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RovaL CoMMISSION ON ENVIRONMENTAL POLLUTION

Twenty-seventh Report
10 the Queen’s Most Excellent Magesty

MAY 1T PLEASE YOUR MAJESTY

We, the undersigned Commissioners, having been appointed ‘to advise on matters, both national and
international, concerning the pollution of the environment; on the adequacy of research in this field;
and the future possibilities of danger to the environment’;

And to enquire into any such matters referred to us by one of Your Majesty’s Secretaries of State or
by one of Your Majesty’s Ministers, or any other such matters on which we ourselves shall deem it
expedient to advise:

HuMBLY SUBMIT TO YOUR MAJESTY THE FOLLOWING REPORT.

iii



“... for [ was never so small as this before, never!”

Lewis Carroll, Alice in Wonderland, 1907

“Technology ... is a gueer thing. It brings you great gifts with one hand, and it stabs you in the back with the other.”

C.P. Snow, 7he New York Times, 1971

More information about the current work of the Royal Commission can be obtained from its website at
http:/ /www.rcep.org.uk or from the Secretariat at Room 108, 55 Whitehall, London SW1A 2EY.
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Chapter 1

INTRODUCTION AND OVERVIEW

NOVEL MATERIALS

1.1

1.2

1.3

1.4

The discovery, development and deployment of novel materials have always been significant
factors in the development of human civilisation. Prehistoric and historical epochs are even
named according to the new materials (or new uses of materials) that were successively introduced
and entered into common use during what we know as the Stone Age, Bronze Age and Iron
Age.

In later eras, new materials have been closely associated with radical change. The development of
paper was as importantas the printing press in revolutionising communications. The introduction
of gunpowder into Europe transformed warfare. In more modern times, gas lighting only became
demonstrably superior to oil and candles with the introduction of the gas mantle, composed of
novel materials such as thorium and cerium oxides. A hundred years ago electric filament lamps
were made possible by other novel and fairly unusual materials, osmium and tungsten. More
recently, fluorescent strip lights and compact high efficiency lights use once-novel phosphors to
convert the UV produced by the electrical discharge into visible light.

Regardless of their novelty, materials are fundamental to all areas of technology and economic
activity. Manufacturing and construction are entirely dependent on materials, and materials
technology affects most economic activities.

The Royal Commission’s decision to study novel materials was initially motivated by two kinds
of concern. First was the potential for releases to the environment arising from increasing
industrial applications of metals and minerals that have not previously been widely used. Second
was the embodiment of nanoparticles and nanotubes in a wide range of consumer products and
specialist applications in fields such as medicine and environmental remediation. As our inquiry
progressed, it soon became clear that the bulk of evidence that we were receiving focused on
the second of these issues.

APPLICATIONS OF NOVEL MATERIALS

1.5

1.6

Novel materials and new applications for existing materials are continually being developed
in university and commercial laboratories around the world. They are intended either to
improve the performance of existing technologies, such as fuel additives to improve the energy
performance of cars, trucks and buses, or to make new technologies possible, such as MP3
players and mobile telephones which use trace quantities of exotic minerals. Novel materials are
used under controlled conditions in industrial processes to make everyday objects. They are also
incorporated in products which find their way into daily use.

Novel materials include a wide range of industrial products such as polymers, ceramics, glasses,
liquid crystals, composite materials, nanoparticles, nanotubes and colloidal materials. In turn,
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1.7

1.8

1.9

1.10

1.11

1.12

these kinds of materials may be used in a wide range of applications including energy generation
and storage, engineering and construction, electronics and display technologies, food packaging,
and environmental and biomedical applications.

In the field of energy technology for example, the development of more efficient engines,
advanced solar photovoltaics, improved batteries and hydrogen storage all offer opportunities
for the potentially widespread application of novel materials. Diesel engines are said to be
made more efficient by the use of fuel additives, such as cerium oxide. Jet engines can burn
fuel at much higher temperatures when rhenium is added to alloys used in their construction.
Conductive organic polymers, inorganic semiconductors such as cadmium selenide (in both bulk
and nanoparticulate forms) and fullerenes are of interest to manufacturers of solar cells. Various
novel lithium compounds are being investigated to achieve improvements in the cathodes of
lithium ion batteries found in numerous portable electronic devices, including laptop computers
and mobile phones. Hydrogen could be used as an alternative to electricity as an energy source
and storage medium. But hydrogen storage as gas or liquid currently presents problems that
could potentially be overcome by using inorganic metal hydrides of light elements (along
with platinum, palladium, nickel or magnesium as catalysts) or by absorption in high porosity
materials with large surface areas, such as nanotubes. There is a similarly wide range of potential
applications in many other fields.

Novel materials are developed in response to a number of different drivers, including the
requirement for a specific or improved functionality, increased efficiency, and the need to find
substitutes for raw materials that are in short supply or have been found to have adverse effects on
the environment or human health. An example of where safer substitutes for existing materials
are desirable is the replacement of lead solder in electronic devices. In some cases, the discovery
of novel functionality (the ability of a material to behave in a certain way or to ‘do’ something)
actually drives a search for profitable applications.

The improved efficiency and functionality of novel materials can bring tangible environmental
benefits, such as those offered by the development of photovoltaics, fuel cells and lightweight
composites for cars and aircraft. In all cases, it is unlikely that new materials will be adopted, even
in critical areas such as low-carbon energy technology, if the price is too high.

An example of materials innovation to reduce costs is the search for alternatives to the use of
silicon transistors in liquid crystal displays (LCDs). While this technology is well understood, it
remains costly and energy intensive, and manufacture of the materials involves the use of highly
corrosive chemicals. Conducting polymers, transparent conducting oxides, silicon nanorods and
carbon nanotubes are all being explored in the development of printing technologies that could
achieve large display area capabilities, high processing speeds and low energy input.

Price may be only one of a number of constraints on the development and deployment of novel
materials. For example, the scarce supply of some elements, such as indium, means that there
may not be sufficient availability to realise the potential benefits on a substantial scale.

When scarce new materials are used in very small quantities, for example as dopants in electronic
equipment, the feasibility and cost effectiveness of recycling them is diminished so that
increasingly they will be released into the environment.
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Some novel materials of concern are themselves already the subjects of searches for substitutes
on either cost or health grounds. Cadmium, selenium and indium used in photovoltaics, and
tellurium, bismuth and lanthanum in magnetic storage devices are all considered toxic. While
they appear to pose no threat in use, they require careful handling in manufacture (especially to
avoid contamination of wastewater streams) and during end-of-life recycling or disposal.

DEFINITIONS OF NOVEL MATERIALS

1.14

1.15

1.16

The first question that we faced was how widely we should cast the net of ‘novel materials’.
Cleatly we did not wish simply to teproduce our Twenty-fourth Report, Chemicals in Products.'
In embarking on this report, we initially found it useful to distinguish four types of novel
materials:

* new materials hitherto unused or rarely used on an industrial scale, such as certain metallic
elements (e.g. rhodium, yttrium, etc.) and compounds derived from them;

* new forms of existing materials with characteristics that differ significantly from familiar or
naturally-occurring forms (e.g. nanoforms of silver and gold that exhibit significant chemical
reactivity, enhanced biocidal properties or other properties not manifest in the bulk form);

* new applications for existing materials or existing technological products formulated in a new
way, which may lead to substantially different exposures and hazards from those encountered
in past uses (e.g. the use of cerium oxide as a fuel additive); and

* new pathways and destinations for familiar materials that may enter the environment in forms
different from their manufacture and envisaged use (e.g. microscopic plastic particles arising
from mechanical action in marine ecosystems).’

Despite the breadth of these definitions, most of the evidence that we received focused on
nanomaterials — particles, fibres and tubes on the scale of a few billionths of a metre (Chapter
2). The emphasis on nanomaterials may have been due to a tendency among those offering us
evidence to equate ‘novelty’ with ‘revolutionary’ change. It might be the case where research
builds incrementally on existing knowledge and the new properties are not altogether unexpected,
that their creators do not consider the results to be ‘novel materials’. However, where there are
revolutionary changes in the properties and levels of understanding of a material then it may be
more likely to be considered ‘novel’. Hence, it is perhaps unsurprising that many of the materials
about which we received evidence were nanomaterials, many with truly novel properties as

described in Chapter 2.

The properties of a novel material can arise from two key factors: first, the chemical composition
of the material and second, its physical size and shape. As scientists exert ever more sophisticated
control over molecular level organisation, the morphology of materials is becoming increasingly
important. The example of gold illustrates how physical properties can change the chemical
properties of a material. In its natural bulk form, gold is famously inert. Naval uniform buttons

Another approach might be to consider materials referred to by laws and regulations as ‘new’ or ‘novel’, for
example under the toxic substances legislation of the USA (Toxic Substances Control Act, TSCA) or the
European chemicals regulation (REACH). Here ‘novelty’ may have little basis in science and is often defined
by whether or not a substance is on an existing regulatory database (e.g. the European Inventory of Existing
Chemical Substances, EINECS).
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were often gilded, in part to resist corrosion from salt air (Army buttons being more often made
of ungilded brass). However, at a particle size of 2-5 nm, gold becomes highly reactive. The
chemical composition of these two materials is identical: it is the different physical size of bulk
materials and nanoparticles that accounts for their very different chemical properties.

The example of gold points to a consideration that has consistently guided us in our inquiry. /7
25 not the particle size or mode of production of a material that should concern us, but its functionality. Indeed,
we encountered several experts who observed that the focus of attention is switching from the
size of particles to what they actually do. These experts predict that the term ‘nanotechnology’
will disappear within a decade or so. This reinforced our view that the key factors that should
drive our interest in the environmental and human health issues surrounding novel materials are,
indeed, their functionality and behaviour.

It would even be consistent with this emphasis on functionality to define a novel material as one
whose effects on human and ecosystem health are currently not understood.” Of course, there are
many materials that have been around for a long time whose toxicology is not fully understood.
However, there are also whole new categories of materials currently being produced (particularly
nanoparticles) for which toxicological and ecotoxicological data are entirely lacking;

An approach to the classification of novel materials that takes account of their functionality is
employed by the Woodrow Wilson Center. It distinguishes four types:’

* evolutionary materials: Materials whose existing properties are enhanced or made more
accessible or useable. Examples would include sophisticated metal alloys and engineered
nanoparticles of metals and metal oxides, where increasing surface area and decreasing
particle size affect bulk properties like reactivity and light scattering;

* revolutionary materials: Materials that are not an extension or evolution of familiar or
conventional materials, but are distinct materials in their own right. Examples would include
carbon nanotubes, fullerenes, dendrimers and quantum dots (2.5-2.8);

* combination materials: Composite materials where a combination of two or more
components leads to unexpected or unconventional properties. These would include the use
of carbon and metal oxide nanoparticles and nanotubes in composites, leading to changes in
strength, conductivity and other physical and chemical properties. They would also include
more complex nanoparticles where multiple components have been engineered into the
final product, including smart nanoparticles for treatment of cancer and other diseases, and
core-shell nanoparticles where outer layers of a different material have been added to alter
functionality; and

* materials with the potential for unanticipated and unusual biological impact: Some
new materials might behave predictably in the applications they are designed for, but present
unusual and unanticipated health and environmental hazards. Novelty in this case comes from
the potential to cause harm in unconventional ways. Within the bounds of current knowledge,
this category encompasses most manufactured nanomaterials that are based on, or have the
ability to release, low-solubility nanoscale or nanostructured particles into the environment.
Some such particles may be capable of interacting with biological systems in different ways
to those of larger particles. They may be small enough to cross biological barriers that are
typically impermeable to larger particles. Others may be transported and accumulate in the
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environment in ways that are different from conventional materials. This category might also
include materials with surface structures at the nanoscale that can potentially interfere with
biological processes.

No single exhaustive taxonomy of novel materials has yet been devised. We believe it is unlikely
that one is possible or even necessarily desirable. Each approach emphasises different attributes
of the materials in question and their applications. However, the functionality of the material, i.e. what it
15 designed to do and how it is capable of achieving it, appears to be the most robust focus for evaluating its potential
environmental and human health implications.

FUNCTIONALITY: SHOULD WE BE CONCERNED?

1.21

1.22

1.23

1.24

The environmental and public health implications of novel materials have attracted little
attention from the public or policy-makers, with the exception of nanomaterials, which have
been addressed in a number of reports on the broader topic of nanotechnology; a topic which,
for a while, vividly captured the attention of the mass media on both sides of the Atlantic.

While there have been no significant events that would lead us to suppose that the contemporary
introduction of novel materials is a source of environmental hazard, we are acutely aware of past
instances where new chemicals and products, originally thought to be entirely benign, turned
out to have very high environmental and public health costs. The list includes: asbestos, a life-
saving fire retardant and valuable insulator that causes serious lung disease; chlorofluorocarbons,
which were thought to be entirely harmless in a variety of applications including refrigeration,
insulation and electronics, but turned out to have enormously damaging consequences for the
atmosphere; tetra-ethyl lead, an anti-knocking compound in petrol which was injurious to the
mental development of children exposed to exhaust fumes; or tributyltin, an antifouling paint
additive used on ships’ hulls which bore setious consequences for a range of marine organisms.*
In light of such past expetiences and recent research findings,” we note that the Environment
Agency has recently taken the precautionary approach of classifying waste containing unbound
carbon nanotubes as hazardous.®

There is a long history of adverse human health effects caused by occupational exposure to
chemicals and inhaled dusts. Usually exposures need to be substantial and prolonged, as was the
case for pneumoconiosis, the severe fibrotic lung disease associated with coal mining. However,
high levels of exposure are not needed in the case of the highly malignant cancer mesothelioma
associated with asbestos exposure, where the mineral characteristic of the fibre (diameter, length
and persistence), as well as level and type of exposure, is a critical factor. Fortunately, with the
exception of mesothelioma which has a lag time of many years, these diseases are progressively
declining with the introduction of improved occupational hygiene and, in some cases, complete
removal of the offending agent from use. In these cases, an appreciation of the cause and effect
relationship is important so that appropriate safety measures can be implemented on the basis
of validated toxicological testing,

However, such safety measures can only be introduced if the association between the substance
in question and adverse health effects is known. A recent example that extends beyond the
workplace is the discovery of the adverse pulmonary and cardiovascular effects of ambient
air pollution particles from vehicle emissions. This emerged from careful population-based
epidemiology, which is able to take account of confounding factors such as geographical location
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1.28

1.29

1.30

and socio-economic status. Although the underlying mechanisms are still not fully understood,
the ability to derive exposure—tresponse relationships between particles of a particular size and
mass and human health effects has enabled robust air quality standards to be set to protect the
public. Learning from this experience, if new materials are introduced it is essential that every
effort is made to understand their toxicity profile in relation to human health and the wider
environment.

Itis a matter of concern that we were repeatedly told by competent organisations and individuals
that we do not currently have sufficient information to form a definitive judgement about the
safety of many types of novel materials, particularly many types of nanoparticles. In some
cases, the methods and data needed to understand the toxicology and exposure routes of novel
materials are insufficiently standardised or even absent altogether. There appears to be no clear
consensus among scientists about how to address this deficit.

Experts seem to agree that there is considerable uncertainty about what kinds of environmental
and toxicological effects might be expected. Will novel substances simply give rise to known
effects but to a different extent when compared to established materials or might they give
rise to completely new, as yet unknown, environmental effects? Current testing protocols are
fairly coarse screening mechanisms which tend to pick up acute effects. Almost by definition,
with novel materials there are virtually no data on chronic, long-term effects on people, other
organisms or the wider environment.

Under current procedures it can take up to 15 years for a new testing protocol to achieve
regulatory acceptance. Given the rapid pace of market penetration of novel materials and the
products that contain them, existing regulatory approaches cannot be relied upon to detect and
manage problems before a material has become ubiquitous.

Difficulties also arise because the form in which materials make their way into the environment
might not be the same as that encountered during manufacture. Many free nanoparticles
agglomerate and aggregate in the natural environment, forming larger structures that may have
different toxicological properties to those exhibited by the original nanoform.

Most novel materials are used in factories or incorporated in products, but our inquiries suggested
that very little thought has been given to their environmental impact as they become detached
from products in use or at the point of final disposal. For example, little attention is paid to the
ultimate fate of novel pharmaceuticals in the environment following elimination from patients.

Determining the fate of novel materials is vital when assessing the toxicological threat they
pose. Nanomaterials are illustrative of the challenge. Techniques for their routine measurement
in environmental samples are not widely available, nor are we currently able to determine their
persistence in the environment or their transformation into other forms. Laboratory assessments
of toxicity suggest that some nanomaterials could give rise to biological damage. But to date,
adverse effects on populations or communities of organisms zz sit# have not been investigated
and potential effects on ecosystem structure and processes have not been addressed. Our
ignorance of these matters brings into question the level of confidence that we can place in
current regulatory arrangements.
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TRANS-SCIENCE, WORLD VIEWS AND THE CONTROL DILEMMA

1.31

1.32

1.33

1.34

1.35

1.36

The policy challenge posed by novel materials is a specific instance of the more general dilemma
of how to govern the emergence of new technologies which, by definition, cannot be fully
characterised with respect to their potential benefits and drawbacks. As such it is a classic case of
what the American physicist Alvin Weinberg described as a ‘trans-scientific’ problem.’

Trans-scientific questions are those that can be posed in the language of science as questions
of fact, but are in practice unanswerable by it. A classic instance is the question “Is it safe?”, to
which the answer must always be a matter of judgement and not of fact. Judgement is more
difficult in situations where there is little or no consensus about what constitutes the evidence
on which it might rest.

Wortld views incorporate ethical values as well as ontologies (ideas about the nature of things).
Scientists and regulators, as well as the wider public, invariably use wotld views to interpret
data or other kinds of evidence. But where information is missing or evidence is ambiguous,
people draw even more heavily on more general world views to inform their decision making,
For example, those who believe that nature is maintained in a delicate balance are more likely to
regard any discharge into the environment as a dangerous insult than those who see nature as
robust and forgiving.

These contrasting world views are highlighted by various reports on nanotechnology published
on either side of the Atlantic in the first half of this decade.® US reports tend to concentrate
on the upside of nanotechnology, describing its potential in glowing, often Utopian terms.
European reports tend to dwell more on potential dangers to health, environment and the social
fabric. Yet there is no substantial difference in the scientific or technological data available to
the authors of these reports. In new situations, individuals and institutions rely on their existing
ideas and beliefs about risks and how they should be managed.

In gathering our evidence for this report it was clear to us that different organisations and
individuals interpreted the same information, or lack of it, in very different ways, reflecting their
broader interests and outlooks. We heard at least three distinctive approaches to the problem of
the governance of novel technologies under conditions of what we consider to range from high
uncertainty to profound ignorance.

One optimistic view was that no regulatory attention to novel materials could be justified
unless and until there were clear indications that harm is being caused. Those expressing such a
position were generally more concerned to forestall any unjustified regulatory intervention that
might stifle innovation. A less optimistic version was the argument that any attempts to devise
governance arrangements for novel materials should be ‘risk based’. This usually means that the
technology should be controlled only to the extent that there are clearly articulated (preferably
quantified) scientific reasons for concern, and only then where the cost of risk reduction is
deemed proportionate to the probability and extent of danger. Reasons for concern might
include detection of empirical disease clusters, the articulation of theoretically plausible exposure
pathways, or plant or animal disease mechanisms that might be associated with particular novel
materials. At the other extreme was the view that novel materials should not be permitted until
they had been given a clean bill of health, i.e. they had been demonstrated beyond any reasonable
doubt to be safe.
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We were not persuaded by any of these positions. The first assumes that nature is always benign
until proven otherwise. As we have noted, history is replete with instances where such assumptions
were shown to be flawed too late to avoid serious consequences. The second approach assumes
that the state of the science is up to the job of detecting problems unambiguously and at an
early enough stage to prevent widespread damage, which we have not found to be the case here.
The third view would deny citizens and consumers the real lifestyle and health benefits that
technologies based on novel materials might provide. In any case, we know that science can
never definitively prove that something is safe.

Contemporary society is characterised by the accelerating pace of the proliferation of new
technologies. Increasingly, it will be impossible to settle questions about the environmental and
human health impacts of new materials consistently and in a timely fashion using traditional risk-
based regulatory frameworks. The problem is exacerbated by the fact that in a technologically
interdependent world, individual states cannot realistically exert the power to monitor and
enforce rules governing the incorporation of materials in a wide range of products or their

disposal.

We are faced with an instance of what David Collingridge described as the ‘technology control
dilemma’. As long ago as 1980, he suggested that in the eatly stages of a technology we don’t
know enough to establish the most appropriate controls for managing it. But by the time
problems emerge, the technology is too entrenched to be changed without major disruptions.

