
Issues of consistency within the research team
This is a basic training and management issue which, however, is especially important if
measurements are to be made/ data are to be collected by different people in different
locations, and in particular by people inexperienced in research. The issue is taken up again
in the next Section.
Issues of language and culture
Study instruments, especially questionnaires, may need to be administered in different
languages in different countries. Fortunately, there are validated translations of the more
widely-used questionnaires. Also, in longitudinal studies focus on within-individual
comparisons, with questionnaires in the same language over time.
Changes in methods over time
It is very likely that there will be improvements to relevant methods over the course of any
long-term study, giving a trade-off between comparable measurements over time, and ‘better’
later measurements. Again, there is no universal answer on how to handle this, but it helps to
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be aware of it. In some situations, e.g. readings of radiographs, new measurements may be
designed specifically to help ensure comparability and consistency.
5.4.4

Issues relating to study efficiency/ practicalities

Linking epidemiology with dust and health surveillance
There may be gains in efficiency, for any long-term prospective epidemiological study, by
linking data collection with existing systems, and/or by designing the data collections to
achieve multiple aims.
Dust concentrations
The relationship between dust measurement programmes for epidemiology and for routine
health surveillance and, for surveillance, the importance of statistically-based controls rather
than never-exceedance ones, have been long-standing themes especially in the work of Steve
Rappaport (Rappaport, 1991; Rappaport and Smith (eds) (1991)). The issues identified there
are still valid and relevant.
Links with surveillance systems imply that monitoring for research purposes is done by
company staff. This requires training and auditing, to ensure consistency of methods and
integrity of data. For an example of such an arrangement, for research and surveillance
purposes, see Groat et al, (1999) in the context of the ceramic fibre industry.
Health data
In discussions for this review, Dr. Mike Attfield (NIOSH, Morgantown) highlighted the
possibilities of linking prospective epidemiology with any requirements for health
surveillance that might be required or considered desirable. This might require special care in
ensuring quality and consistency of medical measurements. Miller et al (1996) is an example
of a study where research and surveillance were linked, and measurements taken by staff in
the medical departments of factories, after due care with protocol preparation and training.
Links with standard reporting systems
Again, with sensible early design of systems, and the co-operation of management, unions or
other workforce representatives, and individual workers, it may be possible to design in a
number of aspects which will facilitate and improve the quality of future epidemiology.
i.

ii.

iii.

iv.

Work histories are usually maintained by companies for payroll and/or personnel
purposes. Often, the level of detail is not what is needed for epidemiology. Following
informed occupational hygiene evaluation of the workplace, the standard occupation list
could be modified (elaborated) so that information was recorded at a level of detail useful
for epidemiology. Care and audits would be needed to ensure that the information was
recorded accurately, insofar as it were to be used for later research purposes only.
It may be possible, and worthwhile, to put in place a detailed system for recording time
spent by individuals. In the days before computerisation a manual system involving
45,000 records per week was put in place, as part of the PFR research (Fay and Ashford,
1964). This was enormously resource-intensive, but modern computer-based systems
could greatly lighten the burden of data processing.
Follow-up of individuals after leaving employment is an integral part of any long-term
prospective occupational study. Again, with suitable co-operation, systems could be
designed-in from the outset. Where relevant, links with company pension schemes could
be considered as a possible way of gaining efficiency.
Studies of cancer incidence and mortality depend crucially on linking information with
standard systems and, where appropriate, ‘flagging’ individuals for the research team to
be notified when relevant. Different countries vary in what is possible in this regard, but
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occupational mortality studies are nevertheless carried out successfully in a wide range of
countries.
Winning and maintaining co-operation
Work to win and maintain co-operation of a wide range of stakeholders (e.g. industry/
management; workforces/ unions; individuals; ethics committees) is essential.
5.4.5

Studies of individual users

The considerations above really apply and come into play for studies in defined companies
and industries, whether producer industries or user industries.
Insofar as studies of individual uses are concerned, there are much greater problems in
carrying out successful epidemiology. We suggest that these are not the place to start when
considering what needs to be done.
5.5

RESEARCH RECOMMENDATIONS REGARDING FUTURE EPIDEMIOLOGY
IN THE NEW NANO-TECHNOLOGY INDUSTRIES

These recommendations are in part about methodology, in part about substantive studies.
They not not include epidemiology of (nano) particles in contexts such as outdoor air
pollution, where a separate (and to some extent linked) research agenda is already in place.
5.5.1

Further analysis of existing research datasets, especially carbon black

Discussion with key researchers (Dr. Martie van Tongeren, Dr. Tom Sorahan) confirmed a
view that there is scope for further useful analysis of the core mortality and morbidity datasets
from the UK/ European carbon black industry.
• A further update of the UK mortality study would yield up to ten years of further
mortality data.
• Further analyses of the existing carbon black morbidity data, e.g. longitudinal analyses of
lung function, is also both possible and desirable.
• Both sets of analyses would be enhanced if it were practicable to estimate exposure
indices that reflect the size distribution of the primary underlying particles. The extent to
which this is feasible should be reviewed. The basic measurement data (workplace
concentrations, data on time worked) for the morbidity study are still available, so that
linking concentration data and time worked in different ways is possible.
• A European-wide mortality study, based on those included in the morbidity study, should
be considered.
5.5.2

Pro-active development of systems for future epidemiology

The conduct of future epidemiology will be greatly enhanced is it if possible to get buy-in
from management, unions, and others to:
• the principle of future epidemiology as an integral part of the assessing the safety of new
nanomaterials; and
• those methods and systems, such as have been described in Section 5.4 earlier, which
will facilitate such future epidemiology.
Co-ordination of these methods across industries will be both efficient in both senses, of
limiting duplication of effort, and of enhancing the ability later to compare results across
industries.
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We strongly recommend such proactive development and implementation of systems in new
industries, as production of nanomaterials in different contexts comes on-stream.
• This would include setting up systems to track workers in the newly emerging industries
as they move employers. There may be a need to consider incentives to individuals to
continue to participate in such schemes.
• They would include collection of baseline data on entering an industry, the recording of
occupational histories in a way that is relevant to future epidemiology, and the detailed
tracking of occupation and location in a way that can be linked effectively with a
workplace dust measurement programme.
• It also would include active collaboration with other countries, to gain in study power
from including a wider range of facilities and greater numbers of subjects.
The measurement of exposure and of health for future epidemiology could be linked with a
planned programme of measurements for surveillance and control.
The benefits of working to one of the emerging standards of Good Epidemiology Practice
(GEP) should be considered.
5.5.3

Exposure metrics: recommendations

For inhalation, the most appropriate metric for assessment of exposure to most nanoparticles
is particle surface area. Currently there are no effective methods available by which particle
surface area can be assessed in the workplace. There is a need for more research into the
development of new improved methods, combinations and strategies to provide reliable
assessments of exposure to nanoparticles and nanoparticle aerosols. Development of
appropriate methods to evaluate dermal and ingestion exposure is also necessary.
5.5.4

Linking concentrations and time worked

The ideal, when recording histories and exposure measurements, is to leave sufficient detail to
permit flexibility in what exposure metrics might be calculated in the future; and that these
may include latency/lag considerations, so calendar time is an important variable.
5.5.5

Health effects: recommendations

Studies such as the carbon black study have shown, once again, the usefulness of standard
respiratory health outcomes. However, these were designed for measuring the larger effects
of heavy exposures in big cohorts, and it is unclear if they will be sufficient if exposures are
lower and/or effects are more subtle. (There is substantial natural variation in lung function
measurements; symptoms measurement by self-reported questionnaire is crude, and radiology
depends heavily on subjective assessments, particularly for small changes). Future
epidemiology should include consideration of what newer outcomes might be used, or might
be developed, for the direct investigation of early effects such as inflammation, e.g. lavage,
blood samples etc. Such methods might be especially useful in short-term studies, and indeed
would be practicable only on a small scale. For the one-shift studies cardiovascular effects
might be looked at by Holter monitor or some other real-time recording.
5.5.6

Confounding factors

As well as standard confounding factors such as smoking habits, other characteristics (diet;
possibly genetic factors) should be considered.
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5.5.7

Studies of morbidity effects of short-term exposure

It is likely that the most important effects are those from long-term exposure. However,
studies of short-term exposures can be useful in several ways. First, they provide results
quickly, and so can give early indications of whether particular new processes are likely to be
harmful in the longer term. Secondly, they allow the testing of measurement methods,
especially the measurement of exposures. And thirdly, they keep in focus the importance of
limiting possible future health effects.
5.5.8

Studies of mortality and cancer incidence

These are relatively easy to set up, with the assistance of national agencies (Office of National
Statistics; National Health Service Central Register). These systems, including cancer
registry data, are well developed and of high quality in the UK.
Mortality and cancer studies are a resource for the longer term – it will be many years before
they produce useful results.
There is enormous added value if studies of mortality can be linked with morbidity studies at
time of entry into the industry.
5.5.9

Studies of the morbidity effects of long-term exposure

This is an important aspect, possibly linked to health surveillance of workers. The only
immediate question is whether to put in place systems for a detailed survey of individuals at
time of entry into the industry, or to await a full field survey at some later time thereafter.
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6 CONCLUSIONS
6.1

WHERE ARE WE NOW

The RS/RAEng report made three points in particular of relevance. First, it defined
nanoscience in terms of the scale at which material properties differed from the same material
in larger scale. Implicit in this is the recognition that industry would have no need for such
materials unless they had these different physical, chemical and biological properties.
Secondly, it pointed out that there were many nanotechnologies rather than one. In this review
we have considered only one of these, the production and use of nanoparticles, but it has
become apparent that this one in fact encompasses a wide range of very different products and
production methods with many applications of potential benefit to mankind and the
environment. Thirdly, it emphasised the difference between hazard, the potential to cause
harm, and risk, a quantification of the likelihood of such harm occurring, and pointed to the
importance of dose to the target in determining the latter.
The reader of this review might well initially be alarmed by the discussion of wide-ranging
hazards across the ecosystem, including many with the potential to affect mankind. It is
important to remember that at present we are discussing hazard. The relevant
nanotechnologies are at an early stage in their development and little if any manufactured
nanomaterials in particulate form have yet reached any target organisms. Traditionally, a new
technology does not receive so much attention until there is some evidence of harm having
occurred. However, the debate on genetically modified organisms has shown how public
anxiety can act as a brake on technological development at a relatively early stage in the
process, preventing not only possible harm but also possible benefits. Thus, a new process is
now required in the introduction of such new technologies, recognising and addressing
concerns raised at the earliest possible stage and ensuring that the public is informed and is
able to contribute to the debate.
The only mention of risk in this review comes in the chapters on human studies.
Epidemiology relates exposure to outcomes in populations, and thus is able to comment on
the likelihood of an adverse effect occurring. Necessarily, it is only able to measure risk if
sufficient numbers of people have been exposed for a sufficient time for adverse effects to
occur. It does however allow for argument by analogy. Thus, in terms of human health, the
RS/RAEng report pointed to two situations in which humans had been exposed to
nanoparticles and effects observed – air pollution and asbestos. Firstly, research in the latter
field (too well-known to need review here) has shown the characteristics of fibres that were
responsible for carcinogenesis and fibrosis of the lungs, and it was argued that individuals
exposed to sufficient dose of nanotubes might expect to undergo similar risks if the nanotubes
had the critical characteristics of asbestos. Secondly, research into air pollution has noted
relationships between exposure to very low doses and risks of lung and heart disease, and this
has been attributed to the nanoparticulate component of the pollution. These epidemiological
observations led to a body of toxicological research on nanoparticles that has demonstrated
such particles to have different properties in biological systems than the same material in
larger scale. However, the fundamental hypothesis, that the observed effects of particulate
pollution are due to its nanoparticle component, remains unproven.