The solution to this dilemma is not simply to impose a moratorium that stops development,
but to be vigilant with regard to inflexible technologies that are harder to abandon or modify
than more flexible ones. Thus, key questions are how reversible is society’s commitment to the
technology and how difficult would it be to remediate if problems arose. Among the technical
and social indicators of inflexibility are: long lead times from idea to application; capital intensity
(such as investment in large plant and costly equipment); large scale of production units;
major infrastructure requirements; closure or resistance to criticism; exaggerated claims about
performance and benefits; and hubris. To this list we might add irreversibility, in the form of
widespread and uncontrolled release of substances into the environment. According to this
approach, the more of these indicators that are present, the more cautious we should be in
committing ourselves to adoption of the technology.

These considerations of trans-science, world views and the control dilemma suggest that novel
materials, like other emerging areas of technology, require an adaptive governance regime
capable of monitoring technologies and materials as they are developed and incorporated into
processes and products. An effective, adaptive governance regime will have to be capable of
applying the indicators of technological inflexibility identified in the technology control dilemma
to decide when to intervene selectively in areas where it deems that a material represents a danger
to the environment or human health. While any kind of blanket moratorium does not seem
appropriate, there may well be specific cases where it is necessary to slow or even hold up the
development while concerns are investigated.
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Such a governance regime would be consistent with and build upon a recommendation
from the 2004 Royal Society and Royal Academy of Engineering report on nanoscience and
nanotechnology" in relation to the governance of nanotechnology, which proposed the
establishment of a “group that brings together representatives of a wide range of stakeholders
to look at new and emerging technologies and identify at the earliest possible stage areas where
potential health, safety, environmental, social, ethical and regulatory issues may arise and advise
on how these might be addressed”.

THIS REPORT

1.43

1.44

In preparing this report, our aim is to provide a framework for thinking about and addressing
concerns about the impacts of novel materials. Hence, in Chapters 2 and 3, we explore the extent
to which novel substances are currently being deployed, the plausible pathways by which they
might enter the environment, their likely environmental destinations in use or disposal and the
possible consequences of their release to those destinations. In Chapter 4 we go on to consider
what arrangements would be most appropriate for the governance of emerging technologies
under two conditions that pose serious constraints on any regulator. First is the condition of
ignorance about the possible environmental impacts in the absence of any kind of track record
for the technology. Second is the condition of ubiquity — the fact that new technologies no
longer develop in a context of local experimentation but emerge as globally pervasive systems —
which challenges both trial-and-error learning and attempts at national regulation.

Both new governance approaches and modifications to existing ones are likely to be called for.
They will need to be rooted in ideas of adaptive management that require multiple perspectives
on the issues. In the meantime, we emphasise that it makes little sense to frame the governance
challenges in terms of whether industry, government, or citizens should be ‘for’ or ‘against’
nanomaterials or any other kinds of novel materials. It is the functionality of the material, not
particle size or mode of production, which is critical for evaluating its potential impact on the
environment or human health.
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We concluded in Chapter 1 that novelty depends on the exploitation of properties of a
substance, particulatly to deliver new functionalities, not on the particular processes used to
manufacture them or simply on their composition or size. In this chapter, we discuss more fully
how functionality can determine both the uses to which a material can be put and its potential
to cause harm to the environment and human health. We also look at the innovation system for
nanomaterials, identifying the different actors and their linkages, and examining how this system
can be used to help develop policy for the management of nanomaterials.

The behaviour of novel manufactured materials, particularly manufactured nanoparticles, should
be seen in the context of the existence of naturally-occurring nanoparticles (2.7) to which the
environment and organisms have been exposed for millions of years. Indeed, there have been
long-standing uses of what we now recognise as nanomaterials, as illustrated by the Lycurgus
cup, shown on the cover of this report. The Lycurgus cup is thought to have been made in Rome
in the 4th century AD. The cup is the only complete example of a very special type of glass,
known as dichroic, which changes colour when held up to the light. The opaque green cup turns
to a glowing translucent red when light is shone through it. The glass contains tiny amounts of
colloidal gold and silver, which give it these unusual optical properties.'

We pressed many witnesses and organisations on whether they had concerns about potential
environmental and human health impacts of non-nanoscale novel materials which could not
already be addressed through the current regulatory framework. However, we failed to elicit
substantial concerns about anything other than nanomaterials. This report, in particular this
chapter and Chapter 3, therefore concentrates primarily on nanoscale materials. This focus
leads naturally to an evaluation of the governance, regulatory structure and processes required
to oversee their manufacture, use and disposal in Chapter 4. Whilst Chapter 4 again focuses
primarily on nanomaterials, the general principles it sets out can be applied to all types of novel
materials.

THE NANOSCALE

24

The small size of nanomaterials gives them specific or enhanced physico-chemical properties,
compared with the same materials at the macroscale, which generate great interest in their
potential for development for different uses and products.” Figure 2-I illustrates where the
nanoscale fits into the wider spectrum of material dimensions.

10



Chapter 2

FIGURE 2-I

Length scale showing the nanometre in context

This diagram places the nanoscale in context. One nanometre (nm) is equal to one-billionth (1,000,000,000)
of a metre, 10°m. Most structures of nanomaterials which are of interest are between 1 and 100 nm in one or more

dimensions. For example, carbon Buckyballs (fignre 2-111) are about 1 nm in diameter.
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TERMS TO DESCRIBE NANOSCALE TECHNOLOGIES AND MATERIALS

25

2.6

Many terms are used to describe technologies and materials employed at the nanoscale, including
‘nanoscience’, ‘nanotechnology’, ‘nanomaterials’ and ‘nanoparticles’. In evidence we have
been told that it is difficult to point to a single definition that encapsulates ‘nano’. Given the
interdisciplinary nature of nanotechnology, however, a single definition is unhelpful and, as noted
in Chapter 1, many believe that ‘nanotechnology’ as a term will cease to exist within the next
decade because increasingly researchers and developers will select a material for its functionality,
rather than for its size.” Nevertheless, a good working definition of a nanomaterial is one that is
between 1 and 100 nm in at least one dimension and which exhibits novel properties.

Nanomaterials can have one, two or three dimensions in the nanoscale. One-dimensional
nanomaterials include layers, multi-layers, thin films, platelets and surface coatings. They have
been developed and used for decades, particulatly in the electronics industry. Materials that are
nanoscale in two dimensions include nanowires, nanofibres made from a variety of elements
other than carbon, nanotubes and, a subset of this group, carbon nanotubes. Single-walled and
multi-walled carbon nanotubes are two distinct types, but many variations within these two
categories mean there are many nanotube types overall (figure 2-II). Their novel functionality
affects their strength, electrical properties, thermal conductivity and ability to change properties
with the addition of functional groups, meaning they have the potential to be used in a wide
range of applications including composites, sensors and electronics. Nanowires are very fine
wires, which can be made from a wide range of materials; they have applications in high-density
data storage.

FIGURE 2-I
Carbon nanotubes*

© Dr. Andrei Khlobystow, University of Nottingham
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Materials that are nanoscale in three dimensions are known as nanoparticles and include
precipitates, colloids and quantum dots (tiny particles of semiconductor materials).
Nanocrystalline materials made up of nanometre-sized grains also fall into this category.’
Nanoparticles exist naturally (for example, natural ammonium sulphate particles), but they can
also be manufactured, as for example in the case of metal oxides such as titanium dioxide and
zinc oxide. Metal oxide nanoparticles already have applications in cosmetics, textiles and paints
and, in the longer term, could potentially be used for targeted drug delivery. Self-assembled
nanoparticles and nanostructures are also being developed for use in targeted drug delivery.
Dendrimers can include spherical polymeric molecules that are used in coatings and inks.
Quantum dots have applications in solar cells and miniature solid state lasers.

Buckminsterfullerenes (also known as fullerenes and Buckyballs) are a class of nanomaterial
of which carbon-60 (C,) is perhaps the best known. C is a spherical molecule about 1 nm
in diameter which comprises 60 carbon atoms arranged as the corners of 20 hexagons and
12 pentagons (figure 2-III). Potential applications include use as lubricants and electrical
conductors.

FIGURE 2-lll
C,, Buckminsterfullerene (also known as a Buckyball or fullerene)®

PROPERTIES OF MATERIALS AND NANOMATERIALS

2.9

As already noted (1.16 and 2.4), the properties and hence functionalities of nanomaterials
can be very different from those of the bulk form and the component atoms and molecules.
Furthermore, some properties being discovered have not previously been observed in traditional
chemistry or materials science.” While the resulting difference in behaviour from the bulk form,
or from the same material in the molecularly dispersed or atomic state, makes it possible to use
nanomaterials in novel ways, it may also give rise to different mobility and toxicity in organisms
and the environment.

13
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2.10

211

212

2.13

The features of nanoparticles which undetrlie these properties and behaviour include: greatly
increased surface area per unit mass; changes in the relative frequency of different component
atoms at the surface (and hence in chemical reactivity); changes in surface charge; and modified
electronic characteristics. The electronic features can become quantized, leading to so-called
‘quantum effects” which can influence optical, electrical, magnetic and catalytic behaviout.® The
strong surface forces and Brownian motion which may be exhibited at this size range are also
important as they may play a significant role in the self assembly of nanostructures.

It follows that some novel properties of nanoparticles are predictable, but others will be
unexpected compared with what is known from the existing science and technology base.
Substances behaving in previously unobserved ways would fall into the ‘revolutionary’ category
(according to the definition at 1.19). Examples include the catalytic properties of gold particles,
the mechanical properties of carbon nanotubes and the optical properties of cadmium selenide
quantum dots.

These effects and others described in more detail below are often well characterised in relation
to the functionalities for which the new properties are being exploited. However, they are usually
much less well characterised in terms of fate and behaviour in organisms and the environment,
which may well present more demanding challenges.

While the basic principles employed in characterising substances for health and environmental
effects are the same whether or not they are in the nanoform, certain properties are particularly
or uniquely important in the case of nanomaterials. These include particle size, particle shape,
surface properties, solubility, agglomeration and aggregation (appendix E). Furthermore, the
way these properties determine behaviour can be profoundly influenced by extrinsic variables,
such as temperature, pH, ionic strength of containing medium and presence or absence of
light. In the following sections we illustrate the range of factors determining properties and
functionalities. The challenges which this presents in relation to risk assessment and governance
are discussed in detail in Chapters 3 and 4 respectively.

Composition

2.14

2.15

The composition of any material plays a central role in determining its properties, including
reactivity, mobility and toxicity. A major advance being achieved with nanomaterials is to engineer
composition more specifically to modify or enhance properties. In his seminal 1959 lecture
There’s Plenty of Room at the Bottom, the physicist Richard Feynman asked the pertinent question
“What would be the properties of materials if we could really arrange the atoms the way we want
them?”.” The structural precision with which nanomaterials can now be engineered is providing
the opportunity to address this question.

Composition can be further complicated by combining different substances to create a functional
whole. Some nanomaterials are composites, consisting of a core (which is itself usually referred
to as the nanomaterial) and a shell around the core produced either deliberately (as with many
quantum dots) or unintentionally (as in the oxidation of zero-valent iron nanomaterials to form
an iron oxide shell)."” In addition, a surface active agent, sometimes called a capping agent, is
often used in practical applications of nanomaterials. This is usually an organic molecule such as

14
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a polymer or surfactant. Small amounts of material (e.g. heavy metals), known as dopants, can
also be added to alter the electrical and chemical properties of the nanomaterial.

All these aspects of composition are likely to affect behaviour in organisms or the environment.
The polymer or surfactant layer, for example, is often used to impart colloidal stability and
prevent aggregation and agglomeration. Nanomaterials with improved stabilising agents are
being produced for specific applications at an increasing pace. Many are aimed at crossing
biological membrane bartiers to assist drug delivery and for other medical applications.' 2
However, because of this characteristic, these materials may be of particular concern if they

enter the environment.

Size and shape

217

2.18

Size is one of the distinguishing characteristics of nanomaterials — their size range is such that
size-dependent properties feature strongly in their behaviour. Prominent among such properties
is surface area: table 2.1 shows how the surface area per unit mass increases significantly as
size of particle decreases, a consequence of the increase in the number of particles. As many
chemical reactions occur at surfaces, this means that nanomaterials may be relatively much
more reactive than a similar mass of conventional materials in bulk form. This suggests that
the weight thresholds embodied in legislation and regulation of chemicals and materials (e.g
the European REACH regulation, see Chapter 4) may not be valid for nanomaterials. The way
surface properties affect reactivity is discussed further below (2.19).

At the nanoscale, shape may also be especially important, as experience with the needle-shaped
asbestos fibres has shown. Nanomaterials exhibit a wide variety of shapes including particles,
tubes, threads and sheets, as well as more ornate forms. For example, nanomaterials may be
engineered as rods or dumb-bells.

TABLE 2.1
Influence of particle size on particle number and surface area for a given particle mass"

Consider a single particle the size of a basketball which is then broken into many smaller particles, each the size of a

pea. Clearly the same mass of material can comprise one very large particle (the basketball) or thousands of smaller
particles (the pea) but if one were to sum the total surface area of the smaller particles it wonld far exceed that of the
larger particle. This table illustrates the phenomenon for an original large particle (diameter of 10,000 nnz or 10 um)

broken down into smaller particles; by the time the constituent particles are 10 nm (or 0.01 um) in diameter, it has

produced 10° particles with an increase in surface area of a factor of 10°.

Particle diameter (nm) Relative number of Relative surface area (as a
particles factor)

10,000 nm 1 1

1,000 nm 10° 107

100 nm 10° 10

10 nm 10° 10°
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Surface properties

2.19 Surface properties have a significant effect on how a material interacts with organisms and its
behaviour in the environment. They change at the nanoscale; for example the forces binding
individual surface atoms to the interior of a nanoparticle can decrease as the size decreases
(and therefore the ratio of surface area to volume increases). This makes the surface atoms
more reactive. Overall the surface chemistry of a substance will be influenced by the available
surface area, the nature of the atoms at the surface, the charge at the surface and any surface
modifications. Contaminants at the surface and structural defects can also modify properties.
Surface chemistry could be a key indicator of the potential for harmful effects on health or the
environment, although how the material is dispersed in the environment will also be an important
factor. It will also influence how the material will attach to charged cells and biomolecules.

2.20 The charge at the surface influences how the substance will interact with other substances, for
example in which solvents it will dissolve. Surface charge also affects whether particles will
remain dispersed or will aggregate and agglomerate in any medium, which is important when
considering how the material will be transported in the environment. In addition, surface charge
together with other surface properties will affect the way in which a substance partitions between
different phases, for example, how it will be sorbed. This has a major influence on bioavailability,
mobility in the environment and penetration to sites of toxic action in organisms.

2.21 Surface chemistry can be markedly affected by defects, dopants or impurities, adding considerably
to the complexity of factors that need to be taken into account when considering the surface
activity of a material.

Solubility

2.22 A key factor determining the impact of a nanomaterial on the environment is how it is dispersed.
Materials which are freely soluble in water generally move readily through aqueous environments,
whereas insoluble particles have different transport mechanisms. A further complication is that
particles which are discrete under laboratory conditions may aggregate in aqueous systems in the
environment (2.23) with consequent effects on transport pathways. It is therefore important to
consider the different ways in which nanomaterials may be dispersed in other media. These are
described in appendix F.

Aggregation

2.23 While discussion of nanoparticles tends to focus on discrete particles, in practice particles
often aggregate (i.e. adhere together), significantly changing behaviour, for example partition
and transport in the environment. To prevent aggregation, the surface of the particle can be
modified or it can be suspended in a medium that limits aggregation — a well-established aspect
of colloid science.

2.24 The potential for particles to aggregate is determined by the repulsive force that particles

experience when suspended in a specific medium. The lower this is, the less the electrostatic
force of repulsion between adjacent particles, which increases the likelihood of them coalescing
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to form a larger entity. The environmental behaviour of aggregated and single particles will

differ, with the larger particles tending to settle in the medium and smaller particles ‘going with

the flow”.'*

APPLICATIONS AND USES OF NOVEL MATERIALS

FEXAMPLES OF NANOMATERIALS AND THEIR USES

2.25 The introduction to this chapter (2.6-2.8) only begins to illustrate the diversity of nanomaterials.
They do not share a common scientific basis or technology, nor do they fit into a single group

of products or markets which share one common feature.”” Their specialised properties

described above, and hence functionalities, mean that nanotechnologies and nanomaterials

have the potential to be developed and used widely through nearly all sectors of life, including

communications, health, housing, energy, food and transport (1.5-1.7).' ' Table 2.2 shows

examples of nanomaterial products used in the automotive industry. Box 2A describes the

application of nanotechnology to medicine. In all these applications, nanomaterials are being

exquisitely designed for very specific purposes.

TABLE 2.2
Examples of nanomaterial products used in the automotive industry®

Product Nanomaterial Function/use

. Improves mechanical properties
Carbon black carbon nanoparticles p prop
of car tyres
. : . Scratch resistant clear coatings for
Ceramiclear ceramic nanoparticles

vehicles

Components for fuel line
and tank

carbon nanotubes (composites)

Anti-static agents

Carbon nanotube
polymer composite

carbon nanotubes

Allows electrostatic coating

Nano-TPO

nanoclay thermoplastic

composite for exterior parts

Improves mechanical properties

Schott Conturan®

glass nanocoatings

Anti-reflection coating for speed
indicator glazing

OnStar Mirror

functional nanolayer

Auto-dimming mirrors

Catalyst materials

rare earth and platinum group

metal nanomaterials

Catalytic converters
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BOX 2A NANOMEDICINES

The application of nanotechnology to medicine results in a whole new class of products known
as nanomedicines. Their application ranges from use in diagnostic imaging' to use as scaffolds for
tissue regeneration in orthopaedic implants.” Intelligent nanomaterials are also being designed as
biosensors.”! However, their widest use has been as drug delivery systems.”

To provide effective drug delivery, passive targeting with particular types of nanoparticle exploits
vascular differences between the target tissues, e.g. between cancer cells and normal tissue, whereas
active targeting is achieved by linking the polymer that comprises the nanoparticle to molecules
such as monoclonal antibodies that specifically recognise cell surface receptors of interest.”
Nanopolymers preferentially access tumours because they have larger pores (up to 2,000 nm in
diameter) in their capillaries, compared to healthy tissues. The liver also has larger (100-200 nm)
than normal pores explaining the increased uptake of nanoparticles by this organ.

Most frequently the nanomedicine is made up of an outer shell of a hydrophilic polymer (e.g.
polyethylene glycol) and an inner core of hydrophobic polymer (e.g. polyaspartate) to generate
composites ranging from 12-85 nm. An alternative structure is the dendrimer, which is a
repeatedly branched polymer containing cascades of branches with a cote surrounded by a shell.**
By incorporating toxic anti-cancer drugs into the core, preferential uptake and prolonged drug
release into a tumout occurs with less systemic toxicity.” Incorporation of anti-cancer drugs
into nanomaterials also prolongs their effective life in lymphatic tissue inhibiting tumour spread
(metastases) to these sites.

Application of these principles in the field of nanomedicine is also allowing nanomaterials to
be used in neural regeneration and neuroprotection, as well as targeted drug delivery across the
blood—brain barrier, which may be of special relevance in the treatment of neurodegenerative
diseases.”

2.26 The nanomaterials market is growing rapidly. The Woodrow Wilson Centet’s database lists
over 600 products self-identified as containing nanomaterials currently available in the global
marketplace.” The products of nanotechnology can be found in paints, fuel cells, batteries,
fuel additives, catalysts, transistors, lasers and lighting, lubricants, integrated circuitry, medical
implants, water purifying agents, self-cleaning windows, sunscreens and cosmetics, explosives,
disinfectants, abrasives and food additives.?®

2.27 Nanosilver, various forms of carbon, zinc oxide, titanium dioxide and iron oxide make up
the majority of nanomaterials in use, although others, for example nanogold, have started to
enter the market.”” The wotldwide market for carbon nanotubes is currently $700 million, and
expected to grow to at least $3.6 billion.” For titanium dioxide it is estimated at $314 million
(5,000 tonnes), expected to grow to $471 million in the long term. The market for zinc oxide
is estimated at $0.79 millions (18 tonnes). Common nanomaterials such as carbon black ($8
billion) and nanosilica ($3.14 billion) will have lower growth.” Overall the nanomaterials market
is estimated to be worth about $30 billion per year.*”

2.28 The growth in nanotechnology is also illustrated by the number of patents taken out on
nanomaterials. Figure 2-IV shows the number of patents registered globally from 1990-2006
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with any of the following in their titles: nanoparticle, nanorod, nanowire, nanocrystal, nanotube
or carbon nanotubes. The acceleration in patenting is remarkable — more than a doubling in
number of patents every 2 years.