6.1.1

Manufactured spherical nanoparticles

As a matter of convenience, air pollution toxicology has used, in addition to actual air
pollution, various model pollutants that are in fact manufactured nanoparticles, such as carbon
and titanium dioxide. This has provided sufficient evidence to conclude that such particles do
have different properties, generally making them more toxic than the same materials at larger
scale. In particular, it has shown that they may transgress tissue surfaces and cell membranes
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and cause cellular and whole organ responses and disperse through the body more readily
than larger particles. It has also, however, pointed to the critical influence of surface area,
surface contaminants and surface properties on such outcomes. It is recognised by the
pharmaceutical industry that alteration in surface characteristics may determine the action of
such particles when used in therapeutic mode, and it is recognised that the two scientific
communities would have useful lessons for each other.
With respect to human health, relevant studies of welders and carbon black workers have
produced results that raise some concern but that do not clearly implicate nanoparticles rather
than other confounding factors. It is apparent that such workers have been exposed to
concentrations in mass terms that equate to extremely heavy doses in nanoparticle number
terms. This is reassuring if one takes the view that individuals involved in the manufacture of
more sophisticated functional nanoparticles are unlikely, because of the particles’ commercial
value, to be exposed to similarly high concentrations. This does not apply to individuals who
may be recipients of nanoparticles injected directly into the blood for therapeutic purposes,
where a small dose of a few milligrams would translate into many millions of particles.
The issue of skin absorption of nanoparticles is of obvious importance when these materials
are introduced into cosmetics and sunscreens. Human epidemiological research on the use of
sunscreens indicates an increased risk of skin cancer, but this is likely to be explained by such
individuals being those who expose themselves most to sunlight. Toxicological research in
general is reassuring in that most of these particles seem not to penetrate beyond the
superficial layer of the skin, but there is a need for such research to be extended beyond the
annals of the manufacturing companies.
Finally, the introduction of nanoparticles into ecotoxicological research is at a very early
stage. Since a major role for such materials, not necessarily in dispersed format, is foreseen in
pollution clearance, there is an obvious need to ensure that risks of adverse side-effects are
minimised. To date there is limited toxicological evidence that some nanomaterials may have
adverse effects on some organisms. Again, hazard is possible, but we know nothing of risks.
6.1.2

Manufactured nanotubes

Nanotubes promise to have many important applications and are already present in a number
of materials. Since they may be many micrometers in length, only a few nanometers in
diameter and are very strong, they imply an important risk if individuals are exposed to large
numbers by inhalation. Since it is foreseen that they will be produced in large amount as
industries find more uses for them, there is a possibility of widespread access to the general as
well as the workplace environment. On the other hand, they are generally produced in
enclosed processes or under liquid and when used may be bound into solid materials from
which their release is unlikely. Nevertheless, the paradigm of asbestos is one that needs to be
taken seriously. At present, toxicology of nanotubes is at an early stage, hindered by
difficulties in separating the material into individual fibres (a characteristic they share with
Kevlar, another synthetic fibrous material that clumps into bundles and is a component of
solid materials). There is early evidence that nanotubes, at least in some formats, may entail
hazard on inhalation.
6.2

WHAT WE NEED TO KNOW

A simple response is that since we know so little about nanoparticles, we need to know a great
deal, and a reading of this review might lead to the conclusion that the task is so vast that it
can never be accomplished with realistic levels of resource. There are already very important
human health and environmental priorities – HIV, malaria, influenzal pandemics, crop failure
and global warming – with which this research must compete and which are almost certainly
much more important. Nevertheless, the technologies are regarded as being of enormous
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potential benefit to humanity and to the ecosystem and may become all-pervasive; it is
important that they are allowed to progress while at the same time any possible harmful
effects are foreseen and minimised. Thus, as the RS/RAEng report has recommended,
research into hazard and risk must proceed alongside research into development and
applications.
Any research might reasonably focus on those materials in use or likely to become important
in the market place. This requires a clear understanding of what these substances are and of
how they might impact the human and general biological environment. It requires such
substances to be characterised and methods for their measurement in appropriate
environments to be devised. It requires a bank of such materials to be established for use by
researchers so that experiments can be repeated, results compared and generic issues
surrounding the influences of, for example shape, length, surface properties, on toxicity. And
it requires the establishment of a database accessible to all researchers on the state of the art.
Toxicological research can then be guided by an understanding of the probable applications of
the particular substances.
6.3
6.3.1

THE WAY FORWARD
Understanding hazard

The toxicological issues have been reviewed in chapters 2 and 3. In our view, research needs
to be guided by information about which materials are likely to be important enough
economically to pose a risk of entering the human or natural environment and have potential
to impact on the health of organisms. The medium in which the particles enter the
environment should determine the particular area of research. It is apparent that
pharmaceutical companies envisaging the injection of functional nanoparticles would carry
out the necessary testing but it is important that such testing, which would presumably include
tests of biodegradability, takes account of effects distant from the target organ or cells. Use of
nanoparticles in skin applications requires special justification that such particles are not more
toxic then larger ones; it is clearly the responsibility of the manufacturers to demonstrate to
the public that this is so. Escape of nanoparticles into the air of the workplace or general
environment would imply the need for research wholly analogous to that currently carried out
by researchers into air pollution, and the resources for these should sensibly be combined. Use
of nanoparticles in water systems will require study of effects on relevant organisms.
As part of such research, there are generic issues to address regarding fundamental aspects of
particle toxicity. What is it about size, and what size, that makes for different behaviour in
biological systems? How do differences in surface properties affect behaviour? Can small
particles entering cells have genotoxic effects? How are particles distributed around the body
and within cells? What determines biodegradation and excretion? There is overlap between
these toxicological issues and the research of those in the pharmaceutical industry which
points to the need for an active dialogue between the two.
An important issue is the characterisation and measurement of nanoparticles. In order to
understand toxicological effects, an early step would be to establish a bank of materials, well
characterised in terms of physico-chemical properties and available to all researchers. The
establishment of such a bank would be dependent on discussion between academics involved
in nanoscience, individuals in industry concerned to develop them and toxicologists; such a
discussion should be facilitated at an early stage. A further related issue concerns
measurement and quantification of such small particles, in air, water and other media. It is
apparent that the way forward depends critically on collaboration between scientists from a
number of very different disciplines. The organisation of scientific research in Britain does
not always fit well into this pattern; it is important that DEFRA continues to collaborate
actively with other Government departments in order to maximise the value of any research
sponsored.
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6.3.2

Understanding risk

When nanoparticles have been shown toxicologically to imply hazard, it is necessary to
attempt to estimate risk. Such estimates are not essential to reduction of risk, since pragmatic
measures can be taken, according to well-established principles, to do this on a precautionary
basis. They are however an important guide to what measures need to be taken and to the
amount of resource necessary to devote to them. There is already some guidance from
epidemiology and human exposure studies implying that risks from a number of nanoparticles
is relatively low. This research should continue, the emphasis perhaps switching to study of
exposure to pure materials rather than the more complex industrial products such as diesel
particles and carbon black. However, cohorts of workers exposed to industrial nanoparticles
will provide useful indicators of the amount of exposure at which effects might expect to be
detected, and special efforts should be made to characterise the nanoparticle exposures of
such workers. It is moreover important that, since nanoparticles by definition have different
properties from the same chemical but in larger scale, the exposure of those working with
such new materials be characterised in a way that reflects nanoparticle exposure. In any major
industry in which exposure to new nanoparticles is likely, consideration should be given,
perhaps under the COSHH process, to establishing a cohort of such workers.
Any study of risk to individuals or organisms in the ecosystem from nanoparticles requires
quantification of exposure. At this time, there are serious difficulties that are discussed in the
parallel review of exposure issues. How, for example, does one characterise exposure to new
nanoparticles against a background of natural air or water nanoparticles? What metrics best
characterise toxic potential of nanoparticles? What is likely to happen to nanoparticles
incorporated into materials in the life cycle of those materials? These and other issues are
central to understanding risk and again emphasise the need for a multi-disciplinary approach
to any research undertaken.
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APPENDIX I - RESULTS OF THE INTERVIEWS
A.1.

INFORMATION FROM THE TOXICOLOGY INTERVIEWS

The points raised by interviewees are contained in more detail in the appended Tables A to L.
1. In summary Dr Powell pointed out the almost complete lack of any data on the effects of
NP in the gut, especially how they could upset the normal tolerance system that is based
on endogenous particles of calcium phosphate. Dr Krug focused on the need for research
on the pro-inflammatory and translocation properties of NP, the need for in vitro models
and requirement for research on the effects on the blood and cardio vascular system. Dr
Kreyling emphaseod the need for toxicokinetic data, the obvious lessons to be learned
from nanomedicla uses of nanoparticles, the role of adsorbed endogenous molecules and
transfer to the brain. Dr Oberdorster highlighted brain transfer mechanisms, blood and
circulatory effects and the uptake mechanisms in the lung and skin. Dr Castranova
outlined the NIOSH programme, highlighted nanotubes, and mentioned the imporance of
skin transfer and cardiovascular effects. Dr Warheit mentioned the importance of gaining
data on particles that were used in high amounts, such as fullerenes and TiO2; he also
emphasised the role of coatings and highlighted the continuing importance of the lungs as
the target organ. Dr Newby emphasised the role of cardiovascular maechnisms in adverse
effects, especially atherothrombosis; he pointed out the likely central role of
atherothrombsosis and the possibility of both indirect inflamtmory effects and direct
particle effects. Prof Borm noted the mismatch between data on combustion nanoparticles
and engineered nanoparticles and the lack of generalisability in toxic potency between
different nanoparticle types– a fact recognised by many inteviewees. He also pointed out
the importance of coatings and the need for a structure activity approach. Dr MontieroRiviere specialises in the skin and highlighted problems of detecting transfer through the
skin and the need for standard tests and better identification systems.
2. Most of the interviewees commented that there was no evidence yet to enable
generalisations on the action of NP in general from studies with any single NP.
3. Several interviewees commented on the absence of sound toxicokinetic data that would
guide future research, despite this, several reviewers urged research into translocation,
especially to the brain.