FIGURE 2-IV
Trends of patents on nanomaterials (1990-2006)
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Note: The primary source only gave data for the first 5 months of 2006. The number of patents for 2006 presented here is an estimate for
the whole year.

2.29 There is also much interest in developing nanomaterials to benefit the environment, for example
in the following fields:

* energy generation and storage, including electricity storage, fuel cells, and hydrogen storage
and generation;

e water, air and land quality, including environmental sensors, soil remediation, agricultural
pollution reduction and water purification; and

* energy efficiency, including insulation, lighting, engine and fuel efficiency, ‘lightweighting” of
materials and the development of other novel materials with environmental benefits (e.g. the
development of ultra hydrophobic coatings to reduce the icing-up of wind turbine blades).”

2.30 It is clear that there is a great deal of interest in novel materials, particularly nanomaterials,
and they promise much in the way of benefits to society and the environment. There remain
concerns however that the potential benefits of some applications of nanotechnology have been
exaggerated, in that a benefit discovered under laboratory conditions may not be realised on a
commercial scale. Equally, concerns have been expressed about the potential environmental and
human health impacts of these materials and technologies (Chapter 3). The benefits perceived
and levels of concern shown by different individuals and organisations depend strongly on,
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2.31

and indeed reflect, the different ‘world views’ summarised in Chapter 1. Some see only benefits,
others only problems. The aim of this report is to steer a course that will allow the benefits of
nanomaterials to be realised and their possible risks to be avoided. This is challenging in the face
of very great uncertainties and a profound lack of detailed information about both possible
benefits and possible risks in a rapidly evolving field. Central to our approach is the recognition
thatitis the properties and functionalities of novel materials that matter, not how they are made,
nor simply their size (Chapter 1).

Some commentators have envisaged four generations of nanotechnology products and processes
with potential for development between 2000 and 2020* (figure 2-V), though some claims need
to be treated with caution since the timescales for change are inherently difficult to predict. It
is clear, however, that even first and second generation nanotechnologies (which already exist)
present major challenges in terms of understanding their social and environmental implications.
The implications of what are seen as third and fourth generation nanotechnologies are profound
and represent a significant step change in the challenges to the regulatory system and to the need
for societal engagement.

FIGURE 2-V

Four generations of products and processes3®

The first generation comprises passive nanostructures, which are already being produced and made available on the
commercial market, through to molecular nanosystems which are thought to include so-called ‘designer molecules’.
Whilst we broadly accept the classification into four generations of product types, we are sceptical about the timescales
proposed. Third and fourth generation products may take much longer to reach the marketplace than suggested here.

Re-drawn from an original image provided by the International Risk Governance Council (IRGC), 2006
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THE NANOTECHNOLOGY INNOVATION SYSTEM

2.32

2.33

2.34

2.35

When considering the potential impacts of nanomaterials and how to manage them, it is not
enough just to consider their properties in isolation. The development of nanomaterials and the
production methods used to manufacture them for a particular application also need to be taken
into account.

Innovation systems analysis is one of the tools available to help develop policy for managing
nanotechnology. The empirical description of an innovation system requires the identification
of the main actors, their linkages and the rules or institutions that govern their behaviour
(regulatory regimes, intellectual property rights, etc.). The nanomaterials innovation system is
international, heterogeneous and complex. It involves a wide range of actors and processes,
including academic research, which is supported by specialised infrastructure and is mainly
publicly funded. Academic research interacts with small suppliers and large manufacturers
which provide nanomaterials for user firms in a variety of sectors. More traditional and less
technology-intensive nanomaterials may be provided by firms specialised in manufacturing. User
firms incorporate nanomaterials into their products for consumers. A key driver for innovation
is consumer desire for new functionalities, which can be delivered (although not always) by
nanomaterials. National governments and the European Union promote research via funding
bodies, with both generic funding and specific funding, in particular for infrastructure. They
also regulate nanomaterials via regulatory agencies which are co-ordinated through international
regulatory initiatives and advisory groups (e.g. the Organisation for Economic Co-operation
and Development (OECD)). Other actors include learned societies (e.g. the Royal Society) or
industrial organisations (such as the Nanotechnology Industries Association).

A key issue in understanding the system of innovation in nanomaterials is that the great majority
of nanomaterials are not consumer products to be sold to an end user, but ‘capital” materials
to be used by other industries in order to make new products. In this sense most nanomaterials
can be understood as ‘products for process innovation’. This is why supplier and manufacturing
firms occupy the central position in nanomaterials innovation systems. The innovation system
for nanomaterials can therefore be conceptualised as an ‘hourglass model” (figure 2-VI) in which
a variety of scientific disciplines support the development of a number of technologies for the
fabrication of nanomaterials, which then serve many different economic sectors.

In the intermediary role of supplier and/or manufacturer of nanomaterials, three types of
firm can be distinguished: small suppliers; specialised manufacturers; and larger suppliers/
manufacturers. Small, new firms emerge as specialised suppliers in particular niches created
by radical innovations (often stemming from academia). Such high-performance products are
unlikely to have large markets, but can produce substantial improvements in the operation of
other technical systems, for example in medicine or biotechnology. Firms producing them might
therefore be expected to work closely with their customers to co-develop products for very
specialised submarkets.
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FIGURE 2-VI
Schematic representation of the diversity of scientific disciplines and economic sectors of
the nanomaterials innovation system?®’

Basic Research TGChﬂOlOQV Economic Sectors

Electronics

| Mechanical Engineering | /

| Electronic Engineering |

Chemicals

VA

/

| Materials Science | \

Automobiles |

Nanomaterials
| Physical Chemistry | —

Textiles

| Applied Physics |

Food industr
Specialised V |

suppliers

| Pharmacology I and producers

Cosmetics

| Pharmaceuticals |

S/
|

2.36

2.37
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The second type of actor is the small specialised manufacturer with expertise in the large-scale
production of certain products. In general, this large-scale production relies less on academic
knowledge and more on in-house industrial know-how for process innovation.

Thirdly, in the case of science-based sectors such as chemistry or electronics, the R&D and
production capabilities of the large corporations allow them to be active both in the development
of new nanomaterials and in their production. Thus, publication and patent analysis shows that
transnational corporations dominate the rankings.” In spite of this evidence of research activity,
some of these large firms appear to be less eager than small supplier firms in the branding of
their materials as nanotechnology. This seems particularly the case in nanoelectronics, where one-
and two-dimensional nanostructures are now common. Finally, in supplier-dominated sectors,
such as textiles, innovation is carried out by the specialised suppliers. For example, innovation
in textiles will be provided by the producers of fibres, and some of these will be supplied by
producers of nanomaterials.

The co-existence and mutual interdependence of various types of firms results from the different
degree to which innovation in nanomaterials is a radical shift from previous materials technologies.
In general, at the initial stages of an innovation, customers demand, and are prepared to pay for,
high performance. Such innovation focuses predominantly on product (in this case a ‘product
for process’) rather than process innovation. Hence, for radically new nanomaterials such as
carbon nanotubes there are now many small technology start-up firms, often related to academia
and supplying some niche markets.
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However, it is expected that, due to the cumulative nature of knowledge and the need for
expensive and complex negotiations with customers and regulators, only larger firms will be
able to afford the long-term investments needed to develop research, together with large-scale
production and commercialisation.”” This is because large firms have an advantage in finding
markets for well-characterised materials in search of an application; and, second, improvements
in performance come from cumulative experiments, typically conducted in R&D laboratories,
which build on links to public science. In spite of the foreseeable dominance of large firms,
there appears to be space for specialised nanomaterials manufacturers following established
production techniques. These can continue to produce nanomaterials building on their previous
expertise and do not require a new knowledge base or very accurate characterisation.

The innovation system for nanomaterials ranges from large multinational companies to small,
often highly innovative, high-tech firms. The typical innovation processes would be expected to
involve close connections with the science base and regulators, and links between suppliers and
users along supply chains. The nanomaterials sector also covers a variety of different technologies
and is global in its coverage, drawing on international knowledge and generating products that
are manufactured and sold beyond the boundaries of a single nation state. Such diversity means
that it is unlikely that the entire sector can be regulated satisfactorily by a single regulatory body.
This issue is explored further in Chapter 4.

PATHWAYS AND FATE OF NANOMATERIALS IN THE ENVIRONMENT
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The potential of nanomaterials to be used across a wide range of sectors means that the number
of possible routes for nanomaterials to reach and enter organisms and the environment is high.
Nanomaterials enter ecosystems from both point and diffuse pollution sources.” They may
be discharged directly into rivers or the atmosphere by industry, or inadvertently escape as
products, such as paints, cosmetics, sunscreens and pharmaceuticals, are used or disposed of in
the environment.

In view of the apparent absence of evidence of harmful impacts of manufactured nanomaterials
in ‘real world’ situations, we can only examine the plausibility of damage based on the extrapolation
of evidence from laboratory investigations and occupational exposure studies on dust and other
substances. As is often the case in toxicology, the approach which we are left with is to identify
the characteristics of the manufactured nanomaterial in question, determine its bioavailability
and persistence in natural settings, then use data derived from measured concentrations in the
environment as well as toxicological research in the laboratory to assess hazards and risks.

There is a widespread consensus that comprehensive characterisation of nanomaterials, both
before and during exposure, is required to understand fully their potential fate and effects.”!
Such characterisation is lacking in the vast majority of studies. Even under controlled laboratory
conditions, the true size distribution of nanoparticles may differ significantly from the advertised
sizes of commercially-supplied materials.* Sample preparation and conditions of analytical
quantification may alter sample integrity, so that qualitative and quantitative analyses do not

adequately describe exposure conditions in environmental matrices.*>*

Despite this, it is notable that many nanomaterial manufacturers, including those engaged in the

production of nanomedicines and food additives, appear to feel confident that their products
pose little or no threat to human health or the environment. Most studies to date report chemical
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composition, but few refer to the size distribution or surface charge properties of nanoparticles,
ot to the size and shape of aggregates that form at higher concentrations in aqueous media.*

Once nanomaterials are released into the environment a variety of processes can modify their
functional properties and influence the likelihood of their uptake into living organisms. Some
of the key properties have already been outlined above (2.9-2.24). The fate of nanomaterials in
aquatic ecosystems depends largely on their solubility in the aqueous phase and their potential for
aggregation.” The aggregation behaviour of nanomaterials is especially important. Aggregate
size, morphology and kinetics alter with nanomaterial type and other environmental factors.
Aggregation processes clearly influence the environmental fate and behaviour of nanomaterials,
and the concentration to which organisms are exposed. However, the potential reduction in
biological effects with aggregation should not be over-emphasised. For example, aggregates
passing into natural waters may undergo re-suspension, disaggregation and other processes prior
to incorporation within sediments and permanent loss.”” There is evidence that large, discrete
particles may be considerably less toxic than similarly-sized aggregates of nanomaterials with
the same chemistry. Thus, the novel properties of nanomaterials may persist even when in the
aggregated form.

The release of carbon nanotubes, nanoparticles of zero-valent iron, titanium dioxide and
fullerenes into water can result in their aggregation.”® Both the extent of aggregation and the
size range of the aggregates vary with particle character and environmental conditions (2.13).
Particles tend to aggregate in saline conditions* and may adsorb to sediment, algae, soil or to
the sutface of gills and epithelial cells, shells and cuticles.”” Even very small changes in salinity
can lead to changes in colloid formation and aggregation,” with the prediction that colloidal
manufactured nanoparticles will precipitate from solution when moving from fresh to estuarine
environments.*

In contrast to the aqueous environment, once in soils, manufactured nanomaterials may be
temporarily fixed or be degraded through chemical, photochemical or microbial processes.”
Some nanomaterials are strongly sorbed to soil particles,’* whilst othets remain relatively mobile,”
depending on particle size and physico-chemical characteristics.

Recent reviews have addressed the issue of nanomaterials in the environment.”® A major area of
debate is whether the physico-chemical properties of nanoparticles and nanotubes can be related
to their potential environmental fate and toxicological effects. The consensus at present is that
we are unable to make this connection, but that with further research it might be possible.”” We
wonder whether a profitable approach might be the application of a modified form of the QSAR
(quantitative structure—activity relationship) methodology which has been successfully used to
assess the toxicity of a vast range of organic chemicals. Factors such as shape are likely to be
more important for nanoparticles than for conventional chemicals, where molecular properties
are the basis of QSARs.

However, we note that in some fields of research the characteristics of particular nanoparticles
are apparently already well understood. Nanomedicines provide an example. For instance,
nanotubes have been chosen for the delivery of drugs to highly specific cellular target sites using
knowledge of the physico-chemical properties of the nanotubes themselves (box 2A).
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A key challenge for ecotoxicologists is to test the toxicity of the nanomaterial itself and eliminate
the confounding effects of vehicle solvents or uncharacteristic solvent-induced effects in the
nanomaterial. We discuss these problems further in Chapter 3.

Investigation of the specific links between physical chemistry, bioavailability and subsequent
effects will help to reveal whether exposure to nanomaterials is likely to be significant in the
environment. For example, ecotoxicological studies on organisms within the water column may
be less relevant if the nanoparticle of interest aggregates rapidly and completely. If this is the
case then benthic organisms (e.g. deposit-feeding molluscs and annelid worms) are more likely
to be environmentally relevant target organisms than free-swimming pelagic species (e.g. fish
and water fleas).

Whatever the current level of exposure of organisms, the increasingly widespread use of
different kinds of nanoparticles and nanotubes, and the predicted exponential increases in
production volumes, will undoubtedly lead to greater exposure of biota within all environmental
compartments in the future.” Industrial products and wastes tend to end up in streams, rivers
and estuaries and are ultimately discharged to the sea. Physical and chemical processes in
each compartment are likely to alter the properties of nanomaterials, e.g. UV exposure can
alter the coatings of fullerenes® and quantum dots," making risk assessment throughout the
nanomaterials life cycle more difficult.”!

THE ENVIRONMENTAL LIFE CYCLE OF NANOMATERIALS

2.53

2.54

2.55

The life cycle of a manufactured product includes all the processes and activities that occur
from initial extraction of the material (or its precursors) from the earth to the point at which any
of the material’s residuals are returned to the environment. A diagram of a typical life cycle is
shown in figure 2-VII.

Life cycle assessment can be used to assess material and energy flows throughout the life cycle of a
given product or process. It can be used to identify environmental impacts, inefficient processes,
high energy use and exchanges of materials with the environment. Life cycle assessment is a
useful means of identifying the different actors that are involved, as well as the linkages between
them. It is important to consider the whole life cycle of a nanomaterial when looking at its
potential impacts on the environment and human health, as its properties can change over
time or throughout different stages of its life cycle. For example, the consideration of post-use
options, such as recycling or disposal, is vital because once the product or material has served
its intended purpose it will enter either a new system (through recycling) or the environment
(through the waste management system). Concerns about the possible impacts of nanomaterials
on the environment and human health during their life cycle are explored further in Chapter 3.

Failure to consider the full life cycle of a manufactured nanoparticle (or any other novel material)
can lead to serious errors in judgement about benefits. For instance, a particular material may
greatly enhance the performance of an energy storage device, but if its manufacture or disposal
leads to environmental contamination or human health risks, the benefits may be outweighed by
the disadvantages. During research for this study, we found a worrying incidence of very myopic
views of ‘benefits’ because a full life cycle assessment of the material had not been considered
by its proponents.
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FIGURE 2-VII
A representation of a typical life cycle for manufactured products®?

discharge / leakage

b
A -ttt . -

ey

material material manufacturing use waste
extraction processing management
recycle re-manufacture re-use
I I I
CONCLUSIONS

2.56 In this chapter we have reviewed the properties, purpose and production of nanomaterials,

showing how their unique properties and behaviour make them potentially useful in a wide

range of products and applications but which at the same time may mean that they have novel

effects on organisms and the environment. In turn, this means that there are many potential

routes for nanomaterials to enter ecosystems throughout their life cycle. We have also described

the innovation system for nanomaterials, looking at what its features might mean for their

governance. In the next chapter, we consider how the properties of nanomaterials affect their

behaviour in organisms (including humans) and the environment during all stages of their life

cycle.
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ENVIRONMENTAL AND HEALTH IMPACTS OF
MANUFACTURED NANOMATERIALS

INTRODUCTION

3.1

3.2

3.3

3.4

3.5

In the previous chapter we reviewed the physico-chemical properties of nanomaterials and briefly
examined the ways in which they might be released into and distributed in the environment. In
this chapter we consider the possible interactions between nanomaterials and living organisms.
The evidence available is from studies performed in the laboratory with animals, plants, micro-
organisms, fungi and various cell lines. It suggests that there is a plausible basis for concern that
harmful effects might arise. At present, however, we have not seen evidence of actual ecological
damage or harm to humans resulting from exposure to manufactured nanomaterials.

We move on to consider the value and relevance of current risk assessment procedures and how
they might be improved, and examine the feasibility of performing toxicological evaluations
over an appropriate timescale. Finally, we evaluate the need for environmental monitoring and
surveillance to detect unexpected effects. Before we start however, it is worth reflecting on the
research effort that has so far been undertaken.

Concern about the potential harm associated with manufactured nanomaterials has stimulated
much research activity in the UK and beyond. Within Europe as a whole, the European
Commission relies on the considered opinion from three independent non-food scientific
committees when formulating policy proposals on public health and the environment. These
are the Scientific Committee on Consumer Products, the Scientific Committee on Health and
Environmental Risks and the Scientific Committee on Emerging and Newly Identified Health
Risks (SCENIHR). The European Commission also receives advice from the European Food
Safety Authority, the European Medicines Evaluation Agency, the European Centre for Disease
Prevention and Control, and the European Chemicals Agency.

In 2005 the European Commission approached SCENIHR to request its opinion on the
appropriateness of existing risk assessment methodologies (as described in the Technical
Guidance Documents (TGDs) of the chemicals legislation) for application to nanomaterials.

In its response, SCENIHR acknowledged that not all nanoparticle formulations would induce
more pronounced toxicity than their bulk form, and therefore, would have different toxicological
properties.! Consequently, their risks should be assessed on a case-by-case basis. It found that
the TGDs made little reference to materials in a particulate form but that the methodologies
they described were likely to identify potential hazards associated with nanoparticles. However,
the Committee warned that the standard metric of mass concentration used to express the
nanoparticle dose used in the development of dose—response relationships may require further
attention with particle number, concentration and surface area perhaps being more appropriate
(table 2.1). The fate and effects of nanomaterials in the environment are not well understood
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3.7

3.8

and the characteristics of various nanoparticles under different environmental conditions need
to be determined. SCENIHR further suggested a number of potential improvements to current
risk assessment methodologies to account for nanomaterials. These included:

* investigating nanomaterial characteristics under a range of environmental conditions;

* measuring the agglomeration and disagglomeration of nanomaterials under various
environmental conditions;

* developing test methods for nanoparticle translocation, cellular uptake and toxicity
mechanisms;

* defining a set of reference materials for nanoparticle testing;
* the development of QSARs (quantitative structure—activity relationships); and

* the development of wvalidated tests for nanomaterial mutagenicity, genotoxicity and
carcinogenicity.

Finally, SCENIHR recommended that a tiered approach to testing should be developed in order
to produce a framework for assessing the potential risks associated with nanomaterials.

At a wider international level, the Organisation for Economic Co-operation and Development
(OECD) first acknowledged concern about the safety of nanomaterials in its Chemical
Committee in November 2004 and has subsequently made efforts to co-ordinate international
research in this area. Subsequent sessions and workshops eventually led to the establishment of
the OECD Working Party on Manufactured Nanomaterials (WPMN) in 2006. Its chief objective
is to “promote international co-operation in human health and environmental safety-related
aspects of manufactured nanomaterials (MN) in order to assist in the development of rigorous
safety evaluation of nanomaterials”.

As part of awide-ranging programme of research, the WPMN established a project entitled Safezy
Testing of a Representative Set of Manufactured Nanomaterials, the objective of which was to agree and
test a representative set of manufactured nanomaterials using appropriate test methodologies.
The first stage in this project was to agree which nanomaterials would form the priority list of
candidate ‘representative’ nanomaterials. The use of the phrase ‘representative set” was taken to
include nanomaterials already in or close to commercial use. It was also intended that the list
would form a group of exemplar reference materials to support the measurement, toxicology
and risk assessment of nanomaterials. The priority list was not considered to be definitive, but
rather to act as a time-dependent indicator of materials considered to be important at any one
time. The list could therefore change with time as new nanomaterials were developed. The 14
nanomaterials chosen to form the initial priority list for testing are as follows:

¢ fullerenes (C,);

* single-walled carbon nanotubes;
*  multi-walled carbon nanotubes;
* silver nanoparticles;

* iron nanoparticles;
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e carbon black;

e titanium dioxide;
e aluminium oxide;
* cerium oxide;

e zinc oxide;

e silicon dioxide;

* polystyrene;

¢ dendrimers;

* nanoclays.