A.1.1 Insights into ongoing research from interviewees and other ongoing
studies
It is important to point out that for any of the studies outlined below, there are likely to be
only one or at best a few NP being tested. It is clear that we are not in a position to make any
generalisations about NP toxicity from studies with one or two particles. This means that,
although some properties of NP are being studied this does not necessarily mean that we will,
from them, have a good understanding of NP in general.
Interviewees European studies (brackets = initials of interviewee)
Genotoxicity studies with NP/NT (HK)
Effects of NP on migratory and structural behaviour in cells in tissue (HK)
TiO2 microparticles and gut immunity (JP)
Effect of size on toxicokinetics of instilled gold particles (WK)
Adsorption of endogenous molecules onto NP surfaces (WK)
Effects of inhaled diesel NP on vascular function (DEN)
Interviewees USA studies
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Rat inhalation studies with nanotubes (DW)
Routes of transfer of NP to brain following inhalation (GO)
Online database towards a structure/activity paradigm for NP toxicity (VC)
Dermal penetration of Q-dots and nanotubes (VC)
Translocation from lungs to gut for Q-dots and SWNT (VC)
Vascular function after inhalation of NP TiO2 (VC)
Pulmonary effects of fullerenes, TiO2 and NT (DW)
Modifying role of coatings (DW)
Transfer of NP through various models of skin (NMR)
Japan
The following is digested from a meeting of the Japanese Research Society /Royal Society on
nanotechnology safety research attended by the reviewer. The focus of research in Japan has
been diesel nanoparticles and there is planned work on manufactured NP (Table L) (see also
http://www.royalsoc.ac.uk/document.asp?id=3862) for details of the meeting. However there
is an intention to focus on the oxidative stress and inflammatory effects as a common
mechanism. The Japanese research is also building on experience with combustion
nanoparticles like diesel that show enhancement of allergic inflammation by particle
exposure. Collaboration was encouraged.
European projects
Table K gives abstracts of the main European projects on nanoparticle safety. None of these
address toxicology except Particle Risk. Nanoderm addresses transfer of TiO2 particles across
skin and has not published yet. Particle Risk will use well- characterised carbon nanotubes,
quantum dots, C60 fullerene, nano-sized gold and elementary carbon particles and them.
Methods for quantifying NP in tissues will be developed. 1) A mouse model will be used NP
to assess the translocation of NP in body organs, 2) a short-term multi-dose ingestion
experiment will evaluate the dose-response relationship in vivo, 3) primary hepatocyte and
Kupffer cells exposed to NP (from WP1) in an in vitro model of liver toxicity.4) pulmonary
and endothelial cell lines will be exposed to NP in an in vitro model of pulmonary and
cardiovascular toxicity, 5) a short-term inhalation model with healthy and geneticallyengineered mouse models of susceptibility with tracer NP to determine the translocation route
from the lung to the circulation and the cardiovascular system, 6) intratracheal instillation in
genetically-engineered mouse models of susceptibility to assess the relative toxicity of each
NP type.
Ongoing or near future research areas highlighted by the interviewees and the projects are
described in Tables K and L.
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Table A1. The main topics that are being addressed in nanotoxicology projects are
summarised above, based on the responses of the US and European interviewees,
European and Japanese projects and the reviewers knowledge.
Topic
Translocation of NP

NP studied
Q-dots, gold, carbon,
NT

Inflammatory effects of NP in lung and other tissues

Metal oxides, NT,
TiO2, fullerenes,
carbon, metal oxides,
metallic NP, NT, gold,
carbon nanowires

Effect of NP on blood endothelial cells and platelets and vessel wall
function

Carbon, TiO2, CNT,
fullerenes, gold,

Behaviour within cells e.g. cytoskeleton, DNA , mitochondria

TiO2, Q-dots

Dermal uptake

Q-dots, fullerenes

Interaction of NP with nerves and brain

Carbon, CNT

Genotoxic effects of NP

Carbon, metal oxides
metallic NP, NT,
carbon nanowires

Effects of NP on tissue structure

Carbon, metal oxides
metallic NP, NT,
carbon nanowires

Adsorption of host molecules and effects on toxicity /translocation

TiO2, carbon

Effects of NP in in vitro models of liver

NT, TiO2, fullerenes,
carbon, NT, NP gold,

Table A2. The predominant NP types to be used in ongoing and near future research
show in K and L and known to the author.
Quantum dots
NP TiO2
Nanotubes
NP Metal oxides and metallic
particles
NP Carbon black
NP Gold
Fullerenes

Research Report

99

Table A
Expert
Dr Jonathan Powell
UK

Specialty area
Gut

Expert on bowel
diseases and uptake
of particles by the
gut
Interviewed 3/8/05

Research Report

Summarised statement as bullet points
• There is nothing known about the effects of NP/NT on the
gut
•

All of the following is argued from data obtained with fine
particles

•

A cyclical system exists in the gut for calcium phosphate
release and uptake as particles

•

The transit of calcium phosphate particles through the gut
is physiological and normal

•

The advantage of this process relates to bacterial antigens
adsorbed on to the particles that are tolerising to the
immune system specifically in association with calcium
phosphate

•

Other types of particle such as TiO2 may usurp this
tolerising pathway by presenting the same antigens in a
different form and activating pro-inflammatory pathways
leading to sensitisation rather then tolerance

•

Thus NP TiO2 and by implication other particle types, are
adjuvant in effect leading to gut immunopathology

•

NP could also take up bacterial toxins and focus them or
present them in ways that mimic live bacteria and so cause
an enhanced response in gut cells which could lead to
inflammatory gene expression or apoptosis

•

Different NP types may well have very different
adsorption profiles for these bacterial products and so
could elicit particle-specific effects

•

The role of NP on inflammatory bowel disease requires
investigation
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Table B
Expert
Dr Harald Krug
Germany

Specialty area
Cellular
interactions

Expert on cellular
effects of
nanoparticles

Summarised statement as bullet points
• In Karlsruhe there is a major research undertaking on
nanotoxicology in view of the concentration of chemical
and materials research laboratories there
•

There has been a research programme running for 2-3
years on cellular/molecular nanotoxicology

•

Main areas of research on cells and NP are
i.
uptake and transport in and through cells with a view
to understanding the how NP affect barrier functions
of the lung and the blood/brain barrier
ii. inflammatory capability of NP focusing on the
initiating event for inflammation e.g. oxidative stress,
endosome formation
iii. Developing cell models of the lung using several cell
types and exposing directly onto the epithelial
surface i.e. air/cell interface

•

Future work will address
i. Genotoxicity of NP
ii. Migratory and communication behaviour of cell in
tissue exposed to NP
iii. Use of NP as sensors of biological change for
nanomedicine and cell analysis
iv. A German-wide project on sustainability of NT
v. Particles to be used:-Carbon, metal oxides metallic
NP, CNT, carbon nanowires

•

Gaps in knowledge were identified:i.
Systemic effects and toxicokinetics (noted that W
Kreyling was covering this)
ii. Interaction of NP with nerve endings and migration
along neves
iii. Systemic effects especially lung to gut to blood
iv. Differences between NP types in and the
physicochemical characteristics of NP in relation to
the biological activities

Interviewed 3/8/05
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Table C
Expert
Dr Wolfgang Kreyling
Germany
Expert on
toxicokinetics,
Involved in EU
strategy for NP
research and in EU
projects.

Specialty area
Toxicokinetics

Summarised statement as bullet points
• The toxicokinetics of nanoparticles is
completely unknown
•

This is true even in nanomedicine where drug
as are on a particle carrier

•

In nanomedicine the particles should be
looked on as different entity to the drug and
their toxicology and toxicokinetics
understood

•

There is a paradox to be resolved in the
injection of nanoparticles for chronic disease
such as lung and cardiovascular, versus the
knowledge that NP exposure causes and
exacerbates such chronic diseases

•

We need to consider different categories of
NP and the life cycle analysis is necessary to
identify total population being exposed (this
is discussed in the main text see Table 1)

•

‘bulk manufactured’ NP can be high in
metals and could be toxic

•

More sophisticated NP could have more
complex toxicological and toxicokinetic
impacts

•

Pilot studies with 1.5nm versus 18nm gold
particles showed very dramatic differences in
toxicokinetics, with the smaller particles
generally showing a greater and more
protracted tendency to redistribute around the
body

•

The endogenous molecules of the lung
surface bind to particles and mediate their
handling by lung cells ; adsorption of these
may differ between different NP types and so
modulate their fate and toxicity

•

The adsorption profile of endogenous
molecules could change as the NP move from
the lung compartment to the blood etc.

•

The toxicokinetic of brain transfer from the
lungs is especially important

•

This be studied in interactions between
particles and brain cell in vitro, especially
glial cells

•

Methodology of measurement of dermal
uptake are limited and should be improved

•

When considering very small particles we
should not lose sight of the fact that a trivial
mass can contain huge numbers of particles

Interviewed 4/8/05
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Table D
Expert
Dr Gunter Oberdorster
USA
Expert on particle
toxicology. Director of
an EPA particle centre
that specialises in
nanoparticles. Member
of numerous
committees and panels
on the toxicology of
nanoparticles
Interviewed 4/8/05
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Specialty area
Nanotoxicology

Summarised statement as bullet points
• Human exposure data is urgently needed to
complete risk assessment
•

Translocation to the CNS is important and
could occur via
i.
Olfactory nerve
ii. Trigeminal nerve
iii. Through blood brain barrier (known to
be breached by certain coatings on
medical nanoparticles)

•

Use of surfactants in vitro may change the
surface properties and so toxicity etc (but is
necessary for in vitro studies)

•

Levels of exposure will be low and so lung
inflammation may not arise

•

NP may pass straight into the interstitium so
interstitial inflammation could occur and not
detected by BAL

•

Interactions with endothelial cells and
platelets may be key

•

Not convinced by human studies on blood
transfer, so currently investigating blood
transfer using C14- labelled particles

•

Translocation to the blood ,if it occurs in
humans, will be low as exposures will be low,
except I the case of medical NP

•

Depending on toxicokinetic the liver, spleen
and bone marrow might be important targets

•

Adsorption of lung lining molecules will
modify fate and toxicity of NP; this could
differ for different NP

•

Coatings will modify toxicity

•

Movement within cells probably occurs as
membranes may not be a barrier and role of
cytoskeleton could be emphasised

•

Uptake into skin exposes a rich network of
dermal nerve endings to NP and there could
be transport/uptake with unforeseen
consequences
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Table E
Expert
Dr Vince Castranova
USA
Head of the NIOSH
nanoparticle toxicology
programme. Member
of numerous
committees on the NP
hazard and risk
globally
Interviewed 5/8/05
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Specialty area
Nanotoxicology

Summarised statement as bullet points
Dr Castranova outlined the NIOSH program
which over 3 cycles of project initiation, has
aimed at the main NP problems as identified by
NIOSH
•

Characterise the types of exposure to NP that
are extant in US industry?

•

Develop NP exposure systems for
experimental proposes

•

Pulmonary toxicology of SWCNT

•

Cardiovascular effect of SWNT

•

Surface area as a dose metric in vivo and in
vitro

•

Effect of filters and fuels on NP production
by diesel engines in mines

•

Risk assessment based on the above studies
from rodents to humans

•

Develop an online database for the purposes
of characterising the physicochemistry and
toxicity of NT to aid development of a
structure/ activity paradigm

•

Measure NP generation in the various
processes in a working automobile plant

•

Dermal exposure and penetration through the
skin using quantum dots and SWCNT.

•

Translocation of NP from the lungs to the
blood and to target organs using Quantum
dots and gold- labelled SWCNT – early
results suggest that there is translocation

•

Toxicity of fine and ultrafine metal oxides in
the lungs

•

Cardiovascular response of fine and ultrafine
TiO2 with vascular function as the endpoint
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Table F
Expert
Dr David Warheit
USA
Head of particle
toxicology Du Pont de
Nemours
Member of numerous
panels and committees
on the NP hazard and
risk globally

Specialty area
Nanotoxicology

Summarised statement as bullet points
• Focus on Fullerenes, NT, TiO2 because of
high use
•

The particle surface is central to the
inflammatory effects and so surface
modification of commercial NP could be very
important

•

Altering the surface can have unexpected
effects increasing surface area

•

Currently DW is attempting to develop an
exposure system for an inhalation study with
NT

•

We are not in a position where we can
generalise from one NP to others as to
toxicity

•

Beware pitfalls of in vitro studies –
dosimetry, simplicity, naivety

•

Although there could be translocation to the
blood and cv system , the lung remains an
important target organ

•

Real need for good toxicokinetics to inform
all studies on lungs and target organs

•

All NP may have the potential to translocate
to some degree but without adequate
toxicokinetics the extent is unknown and so
the potential for adverse effect is unknown

•

For TiO2, shape (amorphous v dots v rods)
was not a factor that altered toxicity but
complicated by TiO2 polymorphs

Interviewed 5/8/05
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Table G
Expert
Prof David Newby
Cardiologist
Expert on particles and
the cardiovascular
system

Specialty area
NP and the
cardiovascular system

Summarised statement as bullet points
• Inhalation of combustion-derived NP caused
endothelial dysfunction and unbalances the
fibrinolytic system
•

These effects on the cv system could be via
inflammation in the lungs or via direct effects
of particles on the elements of the
cardiovascular system

•

The clotting system and regulation by the
fibrinolytic system is important in regulating
the extent of thrombus propagation following
a plaque rupture and so it is important to
study

•

Oxidative stress is very likely an important
mechanism driving effects of NP on the
vascular system

•

There could be deposition of bloodborne
particle on plaque endothelial surfaces due to
characteristics of blood flow

•

NP in blood could interact with monocytes to
affect leukocyte traffic into the plaques and
affect stability

•

Particles could go to the heart and cause some
unexplained cardiomyopathies

•

Autonomic regulation of the heart could be a
target

Interviewed 5/08/05
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Table H
Expert
Prof Paul Borm
Netherlands

Specialty area
NP Toxicology

Summarised statement as bullet points
• There is a mismatch in toxicology
information - most data on NP toxicology is
from bulk NP (e.g. TiO2), most human data
is indirect through the PM effects and the
new engineered NP are virtually
uninvestigated

Toxicologist and
specialist in particle
and nanoparticles
Interviewed 9/08/05

•

Is the surface area effect generalisable to all
NP

•

What are the qualitatively different effects of
NP e.g brain transfer, meaning which effects
do we see with NP that we do not see with
larger articles

•

Coatings are ubiquitous to prevent
aggregation and so should be studied

•

Toxicokinetic data is needed

•

A structure activity approach is needed and
that could be through sharing of data
probably through the agency competent
authority such as the EU that is going to be
seeing safety data

Table I
Expert
Dr Nancy Montiero Riviera
USA
Skin toxicologist and
specialist in
nanoparticles
Interviewed 9/08/05
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Specialty area
Dermal toxicity of NP

Summarised statement as bullet points
• Problems in skin studies dominated by
finding ways to detect transfer of NP .g.
labelling Fullerenes with fluorophore or
radiolabel changes the particles and so the
relevance is questionable
•

Current work focused on penetration of
nanodots through pig skin

•

Use of surfactant to aid dispersal changes the
particles and they cannot be seen by EM

•

For particles that penetrate in skin the site can
be determine using microscopy

•

Keratinocytes in culture can be used to assess
interaction at the cellular level

•

There is no standard tox test that is applicable
to all particles

•

Size and shape and coating will be important
in dictating toxicity
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Table J
Expert
Prof Peter Gehr
Switzerland

Specialty area
NP toxicology

Summarised statement as bullet points

Lung anatomist and
specialist in particles
and nanoparticles

UNAVAILABLE DUE TO VACATION

Interviewed 6/08/05

Table K Outline of EU projects relating to NP safety
Nanosafe 2

The overall aim of NANOSAFE2 is to develop risk assessment and
management for secure industrial production of nanoparticles. As the world
of nanoparticles is already very wide today, only a finite number of reference
cases of nanoparticles will be treated. These cases will be representative of
main particle characteristics, main production processes and related
risks.NANOSAFE2 starts from the paradigm of risk assessment and risk
management, which is used in risk analysis worldwide (see Figure 2). In
NANOSAFE2 the two different types of risks will be accessed: explosion
during manufacturing processes and human health due to nanomaterial
exposure. The risk assessments in the project will estimate whether and/or
how much damage or injury can be expected from exposures to a given risk
agent, and to assist in determining whether these effects are significant
enough to require action (modification of production systems, regulations,
etc.).

Table L Japanese research
Japanese Research
Society Royal Society
Meeting

T Kobayashi

•

•
•
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Smaller size carbon black-nanoparticles have
more oxidative ability and induce oxidative
stress, more inflammatory response and more
production of proinflammatory chemokine.
Smaller size carbon black-nanoparticles
aggravate allergic asthma like symptoms and
pneumonia.
Construction of exposure system of dieselnanoparticles has finished. We start search
optimal driving mode to generate NP

A.2

INFORMATION FROM THE ECOTOXICOLOGY INTERVIEWS

Forty-five scientists currently working in the area of nanoscience, particularly especially on
environmental aspects, were approached and asked to fill in the following questionnaire
covering the environmental impacts of N&N. Answers were summarised and, when
appropriate, specific views were given particular emphasis, depending on their prevalence
amongst those canvassed.
A.2.1 ENVIRONMENTAL RISKS
1.

What are, in your opinion, the main current sources and types of nanomaterials released
into the environment? Which ones are most likely to be released in the future?
• Most researchers were in agreement regarding the lack knowledge concerning NP
release (type and amount), with the exception of particles produced through
industrial and vehicle combustion engines. Some researchers believed that this was
due to an inadequate regulatory framework regarding the release of nanomaterials.
Several researchers thought it important to distinguish between engineered
nanoparticles and those produced naturally or as a by-product of, for example, diesel
combustion. When asked which type of NP was most likely to be introduced into the
environment in the future, most respondents felt they were unable to answer this
question, whilst others pointed towards the multiple applications proposed for carbon
nanotubes and bucky balls, suggesting that these products may find themselves in the
environment in greater quantities.

2.

Are you aware of any nanomaterials that are (or can be) taken up by organisms and
incorporated within their tissues?
• Several scientists highlighted studies which suggest that nanoparticles can be takenup by organisms and incorporated within the tissues. For example, C60 in fish and
silver particles in bacteria. Indeed, it was pointed out that several studies are
focussing on the use of nanoparticles due to their ability to be taken up easily in drug
delivery systems. Although it is unclear what the uptake mechanisms of NP may be,
most respondents were of the opinion that it would depend on particle type, size and
surface chemistry.

3.

Do different nanoparticles behave in different way? Which ones would you consider of
more concern? What about interactions between different nanoparticles and other
substances (e.g. metals)?
• Most respondents were of the opinion that different nanoparticles would behave in
different ways, depending on their type, size and surface chemistry. For example,
their toxicity may depend on the presence of transitional metals and consequent free
radical formation.

4.

Do you think that there may be some risks associated with the build up of nanomaterials
in food chains? Do you consider that humans are at risk via their food?
• Most scientists felt that currently there are no data to answer this question with any
certainty and were of the opinion that the question as to whether particular
nanoparticles can bioaccumulate and bio-magnify through the food chain should
certainly be addressed.

5.

Do you have information on what is likely to happen to nanomaterials when they are
released in the environment?
• There were no data that the respondents were aware of regarding the fate of
nanoparticles once released into the environment. Most scientists pointed out that this
would probably depend on the nanoparticle in question and the environment to which
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it was released. For example, the solubility of certain nanoparticles may depend on
the chemistry of a water body into which it is released (e.g. pH, salinity).
6.

What do you consider to be the best way to assess the environmental impacts of
nanomaterials?
• A considerable amount of respondents suggested the need for a multifaceted
approach in addressing ways to assess the environmental impacts of nanomaterials.
Those canvassed expressed the need to understand the fate, transport and
transformation of these materials in the environment, how they move from one media
to another (air, water, soil), and how they may biotransform, bioaccumulate or
become bioavailable. Some of those canvassed expressed the view that it is
impossible to assess the environmental impact with one approach only and that
different tools and approaches are needed. It was suggested that only a set of tools
could adequately assess the environmental impact of NP. One respondent stated that
there is a need for toxicologists to work closely with materials scientists so that the
purity and mixtures associated with nanomaterials can be assessed.

A.2.2 CURRENT RESEARCH
1.

What research are you doing/have you done in this area? What were your results? Please
list any publications (including In Press).
• Incorporated within the report.

2.

What other groups are you aware of that are working in this area?
• Incorporated within the report.

3.

What do you consider to be the main concerns and priorities regarding the environmental
impacts of nanomaterials (as highlighted by statutory agency policy areas)?
• Impacts on human health;
• Impacts on workforce of those associated with nanoparticle manufacture;
• Impacts on the environment and wildlife, toxicity mechanisms, environmental
processes including bioaccumulation, persistence in the environment, biodetection
and bioremediation of nanoparticles, dispersion and assimilation routes;
• The type of nanomaterials currently being released, or likely to be released;
• Behaviour and fate of nanomaterials in the environment.

4.

What areas, in your opinion, are not being covered (not even planned) adequately?
• Many of the scientists canvassed were of the opinion that the regulation of
nanomaterials was currently inadequate and voiced the views of several previous
reports that a precautionary approach was necessary until more comprehensive
impact assessments had taken place. Examples were provided of materials that might
be toxic at nano-sizes but relatively non-toxic in a larger form (e.g. carbon particles)
and consequently not currently regulated. Many mentioned that we simply do not
know what is at present being released into the environment. Tools are required to
assess/detect/quantify nanomaterials in the environment.

5.

Can you suggest any key publications in this area (refereed or grey literature)?
• Incorporated within the report

6.

What kind of precautionary measures do you think should be taken to manage the risks?
And who should take responsibility to manage the risks, the regulators, the producers,
others?

Research Report

110

• Most respondents pointed to a collective effort in managing the risks of
nanomaterials in the environment including: regulators, producers, academia and the
public. Several scientists indicated the need for regulators to establish guidelines,
and pointed out that without an adequate regulatory framework there would be little
incentive for producers to take precautions. Most respondents did, however, accept
that regulators currently, had little data on the risks of nanoparticles to make an
informed judgment with any certainty.
• Requirement for the development and implementation of an effective regulatory
framework on the following areas:
! Handling procedures;
! Emergency procedures in an accident involving nanoparticles;
! Standards and guideline for each type of manufactured
nanoparticles;
! Information sharing about the current scientific knowledge
concerning nanoparticles;
! Support research on environmental nanotechnology (research
project funding, research center creation).
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APPENDIX II - TABLE A2.
Purpose of Study
(Investigators)
Evaluate the effect of
inhalation exposure to
ultrafine (<0.1 µm
diameter) carbon particles
Framton MW et. al., 2004,
Effects of Exposure to
Ultrafine Carbon Particles
in Healthy Subjects and
Subjects with Asthma, HEI
research report No 126,
New York

Research Report

Subject Details

Exposure Protocol

End Points Measured

Results

24 healthy and 16 mild
asthmatic men and women:
! 12 health men, 6 in each
exposure group, and 12
health women
! female and 8 male
asthmatic subjects
! All lifetime non-smokers
! Aged 18 to 40 years,
except two in the UPREST
group with 42 and 52 years
! Exclusion criteria: regular
marijuana use within the
past 5 years, pregnancy,
ischemic heart disease,
active psychical disorder,
occupation involving
chronic exposure to
dust/PM, current
drug/alcohol misuse, no
respiratory infection in the
past 6 weeks.