Having formulated the test list of nanomaterials, the second stage of the project sought to
formulate an understanding of their intrinsic properties relevant for the assessment of exposure
and effects regarding human and environmental health. A list of endpoints was drawn up
which included details necessary for physico-chemical properties and material characterisation,
environmental fate, environmental and mammalian toxicology, and material safety to be assessed.
The WPMN then launched its ‘sponsorship programme’ requiring different countries to sponsor
the testing of specific nanomaterials.

In recent years in the European Union (EU) considerable effort has been channelled into a
substantial programme of research and series of workshops by DG SANCO (the Directorate
General for Health and Consumer Affairs) and other Directorates General in the European
Commission. While we highly commend the efforts of the OECD and the European
Commission and believe their approach to be very necessary, we are left with the feeling that the
task in hand is formidable and that the time required to achieve an acceptable risk assessment
methodology very short. Our reasons for adopting this stance are explained in this chapter. It
is evident that the development of products containing nanomaterials has been much faster
than any corresponding collection of environmental health data. Consequently the ability of
regulatory bodies to incorporate this information into their policy thinking has been severely
hampered. This is illustrated in figure 3-I, which shows the time lag between the emergence
of products containing nanomaterials and the development of any associated environmental
health information, and the subsequent lag in bringing this information to bear in policy
considerations.
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FIGURE 3-I
The emergence of information?
Schematic representation of the gap between the emergence of products containing nanomaterials in comparison to

the generation of environmental health and safety data (EHS) and their subsequent use by regulatory agencies. The
diagram is purely qualitative.

Reproduced by kind permission of Dr 1. Linkov, US Army Engineers Research and Development Centre, Brookline,
MA.
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3.12

Free manufactured nanoparticles and nanotubes are likely to present the most immediate
toxicological hazard to living organisms as they are at liberty to interact with organisms in the
wider environment.’ There is not the same level of concern regarding fixed nanomaterials,
although there is clearly potential for them to become detached and enter natural ecosystems,
especially when products containing them abrade or weather during use or when they are
disposed of as waste or recycled.” Broken fragments of objects with intact surface coatings of
nanomaterials provide an example of how fixed nanoparticles might pose a threat if they enter
the environment.

Evidence presented to us has often been contradictory. On the one hand some environmental
scientists and policy-makers feel strongly that the threat posed by most nanomaterials is small,
whereas others are clearly worried about the possible toxicity of some nanomaterials, both to the
wider environment and to human health. In particular, concern was expressed about an increased
risk of lung and cardiovascular damage in humans, and effects on microbial communities
and sediment-feeding organisms in natural ecosystems exposed to nanomaterials. There is a
consensus that mechanisms of toxicity are poorly understood and that, with minor exceptions,’
appropriate ecological studies have not been undertaken, including studies that address food
chain transfer and multi-generational effects.® Currently it is extremely difficult to evaluate how
safe or how dangerous nanomaterials are because of our complete ignorance about so many
aspects of their fate and toxicology.
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We described in Chapter 2 how manufactured nanomaterials, such as carbon nanotubes, have
been produced in many different forms with a wide range of properties. Moreovet, in each
environmental compartment the various forms can be bioavailable to very different extents and
exert very different toxicological properties.’

Little attention has been paid to the potential effects of nanoparticles generated through attrition
of man-made products. For example, nanoparticles are produced through wear and tear on tyres
and brake linings, and from clothes containing nanofibres that may be abraded during wearing
and washing,

Microscale and, almost certainly, nanoscale fragments of plastic in sediment resulting from the
gradual physical breakdown of plastic items (plastic bags, bottles, cigarette lighters, etc.) have
been reported in the marine environment.® Sediment-feeding organisms, such as snails and
worms, ingest the plastic particles and may be damaged either by the particles themselves or by
pollutant chemicals bound to their surfaces.

ENVIRONMENTAL BENEFITS OF NANOMATERIALS

3.16

3.17
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As well as the potential threats posed to ecosystems and humans, we have been alerted to the
potentially wide range of benefits to the environment and human health that might accrue from
the use of nanomaterials with their new or enhanced properties (see Chapter 2).

In some countries nanomaterials have been deliberately introduced to improve degraded
ecosystems. Zero-valent iron nanoparticles have been applied in soil remediation in the USA,’
and sensors that rely on nanotechnology are being developed to monitor ecological change."
Nanocoatings to prevent soiling of windows and other surfaces reduce the need for detergents
and hence the potential environmental damage caused by detergent use.

In a broader context it has been pointed out to us that some nanotechnologies will contribute to
reduced energy use, waste minimisation and improved recycling capability, all beneficial to the
environment. For example, the use of cerium oxide as a fuel additive reduces ‘soot’ formation
and has been reported to improve fuel efficiency. However, evidence supplied to us by the
Woodrow Wilson Center suggested that the manufacture of some types of other nanomaterials
is energy intensive and is itself highly polluting. We have been told that in one process used for

manufacturing fullerenes, only 10% of material was usable and the rest was sent as waste to
landfill."

Other examples of how the introduction of nanomaterials may benefit the environment can be
found in improved monitoring devices that are less expensive and more sensitive than current
devices. New protein-based nanotech sensors make possible the detection of mercury at very low
concentrations (one part in 10" or one quadrillionth),”? while nanoparticulate europium oxide
can be used to measure the pesticide atrazine in contaminated water."” Nanotechnology has also
improved the monitoring of atmospheric pollutants by utilising thin layers of nanocrystalline
metal oxides as crucial components of solid state gas sensors. Measuring small changes in
electrical conductivity allows detection and quantification of methane, ozone and nitrogen
dioxide. "
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NOVEL TOXICOLOGICAL THREATS

3.20 In Chapter 2 we noted that many kinds of manufactured nanomaterials are considered to be
functionally novel because their physical, chemical and biological characteristics differ from those
of the same substance in bulk form. It follows that if the properties are new and unexpected
then there is also potential for new and unexpected toxicological effects to emerge. To repeat
the key message in Chapter 1, it is the functionality of novel materials in what they do and how
they behave that matters, not their size per se.

3.21 To assess the relative safety of nanomaterials it is no longer possible to rely on the health and
safety information developed for their bulk counterparts. The limited toxicological information
which is available for specific nanomaterials is rarely put in context by comparison with the
toxicity of the same material in bulk form. Researchers and manufacturers, who have harnessed
a specific property of a nanomaterial for a particular purpose, have sometimes been surprised to
see other functional properties emerge which they had not expected, or could not explain, even
within the controlled environments under which these materials were developed and tested.”
Newly-emerging properties are even more problematic when attempting to assess nanomaterial
behaviour in more complex real world situations. As a consequence, there is a compelling case
for potential environmental and health risks to be identified at every stage of the life cycle of any
nanomaterial to be used in the development of a specific product (see Chapter 2).

3.22 Our Twenty-fourth Report, Chemicals in Products: Safegnarding the Environment and Human Health,
pointed out that the historical record is replete with unexpected toxicological impacts arising
following the use of anthropogenic chemicals. We have learnt a great deal from these early
episodes (see Chapter 1). If chemicals are known to be persistent and also bioaccumulate,
then there are controls in place to carefully manage them by restricting their release into the
environment. However, we may still be caught unawares, as witnessed with the emergence of
a large number of different endocrine disrupting chemicals during the 1980s and 1990s. It
was not foreseen that low concentrations of chemicals used as antifouling agents (tributyltin),
surfactants (nonyl phenol), flame retardants (polybrominated diphenylethers) and plasticisers
(phthalates) would bind to hormone receptors or disrupt hormone metabolism in birds, reptiles,
fish and invertebrates, and possibly influence sperm counts and the development of testicular
malignancy in humans.'s

3.23 These examples refer to chemicals whose reactivity it was felt was reasonably well understood.
This is not the case with many manufactured nanomaterials, for which almost nothing is known
of their potential environmental effects or their likelihood of causing unintended harm. With
eatlier pollutants it was also possible to detect and quantify their presence in ecosystems and
organisms. Measurement techniques for the nanoforms of materials in environmental samples
do exist, but are cumbersome, time consuming and are not widely available. As already noted
(2.20), nanomaterials are now reportedly used in over 600 products'” and yet there is little or no
knowledge of their life cycles or ultimate fate in the environment.

NANOTOXICOLOGY

3.24 All living organisms are exposed to toxicological threats from the environment. These have
been combated through the evolution of a battery of defences, including barriers to uptake,
entrapment and removal in secretions, the generation of factors that neutralise or break down
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the substance to aid elimination (e.g. antibodies and detoxification enzymes) and cells capable
of ingestion, digestion and sequestration. These defence systems are effective to varying
degrees and are versatile, but can be overwhelmed by highly toxic chemicals, by high-level
exposure or by low-level chronic exposure (as in the case of air pollution) and by chemicals
with novel properties. As with bulk forms of chemicals, organisms have been exposed to a
wide variety of naturally-occurring nanoparticulates during evolutionary history, in the form
of volcanic emissions, combustion products, dusts, viruses, and pollen, fungal or bacterial
fragments. Nanomaterials arising naturally appear to be dealt with effectively by most organisms.
Manufactured nanomaterials with enhanced specific chemical reactivity might exceed the ability
of defence systems to cope. Indeed, this quality is capitalised on in the design of nanomedicines
to ensure that drugs are delivered to particular cell types, and even to particular sites within cells,
without initiating immune defence responses (box 2A)."* It is these very properties that are of
concern when nanomaterials are taken up unintentionally by non-target organisms.

A few manufactured nanomaterials have been used for long periods without apparent harmful
effects on humans, the environment and other living organisms (e.g. titanium dioxide or zinc
oxide as sunscreens), but for new nanomaterials now being produced, there is very limited
or no toxicological information. These include carbon nanoparticles (fullerenes), nanometals
(nanosilver, nanogold, etc.), carbon nanotubes, nanofibres constructed from other elements
(magnesium, aluminium, manganese, etc.) and nanoparticles of one kind doped with other
clements. Managing nanomaterials in the face of this ignorance poses an enormous challenge.

ASSESSING THE POTENTIAL ADVERSE ENVIRONMENTAL AND HUMAN HEALTH
EFFECTS OF NANOMATERIALS

3.26

3.27

3.28

Ecotoxicology is the study of the fate and effects of anthropogenic chemicals (and radiations)
on ecosystems and their component organisms.” In preparing this report, with one very recent
exception,” we have not become aware of any ecotoxicological research addressing the effects
of manufactured nanomaterials on ecosystem structure or processes, or on populations and
communities of organisms 7 sitv other than micro-organisms.

Studies of the ecotoxicological fate and effects of manufactured nanoparticles and nanotubes
are in their infancy, with many researchers still discussing the suitability or not of conventional
toxicological test procedures and risk assessment methodologies embraced within the EU
system of regulation on chemicals and their safe use, Registration, Evaluation, Authorisation
and Restriction of Chemical substances (REACH) (the requirements of REACH are discussed
in more detail later, 4.20-4.34). Current ecotoxicological studies have focused principally on
acute toxicity in aquatic species. With the exception of air pollution by particulates which have
not been deliberately manufactured, little work has been undertaken to determine the effects of
nanomaterials in water, soils, sediments or the atmosphere.

It is of some concern that of the relatively few studies undertaken to assess the ecotoxicology
of manufactured nanomaterials, many have been inconclusive. This is evident in difficulties over
whether or not an observed adverse effect was caused by the nanoparticles themselves, by a
coating or other acquired properties, or was attributable to the transport medium. An example
of this difficulty is research that investigated the toxicity of C,; fullerenes and reported oxidative
injury in brains of fish,* but failed to adequately account for the effects of the tetrahydrofuran
vehicle used to generate the aqueous aggregates. Subsequent work demonstrated that C

33



Chapter 3

3.29

3.30

3.31

aggregates retain the solvent,” with further tests demonstrating that toxicity may be associated
with tetrahydrofuran decomposition products rather than C, itself,” although, physico-chemical
characterisation was limited.*

The information provided about nanomaterials in terms of particle size distribution or other
important physico-chemical properties is frequently inadequate, reducing the possibility of
repeating the work in other laboratories or comparing the results of one study with another.
This is important as these characteristics can change, for instance as molecules agglomerate
during storage. We are of the view that this lack of attention to detail in many (but not all)
current studies greatly undermines confidence in the reliability of the conclusions that can be
drawn from the work.

In contrast to ecotoxicologists, toxicologists studying human health impacts can to some
extent draw on the experience gained from traditional toxicological and occupational exposure
investigations into the adverse effects of exposure to dusts such as asbestos, silica and to
atmospheric particles derived from combustion processes (appendices G and H). However,
discounting these inhalation studies, nanotoxicology is still very much in its infancy.

From the extensive evidence we have received, as well as from our visits in the UK and overseas,
we are not aware of any evidence of severe adverse effects of manufactured nanomaterials
on ecosystems or their component organisms 7z siz#. This is consistent with the assessment
in a report for the Department for Environment, Food and Rural Affairs (Defra) conducted
by the Central Science Laboratory (CSL) York and associates in 2007, which concluded that
exposure estimates based on current use and production patterns in the UK were many orders
of magnitude lower than the concentrations likely to cause acute effects in invertebrates, fish or
algae, or sublethal effects on fish, invertebrates or bacteria. However, the report noted “Whilst
this study has identified the potential environmental exposure arising from a range of key ENP
(Engineered Nanoparticle') types, the assessment has been limited by the availability of data and
knowledge. Work in the future should therefore focus on: 1) establishing a detailed knowledge
of the content and use of products containing ENPs in the UK 2) developing an understanding
of the factors and processes affecting the fate and transport of ENPs in the environment;
3) the development and evaluation of more complex exposure assessment models; and 4) the
development of a better understanding of the ecotoxicity of ENPs under environmentally-
relevant exposure situations”. We generally concur: this remains an area of great uncertainty.
We also note that this study relates to a narrow range of effects. We do need to address the
question “Would we know if nanomaterials were causing damage?” in a wider context. With our
extremely limited understanding regarding exposure levels and patterns, as well as our ignorance
of the toxicology of nanomaterials, we cannot be confident of knowing whether effects are
occurring or will in future occur in the wider environment.

BIOLOGICAL DAMAGE FOLLOWING EXPOSURE TO NANOMATERIALS

3.32

Currently, the scientific literature on nanotoxicology consists of around 800 publications, the
vast majority of which concern the cytotoxic effects of nanomaterials in cell culture systems
— mostly mammalian and involving transformed or tumour-derived cell lines. However, these
in vitro studies are a long way from giving us an understanding of the toxicity of manufactured

The term ‘Engineered Nanoparticle’ as used in the CSL report is broadly equivalent to the term ‘manufactured

nanoparticle’ used in this report.
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nanomaterials in nature. Almostall the evidence presented to us related to comparative toxicology
and toxicity testing in the laboratory, rather than systematic investigations of how nanomaterials
might affect growth, reproduction, viability of offspring of various species, population dynamics
or community structure in the real world. On a larger scale, we came across no conclusive
investigations of how nanomaterials might affect ecosystem structure or processes. However,
while still at an early stage, we are encouraged by a rapid growth of interest in this field.”

Although nanoparticles and nanotubes have diverse properties and fall within a relatively
wide size range (1-100 nm in at least one dimension), some common toxic mechanisms may
be associated with different kinds of nanomaterials. Toxicity due to the generation of reactive
oxygen species is frequently attributed to nanomaterials, giving rise to effects on cell membranes,
cytoplasm, nuclei and mitochondrial function.”” However, it is not always clear whether such
damage in a complex organism is due to the direct effect of the nanomaterial or to an indirect
effect attributable to an inflammatory response involving the influx of secondary cells, induced
by the nanomaterial entering tissues.” Although popular as a unifying mechanism, it remains
possible that oxidative stress has been overplayed and represents a one-dimensional approach to
a very complex and multi-factored problem.

Nanotoxicity has been related to the capacity of nanoparticles and nanotubes to act as vectors for
the transport of other toxic chemicals to sensitive tissues (the Trojan Horse effect). In a study with
carp, cadmium accumulation was increased 2.5-fold when titanium dioxide nanoparticles were added
concurrently with cadmium salts.” This Trojan Horse mechanism was also seen when aggregates
of fullerenes and a representative range of organic contaminants were investigated.* The toxicity
of phenanthrene to algae and to water fleas (Daphnia magna) was increased following sorption to
C,, aggregates, attributed to the delivery of the phenanthrene directly to cell membranes. However,
the toxicity of pentachlorophenol decreased when associated with C, in the form of aggregates.

Knowledge derived from the behaviour of particles and from colloidal chemistryin environmental
media can aid the prediction of nanoparticle behaviour,” and the ways in which manufactured
nanomaterials agglomerate, aggregate, disperse, adhere to surfaces and other particles, and
interact with natural organic matter (see Chapter 2) are all of relevance.”

The factors used to predict environmental risk, in combination with production volume, include
persistence, bioaccumulation and toxicity. The persistence of different classes of manufactured
nanomaterials is likely to vary widely. Evidence given to the Commission in the US asserted that
carbon nanomaterials were likely to be highly persistent. Indeed, carbon nanotubes are some of
the least biodegradable man-made materials known,” are insoluble in water and are lipophilic
(i.e. have a preference for entering fatty cell membranes).* These characteristics are normally
associated with a tendency to bioaccumulate, and might indicate carbon nanotubes are likely
to bioaccumulate in food chains and be highly persistent.* However, of some concern is that
almost nothing is known about the stability of other kinds of manufactured nanomaterials.

As reported above (3.31), current estimates of exposure levels are low but, with exponential
growth in this manufacturing sector (see Chapter 2), greater quantities are likely to be released in
the future. There exists a broad consensus that a great deal more needs to be known about the
fate, persistence and transformation of manufactured nanomaterials in the environment and the
mechanisms by which toxic effects are produced at particular exposure levels.
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Some of the early findings from laboratory studies of the effects of nanomaterials on micro-
organisms, plants, invertebrates, fish and other wildlife are summarised below. More details can
be found in recent reviews.’> %

Possible mechanisms of nanoparticle uptake into bacteria are non-specific diffusion, non-specific
membrane damage and specific uptake.* The largest globular proteins shown to pass through the
cell wall of Bacillus subtilis had a radius of 2 nm; it is unlikely that particles larger than this would
enter bacteria in significant quantities by non-specific diffusion. Using electron microscopy
quantum dots of < 5 nm have been shown to enter Bacillus subtilis.”® Entry through damaged
bacterial membranes has been demonstrated for highly reactive manufactured nanomaterials
such as halogenated nanoparticles. Endocytosis as an active process of particle uptake also
cannot be ruled out as a possible mechanism (as described in mammalian cells, appendix I).
Once inside the organism, the bactericidal activity of silver particles and titanium dioxide has
also been extensively recorded, including detailed studies of the mechanisms of antibacterial
activity and the use of photosensitisation to augment the formation of reactive oxygen species.

There is little information available regarding the transformation of nanomaterials by microbes.*
Reduction—oxidation reactions are often mediated by micro-organisms, either directly through
enzymatic activity or indirectly through the formation of biogenic oxidants or reductants.*
Biological modifications, as well as degradation of the surface properties of nanoparticles, may
result in modification of structure and, as discussed already, the release of entrained constituents
such as metals and solvents.

It is difficult to extrapolate these studies to complex microbial ecosystems in the absence of
information about the environmental fate and behaviour of nanomaterials. One study found that
tullerenes in various forms had no effect on soil respiration,” and a follow-on study confirmed
the lack of effects of C,, when used as a substrate for anaerobic sludge digesters.”

Mechanisms allowing manufactured nanomaterials to pass through cell walls of algae and fungi
are not well understood.” However, once inside cells, nanomaterials behave similatly to how they
behave in higher organisms; effects include physical restraints (clogging effects), solubilisation
of toxic compounds and production of reactive oxygen species.

Mycorrhizal fungi are also adept at taking up metals and can be important for sourcing nutrients,
for example zinc, for the host plant. Whether they can take up nanoforms, such as zinc oxide,
is unknown. Fungi themselves are important for bioremediation and a recent report has shown
their utility in recovering depleted uranium from military activities.” We have every reason to
believe that fungi would be able to take up nanometals or their compounds, but to our knowledge
this has not yet been tested.

One study has described the formation of nanocrystals of cadmium on phytoplankton.” The
toxicity of silver nanoparticles to the marine diatom 7halassiosiraweissflogithas also been investigated
under different nutrient conditions using growth rates and photosynthesis as toxicity endpoints.
A near linear relationship between toxicity and the release of silver ions from the particles has
been reported.” Plant tissues might serve as scaffolds for aggregation of metallic nanoparticles 7
sitn.* Thus, carbon nanotubes can be taken up by microbial communities and by root systems to
accumulate in plant tissues.” However, the behaviour of manufactured nanomaterials in higher
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plants is largely unknown, despite their ecological importance and the potential mechanism
which they provide as a vehicle for introducing nanomaterials into the food chain. As noted in
our short report Biomass as a Renewable Energy Source, some plants, such as willows, can take up
heavy metals (e.g. cadmium) from contaminated soils.” If they can take up bulk cadmium, it is
highly plausible that they can also take up nanoforms of the element or its compounds.

Studies involving exposure of invertebrates to manufactured nanomaterials have largely
followed current OECD guidelines for chemical testing, starting with basic testing for acute
toxicity in aqueous media. These tests often only include one invertebrate species, the water
flea Daphnia magna. In view of both inter-specific and intra-specific variability in response
to exposure to nanomaterials (and also bulk chemical forms), it is difficult to envisage how
conventional single species toxicity tests can provide sufficient information on which to base
effective measures for the protection of the environment. Single species toxicity tests have been
performed with nanomaterials using a variety of test organisms ranging from bacteria and algae
to benthic invertebrates and fish.”" * The data derived confirm that different species, even within
a taxonomic genus, can show very different sensitivity to different nanomaterials.

FIGURE 3-II
Nanoparticulate uptake by Daphnia magna>:
The picture shows uptake of polystyrene beads in D. magna. 1he beads are labelled with a flnorescent dye and observed

by confocal microscopy. It can be seen that the fluorescence accumulates in small oil storage droplets, having already
passed the epithelial gut barrier.

Reproduced by kind permission of Professor Vicki Stone, Napier University, Edinburgh.

-
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Testing nanomaterials in aqueous media often results in aggregation, which influences both
uptake and toxicity and also confounds interpretation of the toxicity test results. Despite this,
there is evidence for rapid uptake of carbon black, titanium dioxide and nano-sized polystyrene

37



Chapter 3

3.47

3.48

3.49

3.50

3.51

by Daphnia magna (figure 3-1I) under standardised laboratory conditions.* Qualitative uptake
of other types of nanomaterials, including carbon nanotubes, has also been demonstrated.”
There is some evidence that D). magna can also modify the solubility of carbon nanotubes during
aqueous exposures.” In general, oxide nanoparticles, including those of aluminium, silicon and
titanium, exhibit low toxicity in acute and chronic exposure studies with 2. #agna.”” Whether this
is the case for representatives of other invertebrate phyla is not known.

In aquatic animals, nanomaterial uptake across gills and other epithelial body surfaces occurs.”
Thus, it is somewhat surprising that greater attention has not been given to the effects of
nanomaterials on detritivors and filter-feeders which ingest large amounts of particulate matter
and consequently are most likely to encounter nanomaterials and concentrate them from water.

Early life stages appear to be particulatly sensitive to toxicants, including manufactured
nanomaterials. Zebrafish embryos exposed to single-walled carbon nanotubes revealed reduced
hatching success.” In a study with Japanese Medaka fish, fluorescent nanomaterials accumulated
in various organs and were able to pass through the blood-brain barrier.” An 7z vivo study of
quantum dot uptake by embryos of the amphibian Xengpus showed thatinternalised quantum dots
could be transferred to daughter cells upon cell division.®' This may have important implications
for transgenerational effects of nanomaterials, but these have yet to be considered.

There has been some study of the interactions between dissolved and component metals and
manufactured nanomaterials in fish. The accumulation of cadmium in carp has been investigated
in the presence and absence of titanium dioxide nanoparticles or sediment particles.”? Sediment
particles alone had no effect on the uptake of cadmium, but when titanium dioxide nanoparticles
were present bioaccumulation of the metal was observed. This indicated that titanium dioxide
nanoparticles had a higher adsorption capacity for cadmium than natural sediments and that the
metal and nanoparticles could accumulate in the viscera and gills of fish.® Exposure studies that
have been performed with fish have been hindered because high concentrations of nanomaterials
in aqueous media aggregate, resulting in reduced uptake. Under these conditions it is difficult to
determine lethal concentrations. In addition, there are profound problems inherent in the use of
liquids for dispersing particles (3.28).*

Disappointingly, there are few studies of how manufactured nanomaterials are dealt with by
terrestrial wildlife species, other than studies on laboratory rodents. As we discuss in the section
on mammalian toxicology below (3.57), ingestion and inhalation are likely to be the major routes
of uptake into terrestrial organisms.®>* As with other unexpected toxicity problems in the
past, careful study of mammalian wildlife species is likely to provide greater understanding of
potential toxic threats to humans.

The issue of bioaccumulation and entry of nanoparticles and tubes into the food web has yet
to be seriously addressed. A preliminary study of single-walled carbon nanotubes ingested by
the nematode Caenorhabditis elegans showed movement of the nanotubes through the digestive
tract. They did not appear to be absorbed by the animals,” but their presence in the gut suggests
the possibility of entry into the food web if the nematodes were subsequently ingested by other
animals.®
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OTHER ECOTOXICOLOGICAL CONSIDERATIONS

3.52

3.53

3.54

3.55

3.56

Chronic, full life cycle testing in aqueous and sediment compartments is a research imperative
if the ecotoxicity of manufactured nanomaterials and associated contaminants is to be better
understood. Evidence has been presented to us that many nanomaterials, including fullerenes
and silver nanoparticles, are likely to persistin the environment and therefore remain bioavailable.
Chronic effects on growth, reproduction and viability of offspring are of particular concern and
might ultimately affect inter-specific relations and the functioning of multi-species systems. It
may be more illuminating to carry out basic tests with several species of organisms, perhaps
from different taxa or representing different feeding types, reproductive strategies, etc., in order
to gain at least some indication of the natural variability of response, rather than performing
very precise testing with just one species. As is the case in toxicity testing of bulk chemicals, the
ecological relevance of the toxicity data is extremely limited.

Biomarkers might be of value in assessing exposure to and effects of nanomaterials both in the
laboratory and 7 sitn. For example, we were told that the metal-binding protein metallothionein
responds to the presence of cadmium-containing nanomaterials, signalling their presence,” but
little progress has been made in this field. We believe that more work of this nature is required.

Investigating gene expression profiles (sometimes called toxicogenomics) as a way of evaluating
the sublethal effects of materials has been proposed.” In fibroblasts exposed to coated cadmium
selenide and zinc sulphide quantum dots, about 50 genes in a microarray were differentially
expressed.”™ These microarray techniques offer a novel and comprehensive way of identifying
potential biomarkers and suites of biomarker responses to nanomaterials in a wide range of
animals, plants and micro-organisms. However, as noted in our report Chemicals in Products,” this
kind of approach is not yet well developed even for conventional chemicals and well-known
organisms, but it holds considerable promise as a new toxicological tool.

The absorption, distribution, metabolism, excretion and toxicity of carbon nanotubes in
organisms depend on the inherent physical and chemical characteristics, such as charge transfer,
functionalisation, coating length and agglomeration or aggregation state, that are influenced
by external environmental conditions during production, use and disposal (see Chapter 2).
Characterised exposure scenarios could therefore be useful when conducting toxicological
studies.” The likelihood of organisms being exposed to nanomaterials may vary greatly depending
on where they live, their feeding and reproductive strategies and their behaviour. Some types of
nanomaterials are also more likely to enter the environment in greater amounts than others.
From the evidence that we have received, the greatest concerns at present relate to fullerenes,
single-walled and multi-walled carbon nanotubes and nanosilver.

All this being said, and despite plausible mechanisms and pathways by which manufactured
nanomaterials might harm organisms and ecosystems, recent analyses suggest that even when
using “highly conservative estimates of exposure, concentrations in the environment are likely
to be considerably lower than concentrations required to produce toxicological effects”.” But
with exponential growth in the types of nanomaterials and their applications (see Chapter 2) it
is unclear how long this state of affairs will continue.
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THREATS POSED BY NANOMATERIALS TO HUMANS

Exposure routes and uptake of nanoparticles in humans

3.57

From the evidence we have examined it appears that a great deal more is known about exposure
to and toxic effects of nanomaterials in rodents (as ‘model organisms’ for human toxicology
assessments) and of particles and dusts in humans than for any other species (appendices G
and H). In the following sections this toxicological information is examined in greater detail.
Experience gained from the study of occupational dust diseases and the epidemiology for
atmospheric particulate pollution and human and animal health suggests that inhalation is the
most likely route of unintended exposure to manufactured nanomaterials. Air pollutants as well
as manufactured nanoparticles released into the atmosphere may stay suspended for considerable
periods without agglomerating, At high concentrations, agglomeration can be very rapid but is
dependent upon the charge characteristics of the particles. Other routes of entry such as the
skin and gastrointestinal tract have more robust exclusion mechanisms; skin presents a physical
barrier and mechanisms in the gut are designed to absorb, transport and process small particles,
for example, fat is absorbed across the intestine as small particles (chylomicrons) that form in
the presence of bile salts.

Inhalation exposure and particle uptake

3.58
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The human lung is made up of multiple fractal divisions of conducting airways that deliver
inhaled air into the small air sacs (alveoli) at the lung periphery. Here, oxygen is efficiently
exchanged for carbon dioxide across a total surface area the size of a tennis court (or 30 times
the surface area of the skin).

Inhaled particles 10-100 #m in aerodynamic diameter are mostly trapped in the nose through
impaction on the mucous membrane. If this fails (e.g. with mouth breathing) or with particles
< 10 um, particles pass into the lung where turbulence at airway bifurcations leads to impaction
onto the airway lining aided by surface secretions containing mucus. The ‘mucociliary escalator’
then transports the particles entrapped on the mucus layer to the oropharynx where they are
swallowed. These mechanisms reduce the majority of large and intermediate-sized particles from
reaching the delicate alveoli at the periphery of the lung,” although a small proportion of these
particles will do so. As the diameter of the particles becomes smaller, especially those < 100
nm (i.e. nanoparticles), an increasing proportion stay suspended, aided by repellent electrostatic
forces, and are deposited in the alveoli (figure 3-111).”® Smaller particles (0.1-1 nm) fail to deposit
and may be exhaled (e.g. as occurs with a proportion of particles in exhaled tobacco smoke).

Once in the alveoli, the primary mode of particle removal is through uptake (phagocytosis)
by scavenger cells (mostly macrophages) (figures 3-IV and 3-V), but when these cells are
overwhelmed, particles are taken up by white blood cells (neutrophils) that migrate into the air
spaces from the blood stream.” Together, these scavenger cells either break down the particles
using an array of intracellular enzymes or, if not biodegradable, carry them up to the mucociliary
escalator for subsequent elimination by swallowing;

Under normal circumstances these mechanisms are sufficient to cope with particles inhaled
from an ambient environment by the lungs. However, macrophage particle uptake is a saturable

40



Chapter 3

process and at high particle loads it becomes inefficient. Heavy particle loads and changes to the
properties of particles lead to the secretion of tissue-damaging mediators and enzymes with the
capacity to cause inflammation and fibrosis.* Inefficient particle removal by scavenger cells, as
occurs with high concentrations of nanoparticles, facilitates their passage through the delicate
walls of the air sacs into the surrounding lung tissue and small blood vessels that surround them.
In these situations they are treated as invading foreign bodies (like micro-organisms) exciting an
inflammatory and/or fibrotic response (figure 3-1V).

FIGURE 3-III

Fractional deposition of inhaled particles®

Model of fractional deposition of inbaled particles ranging from 0.6 nm to 20 um in the nasopharyngeal/laryngeal
(NPL), tracheobronchial (1B) and the alveolar (A) regions of the human respiratory tract during nasal breathing.
Within the ultrafine particle size range (i.e. less than 100 nm) there are significant differences in each of the three
regions with regard to their deposition probabilities.
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FIGURE 3-IV
Nanoparticle uptake by lung macrophage?®?

Schematic representation of nanoparticle uptake by lung macrophages, the release of inflammatory mediators and the
passage of particles through the surface epithelinm.
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FIGURE 3-V
Lung macrophage in lung tissue of infants

Transmission electron micrograph of a lung macrophage in lung tissue from an infant exposed to ambient air pollutant
particles showing their uptake into small intracellular vesicles.

3.62 An increased understanding of the processes involved in the passage of nanoparticles from
the surface of the air sacs into lung tissue has come from studying the potential of the inhaled
route to deliver certain drugs systemically (such as dry powder formulations of insulin*) and
the fate of inhaled drugs such as bronchodilators or corticosteroids used in the treatment of
common lung disease. Most inhaled drugs gain access to the circulation by passing between
adjacent epithelial cells (paracellular transport), although some are designed to pass into the cells
(transcellular transport) (figure 3-VI).

42



Chapter 3

FIGURE 3-VI
Movement of particles between epithelial cells

Passage of particles between adjacent airway epithelial cells by negotiating tight junctions (A) or disrupting them (B)
(paracellular transport) or by direct uptake into epithelial cells (C) (transcellular transport).

Image kindly provided by Professor Stephen Holgate
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Thereis good evidence in rodent models that 0.3-0.5% of instilled nanoparticles can pass through
the lungs and into the circulation, ultimately being trapped by scavenger cells in the liver, bone
marrow and spleen.® The ability of nanoparticles to pass through the epithelial lung barrier is
highly dependent upon their specific composition, shape and surface charge.® Inhalation studies
of nanoparticles for humans ate limited to only three studies using Technegas®, comprising 5-100
nm technetium (Tc)”™-labelled carbon particles, which yielded conflicting results because of the
dissociation of the radiolabel from the particles.” Moreover, inhalation of carbon nanoparticles
by normal and asthmatic subjects produced only transient retention by circulating white blood
cells in the lung vasculature, but no evidence of systemic effects.*

In rodents, and also possibly in humans, nanoparticles can pass from the nasal mucosa to the
brain via the olfactory bulb, where they are capable of exciting an inflammatory response® (figure
3-VII). Nanoparticles have also been shown to pass across human nasal epithelium 7 vitr0,” but
whether this pathway bypassing the blood—brain barrier occurs in humans is unknown, although
polio virus can gain access to the central nervous system via this route.

Gastrointestinal uptake

3.65

With regard to this route of particle uptake, the gastrointestinal epithelium utilises both
paracellular and transcellular pathways. In rats fed for 10 days with 50 nm I'*-labelled polystyrene
microspheres, over one-third of the particles were absorbed by and transported via the lymphatics
to the liver and spleen.”’ If the mucosa is breached by a disease process such as inflammatory
bowel disease, uptake of particles will increase. However, the gastrointestinal fluids are high in
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ionic strength that will encourage particle aggregation. On reviewing the available published
literature it seems that most effort has been focused on utilising nanotechnology for delivering
biopharmaceuticals and diagnostic agents rather than investigating the possible toxicity of
ingested nanomaterials (box 2A).

FIGURE 3-VII
Human nasal passage system
Based on studies in rodents, passage of nangparticles (NP3 from the nose into the brain via the cribriform plate

that separates the nasal cavity from the brain and supports the olfactory nerves and receptors (olfactory bulb, green)
responsible for sensing smell and taste.
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Uptake through the skin
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The skin provides a highly effective barrier to nanoscale particles which are increasingly being
used in cosmetics and sunscreens (e.g titanium dioxide and zinc oxide) and which are generally
considered safe.” In mice, however, polymer nanoparticles can penetrate the skin to cause, in the
case of beryllium, systemic allergic sensitisation.” Cadmium selenide quantum dots (QDs) of
4.6 nm diameter penetrate the deeper parts of the skin with the particle surface coating being a
primary determinant of toxicity.”

The recent discovery of genetic variants in proteins that are involved in maintaining skin barrier
function, such as those encoded in a cluster on chromosome 1q (epidermal differentiation
complex), raises the possibility that particular individuals could be especially vulnerable to
increased particle uptake and, as a consequence, absorption and toxicity. Loss of function genetic
mutations in the filaggrin gene occur in up to 9% of the population and cause both dry skin and
a strong predisposition to eczema (atopic dermatitis).” In the respiratory epithelium, epithelial
integrity is also broken in asthma through defective formation of tight junctions and epithelial
damage which may account for the increased systemic uptake of particles in this disease.”
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Factors determining the mammalian cellular toxicity of nanoparticles

3.68
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In trying to assess the potential of manufactured nanoparticles to cause adverse effects in humans
(and indeed other organisms), it is important to understand the relationships between their
physical and chemical structures and their biological effects. Two criteria have been proposed to
identify nanomaterials which may present a unique potential risk to human health:”

* the material must be able to interact with the body in such a way that its nanostructure is
biologically available; and

* the material should elicit a biological response associated with its nanostructure different
from that associated with non-nanoscale material of the same composition.

New materials present new challenges to evaluation of risk. The risk assessment of organic
chemicals also presented a challenge to which the development of quantitative structure—
activity relationships (QSARs) helped bring order. But the critical question is whether QSARs
can be developed for nanomaterials. In Chapter 2 we introduced the important concept that
the biological effects of nanoparticles once inside the cell are critically dependent on their
size, shape and composition. There is, therefore, a critical need to link particle properties to
hazard. However, the multiple dimensions of nanomaterials (chemical, physical, biological and
commercial) expose a new kind of complexity compared to organic chemicals. While a long
list of factors are known to influence cellular responses, some are of greater importance than
others.

Mass and volume versus surface area It has been demonstrated that, for the same mass, instillation
of titanium dioxide as 25 nm particles into the lungs of rats produced a much more severe
inflammatory response than achieved with 250 nm particles.”® Using a variety of different
nanomaterials, surface area has been shown to be the most important generic factor driving
epithelial-induced inflammatory as well as cardiovascular responses.” However, with other
nanomaterials, mass and size may be at least as important as other factors for two reasons:
the ability to penetrate barriers, e.g. cell walls and membranes; and the possibility of direct
molecular interactions with biological molecules (e.g. changing their configurations), something
not possible for larger particles.

Surface properties As might be predicted from the relative pulmonary toxicity of different minerals
(appendix G), the surface characteristics of nanoparticles exert a major influence on the nature
and magnitude of ensuing cellular responses. One example is the greater pulmonary toxicity of
nanoparticles comprised of silica compared to those of titanium dioxide or barium sulphate.®
The pulmonary toxicity of alpha-quartz particles correlates more closely with surface activity
than either particle size or surface area.

Farticle shape Another critical factor determining particle toxicity is shape. Single-walled carbon
nanotubes (SWCNTs) have their own distinct morphology but also assemble into complex larger
structures. In both mice and rats, SWCNTs, irrespective of how they are made, are more toxic
to the lung than is quartz, producing both inflammatory and fibrotic responses.’® Moreover,
improved dispersion of aspirated SWCNTSs results in increased uptake into mouse lung tissue,
granuloma formation and increased fibrosis.!®?
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3.73 Of great concern is the possibility that carbon nanotubes may predispose to mesothelioma, as
is the case with asbestos fibres. Rodent models currently used in toxicity testing do not appear
to be sufficiently predictive to reject this possibility.'”® Indeed, a recent report'™ has shown that
exposing the peritoneal cavity of mice, as a surrogate for the mesothelial lining of the chest
cavity, to long multi-walled carbon nanotubes resulted in asbestos-like behaviour. This included
inflammation and the formation of collections of macrophages and immune cells (granulomas)
considered to be a precursor of asbestos-related mesothelioma in humans.'® As is the case with
asbestos fibres, the extent of peritoneal inflammation was proportional to fibre length. These
findings are clearly a concern and call for urgent further research. Currently there are no suitably
‘predictive’ tests that could be used to forecast the long-term toxic behaviour of nanomaterials.

3.74  Particle composition While particle mass may not be such an important factor in nanotoxicology,
chemical composition is important. Exposure of human alveolar epithelial cells iz vitro to
nanoparticulate metals, such as silver, aluminium, zinc and nickel, and to titanium dioxide resulted
in entirely different rank orders of potency-induced morphological damage, programmed cell
death, generation of reactive oxygen radicals and nucleic acid fragmentation.'” For nanoparticulate
titanium dioxide, it is known that its photocatalytic activity'” and its pulmonary toxicity are both
dependent upon its crystal structure (anatase or rutile).'”® However, what is not clear is whether
these differences are the result of different surface properties, shape or mass structure. Similatly,
systematic investigation of iron- or other metal-containing nanoparticles, such as those used
in industrial fine chemical synthesis, has revealed that the presence of catalytic activity strongly
enhances cell cytotoxicity."

3.75 For gold and titanium dioxide nanoparticles, there are important differences in intracellular
localisation and inflammatory mediator release as a function of particle composition."’ The
use of well-characterised nanoparticles of the same morphology, comparable size, shape and
degree of agglomeration has allowed separation of physical and chemical effects. Under these
conditions, cobalt and manganese particles provoked up to an 8-fold greater oxidative stress
signal when compared to cells exposed to aqueous solutions of the same metals and were far
more active in this regard than similarly sized particles of iron or titanium dioxide."