Exposure chamber, inhalation
from a mothpiece
Exposure over 2 hours to
laboratory generated ultrafine
carbon particles (average
diameter approx. 0.025 µm):
! 12 healthy participants
exposed at rest to 10µg/m³
particles or air (UPREST)
! 12 healthy participants
exposed to particles (10
and 25 µg/m³) or air during
exercise on stationary
bicycle (15min cycles of
rest and exercise over 2
hours) (UPDOSE)
! 16 asthmatic volunteers
exposed to either 10µg/m³
or air using intermittent
exercise protocol
(UPASTHMA)

!

Fractional deposition of UFP in healthy
subjects was 0.66 ± 0.11by particle in rest,
0.83 ± 0.04 during exercise. In asthmatic
subjects UFP deposition in rest was 0.76 ±
0.05. 33% increase of total respiratory number
DF and 22% for 26nm particles with exercise
vs. resting measurements. For all groups
deposition fractions were greater for particles
on smaller diameter.
No sig. effects on respiratory symptoms, syst.
or diast. blood pressure, oxygen saturation,
pulmonary function, markers of airway
inflammation (eNO), soluble markers of
systemic inflammation or coagulation.
Suggested reductions in blood monocytes in
healthy females and reductions in basophils in
healthy and asthmatic subjects. Induction of Tlymphocyte activation in healthy female and
sequestration in asthmatic subjects.
Similar findings in leucocyte expression of
surface markers for healthy and asthmatic
subjects; reduction of expression after UFP
exposure with exercise.
No effect on heart rate, hr variability,
repolarisation and the ST segment in healthy,
resting subjects but shortening of QT intervals
and repolarisation showed significant
interaction with UFP exposure in combination
with exercise.
Gender differences: decrease in oxygen
saturation, decrease in blood monocytes and
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Measuring the pulmonary
fractional deposition of
UFP
! Symptoms (subjective
response)
! pulmonary function
! blood markers of systemic
acute phase response
(inflammation) & blood
coagulability
! airways NO production
! Sputum inflammatory cells
after 21h
! Blood pressure
! ECG, effect on cardiac
electrical activity and
repolarisation.
Measurement of outcomes at
baseline before exposure,
directly after exposure 3.5
hours, 21 hours and 45 hours
after exposure, ECG also 15
hours after exposure

Purpose of Study
(Investigators)

Subject Details

Exposure Protocol

End Points Measured

Results
basophils and increase in lymphocyte CD25
expression in females only. Relative increase
in plasma NO2/NO3 concentrations and small
decrease in fibrinogen and vWF in males only.

Comparing inhaled ultrafine
versus fine zinc oxide
particles versus clean
filtered air in healthy adults
aged 23 to 52 years.
Becket WS et.al., 2005,
Comparing Inhaled
Ultrafine versus Fine Zinc
Oxide Particles in Healthy
Adults, Am J Respir Crit
Care, Vol. 171, pp. 11291135

Evaluate the time kinetics
of the inflammatory
response following

Research Report

Exposure via mouthpiece using
a one-pass dynamic flow
exposure system (maybe in an
exposure chamber). Ultrafine
zinc oxide particles were
generated by an electric arc
discharge system
Realtime measurement during
exposure in inhaled and
exhaled air.
! Target exposure mass
concentration 500µg/m³
! Exposure for 2h at rest in
the morning, with ultrafine
(mean 41.0 nm) vs. fine
(mean 258.9 nm) and
filtered air as control.
! Orthogonal Latin Square
design for three treatments
with all six possible
combinations (one
combination each
subject/gender)

!

15 healthy volunteers:
! Single-blind crossover
! 2 female, 13 male
design with each subject
! mean age 25 yrs, range 22acting as their own control.

!

12 subjects
! six women and six men
! age range 23-52 years,
mean 35 years
! volunteers with no chronic
medical condition or
chronic medication
! subjects able to produce
more than 7x105 total cells
after sputum production
! non-smoker for at least one
year
! no previous occupational
exposure to zinc oxide
! women not pregnant
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!
!
!
!

!

!

Symptom questionnaire to
twelve symptoms
previously associated with
metal fume fever and one
negative control symptom
HR and BP
Oral temperature
Oxygen saturation
Blood cell differential
count, expression of
activation markers and
adhesion molecules,
coagulation factors,
markers of inflammation
(IL-6, serum amyloid A)
Continuous ECG
parameters before,
immediately after, at 3, 6,
11 and 23 hours after
exposure (HR variability,
repolarisation duration and
variability)
Respiratory tract cells from
large bronchi after 24h

No statistically significant exposure effects
compared to clean filtered air. Indicates that
the inspired concentration of zinc oxide,
500 mg/m³ was below concentration at which
systemic effects can be tested. Due to lack of
symptoms/effects at all, no differentiation
between ultrafine and fine particles could be
observed.
For ultrafine particles the number deposition
fraction was 0.75 ´(predicted 0.39) and 0.78
for the mass deposition fraction. For fine
particles the number deposition fraction was
0.343 (predicted 0.47).

Sputum cell counts,
differentiated into Totals
cell count, Neutrophils%,

!

Increase in percentage of neutrophils at
6h but not 24h (DE compared to fresh
air)

Purpose of Study
(Investigators)
exposure to diesel exhaust
(DE) using induced sputum
from healthy volunteers.

Subject Details
!
!

!
Nordenhäll C, Pourazar J,
Blomberg A, Levin J-O,
Sandström T, Ädelroth E,
!
Airway inflammation
following exposure to
diesel exhaust: a study of
time kinetics using induced !
sputum, Eur Respir J, 2000,
vol 15, pp 1046-1051

To assess a possible
potentiating effect of
ultrafine sulphuric acid on
airway allergen response
Tunnicliffe et al 2001

End Points Measured

! Exposure in an
33 yrs
environmental chamber for
Non-smokers
1 h on two different
Lung function in the
occasions, once to filtered
!
normal range
air, once to DE PM10 at
No history of allergy,
300µg/m3.
asthma or any other
pulmonary disease
! Exposures were conducted
No respiratory tract
≥ 2/52 apart in a
infection in the last 4/52
randomised sequence (half
prior to or during the test
of the study population
Able to produce sputum on
exposed to DE first, other
induction with hypertonic
half to filtered air).
saline
! During exposure alternating
between resting and
moderate exercise at 15min
intervals.
! Continuous recording of
concentrations of particles,
NO2, nitric oxide, carbon
monoxide and
hydrocarbons.
! Sputum induction 6 and 24h
after each exposure

Asthmatics sensitive to grass
pollen
10 subjects
Mean age 31

To assess the proAsthmatic subjects (10)
inflammatory and heart rate Mean age 28
variability response to
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Exposure Protocol

! 1 hour of sulphuric acid
(1000 µg/m3) at rest
followed by personalized
allergen challenge
! compared to bottled
medical air
! I1 hour of sulphuric acid
(1000 µg/m3) at rest
! Compared to 1 hour of
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Macrophages%,
Lymphozytes%, Ciliated
epithelial cells%
Fluid phase mediators:
seven different soluble
proteins in the sputum
supernatant sample.

Results
!
!
!
!
!
!
!

Median increase was 49.8%
Minimal but significant increase after
24h for lymphocytes (DE compaired to
fresh air), but not at 6h
No sig. Change for ciliated epithelial
cells or squamous cells or totals
Irrespective exposure, neutrophils%
were sig. Lower at 6h than 24h
Sig. Increase in fluid phase conc. Of IL6 and M-hist 6h after DE exposure
compared to fresh air
After 24h no sig. Changes any more
Comparing 6h and 24h sputum samples,
a sig. Increase in ECP at 24h after air
exposure only.

! FEV1,
! exhaled NO

! 14% enhancement of decline in FEV1
post-allergen challenge with acid.

! FEV1
! Heart rate variability
! Anti-oxidants in nasal

! No change in lung function or heart rate
variability
! Slight depletion in nasal urate levels after

Purpose of Study
(Investigators)
sulphuric acid and
ammonium bisulphate in
individuals with asthma.
Tunnicliffe et al 2003
To assess the response of
patients with severe
coronary artery disease
Routledge et al, 2005
Assessment of effects of
CAPs in normals and
healthy volunteers
Gong et al 2003. Inhal
Toxicol 15:305-25.

Subject Details

Exposure Protocol

End Points Measured

ammonium bisulphate
(1000 µg/m3), 100µg/m3
sulphuric acid and to air
! Ultrafine carbon
(100µg/m3)
! SO2 (200ppb)
! Both combined
! Bottled air
! Each for 1 hour at rest
12 normal subjects and 12 mild ! CAPs – PM2.5 at around
asthmatic subjects
174 µg/m3
Age 18-45
! 2 hours with intermittent
exercise
20 patients with severe
coronary artery disease
20 age and sex matched healthy
controls
Mean age 67y

lavage

! SO2 induced changes in HRV but carbon
only caused a rise in total power in the
healthy subjects after exposure.

!
!
!
!

! LF – no change
! Induced sputum – evidecne of airway
inflammation
! HRV –modest increas in parasympathetic
activity
! Blood – slight changes in blood
coagulaibillty
! 10% increase in Raw and sRaw over air
whether with a filter in line or not.
! These are small changes in a very sensitive
outcome measure.
! DEP exposure associated with marked
increase in irritative symptoms.
! Essentiailly the same data as that in the
Inhal toxicol report from 2003.

Lung function
Induced sputum
HRV
Inflammatory and
coagulation markers in
blood

12 healthy volunteers
Age 20-37.

! Air vs diesel
! 1 hour exposures with
intermittent exercise

! Irritative symptoms
! Airways resistance

Effect on lung
inflammationd and HRV in
healthy and asthmatic
volunteers exposed to
CAPS
Gong et al, 2003
HEI report 118.
Effects of CAPs exposure
in COPD
Gong et al, 2004.

12 healthy volunteers
12 individuals with mild
asthma

! 2 hours in whole body
chamber
! Filtered air and 200 µg/m3
CAPs

! HRV
! Induced sputum
! Lung function

13 elderly patients with COPD
6 age matched controls.

2hours
O2 saturation
filtered air vs 200 µg/m3 CAPs Lung function
+ intermittent exercise
HR and HRV
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high dose sulphuric acid

! HRV
! Nasal inflammatory
markers and neutrophils
! Circulating inflammatory
and thrombotic markers

Ruddell et al, 1996
Occupational and
Environmental Medicine,
1996; 53: 658-662
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Results

Very variable responses in both groups
Poorly designed study
Some suggestion of desaturation however.

Purpose of Study
(Investigators)
Inhal Toxicol 16:731-44.
Effect of UF carbon on gas
transfer and lung function
in normal amnd asthmatic
subjects
Pietropaoli et al, 2004
Inhal Toxicol 16:59-72.
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Subject Details

Exposure Protocol

End Points Measured

Results

40 normals and 16 mild
asthmatics
Differing exposure regaimes
for each.
Age ca 20-40

! 25 µg/m3 UF carbon
! 50 µg/m3 UF carbon
(normals only)
! filtered air

! Gas transfer
! Dynamic lung volumes and
flows
! Inflammatory markers in
induced sputum and blood

! High dose produced fall in gas transfer and
MMEF in normal subjects but with no
matching inflammatory change.
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Copy from Morawska L, Moore MR, Ristovski ZD; ‘Health Impacts of Ultrafine articles’; 2004; Australian Governement
Controlled Exposure Studies of Ultra Fine Particles
Exposure Protocol: 1 Administration, 2 Exposure and control substances and concentration, 3 Exposure time and ventilation intensity, 4 Trial design
Subject Details
Exposure Protocol
End Points Measured
Purpose of Study
(Investigators)
To test the hypothesis that
IL-6 and TNF-α will be
present in the circulation
before the onset, or at the
same time as the onset, of
metal
fume
fever
symptoms
following
inhalation exposure to
purified zinc oxide fume.