3.76  The majority of zn vitro and in vivo studies on nanomaterials are conducted with single elements
or compounds and not with the combinations of elements or compounds that are frequently
used in their commercial application. In the case of SWCNTs, toxicity is greatly enhanced by the
presence of trace metals.'?

Mechanisms of toxicity in mammalian cells

3.77 With the epithelium being such an important site of nanomaterial absorption and toxic effects,
attempts have been made to use 77 vitro cell culture systems to study uptake, transport and toxicity.
While knowledge is accumulating rapidly in this field, most experiments have used transformed
and tumour cell lines, but it is not at all clear how these cell lines compare to primary cells or
differentiated cells. Nor is it known how different nanomaterials interact with various organ-
specific versus circulating macrophages and how these responses compare to immortalised cell
lines.
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The principal damaging effect of intracellular nanomaterials most likely occurs through
activation of oxidant pathways in which highly reactive hydroxyl and superoxide radicals are
generated."® Oxidant damage to cell membranes is considered to account for a high proportion
of the inflammatory and fibrotic effects of nanomaterials, although it has to be said that this
mechanistic aspect has dominated research in this field. Particle penetration of the cell nucleus
to interfere with chromosomal functions by oxidant pathways has also been used to explain
toxic effects on cell division, including malignant transformation,'* "> but with further research,
additional mechanisms are likely to be found.

We have already referred (3.34) to another important route to toxicity, namely the ability of
nanomaterials to carry toxins into cells in a hidden form and then release these, perhaps in a
concentrated form, to damage cellular machinery — the so-called “Trojan Horse’ mechanism.!¢
This possible route exists both for the wider environment and for human toxicology.

COMPARING IN VITRO WITH IN VIVO MAMMALIAN TEST SYSTEMS

3.80

3.81
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While much new knowledge is being gained from studying the fate and effects of nanomaterials
in epithelial and other cells, the overall response of a complex tissue, such as the lung, involves
interactions between numerous cells and cell types and must take account of dynamics involved
in particle clearance. This will include dissolution, ‘quarantining’ (isolating particles to minimise
their biological effects) and concentrating effects so that interacting factors become of major
importance in generating chronic tissue injury and repair responses, as well as predisposing to
neoplasia. Such investigations depend on whole animal studies.

When considering a range of toxicity endpoints for five different types of particle (carbonyl
iron, crystalline silica, precipitated amorphous silica, nano-sized zinc oxide and fine-sized zinc
oxide) comparisons of zz vivo and in vitro measurements have revealed little correlation.'” While a
battery of 7r vitro tests could be used as an initial toxicology screen, the complexity of responses
to nanomaterials means that for a wide range of toxic endpoints, especially when looking for
chronic effects, 7z vitro tests cannot be substituted for whole animal studies.

While we fully recognise that any increase in animal testing is unacceptable morally, ethically and
politically, the choice of whether whole animal tests should be undertaken will need to be greatly
influenced by the risk—benefit ratio and a judgement by society over whether such tests are warranted.
It was this consideration that led to the abandonment of animal testing for cosmetics. However, the
case of multi-walled carbon nanotubes raises concerns similar to those for asbestos, and this might
create adequate justification for zz vivo testing, provided of course that there is an adequate case for
the use of these nanomaterials for society’s benefit in the first place. Clearly, a starting point is to
prioritise those new nanomaterials which should be subjected to more detailed toxicological appraisal,
based on their relevant physical and chemical properties and potential exposure scenatios.

An important feature of z vivo test systems is the ability of a target tissue (such as the lung) to
accumulate nanomaterials, such as SWCNTs, thereby greatly prolonging exposure time. The
retention of specific particle types in different lung compartments might explain differences in
lung pathology. Another recently discovered complexity is the capacity of SWCNTs to reduce
the ability of animals to fight off lung infections, a complexity that would not be picked up by
in vitro tests.'® There are also unforeseen endocrine and generation effects. In mice, pregnancy
enhances lung inflammatory responses to otherwise relatively innocuous inert particles such as
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titanium dioxide, while exposure of pregnant female mice to either inert or environmental air
pollution particles results in increased allergic susceptibility in the offspring.'

For particulate air pollution, animal models have been critical in identifying potential mechanisms
foradverse cardiovascular health effects in humans (appendix H). The intrapulmonary instillation
of carbonblack nanoparticles in mice genetically deficientin the protective low density lipoprotein
(LDL) receptor and fed a high-cholesterol diet resulted in accelerated development of cholesterol
deposits in the blood vessels (atheroma).’® In Watanabe rabbits" that naturally develop systemic
atherosclerosis, inhalation exposure to ambient air particles promoted accelerated cardiovascular
disease progression by recruiting inflammatory macrophages to atherosclerotic plaques.'

While evidence is still sparse, there are clues to suggest toxic actions of manufactured
nanomaterials on a range of organs including the brain, liver, kidney, reticuloendothelial system
(spleen, bone marrow and lymphatics) and the reproductive organs. The significance of these
effects will depend on the systemic bioavailability of the specific nanomaterials.

In summary, these mammalian studies and the ecotoxicological work presented above (3.20-3.50)
demonstrate that some manufactured nanomaterials do interact with biological systems and
whole organisms to disturb normal function and produce damage. It is important, therefore,
that procedures are made available by which both the hazards and risks posed by manufactured
nanomaterials can be accurately assessed. These assessments must answer questions about how
much material is likely to cause an adverse effect, how organisms might be exposed in practice
and how the level of such exposure is related to the dose likely to cause an adverse affect. We
now consider these issues.

RISK ASSESSMENT PROCEDURES

Current testing methodologies

3.87

3.88

The development of manufactured nanomaterials has provided a number of challenges for the
standard environmental toxicological test methods and tools. During our study a number of
individuals and organisations informed us that the traditional approaches to toxicological testing
were appropriate for nanomaterials and that unexpected biological effects had not been seen.'
Others gave opposing evidence.”” On the basis of the evidence received we have concluded
that current test procedures for assessing the risks posed by manufactured nanomaterials to the
environment, non-human organisms and human beings are inadequate.

This statement requires some elaboration. In principle, for certain classes of nanomaterials in
widespread use (e.g. titanium dioxide), toxicological testing procedures to protect human health
appear to be appropriate, but ecotoxicological work is conspicuous by its absence. Also, for
many kinds of novel nanomaterials there are no agreed toxicological assessment procedures, still
less ecotoxicological procedures. Moreover, the sheer number and scope of the tests required
appear to us to be potentially overwhelming. These problems are explored further below and
also raise important questions about regulatory procedures, discussed in detail in Chapter 4.

A breed of rabbit suffering from a rare genetic defect resulting in fatally high levels of cholesterol in the blood.

This strain has proven invaluable in researching human cholesterol-related cardiovascular disease.
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The conventional approach in toxicology assumes that the amount (mass) of toxic material
present relates directly to the severity of harm. Testing materials to determine toxicity involves
exposing test organisms to increasing amounts of a substance to identify the doses (or more
correctly, the exposure concentrations) at which different effects occur (e.g. sublethal effects
on growth and reproduction, or lethality).”?* Safe levels of exposure concentration are normally
estimated by extrapolating from test results to concentrations below those at which harm can be
detected (the predicted no effects concentration or PNEC). These doses or concentrations are
usually expressed in terms of a substance per unit volume. This is adequate for most materials
but may be inappropriate at least for some nanomaterials because the chemical activity, and
hence the toxicological activity, of nanomaterials are often restricted to the surface layer. For any
given weight of material the surface layer, and as a consequence the amount of chemical activity
per unit weight, increases dramatically as the size of the particle decreases (see table 2.1).

The smaller the particle the greater the surface area and the greater the potential toxic effect for
a given weight of material. The current testing protocols, both at EU level through REACH
(Chapter 4) and internationally, will have to be revised to take account of this factor. At the start
of this chapter we noted that the European Commission has sought advice on how to evaluate
nanomaterials from one of its advisory committees, SCENIHR, and internationally through the
OECD. It is important that this work reaches a conclusion quickly so that those responsible for
assessing the safety of nanomaterials have clear guidelines to follow when testing.

Nevertheless, even if new and more effective risk assessment procedures are developed over
the next 2-3 years (probably an optimistic timescale), it will be several more years, possibly
decades, before the toxicology and ecotoxicology of significant numbers of nanomaterials can
be propetly evaluated (figure 3-I). The problem is compounded by capacity restraints on testing
facilities and expertise and the extra demands already faced for testing to implement the REACH
regulations. The measures that can be put in place in the interim to reduce risks to people and the
environment are discussed in Chapter 4.

Beyond problems associated with designing and carrying out adequate ecotoxicology and
toxicology tests in a timely manner, there is the difficulty of obtaininga consistent quality standard
of nanomaterials to test.”” The composition and proportion of nanomaterial provided by
suppliers can vary between batches and even within a batch as material ages over time. Oxidation
or physical processes, such as agglomeration, can significantly alter the properties of a material,
as can the incidence of light, leading to different results when materials are tested under different
light conditions. In many toxicological studies of manufactured nanomaterials the experimental
material itself is not adequately characterised in terms of particle size distribution or other
important physico-chemical properties. This makes it very difficult to interpret experimental
data to be sure that experiments are testing the same substance and to calibrate for dosage
effects. We have been told that it is not unknown for some trials to show no effects and others,
on allegedly the same material, to report an impact.'®

Most manufactured nanoparticles consist of a combination of constituent parts (see Chapter
2), each with the potential to affect overall behaviour in organisms and the environment.
Consequently, it will not suffice to design tests that focus solely on the nanoparticle core.
Experiments need to account for the potential impact that any one of the constituent parts may
have on the overall health of living organisms. It is also necessary to isolate the toxic effects of
the nanomaterial itself while eliminating the confounding influence of other substances, such
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as the media used to disperse the test substance (3.28). This on its own adds considerably to the
number of tests required to understand how an individual nanomaterial behaves in organisms
and the environment.

Once released to the open environment or to a living organism, the constituent parts of a
manufactured nanomaterial and the ‘core’ material itself are likely to alter with time, e.g. the
capping material might conceivably degrade to expose the central core. This adds yet another tier
of potential health and environmental risks to consider in testing;

Adding hugely to the complexity of ecotoxicological testing is that many characteristics of the
environment can change the availability, mobility and toxicology of manufactured nanoparticles,
e.g. pH, salinity, the presence or absence of organic matter. At the moment we have little or
no idea of how important these complex effects might be, but the work required to find out is
enormous and will take many years to complete.

Aggregation, along with the size, morphology and kinetics of the aggregate, is one of the key
determining factors for the bioaccumulation and ecotoxicity of nanoparticles.”” As a particle
mass grows in size through aggregation it has generally been assumed that the toxicity of a
nanoparticle will diminish. However, we have received evidence that the process of aggregation
does not necessarily constitute a permanent change. Other processes such as re-suspension and
disaggregation may result in a reversal of the aggregation.

In laboratory tests the degree of aggregation is very difficult to control as various standard
experimental practices may induce or discourage the process. The extent of aggregation may
consequently differ from that expected in the natural world. This has consequences for the
dose—response curve, which will reflect the toxicity suggested by an artificially produced degree
of aggregation and may invalidate the standard PNEC as a result.

Confronted with the enormity of the tasks ahead, we know that work is ongoing both in the
UK and the US™ to develop algorithms to help identify the manufactured nanomaterials
of greatest concern. This work needs to be taken forward as a matter of urgency. Once such
studies have reached an advanced state it should be possible to develop predictive models of
toxicological impacts, as has been done for toxicology more generally (e.g. QSARs, 3.69). But
this remains a very long-term goal.

An alternative way to deal with the scale of the task confronting toxicologists and ecotoxicologists
is to note how many materials can feasibly be tested under current toxicity testing regimes.
So far, only about 3,000 of the 30,000 bulk chemicals in common use in the EU have been
formally assessed for health and environmental effects, although it is likely that more chemicals
have been tested by their manufacturers who will possess some knowledge concerning their
physico-chemical characteristics. Unless there are orders of magnitude increases in efforts to
test new nanomaterials coming onto the market, it will be many years before toxicity test data
become available for the manufactured nanomaterials that are currently in use or which are
under development.”™ Nonetheless, we believe the task must be attempted. As discussed eatlier
in this chapter, a good start would be to develop laboratory-based test methods that examine the
ability of manufactured nanomaterials to be handled by the physiological and cellular defence
systems. This might at least provide a basis for prioritising nanomaterials that behave abnormally
for further toxicological evaluation.
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3.100 There have already been attempts to define priorities for toxicity testing and development of
appropriate protocols. In a report of the findings from a nanotoxicology workshop held in April
2006 at the Woodrow Wilson Center'' the following conclusions were drawn:

* for all types of toxicology tests, the best measures of nanoparticle dose needed to be
determined;

* a standard set of nanoparticles should be validated by laboratories worldwide and made
available for benchmarking tests of other newly created nanoparticles (3.8);

* a battery of tests should be developed to uncover particularly hazardous properties using a
tiered approach; and

* in the long term, research should be aimed at developing a mechanistic understanding of the
numerous characteristics that influence nanoparticle toxicity. Predicting the potential toxicity
of emerging nanoparticles (3.98) will require hypothesis-driven research that elucidates how
physico-chemical parameters influence toxic effects on biological systems.

Although this work was undertaken a few years ago, progress towards these goals is still painfully
slow.

3.101 At the NATO Advanced Research Workshop held in April 2008 in Portugal, extensive
discussions resulted in proposals for the augmentation of current risk assessment procedures
for nanomaterials. This included development of additional toxicity tests using a wider range of
species representing more phyla and paying more attention to the likely fate of nanomaterials
when selecting test species. For example, as nanoparticles often aggregate and accumulate in
sediment, it might be more appropriate to conduct some tests with deposit-feeding organisms
rather than pelagic fish species. It was also noted that biochemical toxicity might not be the
only mechanism by which ecological effects are generated by nanoparticles. Recent research
has demonstrated behavioural changes in annelid worms encountering low concentrations of
aluminium oxide nanoparticles in sediment." If chemosensory detection is involved this might
have important consequences for finding food, detecting a mate using chemosensory systems or
the detection of chemical clues by larvae.

3.102 Risk assessments based on the aforementioned toxicity tests and other information need to be
carried out on nanomaterials at each stage in their life cycle prior to widespread use.

3.103 The previous sections have identified the plausibility of adverse biological effects. We were
also mindful that there might be non-biological effects of manufactured nanomaterials on the
environment and so requested evidence for consideration. During the course of the study no
evidence of this nature has been brought to our attention.

ENVIRONMENTAL RECONNAISSANCE AND SURVEILLANCE

3.104 To assess risks posed by manufactured nanomaterials it is necessary to gain an understanding of
the potential level of exposure to them in the natural environment. Exposures from air, water,
soil or sediment are all plausible, as is exposure via food. The desk top assessment by the Central
Science Laboratory (3.31) is encouraging but needs validation from field measurements. The
conventional approach for more familiar potential pollutants involves environmental monitoring,
Numerous researchers have highlighted to us the need to track movements of nanomaterials

51



Chapter 3

through the environment and the lack of the means to do so at present.' However, as we noted
catlier, although the currently available monitoring instruments for some (but by no means
all) manufactured nanomaterials may possess a high level of precision and accuracy, they are
cumbersome and are currently not widely available. At present, the most appropriate instruments
are not robust enough and the methods are too time consuming to permit routine analysis of
large numbers of different kinds of environmental samples for the presence of even a limited
range of manufactured nanomaterials.

3.105 Techniques will need to be extremely sensitive and able to distinguish different physico-
chemical forms of nanomaterials, usually against a background of natural nanoparticles with a
similar structure and chemistry. The most promising approaches involve advanced separation,
spectroscopic and microscopic methods such as flow field-flow fractionation inductively coupled
plasma mass spectrometry (FIFFF-ICP-MS)* and two-dimensional field-flow fractionation-
liquid chromatography.'®

3.106 Assuming that the technological challenges of appropriate instrumentation can be overcome, it
will be necessary to determine the amounts, forms and bioavailability of different nanomaterials
in the environment and in organisms, for both the material itself and for any derivatives. This
latter point is important as some secondary products could turn out to be more harmful than
their parent material.

3.107 Improvements in current systems for environmental monitoring would increase the chance of
detecting the early warning signs of damage to populations and communities of organisms, and
of changes in ecosystem structure and function. This approach focuses on detecting effects then
tracing causes, rather than drawing on « priori assumptions. But we do not underestimate the
challenge of setting up appropriate biomarker/bio-indicator monitoring systems.

3.108 Among the many challenges is that current concentrations of manufactured nanoparticles
present in the open environment are likely to be small when compared with those of naturally-
occurring and ‘derived’ nanoparticles (3.24). Consequently, monitoring programmes will need
to be capable of detecting low concentrations of manufactured nanoparticles against a relatively
high background concentration of naturally-occurring materials and the potential lability of
some nanoforms under the test conditions. Given that the toxicology of nanomaterials may
derive as much from the number of particles as from their bulk concentration, this challenge
will need to be met. Based upon the current level of investment in nanotechnologies (see
Chapter 2) it is likely that, for many years to come, nanomaterials will be released, intentionally
or unintentionally, into the natural environment and it will be important to determine where they
accumulate and for how long they persist. Therefore, it is important to develop a hierarchy of
manufactured nanomaterials for monitoring those that are likely to be most harmful.

3.109 Another way of augmenting risk assessment is to actively look for sites and organisms at or
in which nanomaterials might accumulate, thereby enhancing exposure assessment. Sediments
below sewage outfall pipes, river water and sediments downstream from major conurbations,
and coastal marine sediments are good examples of sites where semi-permeable membrane
devices might be deployed to determine whether nanomaterials can be concentrated and detected
more readily (especially in sediments).”*® There is also a need to target species that could act as
accumulators such as sediment-feeders and aquatic fungi (3.47).
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NANOMATERIALS IN THE FUTURE

3.110 While primarily gathering evidence on first and second generation nanomaterials we have been

alerted to the likely development of third and fourth generation nanoproducts (figure 2-V).
These materials might involve self-assembly capabilities, self-replication and artificial intelligence.
There are suggestions that the newly-emerging discipline of synthetic biology might utilise
nanotechnologies and nanomaterials in the pursuit of novel products, some of which may have
military and space applications where enhanced performance may outweigh cost factors. Much
of the discussion of these products is considered to fall well outside conventional regulation of
chemicals; their properties raise wider ethical issues as well as health and environmental ones.
NATO’s 2008 science programme included several conferences and workshops, for example,
examining molecular self-organisation (8-12 June, Kyiv, Ukraine), and the environmental and
biological risks of nanobiotechnology, nanobionics and hybrid organic-silicon nanodevices (18-
20 June, St Petersburg, Russia).”

3.111 We are of the view that it is not too soon to consider the challenges that later generation

nanomaterials will pose to conventional procedures for evaluating their potential threats or to the
measures which might be incorporated into their design to avoid or minimise such threats. While
these challenges lie outside the scope of this study, the governance issues discussed in Chapter
4, in particular how society deals with novel technologies in the face of profound uncertainties,
apply in principle to any novel material, and may be helpful as we struggle with the benefits and
risks posed by third and fourth generation nanomaterials.

3.112 Even for first and second generation nanomaterials it is reasonable to assume that certainty

about the potential risks posed by manufactured nanoparticles may not be achieved for many
years and some risks may never be perceived unless or until significant environmental impacts
are discovered and traced back to a particular exposure. The sheer complexity of these issues
means that we have to try to develop rapid, highly-parallelised, miniaturised screening tests, in an
attempt to identify the key substances and conditions for further study.

3.113 We recognise that a great deal of effort has gone into research into the implications of

manufactured nanomaterials in terms of their impact on health and the environment. There has
also been co-ordination of efforts at OECD level and within the EU (3.3-3.10). Nevertheless,
this effort is disproportionately small relative to investment in developing new nanomaterials. In
the US, investment in this area is assessed at around 3.5% of total expenditure on nanomaterial
research and development.”” In the UK, the Department for Innovation, Universities and Skills
(DIUS) was unable to provide data to enable us to make an equivalent calculation because the
baseline periods for expenditure on implications and total research were not comparable, but the
proportion is again clearly low."”* This needs to change, though it is unreasonable to expect any
one country to shoulder the burden alone.

3.114 This research needs to be undertaken on a more systematic and strategic basis, which is difficult

i

to deliver under response mode funding as currently used in the UK as the main driver. We
appreciate that the Government did not wish to take up the recommendations of the Royal
Society and Royal Academy of Engineering report for a new research centre, but we strongly
recommend a more directed, more co-ordinated and larger response led by the Research
Councils to address the critical research needs raised by this report, with emphasis on
regulatory and policy programmes.