5 female, 8 male healthy
non-smokers. One subject
dropped out for unspecified
reasons. Mean age 30.8
years
with
standard
deviation 7.7 years.

(Fine, J. M., Gordon, T.,
Chen, L. C., Kinney, P.,
Falcone, G., & Beckett,
W. S. (1997).
“Metal
fume
fever:
Characterization
of
clinical and plasma IL-6
responses in controlled
human exposures to zinc
oxide fume at and below
threshold limit value.”
Journal of Occupational
and
Environmental
Medicine, 39(8): 722726.)
To determine whether 2 female, 10 male, all
single
exposures
to healthy people lifetime nonH2SO4 aerosol cause smokers 20-39 age range
cellular responses in the
alveolar space important
to host defence.
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1 Face mask.
2 Purified zinc oxide fume with
median primary particle diameter
ranging between 0.008 and 0.04
um and a mass median diameter
of 0.3 um or air and 3%argon
(control).
Separate exposures at particle
concentrations 0, 2.5 and 5
mg/m3 of zinc oxide.
3 120 minutes of exposure while
at rest.
4 Subjects were their own
controls. Random order, single
blind design.

Self Reported Symptoms
Each subject was asked to record and grade any symptoms
(using a visual analogue chart) before each exposure and at
3, 6 and 9 hours after exposure and to record his/her body
temperature at intervals not exceeding 2 hours following
exposure until the subject went to sleep for the night.

1 Exposure chamber
2 1000 µg/m3 NaCl (Control) or
H2SO4 aerosol. The aerosol
generated had an average mass
median aerodynamic diameter of
0.9 um

Symptoms
Subjects were polled by questionnaire immediately after
exposure and 18 hours after exposure regarding respiratory
symptoms, nasal or eye irritation and odour.

Results
Differences between mean results for exposed and control
groups unless otherwise stated
Self Reported Symptoms
Ten hours following exposure mean changes in body
temperature from baseline for each zinc oxide exposure (ie 2.5
and 5 mg/m3) were significantly higher than control exposure
and estimated to be about 0.7°C. Eleven hours after zinc oxide
exposure at 5 mg/m3 mean increase in body temperature
reached a peak at 0.75°C.
The symptoms most consistently reported were cough, fatigue
and muscle ache, mostly in the slight to mild range. Symptom
scores were significantly different for the 5 mg/m3 zinc oxide
exposure after 6 and 9 hours. Symptom scores for the 2.5
mg/m3 zinc oxide exposure were not significantly different
from baseline.

Peripheral Blood
Venous blood samples taken before and immediately after Peripheral Blood
exposure and at 3 and 6 hours after exposure. Plasma Mean plasma IL-6 levels showed a significantly and monotonic
analysed for IL-6 and TNF-α.
rise with elapsed time relative to the pre-exposure baseline for
each zinc oxide exposure (ie 2.5 and 5 mg/m3). IL-6 levels for
the control did not rise from baseline. Differences between IL-6
levels and control were statistically significant for the 6 hour
after exposure measurement.
Mean TNF-α levels following zinc oxide exposure did not vary
significantly from the control exposure.
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Symptoms
Four subjects detected an odour or taste during H2SO4
exposure. No odour or taste was reported for NaCl exposure.
Three subjects had cough and four subjects reported throat
irritation during H2SO4 exposure. One subject had cough and
three reported throat irritation during NaCl exposure. Subjects

Controlled Exposure Studies of Ultra Fine Particles
Exposure Protocol: 1 Administration, 2 Exposure and control substances and concentration, 3 Exposure time and ventilation intensity, 4 Trial design
Subject Details
Exposure Protocol
End Points Measured
Purpose of Study
(Investigators)

(Frampton, M. W., Voter,
K. Z., Morrow, P. E.,
Roberts, N. J., Jr, Culp, D.
J., Cox, C.,
& Utell, M. J. (1992).
“Sulfuric acid aerosol
exposure
in
humans
assessed by
bronchoalveolar lavage.”
American Review of
Respiratory Disease, 146:
626-632.)

To test the hypothesis that
concentrated
ambient
particles (CAPS) can
cause
neutrophilic
inflammation in the lungs
of healthy humans.

38
healthy
people,
nonsmokers for at least 5
years.
Subjects classified into one
of four quartiles depending
on air/CAPS exposure as
follows:
Quartile 1 - Exposed to
(Ghio, A.j., Kim, C., & filtered air - 8 subjects
Devlin, R. B. (2000). Quartiles 2, 3, 10 – each
“Concentrated ambient air quartile
comprised
10
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3 2 hours of a cycle of 10 min of
moderate exercise performed on a
bicycle ergometer in each halfhour period. Alternate NaCl or
H2SO4 exposures were carried
out 2 weeks or more apart.
4 Randomised double blind cross
over design.

1 Exposure Chamber
2 Filtered air or concentrated
ambient air particles (CAPS) size
range 0.1 - 2.5 µm.
Quartile 1 - Filtered air.
Quartile 2 - 47.2 µg/m3
Quartile 3 - 107.4 µg/m3
Quartile 4 - 206.7 µg/m3
3 2 hour of a cycle of 15 min
moderate exercise followed by 15
min of rest.

Plethysmography
Thoracic gas volume, Airway Resistance reported as
Specific
Airway
conductance
(SGaw)
with
pneumotachograph used to measure FEV1 and FVC before
(baseline) and immediately after exposure to the NaCl
(control) or H2SO4 aerosol and at 18 hours post exposure.

Results
Differences between mean results for exposed and control
groups unless otherwise stated
were asymptomatic 18 hours after exposure.
Plethysmography
No changes in FVC, FEV1 or SGaw immediately after or 18
hours after exposure to NaCl or H2SO4 when compared to preexposure baseline measurements. There were no differences in
lung function measurements between NaCl and H2SO4
exposures.

Bronchoalveolar lavage (BAL)
Lavage fluid instilled/collected from a segmental bronchus
of the right middle lobe and from a segmental bronchus of
the lingula 18 hours after the NaCl (control) or H2SO4
aerosol exposures.
BAL counts of macrophage, Polymorphonuclear leukocyte
(Neutrophil) and Lymphocytes expressing, CD3, CD4,
CD8 antigens quantified.

Bronchoalveolar lavage (BAL)
No significant differences in cell differential counts in BAL.
Neither NaCl nor H2SO4 exposure indicated inflammation for
those markers measured in BAL with no evidence of neutrophil
infiltration to the airway A lower (but not statistically
significant lower) percentage of T lymphocytes found in BAL
following H2SO4 exposure when compared with NaCl
exposure. This was accounted for by lower counts of CD4+
phenotype but not significantly so. There were no significant
differences in other cell type counts.

Alveolar Macrophage Function
Tests of:
•
Antibody-dependent Cell Mediated Cytotoxicity
•
Superoxide ion release
•
Influenza virus inactivation

Alveolar Macrophage Function
No statistically significant difference was found in Alveolar
Macrophage function between NaCl and H2SO4 exposures.

Symptoms
Plethysmography
Airway Resistance (Raw) immediately before and after
exposure.
Spirometry
FEV1, FVC, PEF immediately before and after exposure
Peripheral Blood
Samples taken immediately before and 18 hours after
exposure. Erythrocyte, neutrophil, lymphocyte, monocyte,
platelet, counts; haemoglobin, hematocrit, ferritin,
fibrinogen levels; blood viscosity

Spirometry, Plethysmograph, Symptoms
Subjects did not report symptoms after either air or CAPS
exposure. No significant differences in FEV1, FVC, PEF or
Raw across the Quartiles. All spirometry measurements were
normal.
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Peripheral Blood
No changes between pre-exposure and post exposure were
recorded for any marker except for fibrinogen concentration
amongst the CAPS exposed groups. A significant difference

Controlled Exposure Studies of Ultra Fine Particles
Exposure Protocol: 1 Administration, 2 Exposure and control substances and concentration, 3 Exposure time and ventilation intensity, 4 Trial design
Subject Details
Exposure Protocol
End Points Measured
Purpose of Study
(Investigators)
particles induce mild subjects classified according
pulmonary inflammation to individual exposure level
in
healthy
human
volunteers.”
American
Journal of Respiratory and
Critical Care Medicine,
162: 981-988.)

4 Parallel design. Subjects
allocated to Quartiles 2 to 4
inclusive after exposure known. It
is not clear how the subjects for
Quartile 1 (the control group) Bronchoscopy with Lavage
were selected.
Lavage sample instilled to a segmental bronchus of the
lingula and collected in two fractions reported as Bronchial
Lavage (BL) and BAL. BL and BAL were considered to
reflect the environments of the bronchial and distal airways
respectively. Lavage samples were taken 18 hours after the
air or CAPS exposure.
Total cell count and percentages of macrophage,
neutrophil, lymphocyte, monocyte and epithelial cells were
determined for BL and BAL fractions.
BL and BAL fractions were also analysed for
concentrations of protein, IL-6, IL-8, PGE2, α1-antitrypsin
and fibronectin. The concentration of Fibrinogen
additionally determined for BAL fraction.

Results
Differences between mean results for exposed and control
groups unless otherwise stated
was found in fibrinogen levels between airs exposed (Quartile
1) and CAPS exposed (combined Quartiles 2 - 4). A similar
magnitude change was recorded for each of the CAPS exposed
Quartiles indicating that the response was independence of
dose.
Bronchoscopy with Lavage
BL fraction
No significant difference between CAPS exposed groups and
air-exposed group for total cell count, or proportions of
macrophage, lymphocyte or epithelial cells. CAPS exposed
groups had significantly higher numbers and proportions of
neutrophils in the BL sample. Monocytes were also
significantly higher in the CAPS exposed group.
The concentration of protein was significantly lower in the CAP
exposed group.

BAL fraction
Total cell count in BAL was significantly higher for CAPS
exposed groups
compared with air exposed group. Except for the proportions
and counts of
macrophages and neutrophils, which were significantly higher
in the CAPS exposed group, the counts of other cells were not
significantly different.
Monocytes counts were also higher on average amongst the
CAPS exposed individuals but the difference between the group
means was not sufficient to support a statistically inferred
effect.
Fibrinogen concentrations were lower in the CAPS exposed
group.
Concentrations of protein, IL-6, IL-8, PGE2, 1-antitrypsin and
fibronectin were not significantly different between air and
CAPS exposed groups although amongst the individuals of the
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Controlled Exposure Studies of Ultra Fine Particles
Exposure Protocol: 1 Administration, 2 Exposure and control substances and concentration, 3 Exposure time and ventilation intensity, 4 Trial design
Subject Details
Exposure Protocol
End Points Measured
Purpose of Study
(Investigators)

To assess the impact of
short-term exposure to
diluted diesel exhaust on
inflammatory parameters
in human airways. The
study was designed to
assess whether observed
increased sensitivity to air
pollutants of asthmatics
can be explained by acute
inflammation
or
and
increase in allergic airway
inflammation
resulting
from
diesel
exhaust
exposure.
(Holgate,
S.
T.,
Sandstrom, T., Frew, A. J.,
Stenfors, N., Nordenhall,
C., Sundeep, S., &
Soderberg, M. (2002).
“Health effects of acute
exposure to air pollution.
Part 1:
Healthy and asthmatic
subjects exposed to diesel
exhaust. Boston: Health
Effects
Institute.)

ASTHMATIC GROUP
5 female, 10 male
23-52 years age range
mild atopic asthma
Positive skin tests to at
least one common
airborne allergen
Non-smokers
Not every asthmatic
subject completed the
full experimental
program.
CONTROL GROUP
9 female, 16 male
19-42 years age range
Normal lung function.
Negative skin prick tests
to common airborne
allergens
Not all control subjects
completed the full
experimental program.
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1 Exposure Chamber
Diluted fresh diesel exhaust
2 100 µg/m3
3 2 hour of a cycle of 15 min
moderate exercise followed by 15
min of rest. Random sequence 3
weeks or more apart.
4 Randomised double blind cross
over design.

Lung Function
Lung Function measured before exposure, one hour after
start of exposure and at end of exposure for Airway
Resistance, FVC and FEV1. Procedure not reported.

Peripheral blood
Venous blood samples taken:
•
before exposure
•
one hour after start of exposure
•
at the end of exposure
•
6 hours after end of exposure
Samples analysed for leukocytes, neutrophils, lymphocytes
and monocyte counts and haemoglobin levels.
Bronchial Wash and Bronchoalveolar Lavage
performed 6 hours after exposure to air and diesel exhaust
lung liquid, assessed for:
•
total cell count and proportions of neutrophil,
lymphocytes, eosinophils, mast cells and
macrophages;
•
albumin and total protein concentrations
•
BW sample only concentrations of MPO, ECP,
methyl histamine, soluble ICAM-1, IL-8, GM-CSF,
extracellular Superoxide Dismutase
•
BW sample only total RNA extracted from cells and
RT-PCR ELISA used to quantify relative changes in
mRNA for IL-1β, IL-5, IL-8, TNF-α, IFN-γand GMCSF.
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Results
Differences between mean results for exposed and control
groups unless otherwise stated
two higher CAPS exposed quartiles IL-8 concentrations were
lower than for the air exposed group but not sufficiently so to
infer a statistical difference.
Lung Function
For diesel exhaust exposure compared to air for Control and
Asthma Groups:
•
A modest but statistically significant increase in Airway
Resistance at the end of exposure amongst the Asthmatic
Group.
•
A modest but statistically significant increase in Airway
Resistance was found after one hour and at the end
exposure amongst the Control Group.
•
No significant changes in FVC or FEV1.
Peripheral blood before and after exposure
Only the results for before exposure and 6 hours following
exposure to air and diesel exhaust are presented. Neither diesel
exhaust nor air exposures produced any significant changes.

Bronchial Wash
For diesel exhaust exposure compared to air for Control and
Asthma Groups:
•
Significant higher neutrophil relative count for Control
Group but no significant difference for Asthma Group;
•
No significant differences in other cell types except
relative macrophage count for the Control Group which is
reported as lower for diesel exhaust exposure;
•
No significant differences in total protein or albumin;
•
MPO and ECP concentrations were measured to assess
degranulation of neutrophils and eosinophils respectively
but these were not significantly different.
•
Soluble ICAM-1 concentration was measured as an
indicator of epithelial cell activation but was not
significantly different.
•
Significantly higher IL-6 and IL-8 levels for the Control

Controlled Exposure Studies of Ultra Fine Particles
Exposure Protocol: 1 Administration, 2 Exposure and control substances and concentration, 3 Exposure time and ventilation intensity, 4 Trial design
Subject Details
Exposure Protocol
End Points Measured
Purpose of Study
(Investigators)

Endobronchial biopsy
6 hours after exposure with biopsies taken from the
anterior aspect of the main carina and the subcarninea of
the third and fourth generation airways on the right side or
from the posterior aspect of the main carina and
corresponding subcarinae on the left side.
The biopsies were immunostained for quantification of:
•
Counts of neutrophils, mast cells, lymphocytes
(CD3+, CD4+, CD8+), eosinophils and CD14+ cells.
Cells counted separately for epithelium and
submucosa;
•
Proportion of blood vessels stained for ICAM-1,
VCAM-1, E-selectin, P-selectin.
•
GRO-α, IL-4, IL-8, IL-10, TNF-α, GM-CSF, NF-κB
and RANTES in bronchial epithelium.
Total RNA extracted from tissue samples and RT-PCR
ELISA used to quantify relative changes in mRNA for IL1β, IL-5, IL-8, TNF-α, and IFN-γ synthesis.
To test the hypothesis that
low-level, purified zinc
oxide fume exposure
would
reproduce
the
dosedependent

6 female, 8 male healthy
people
3 never smoked, 2 former
smokers (quit more than 5
years before study, 9 current
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1 Mouth breathing facemask.
2 Purified zinc oxide fume with
median primary particle diameter
ranging between 0.008 and 0.04
µm and a mass mean diameter of

Self Reported Symptoms
Each subject was asked to record any symptoms and record
his/her body temperature during the evening following the
afternoon exposure.
Plethysmography
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Results
Differences between mean results for exposed and control
groups unless otherwise stated
Group; no significant difference for Asthma Group
•
No differences in GM-CSF and extracellular Superoxide
Dismutase.
Bronchoalveolar Lavage
For diesel exhaust exposure compared to air for Control and
Asthma Groups:
•
Significant higher relative lymphocyte count in Control
Group. No difference in relative lymphocyte count in
Asthma Group;
•
Lower relative macrophage count for Control Group. No
difference in relative macrophage count in Asthma Group
•
No significant differences in relative cell counts of
neutrophils, eosinophils and Mast Cells;
•
No significant differences in total protein or albumin
concentrations.
Endobronchial biopsy
Control Group
For diesel exhaust exposure compared to air:
•
Significant higher VCAM-1 and P-Selectin expressed on
endothelium;
•
Significant increase in IL-8 mRNA;
•
No significant difference differences in inflammatory cell
count in bronchial submucosa;
•
Significantly lower CD3+ cells in bronchial epithelium
Asthmatic Group
Comparison of paired biopsy samples taken after diesel exhaust
exposure and air exposure from the same subject found no
significant difference in any end point measured except:
•
submucosa eosinophil count which was lower for diesel
exhaust exposure;
•
IL-10 levels significantly higher in bronchial epithelium.
Self Reported Symptoms
No subject reported any symptoms indicative of metal fume
fever or body temperature elevation.
Plethysmography

Controlled Exposure Studies of Ultra Fine Particles
Exposure Protocol: 1 Administration, 2 Exposure and control substances and concentration, 3 Exposure time and ventilation intensity, 4 Trial design
Subject Details
Exposure Protocol
End Points Measured
Purpose of Study
(Investigators)
inflammatory
cellular smokers.
responses observed in mean age 35.6 years with
earlier galvanised steel standard deviation 7.9 years.
welding studies.
(Kuschner,
W.
G.,
D'Alessandro,
A.,
Wintermeyer,
S.
F.,
Wong, H., Boushey, H.
A., & Blanc, P. D. (1995).
“Pulmonary responses to
purified zinc oxide fume.”
Journal of Investigative
Medicine, 43: 371-378.)

Research Report

0.17 m OR medical grade air
(control).
3 Range of particle concentrations
2.76 - 37.0 mg/m3, mean 16.4
mg/m3.
4 15 to 120 minutes of exposure
assumed resting.
5 Single blind randomised cross
over design

Results
Differences between mean results for exposed and control
groups unless otherwise stated
Thoracic gas volume, Airway Resistance (Raw) and No statistically significant difference on lung function
methacholine provocative dose before exposure to zinc parameters between before exposure (baseline) and post
oxide fume (or air for control) and 18 hours post exposure. exposure.
Spirometry
FEV1 before exposure to zinc oxide fume (or air control) Spirometry
and 18 hours post exposure.
FEV1 was minimally lower from baseline post exposure but the
reduction was consistent with diurnal fluctuations.
Total Lung Capacity
Total Lung Capacity
Single breath helium dilution method
No statistically significant difference for lung function
parameters between before exposure (baseline) and post
exposure.
Carbon Monoxide Diffusing Capacity
Single breath method
Carbon Monoxide Diffusing Capacity
No statistically significant difference on lung function
parameters between before exposure (baseline) and post
exposure.
Peripheral Blood
Polymorphonuclear leukocyte (neutrophil) concentration Peripheral Blood
determined prior to lung function testing, that is before Polymorphonuclear leukocyte (Neutrophil) concentration was
exposure to zinc oxide fume (or air for control) and 18 not significantly different between the before and after exposure
hours post exposure
blood samples.
Bronchoalveolar lavage
Lavage fluid instilled to a segmental bronchus of the right Bronchoalveolar lavage
middle lobe 20 hours after the air (control) or zinc oxide Grouped data showed a significant higher count of
fume exposures.
Polymorphonuclear leukocyte (neutrophil) cells following the
BAL counts of macrophage, Polymorphonuclear leukocyte zinc oxide fume exposures relative to the air (control) exposure.
(Neutrophil) and Lymphocytes and proportions of T Cell, When the data were stratified according to cumulative zinc
CD4+, CD8+ and B Cell phenotypes.
oxide exposure (a proxy for dose) and doseresponse relationship
BAL samples were analysed for concentrations of TNF-α, was apparent Linear regression of the data found that
IL-1β, IL-6, IL-8, IL-10, MIP1-α and total protein.
cumulative zinc exposure was a statistically significant
predictor of Polymorphonuclear leukocyte (neutrophil) increase.
Compared with the air exposure, the lymphocyte count was
significantly higher for the post zinc oxide exposure samples
but there was no significant difference in the ratios of the
various lymphocyte phenotypes.
TNF- and IL-8 were significantly higher following zinc oxide
exposure compared with air exposure. Linear regression found
that cumulative zinc exposure was a statistically significant
predictor of an increase in TNF- , and IL-8 concentrations. The
linear regression also indicated a threshold of about 500
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Exposure Protocol: 1 Administration, 2 Exposure and control substances and concentration, 3 Exposure time and ventilation intensity, 4 Trial design
Subject Details
Exposure Protocol
End Points Measured
Purpose of Study
(Investigators)

To determine whether
magnesium
oxide
inhalation provokes a
similar response to the
inflammatory
cellular
influx observed following
zinc oxide fume exposure.

2 female, 4 male.
Non-smokers, 3 former
smokers.
21-43 years age range

1 Mouth breathing facemask.
2 Purified magnesium oxide
fume, 98.6% of particles by
weight below 1.8 µm in diameter.
3 Range of particle concentrations
5.8-230 mg/m3, median 133.0
mg/m3
4 Subjects were their own
controls. Single blind design.