More information is available at: www.nato.int/science
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3.115 These needs include:

* The validation of 7 vitro tests against zz vivo models.

* Evaluation of methodologies for predicting the likely fate and effects of nanomaterials based
on their physical and chemical properties as well as their novel properties and, where possible,
the development of exposure scenarios.

* Based on the significant gap in our knowledge, the programme of directed research should
ensure a concerted and co-ordinated effort is made to better understand the principles that
drive the toxicity of manufactured nanomaterials and how individual properties interact to
enhance or diminish toxicity profiles both 7z vitro and 7n vivo with a long-term objective of
developing predictive toxicology.

* The enhancement of 7 situ monitoring and surveillance methods to provide early warnings
of unexpected effects of novel materials and to permit timely remedial action.

* The research programme should pave the way for much greater interdisciplinary co-operation,
including co-operation between those engaged in medical toxicology and those in ecotoxicology,
so as to enhance the development of robust test systems and also to act as a catalyst for early
warnings from observations on lower organisms to be extrapolated to humans.

3.116 We are also convinced that the research capacity to deliver the necessary volumes of work
to address these issues, when combined with other challenges such as meeting the needs of
REACH for other chemicals to be tested, is likely to overstretch the existing research community,
particularly in the area of toxicology.

3.117 We recommend that urgent attention is given to undergraduate and postgraduate
training in toxicology across all of its domains and that DIUS, the university sector
and the professional societies that represent medical toxicologists and ecotoxicologists
establish new initiatives to build multidisciplinary capacity in this field.

3.118 Even with such a programme of directed research and increases in capacity we believe that
it will inevitably take a long time to address the need for data to underpin regulation. This is
compounded by the fact that we face the challenge of further cycles of innovation and the
introduction of new materials and ever more demanding issues to address with more complex
nanomaterials.

CONCLUSIONS

3.119 From an extensive review of the original published literature that, in nanoscience, has been
especially prolific over the last four years, several important conclusions can be drawn:

* There appears to be little consensus over the critical or even most important characteristics
of manufactured nanomaterials that drive their toxicity profiles.

 Little information is available on how the various physical and chemical properties interact to
generate an overall toxicity profile for a particular nanomaterial.
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e There has been little attempt to use standard particles to study individual characteristics and
their interactions, nor concerted attempts to develop indices similar to quantitative structure—
activity relationships (QSARs) that are currently being used for chemicals.

* Knowledge on the medical applications of nanomaterials with respect to organ, cell and
subcellular localisation should be harnessed to aid understanding of predictive toxicology.

3.120 The number of experimental centres involved in nanotoxicology is small and they seem to use
different materials and experimental protocols. There is an urgent need for standardisation and
co-ordination of research effort and focus in this field. There is remarkably little link between
knowledge gained from ecotoxicology and that from the study of toxicity in higher organisms
including humans. Greater co-ordination and application of basic principles is needed between
the two activities.

3.121 The integrative and multidisciplinary nature of toxicology as a science and a profession requires
special skills that, over the last twenty years, have been declining on account of reduced training
and career development dedicated to this subject. As we have discussed, the demands for high-
quality science, the integration needed between the biological and physical sciences and the
urgent requirement for scientists to integrate findings from animal toxicology and ecotoxicology
demands that more attention is given to toxicology training in our higher education institutes
to increase the cadre of properly trained individuals needed to take on the challenges of
nanotoxicology.

3.122 In this chapter we have established that there is a plausible basis for concern that some
manufactured nanomaterials could present a hazard to human health or the environment. We
have reviewed the research effort to address these concerns and have made recommendations
to augment that programme and to put it on a more systematic footing. We have concluded
that there remains a great deal to be done and that it will take a very long time to address these
questions.

3.123 However good the research effort, significant uncertainties and areas of ignorance will remain.
Effective monitoring of the environment is therefore crucial to give early warning of unexpected
impact. In Chapter 4 we examine the current governance framework for chemicals and consider
how this addresses the challenges of manufactured nanomaterials. We also stand back from
our focus on nanomaterials elsewhere in the report and draw on our analysis of this sector to
recommend ways in which future new technological developments should be governed, taking
into account the global context and the rapid pace of introduction of novel and new materials

of all kinds.
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THE CHALLENGES OF DESIGNING AN EFFECTIVE
GOVERNANCE FRAMEWORK

INTRODUCTION

4.1

4.2

4.3

We concluded in Chapter 1 of this report with the recognition that the development and
widespread application of novel materials present society with an instance of the ‘control
dilemma’. In the early stages of development of a technology we do not know enough about
its future implications to establish the most appropriate management regime. But by the time
problems emerge, the technology is likely to have become too embedded to change without
significant social or economic disruption. In considering the potential for novel materials
(exemplified in this report by nanomaterials) to enter organisms and the environment in ways that
could be damaging, we recognise that we are operating under conditions of partial knowledge
and significant ignorance.

The challenge of controlling novel materials is exacerbated by the fact that they are seldom
encountered as discrete entities, but are likely to be contained within products. This introduces
two further implications, making them very difficult to control. First, it means that they will
not necessarily be recognisable and may, therefore, escape regulatory attention. Second, in the
context of a globalised economy and world trade, they are likely to become ubiquitous. Controls
established in one country or region may not be observed by producers of goods which are
likely to be circulated worldwide. We refer to this as the ‘condition of ubiquity’.

The conditions of ignorance and ubiquity define the control dilemma for novel materials.
Focusing on the instance of manufactured nanomaterials, Chapters 2 and 3 have shown how the
novel properties and functionalities of these materials pose challenges for those charged with
protecting the public and the environment from harm. This chapter considers the challenges of
regulation and of governance in a wider sense. It proposes ways to manage the control dilemma
for nanomaterials and, by extension, for a wider class of novel materials.

THE CHALLENGES PRESENTED BY NANOMATERIALS

4.4

4.5

Nanotechnologies cover an enormous range of possibilities with profound implications. Looking
to the future, what are sometimes characterised as third and fourth generation nanotechnologies
(Chapter 2) raise ethical and political questions (concerning, for example, human identity,
petformance and privacy) which call for the widest possible debate.! We emphasise, as we did in
a much eatlier discussion of nuclear technologies,” that our concern should not only be with the
position at present, or even in the next decade, but with what it might become within the next
fifty years.

Even first and second generation nanotechnologies — those available now or likely to become

so in the near future — raise questions about ownership, control, the direction of innovation and
the distribution of gains and losses.” Such questions embrace, but extend well beyond, concerns
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about potential risks to human health and the environment. Evidence from many sources has
convinced us that even addressing the health and environmental risks will be a challenging task.
Hence, while recognising the significance of bigger questions (to which we return in the final
section of Chapter 4), we have focused in the body of this report on the health and environmental
risks that might be presented by manufactured nanomaterials, and on ways in which they might
be regulated and governed.

Our extensive enquiries produced no evidence of actual harm, either to human health or to
the environment, which could be attributed to manufactured nanoparticles (Chapter 3). But
this absence of evidence is not conclusive: as noted in Chapter 1, there are numerous well-
documented cases where the unpredicted, harmful effects of new products have notimmediately
become apparent.* It is conceivable that free nanoparticles will behave in quite unexpected ways
in the environment or in living organisms, including humans, as discussed in Chapter 3.

Where plausible pathways and consequences for health or the environment can be identified,
the rapid and widespread introduction of materials with novel properties and functionalities
demands at least that we be vigilant, even where there is no specific evidence of damage. Often
the plausibility of harm centres on the novel properties and behaviours that provide the rationale
for manufacturing such materials in the first place.

In a few cases, emerging evidence suggests that certain types of nanomaterial have the potential
to pose significant risks to the environment or to human health (Chapter 3). For example, carbon
nanotubes of a particular length are reported, under experimental conditions, to cause changes
similar to those caused by asbestos,’ and ionic silver, unlike bulk silver, may be toxic to living
organisms such as bactetia and fish.’

Obviously, research designed to improve our understanding of the behaviour of such materials in
the human body and the ambient environmentis highly desirable. We acknowledge the impressive
efforts currently being made internationally, not least through the Organisation for Economic
Co-operation and Development (OECD), to assess the human health and environmental
implications of nanomaterials. Underpinning this work are major programmes designed to
rigorously characterise nanomaterials, and studies to develop appropriate toxicity and ecotoxicity
tests. Such research promises to produce new knowledge and reduce uncertainties, but, as we
point out in Chapter 3, this may well be a lengthy process, it will always be incomplete and it will
not necessarily deliver results before irreparable harm is done to individuals or ecosystems.

An important question therefore is whether existing regulatory frameworks provide sufficient
safeguards for human health and the environment, given the predicted rapid growth in the
number and availability of manufactured nanomaterials (Chapter 2). In this chapter, we examine
current regulatory regimes, primarily in the UK and Europe, assess their adequacy in this respect,
and consider whether we need incremental change and adaptation, or radical alternatives. We
then go on to consider the role of regulation within the broader context of governance.

To be effective and worthy of public trust, any governance system must be able to demonstrate
that it has the technical competence to understand and manage the systems for which it is
responsible. It must also be inclusive and capable of demonstrating fiduciary responsibility
towatds its constituents.” Effective and trustworthy governance arrangements must therefore
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have at least four key qualities. They must be znformed, transparent, prospective and adaptive. 'To
achieve these characteristics they also need to be supported by skilled regulatory bodies and
decision-making processes that deliver proportionate outcomes.

Effective governance requires more than just top-down regulation. The uncertainty and ighorance
that characterise our lack of understanding of the impacts of nanomaterials mean that traditional
regulatory mechanisms on their own may not provide protection without adversely affecting
innovation. We are likely to have to adopt a wide suite of measures and involve many actors.
The process will be characterised by contestation as well as co-operation. Because many of the
issues are, as we described in Chapter 1, trans-scientific in nature, it is essential to recognise that
the process will be profoundly and legitimately political and cultural as well as technical and
economic.

Unsurprisingly, approaches to the regulation of nanomaterials vary around the world, in part
due to the dominance of different world views (Chapter 1), although they also exhibit some
similarities. In the European Union (EU), the USA and Japan, for example, the placement of
new chemical substances on the market is controlled by legislation designed to protect human
beings and the environment, and in all three regions, a notification procedure is required.

Officials in Japan are confident that their existing regulatory regime, the Chemical Substances
Control Law, will adequately manage nanomaterials.’ This requites the provision of toxicological
and ecotoxicological data concerning biodegradation and bioaccumulation, followed by a
designation procedure that determines whether additional data are needed. If the rate of
biodegradation is low and that of bioaccumulation is high, long-term human toxicity tests must
be conducted to obtain information on the risk to human health.

In the United States, the introduction of new chemicals is controlled by the Environmental
Protection Agency (EPA) through the Toxic Substances Control Act (TSCA). The EPA can
solicit new tests and ban the manufacture or import of a highly hazardous substance. It is also
responsible for an inventory of commercial substances imported to, or produced in, the US. The
information submitted includes all the available data on the chemical’s identity, production volume,
by-products, use, discharge into the environment and disposal practices, and an estimation of
human exposure. Additional information may also be requested by the authorities.

Officials in the United States acknowledge that their regulatory framework may have gaps with
regards to nanomaterials, but they believe that the combination of federal and state regulation
and multiple overlapping Federal Agency responsibilities, combined with the tort law system,
provides a distributed regulatory and early warning system that will pick up any problems that
could arise."

The places and roles of risk analysis and regulation, expert judgement and world views in
the governance of new technologies are themselves functions of wotld views (1.33)." Using
the variables of ‘systems uncertainty’ and ‘decision stakes’, philosophers of science Silvio
Funtowicz and Jerome Ravetz have identified three distinctive sets of conditions requiring
different governance approaches (figure 4-I). Where technologies are well understood and the
consequences of errors are minor from a societal perspective, they argue that governance by
rules and regulations based on standardised technical analyses is appropriate. However, as either
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uncertainty or the impact of error increases, rules-based regulation needs to be supplemented
by craft-skills and expert judgements. Where either dimension is high, then decision making is
inevitably informed chiefly by world view.

FIGURE 4-|

Three kinds of assessment for decision making'?
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Of course, where we locate any particular technology in this schema is itself likely to be
influenced by our world view. (Generally, regulators try to squeeze new issues into existing rules
and routines while environmental campaigners are likely to look for big uncertainties and broad
ethical implications.) Nevertheless, the device helps us to think through the extent to which
nanomaterials and other novel materials can adequately be regulated through established rules
and analytical techniques, the extent to which these may need to be modified in the light of
expert judgement about the potential for, as yet, unrealised damage (and the research necessary
to resolve these concerns) and, finally, the role of wider publics in shaping the application and
use of nano- and other novel materials where uncertainties or potential consequences give rise
to concern.

Hence, the remainder of this chapter follows this three-stage logic, moving from assessment
of the adequacy of existing rules and regulations, through a consideration of how they might
be modified or extended, to exploration of what additional governance arrangements, if any,
would be appropriate. The next section outlines the existing structure of regulation applicable
to novel materials in the UK and Europe. We go on to focus on the challenges presented by
nanomaterials and their likely widespread deployment, and we consider ways in which regulatory
structures might be modified or extended to accommodate concerns about potential exposure
pathways and possible harm to the environment and human health. We then consider a number
of possible measures that might supplement or reinforce existing regulations, especially during
the period when the latter are being adapted to incorporate nanomaterials. Finally, we return to
wider societal concerns and how they might be addressed in a governance framework for novel
materials and, indeed, for science-based technological developments more generally.
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THE REACH OF EXISTING REGULATIONS IN EUROPE AND THE UK

4.20

4.21
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There are no specific regulations for nanotechnologies or nanomaterials in Europe or the UK.
Instead, the manufacture, use and disposal of nanomaterials are covered, at least in principle, by
a complex set of existing regulatory regimes (appendix J). These include the Integrated Pollution
Prevention and Control (IPPC) Directive' and other consumer and environmental protection
regimes. In addition, particular product types are covered by a series of ‘vertical’ regulations,
including REACH, which is concerned with the Registration, Evaluation, Authorisation
and Restriction of Chemical substances,” and product- or sector-specific regulations for
pharmaceuticals, veterinary medicines, pesticides and biocides. There are also specific regimes
dealing with toys, cosmetics and end-of-life practices, such as the Waste Electrical and Electronic
Equipment (WEEE) Directive."

The combined effect of this legislation is to impose a responsibility on those who manufacture
and sell the products to which it applies, requiring them to identify and understand potential
threats to human health and the environment, and to minimise or eliminate the risk of adverse
effects. In principle, these requirements apply to nanomaterials in the same way as to other
substances and products.

REACH, which came into force on 1 June 2007, transforms chemicals regulation in the European
Union'> and constitutes the regulatory framework of greatest relevance to the governance of
novel materials. It regulates existing (already marketed) and new chemicals, covers substances
in their own right as well as those in manufactured products and preparations, and applies
to imports as well as to substances manufactured in the EU. It is estimated that some 30,000
substances will be covered by this regime.

Although REACH was designed to provide comprehensive regulation of chemicals and not
formulated specifically to deal with nano- or other novel materials, most materials would fall
under its existing rules if manufactured or used in sufficient quantities. There is potential for
revising the thresholds below which REACH does not currently apply. We return to this issue
below.

REACH operates on the premise of ‘no data, no market’. Chemical substances manufactured
or imported at or above a threshold of 1 tonne per annum per manufacturer or importer are
subject to a registration requirement. This took effect for new substances on 1 June 2008 and will
take effect for existing substances during a variable phase-in period ending in 2018, providing
substances are pre-registered between 1 June and 30 November 2008.

This registration obligation imposes a duty on industry to provide data on the substances
concerned, including physico-chemical, toxicological and ecotoxicological data. The volume of
data required depends upon the volume of production and to a lesser extent upon the level of
risk posed by the substance concerned. The ten tonne threshold is a key one, triggering as it does
the obligation to undertake a Chemical Safety Assessment and submit a documented Chemical
Safety Report.

The IPPC Directive is in the process of being replaced by a directive on industrial emissions. The proposals can

be viewed at: http://ec.europa.cu/environment/air/pollutants /stationary/ippc/proposal.htm
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Registration documents will be submitted to the newly-established European Chemicals Agency,
which will check the completeness of the dossiers submitted, and conduct a more detailed
evaluation of a sample of these. The Agency will draw up a list of priority chemical substances,
for which Member States will be required to conduct a more detailed evaluation of hazards and
risks though their national competent authorities. In the UK, the national competent authority
is the Health and Safety Executive (HSE).

In addition to the information requirements associated with registration, REACH provides two
primary mechanisms to regulate market access for certain chemical substances. First, it contains
a revisable list of ‘substances subject to restrictions’. The content of this list will be revised
where there is evidence that any given substance poses an unacceptable risk to human health
ot to the environment. Second, certain ‘substances of very high concern’; placed on a priority
list for action, will require ‘pre-market authorisation’ from the competent authorities even if
they are manufactured or imported at very low volumes (below the one tonne threshold for
registration).

Certain substances are automatically viewed as substances of very high concern and as being
open to inclusion on the list of substances requiring authorisation. These include category 1
or 2 carcinogens, mutagens or reproductive toxicants, as well as those which are persistent,
bioaccumulative and toxic (or very persistent and very bioaccumulative) and which meet criteria
set out in Annex XII of the Regulation. Certain other substances may also be made subject
to this authorisation requirement. These include, for example, endocrine disruptors, where
there is scientific evidence of probable serious effects on human health or the environment
giving rise to an equivalent level of concern (equivalent to the level of concern raised by those
substances automatically viewed as substances of very high concern). The process for selecting
those substances requiring authorisation will be in two stages, with both a candidate and a final
list being drawn up. Both the European Commission and the Member States, as well as the new
Chemicals Agency, will be closely involved in this process. Interested parties enjoy an opportunity
to make comments in the course of the adoption of both the candidate and final list, and the
European Parliament is involved in the adoption of the final list.

For certain substances,” authorisation will only be granted where there is no suitable alternative
substance or technology, suitability being assessed with reference to overall risks and with
regard to the technical and economic feasibility of proposed alternatives. REACH also gives the
European Chemicals Agency powers to re-assess previously authorised chemicals on the basis
of new data, and to restrict or ban their use if evidence of harm is sufficiently compelling.

REACH places considerable emphasis on transparency and access to information. It does so by
way of a variety of mechanisms. First, it regulates the provision of information throughout the
chemicals supply chain, requiring the continued provision of a Safety Data Sheet for substances
with specified properties. It further integrates the classification and labelling of chemicals with
the current Chemicals (Hazard Information and Packaging for Supply) Regulations 2002 (CHIP)
in an effort to ensure a high level of protection for consumers and workers. Finally, REACH
contains elaborate provisions on access to information, only permitting exclusion on a routine
basis of certain commercially confidential sensitive information.

See Article 60(3) of the Regulation for a description of those substances to which this substitution analysis will

apply.
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At least in principle, it would appear that REACH is capable of meeting the criteria for effective
governance, or at least its regulatory component, outlined eatlier in this chapter (4.11). Decision
making is intended to be well zzformed, due to industry responsibility for the provision of
information and the role of the new Chemicals Agency and its expert advisory committees.
The system is intended to be #ransparent and gpen, with multiple opportunities for interested
parties to participate, and an emphasis on the collation and dissemination of information on
chemical substances. It seeks to be prospective or forward-looking, in that REACH applies to both
new and existing chemicals. And finally, REACH is intended to be adaptive and flexible. It provides
a framework for the continuing review of authorisations, and even for the revision of key
elements of the regulation itself.

In addition, REACH provides opportunities for Member States and the European Commission
(and to a lesser extent the European Chemicals Agency) to take the initiative in shifting the
regulatory agenda by highlighting new challenges and requiring a common EU-wide response.
For example, Member States and/or the European Commission are empowered to initiate a new
restrictions process or a process for adding to the list of substances requiring authorisation.

Importantexclusions from REACH include substances which are covered by alternative regulatory
regimes, such as human and animal medicines, foodstuffs, animal feed, cosmetics and medical
devices. Also excluded are certain substances considered to present minimal risk'® because they
are so widespread and well understood as to be beyond the need for further evaluation. At
present these include water, carbon dioxide and nitrogen. Interestingly, carbon and graphite
were dropped from the list of exempt substances in June 2008 because of concerns about their
nanoforms."” (Other carbon forms, diamond and carbon black, were not on the exempt list.)

In general, the product- and specific-sector regulations cover the same ground as REACH
and provide broadly equivalent safeguards. One exception is the Cosmetics Directive, which is
distinctive in explicitly prohibiting animal testing after 2009, as discussed in Chapter 3.