Self Reported Symptoms
Each subject was asked to record any flu-like symptoms,
eg myalgias, fatigue, rigors and his/her body temperature
during the evening on day of exposure.
Spirometry
FEV1 before exposure to magnesium oxide fume (or air for
control) and 18 hours post exposure.
Total Lung Capacity
Single breath helium dilution method
Carbon Monoxide Diffusing Capacity
Single breath method
Peripheral Blood
Complete blood counts and differentials were obtained preexposure and 18 hour post exposure to determine
neutrophil concentrations.
Bronchoalveolar lavage
Lavage fluid instilled to a segmental bronchus of the right
middle lobe 20 hours after the air (control) or magnesium
oxide fume exposures.
BAL counts of macrophage, Polymorphonuclear leukocyte
(neutrophil) and Lymphocytes.
BAL samples were analysed for concentrations of TNF-α,
IL-1, IL-6, IL-8.

Self Reported Symptoms
None of the subjects reported symptoms post exposure for
either air or magnesium oxide fume.

1 Exposure chamber
2 Clean air (control) or diesel
exhaust particles 200
g/m3
PM10 (DEP).
3 2 hours at rest. Random
sequence 3 weeks or more apart.
4 Randomised, double blind cross
over design.

Spirometry
FEV1 and FVC before exposure and repeated every 30
minutes for 4 hours post exposure. FEV1 and FVC
measurements repeated 24 hours after exposure.
Bronchial Reactivity
Methacholine PC20 for FEV1 determined 4 hours after
exposure.
Exhaled Carbon Monoxide
Exhaled carbon monoxide measured before and after
exposure and repeated every 30 minutes for 4 hours post
exposure. Exhaled carbon monoxide measurements were
repeated 24 hours after exposure.

Spirometry
No differences in FEV1 or FVC.

(Kuschner, W. G., H. F.
Wong, et al, (1997).
"Human
pulmonary
responses to experimental
inhalation
of
high
concentration fine and
ultrafine magnesium oxide
particles." Environmental
Health
Perspectives
105(11): 1234-1237.

To investigate the effect of
diesel particles on clinical
measures and airway
inflammation,
using
inflammatory markers in
induced
sputum
and
exhaled carbon monoxide
as an index of oxidative
stress.
(Nightingale,

J.

Healthy
non-smoking
people.
7 Female and 3 male.
Mean age 28 year, 3 year
SEM.

A.,
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Results
Differences between mean results for exposed and control
groups unless otherwise stated
mg.min/m3 cumulative zinc exposur
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Spirometry, Total Lung Capacity, Carbon Monoxide
Diffusing Capacity, Peripheral Blood Bronchoalveolar
lavage
No significant differences in any of the end points measured
between air and magnesium oxide exposure

Bronchial Reactivity
No differences in methacholine PC20 for FEV1.
Exhaled Carbon Monoxide
Exhaled carbon monoxide was significantly higher for DEP
exposure reaching a maximum 1 hour after exposure.

Controlled Exposure Studies of Ultra Fine Particles
Exposure Protocol: 1 Administration, 2 Exposure and control substances and concentration, 3 Exposure time and ventilation intensity, 4 Trial design
Subject Details
Exposure Protocol
End Points Measured
Purpose of Study
(Investigators)
Maggs, R., Cullinan, P.,
Donnelly, L. E., Rogers,
D. F., Kinnersley,
R., Fan Chung, K.,
Barnes, P. J., Ashmore,
M., & Newman-Taylor, A.
(2000).
“Airway
Inflammation
after controlled exposure
to
diesel
exhaust
particulates.”
American
Journal
of
Respiratory and Critical
Care Medicine, 162: 161166.
To test the hypothesis that
exposures
to
diesel
exhaust might induce
inflammatory
and
mediator responses in the
airway and peripheral
blood.

Peripheral Blood
Blood samples taken before and immediately and 24 hours
after exposure. Plasma concentrations of IL-6, TNF-α and
P-Selectin determined.
Induced Sputum
Induced sputum sample collected 4 hours after exposure.
Sputum supernatant assayed for TNF- , IL-8 and MPO
concentrations. Cell pellet resuspended for differential cell
counts.

Healthy non-smoker.
4 female, 11 male.
21-28 year age range.
Normal lung function.
Negative skin prick tests to
common airborne allergens

(Salvi S, Blomberg A,
Rudell B, Kelly F,
Sandstrom T, Holgate ST,
Frew A. (1999).
“Acute
inflammatory
responses in the airways
and peripheral blood after
shortterm exposure to
diesel exhaust in healthy
human
volunteers”.
American
Journal
of
Respiratory and Critical
Care Medicine, 159:702-
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1 Exposure chamber
2 Air (control) or diluted fresh
diesel exhaust PM10 300 µg/m3
3 1 hour of a cycle of 15 min
moderate exercise followed by 15
min of rest. Random sequence 3
weeks or more apart.
4 Randomised, single blind (or
possibly double blind) cross over
design.

Results
Differences between mean results for exposed and control
groups unless otherwise stated
Peripheral Blood
No difference between DEP exposure and control plasma
concentrations of IL-6, TNF- and P-Selectin concentrations.
Induced Sputum
No significant difference in induced sputum concentrations of
TNF-α or IL-8 concentrations. MPO concentration was
significantly higher for DEP exposure.
Differential neutrophil count was significantly higher for DEP
exposure and macrophage differential count significantly lower.
No differences in the differential counts of lymphocytes,
eosinophils or epithelial cells.

Spirometry (PEFR, FVC, FEV1, FEF25-75) immediately Spirometry
before and after each exposure.
No difference in spirometry measurements made before and
after exposures.
Peripheral blood collected 6 hours after each exposure. Peripheral Blood
Total cells, differential counts and platelet count Differences in diesel exhaust exposure compared to air:
determined.
•
Neutrophil and platelet count higher
•
HLA-DR+ cell count lower
Bronchial wash and bronchoalveolar lavage
Bronchial Wash
Bronchial wash (BL) and bronchoalveolar lavage (BAL) Differences in diesel exhaust exposure compared to air:
performed for bronchus of middle lobe or lingua 6 hours
significantly higher neutrophil count.
after exposure. Samples analysed for:
macrophage count and lactic dehydrogenase activity showed a
•
cell type/counts
tendency to be greater though not statistically significant.
•
albumin, total protein, LDH, IL-8, ICAM-1,
Bronchoalveolar Lavage
methylhistamine and fibronectin.
Differences in diesel exhaust exposure compared to air:
•
higher B Cell proportion amongst total cells
•
no significant difference in proportions of HLA-DR+,
CD3+, CD8+, or CD25+ cells
•
methyl histamine and fibronectin concentrations
significantly higher
•
no difference in concentrations of total protein, albumin,
IL-8, C3a, C5a and soluble ICAM-1.
Bronchial Biopsies
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Exposure Protocol: 1 Administration, 2 Exposure and control substances and concentration, 3 Exposure time and ventilation intensity, 4 Trial design
Subject Details
Exposure Protocol
End Points Measured
Purpose of Study
(Investigators)
709.)

Endobronchial biopsy 6 hours after exposure with
biopsies taken from the anterior portion of the main carina
and the subcarninea of the third and fourth generation
airways on the right side or from the posterior part of the
main carina and corresponding subcarinae on the left side.
The biopsies were immunostained for quantification of:
•
counts of neutrophils, lymphocytes (CD3+, CD4+,
CD8+ cells), macrophages, eosinophils inflammatory
cell counted separately for epithelium and
submucosa;
•
proportions of blood vessels stained for ICAM-1,
VCAM-1, E-selectin, P-selectin, LFA-1 ligand and
VLA-4 ligand.

To test the hypothesis that See Salvi et al 1999
the leukocyte infiltration
and
the
various
inflammatory responses
induced by diesel exhaust
exposure in healthy human
airways were mediated by
enhanced chemokine and
cytokine production by
resident cells of the airway
tissue and lumen.
(Salvi SS, Nordenhall C,
Blomberg A, Rudell B,
Pourazar J, Kelly FJ,
Wilson S, Sandström T,
Holgate ST, Frew AJ.
(2000). “Acute exposure
to diesel exhaust increases
IL-8
and GRO-alpha
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See Salvi et al 1999

Bronchial wash
Performed 6 hours after exposure and total RNA extracted
from cells and RT-PCR ELISA used to quantify relative
changes in mRNA for IL-1β, IL-4, IL-5, IL-8, TNF-α, IFNγ and GM-CSF synthesis.

Endobronchial biopsy
6 hours after exposure
•
immunostained for quantification of, GRO-α, IL-4,
IL-5, IL-6, IL-8, TNF-α, GM-CSF and ENA-78;
quantification was performed separately for the
epithelium and submucosa.
•
total RNA extracted from tissue samples and RTPCR
ELISA used to quantify relative changes in mRNA
for IL-1β, IL-4, IL-5, IL-8, TNF-α, IFN-γ and GMCSF.
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Results
Differences between mean results for exposed and control
groups unless otherwise stated
Differences in diesel exhaust exposure compared to air:
•
neutrophil count in epithelium and submucosa higher
•
mast cell count in submucosa higher;
•
total T Cell count higher in epithelium and submucosa
comprising greater numbers of CD4+ cells in the
epithelium and submucosa and CD8+ cells in the
epithelium.
•
no differences in the number of activated T Cells
(CD25+), macrophages, eosinophils or B Cells.
•
markedly higher proportion of blood vessels staining for
ICAM-1 or VCAM-1
•
No difference in data for E-selectin and P-selectin
•
Cells expressing the LFA-1 ligand were higher in the
epithelium and submucosa
•
Cells expressing the VLA-4 ligand were higher in the
submucosa though not significantly so.
Bronchial Wash
Differences in cytokine/chemokine mRNA in bronchial wash
cells for diesel exhaust exposure compared to air:
•
Significantly higher proportions of IL-8 mRNA
•
No difference on the mRNA levels of IL-1β, IL-4, IL-5,
TNF-α, IFN-γ or GM-CSF.
Endobronchial Biopsy
Differences in cytokine/chemokine mRNA in bronchial tissue
for diesel exhaust exposure compared to air:
•
Significantly higher proportions of IL-8 mRNA
•
IL-5 mRNA higher but just short of statistical
significance;
•
No difference in the mRNA levels of IL-1β, IL-4, TNF-α,
IFN-γ or GM-CSF.
•
Higher levels of the chemokines IL-8 and GRO-α in the
bronchial epithelium.

Controlled Exposure Studies of Ultra Fine Particles
Exposure Protocol: 1 Administration, 2 Exposure and control substances and concentration, 3 Exposure time and ventilation intensity, 4 Trial design
Subject Details
Exposure Protocol
End Points Measured
Purpose of Study
(Investigators)
production in healthy
human
airways”.
American
journal
of
respiratory and critical
care medicine, 161: 550557.)
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Results
Differences between mean results for exposed and control
groups unless otherwise stated
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Applying science for a better working environment
The Institute of Occupational Medicine
The IOM is a major independent centre of scientific excellence in the fields of occupational
and environmental health, hygiene and safety. We aim to provide quality research,
consultancy and training to help to ensure that people’s health is not damaged by
conditions at work or in the environment. Our principal research disciplines are exposure
assessment, epidemiology, toxicology, ergonomics and behavioural and social sciences,
with a strong focus on multi-disciplinary approaches to problem solving.
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the coal mining industry. Major themes were quantification of airborne dust concentrations
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health effects, relationships between exposure and disease, and proposals for prevention.
This research became an international benchmark for epidemiological studies of
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US and other countries.
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psychological stress.
Related work includes the development and application of
measurement and control systems, mathematical models and survey methods.
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companies. The IOM is a World Heath Organisation (WHO) collaborating centre and is an
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