EXTENDING OUR REACH

4.35

4.36

4.37

Regulatory instruments like REACH have not been designed with nanomaterial products and
their applications in mind, so it is a matter for concern that their risks might not be captured
effectively within the current framework. A number of significant gaps in existing regulations have
been identified in studies commissioned by the UK Government and other administrations.' "
A question that follows is whether existing regulations can be modified to close or narrow such
gaps, or whether a regime specific to nanomaterials, or nanotechnologies more broadly, would
be preferable.

One problem is that some nanomaterials may simply escape attention. Under REACH, nanoscale
versions of existing substances (e.g. titanium dioxide) are treated in the same way as the equivalent
bulk material, even if they have very different properties (and indeed are being manufactured for
this reason).

However, the most significant potential limitation affecting the application of REACH to
nanomaterials is the one tonne threshold for registration. Because of the very large number of
(often highly interactive) particles present even in tiny quantities of a nanomaterial (see table
2.1), one tonne may be too high a threshold to capture potentially problematic effects.
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The authorisation and restriction procedures outlined above (4.24-4.32) are applicable
irrespective of production volume, and might therefore capture some of the potential impacts
of nanomaterials. But for these procedures to come into play there would have to be evidence
that a particular class of nanomaterial posed an unacceptable risk to human health or to the
environment. If such evidence emerges, the competent authorities in the EU have powers under
REACH to greatly restrict or to ban the use of those materials (4.29). While such powers might
be sufficient in principle, in practice the prediction of harm is problematic and techniques for
monitoring nanoparticles in organisms and the environment are either non-existent or embryonic

(Chapter 3).

Current regulations may also have consequences for the generation of new data on risk.”” For
example, if a substance is classified as hazardous, REACH requires the supplier to provide further
information on the nature of the hazard and the possible risks involved (4.25). However, if a
material is not initially classed as hazardous for a particular use (or uses), and this non-hazardous
classification is extended to a nanoform of the substance, then there will be no requirement
to generate data about the specific effects of the nanoform (for example on its fate in the
environment, organisms or people). A nanomaterial might then move through its entire life cycle
(2.54) without any requirement for further assessment of its properties, despite the possibility
that, although it is not considered harmful to human health or the environment in its approved
use, it might have the capacity for adverse impacts at some other stage, for example, as a result
of release of the products of abrasion or combustion.

REACH places ultimate responsibility for the safety of products on the manufacturer or
importer, rather than on the regulator. We are aware that a number of major companies are
going to great lengths to try to assess the possible risks posed by nanomaterials under their
control. However, they might not be carrying out the tests that would reveal unexpected hazards,
and the right information may not be asked for by the regulator. To some extent, these issues
apply to the risk assessment of any substance, but for reasons that we will come to below (4.53),
they are particularly challenging in the case of nanomaterials. We doubt that smaller companies
and importers have either the capacity or the resources to deal with these difficult issues.

On the issue of whether modified regulations or new (and possibly dedicated) arrangements are
required to cover nanomaterials, the European Commission has opted for the former. It does
not regard specific regulation on nanomaterials as feasible in the FEuropean context because
of the difficulty in establishing links between very different pieces of legislation and the need
to negotiate internationally to establish a regulatory process.”’ Therefore, it has adopted an
incremental approach, intending to adapt existing laws to the regulation of nanotechnologies.

The position of the UK Government is less clear: in a recent statement it has suggested that
further evidence is required to help determine whether new or amended legislation will be
necessaty, at least as far as free engineered nanoscale materials are concerned.?

‘Regulatory gap’ analyses have tended to conclude that the existing framework is capable of

adaptation to make it fit for purpose in dealing with nanomaterials, providing that the adaptation
is underpinned by research to assess impacts and inform the setting of standards.”

63



Chapter 4

4.44

4.45

4.46

447

4.48

4.49

After careful consideration, we agree. We have not seen convincing evidence of the need for a
special regulatory regime for nanomaterials, let alone for the wider class of materials considered
to be novel. Not only is the legislative field already crowded, but nanomaterials do not constitute
a unified class of substances (Chapter 2). Most importantly, we have argued that the issue with all
materials is their functionality (Chapter 1). It is not the fact that they are created by any particular
technology that is important, or even, in the case of nanomaterials, that they are of a particular
size. What matters is what they do, and the implications of their properties and functionalities
for environmental protection and human health. There is no logical reason why size of particle
should in itself provide the basis for new regulatory controls.

We recommend that in any revisions to existing regulations, the relevant authorities
should focus specifically on the properties and functionalities of nanomaterials, rather
than size. Since these properties and functionalities will often differ substantially from
those of the bulk material, strict chemical equivalence does not preclude the need for
a separate risk assessment. We are concerned, for example, about the numerous kinds of
carbon nanoparticles, nanofibres and nanotubes, as well as fullerenes, whose properties are
fundamentally different from those of carbon black or graphite, and about nanosilver, which
exhibits quite different toxicity to the bulk metallic form.

We have argued above (4.35-4.40) that REACH embodies many elements of an effective
adaptive management system, and we are persuaded that its adaptation (and adaptation of the
product- or sector-specific regulations) to cover nanomaterials is feasible in principle. But we
are in no doubt that, if this is to be achieved, some substantial modifications will be needed.*
We welcome the fact that the European Commission has asked its Scientific Committee on
Emerging and Newly Identified Health Risks (SCENIHR) for a scientific opinion on how the
application of REACH might be modified in this respect.”> We also welcome the first step made
towards taking nanomaterials into account (4.33) by removing carbon and graphite from the list
of substances exempt from REACH.*

We recommend that the UK Government should press the European Commission to
proceed with urgency, in consultation with Member States, the European Chemicals
Agency and SCENIHR, to review REACH and the product- or sector-specificregulations.
The object of the review should be to amend the regulations to facilitate their effective
application to nanomaterials and the provision of adequate testing arrangements.

We recommend the establishment of clear priorities for testing, beginning with those
nanoparticles with functionality which suggests that they might pose the greatest risk
of harm to the environment or to human health.

The most plausible risks seem at present to be posed by free manufactured nanoparticles that
are deliberately introduced into the environment (e.g. iron nanoparticles used to remediate
contaminated land), by materials that must inevitably find their way into the environment (e.g
nanoparticles used in sunscreens, cosmetics, water purification systems and diesel additives),
and by materials that will probably find their way into the environment by abrasion and wear-
and-tear of some larger consumer items (e.g. carbon nanofibres or nanotubes abraded from car
tyres or clothing). Prioritisation should be based on considerations such as these, combined with
growing knowledge of the behaviour of different classes of nanomaterials. We learned in Japan,
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for example, that materials known to degrade slowly and to bioaccumulate are singled out for
particularly careful scrutiny (4.14).

Given the problems experienced in the past with substance-by-substance risk assessment
of bulk chemicals in the EU (particularly its slow progress as described in Chapter 3), and
the additional complexities of nanomaterials, alternative options are worth considering. For
example, regulators may wish to limit human or environmental exposure to freely available
manufactured nanoparticles (or those that become free during the life cycle of a product), for
example through mandatory design requirements, at least until such time as a risk assessment has
reduced uncertainty about possible ill-effects.

For reasons outlined above (4.37), the weight thresholds that trigger procedures under REACH
may need to be reduced in the case of nanomaterials, particularly for those whose properties
and functionalities give rise to concern. The European Commission is aware of this issue and
acknowledges that it will be necessary to monitor the situation and possibly refine the thresholds
over the coming years.”” We recommend that, as REACH is adapted to meet the challenges
presented by nanomaterials, particular attention should be given to the issue of weight
thresholds. In view of the persistent uncertainties involved, a precautionary approach
should be adopted when determining new, lower thresholds for nanomaterials.

To summarise, so far we have argued that the existing regulatory framework has the potential
capacity to manage the possible risks associated with nanomaterials but, as it is currently being
implemented, it does not adequately do so. We believe that the most significant regulations
are capable of adaptation; and that a strategy of modifying existing arrangements needs to be
pursued with some urgency.

BEYOND OUR REACH

4.53

However, we do not underestimate the scale of the challenge involved. Indeed, we remain
deeply concerned about the timescales required to negotiate modifications and to gather the
necessary data. Much of the basic scientific information is not yet available, and we were told
that the goal of accurately predicting the toxicity and environmental behaviour of manufactured
nanomaterials is likely to be several decades away.”® On this point, the issues identified in Chapter
3 bear summarising again:

* The novel properties of nanomaterials mean that standard toxicity tests may be inappropriate
for the identification of potential harm, or impossible to carry out on some classes of
nanoparticles.

¢ We know little about the mobility, accumulation, degradation and ultimate fate of most
nanomaterials in the environment.

* This means that entirely new toxicity and ecotoxicity tests may need to be developed for
some types of nanomaterials and agreed at a European and OECD level. This will not be
achieved quickly, if at all.

* To facilitate the development of testing protocols, much work needs to be done on
standardising and characterising nanoparticles. Whilst this work has started (for example,
through OECD), it will also, inevitably, take time.
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* Each variant of a particular class of nanomaterial may display quite different physical and
chemical properties. In some cases there are many variants. Carbon, for instance, can be made
into nanospheres, nanofibres, nanotubes, nanosheets and fullerenes, which themselves can
be made into tubes and fibres. But the multiplication does not stop there. The properties of
nanoparticles can vary with size, shape, charge, coatings and surface characteristics, and with
the nature of the medium in which they are incorporated.

* The scale of the problem now becomes obvious. We are no longer dealing with the toxicity
and ecotoxicity of ‘carbon’, or any other material in nanoform, but with a factorial experiment
in which the possible combination of conditions rapidly becomes daunting, Of course, many
of these multiple types of nanoparticle are not yet in commercial production, but as they
come onstream they could risk overwhelming our ability to carry out the necessary toxicity
and ecotoxicity tests in a timely manner. Furthermore, any given nanomaterial may find
application in many different products, some of which will present more of an exposure risk
than others.

*  While a fundamental breakthrough in our ability to predict the behaviour of nanoparticles
could transform the picture, it is most unlikely to be achieved quickly. Nor, ultimately, can any
predictive method provide a guarantee against all possible future harm.

In such circumstances, regulators face a Sisyphean task. Innovation is, or soon will be, driving
new products onto the market at rates that are orders of magnitude faster than they can currently
hope to manage with the resources at their disposal. We heard from one regulatory body that
it was not even considering how to address third and fourth generation nanomaterials because
they were fully occupied with those currently at the commercial stage.” The magnitude of the
task combined with constraints on resources tends to create an attitude of regulatory fatalism.

One expert likened the challenge of risk governance in this field to that of shouting a warning
to the driver of an express train as it thunders past.”” An understandable reaction in such
circumstances is to call for a moratorium on the manufacture and use of nanomaterials; this
position, associated with a world view at one end of the spectrum identified in Chapter 1, has
been adopted by some environmental and consumer organisations in Europe and the United
States.’!

We have not been persuaded that a blanket ban would be appropriate; nor do we consider that
such an approach could be justified on current evidence. Nanomaterials are already widely
marketed and their production is globally distributed: at present we see no prospect for the
negotiation of a global moratorium. Furthermore, as Chapter 2 has shown, nanomaterials are
extremely diverse, exhibiting a wide variety of properties and functionalities. In many cases,
materials in use have known or potential benefits and there is no particular reason to suspect
that they will cause harm. We therefore consider that a blanket ban would be neither practicable
nor proportionate. Selective moratoria (for which existing regulations make provision) might,
however, be an appropriate precautionary measure in particular circumstances.

Nor, at the other extreme, can we afford to stand back and conclude that this is all too difficult.
None of our arguments so far is intended to imply that developing new tests, striving for
predictability and working to adapt existing European and national legislation to manage
nanomaterials are a waste of time. But the challenges set out above raise two important
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questions. One is what might be done in the interim, while we wait for a better informed, and
better adapted, regulatory framework. We address this question in the following section.

The other, more profound, question returns us to the fundamental themes of this report. It
concerns how we democratise scientific and technological developments in the face of the
control dilemma and the conditions of ubiquity and endemic uncertainty (4.1-4.3). It suggests
that the very concept of a gap or an ‘interim’ holds out a false promise of resolution, because
the dilemmas that we face are ultimately social and political as well as scientific and technical. We
return to these issues in the final part of this chapter.

The measures recommended above will take time, possibly decades, to develop and implement,
as will the accumulation of knowledge on the properties and potential impacts of nanomaterials.
In the meantime, it will be vital to make every effort to narrow the gap, and to do so in two
senses. One is in improving our understanding of the implications of nanomaterials. The other
is in finding ways to anticipate, and as far as possible avoid, harmful effects that would not be
captured by current regulations; this is needed in advance of, or in addition to, the kinds of
amendments to the regulations outlined above.

The first, indeed key, requirement to improve understanding is research. As demonstrated in
Chapter 3, there is an urgent need for research on the implications of nanomaterials, though
it is important to recognise that science will not always reduce uncertainties and indeed might
raise new questions and open up new areas for exploration. In 2004, the Royal Society and
Royal Academy of Engineering recommended research into possible adverse health and
environmental impacts, as well as into societal and ethical issues arising from the development
of nanotechnologies.”

In partial response to this recommendation, the Department for Environment, Food and Rural
Affairs (Defra) established and chairs a Nanotechnology Research Co-ordination Group (NRCG)
to establish research priorities and develop links both nationally and internationally to promote
dialogue and facilitate the exchange of information. A number of research programmes are also
now underway in the UK, including the joint Natural Environment Research Council (NERC),
Defra and Environment Agency ‘Environmental Nanoscience Initiative’, which has committed
£2.3 million to date to research projects investigating the fundamental effects of manufactured
nanoparticles on the natural environment.

Other countries, including the United States and Japan, have also established research
programmes. At international level, the OECD Working Party on Manufactured Nanomaterials
has a programme of work underway to investigate the safety of manufactured nanomaterials.

In spite of these investments and work programmes, there remains a substantial mismatch
of funding between research on the applications of nanotechnologies and nanomaterials and
investigation of their implications for society, the environment and human health (Chapter 3). We
find this disturbing, and we have recommended that the UK Government initiate through the
Research Councils a directed programme of research with an emphasis on policy and regulatory
questions (3.114-3.115).
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Currently, technology-based innovation in the UK is promoted through a single body, the
Technology Strategy Board, but there is no equivalent body for managing and regulating
the emergent technological developments. In the case of nanomaterials, responsibilities for
negotiating and implementing regulations and for funding research are spread across a number
of different organisations and government departments, including Defra, the Department
for Innovation, Universities and Skills (DIUS), the Department for Business, Enterprise and
Regulatory Reform (BERR), HSE, the Environment Agency and the Scottish Environment
Protection Agency (SEPA), and the Research Councils. We considered whether it might be
desirable for a single body with regulatory responsibilities for novel materials to mirror the
innovation support role of the Technology Strategy Board. However, the nature, scope and
applications of nanomaterials, let alone the larger class of novel materials, is so broad as to make
this impractical. Furthermore, we are persuaded that a somewhat untidy regulatory landscape
of agencies with diverse priorities and overlapping responsibilities offers many opportunities
to identify potential problems. We received evidence from officials in the United States that,
to date, this approach is considered to have worked well there.” Therefore, we recommend
that responsible organisations set up structured systems to keep a watching brief on
the development of novel materials and to enhance the sharing of information and the
opportunities to work together to identify and manage emerging problems.

In the course of our investigations, we also considered a number of other possible measures,
in addition to the regulatory adjustments advocated in the previous section, aimed primarily
at anticipating and avoiding potential harm from nanomaterials. Some of these measures
could be applied within a modified form of REACH while others might be additional to these
requirements. None of them is without difficulty.

We acknowledge that there is considerable potential, within a wider system of governance,
for self-policing and the development of codes of conduct. A number of such codes relating to
nanomaterials have been developed, or are in the process of development, including a Code of
Conduct for Responsible Nanosciences and Nanotechnologies Research recommended by the European
Commission,™ and the Royal Society and partners’ Responsible Nanocode,” for businesses engaged
in nanotechnologies. These are quite precautionary in approach, and can raise awareness,
improve vigilance and generate a sense of responsibility. However, in our view voluntary codes
of conduct are likely to be most effective when they are backed up at appropriate points by
‘harder’ legal and regulatory measures.

One additional regulatory possibility that we discussed was that of extending product ‘take-
back’ requirements (exemplified in Europe by the WEEE Directive) to products containing
nanomaterials. “Take-back’ is intended to prevent or limit the entry of harmful substances into
the environment and, in principle, enables the consumer to return a product to a retailer for
recycling. If they can be effectively implemented, we support such regulations for novel materials
where their functionality suggests that there may be grounds for concern.

We concluded, however, that in the current global marketplace there is no prospect that a take-
back requirement could effectively provide for the return of nanomaterials to their original
producers. We do not see how any such scheme covering a wide variety of consumer products
containing nanomaterials would be workable, not least because nanomaterials are already
incorporated into many products (including clothing, sunscreens and food packaging) for which
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take-back seems impracticable, if not impossible. Such a scheme, in applying to nanomaterials
indiscriminately, would also violate our ‘functionality principle’. We did not, therefore, pursue
this option in any detail.

Labelling is another possible tool for the management of nanomaterials. Products are usually
labelled for one of two reasons: to communicate a known hazard to consumers; or to provide
information about a product so that consumers can make an informed choice.” We heard
contradictory views on this possibility. There are powerful arguments in principle that consumers
should be informed, and some may legitimately wish to know whether products contain
nanomaterials. (We note that in some instances manufacturers have considered a ‘nano’ label to
be advantageous.) But labelling might also convey the false impression that nanomaterials have
uniform properties and is unlikely (at least at this stage) to be able to provide useful information
aboutimpacts on health or the environment. At present, we see no reason to recommend product
labelling for nanomaterials per se, although where the functionality of the material presents a
known hazard, it would have to be labelled in accordance with existing regulations, such as the
Hazardous Waste (England and Wales) Regulations 2005.%

We also considered, briefly, whether an international convention, in the style of the United
Nations (UN) Persistent Organic Pollutants (POPs) Convention, might usefully be set up to
regulate nanomaterials. Initially, this idea had some attraction because of the global nature of
nanotechnologies, but evidence presented to us did not support such a step, on the grounds
that it was too complex and would in practice be unmanageable.”® Again, it would be unhelpful
to treat all manufactured nanomaterials as a single class of substances, and inappropriate to
categorise them all as pollutants. We concluded that such a move would not be a useful or
proportionate measure at this time. In our view, the wider international dimension is best served
by the energetic and open exchange of information. We welcome the fact that information
is already being exchanged at all levels, from the OECD to individual scientists, and urge the
further facilitation of such exchanges.

Of the additional measures that we considered, we were most attracted by the development of
some kind of early warning systems, one that might be managed by the competent authorities for
REACH or by a body or bodies authorised by them to do so. Indeed, as we confront the control
dilemma, it seems to us that an eatly warning system incorporating reporting requirements is a
vital component of governance.

We are aware that such reporting could be onerous, especially for small and medium-sized
enterprises. Hence, we recommend that such reporting should be kept as simple as possible. We
are attracted by the idea of a straightforward checklist aimed primarily at nanomaterials that are
not currently captured by REACH. All importers or manufacturers of such materials, or products
containing them (above some still-to-be-decided threshold for the quantities involved) that are
not captured by REACH, would be required to complete the checklist in as much detail as they
are able. It should be designed so as not to be onerous, should elaborate the special properties
of the nanomaterials including the reason that they have been produced or incorporated in
the product, and should also consider the pathways of environmental and human exposure
throughout the entire life cycle of the product, not just at the point of use. In addition, the
checklist might prompt explicit consideration of the consumer benefits of the product. We have
received evidence that some leading manufacturers use similar checklists (developed as part of
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legal risk assessment requirements). We recommend that the idea of a simple checklist as
part of an early warning system be developed and defined further by the Government to
investigate the potential for development amongst the wider materials community.

We recognise thatin making this recommendation, we are treating nanomaterials as a single group,
apparently violating our own argument that it is their properties and functionalities that matter,
not their size. But in the present state of ignorance, we see no other means of gathering and
monitoring information that would allow society to move to regulations based on properties.

Experience suggests that, whilst we see a role for some kinds of voluntary initiatives as noted
above (4.60), checklist reporting will have to be compulsory if it is to be effective. It is clear,
for example, that the current voluntary reporting scheme for engineered nanoscale materials®
operated by Defra has not worked. During its two years of operation, Defra has received
only nine submissions.”” Hence, we recommend that Defra should make nanomaterials
reporting mandatory.

Companies, researchers and regulatory authorities all gather information about possible and
emerging risks. The sharing of such information (including evidence that risks are minimal)
must also be an important part of any early warning system. Whilst there are some genuine
problems concerning commercial confidentiality, it must be possible to devise schemes in which
information provided to the competent authorities is shared (anonymously if need be) with
others who need to know.

Hence, we recommend that the Government impose an additional legal duty on
companies to report at the earliest opportunity to the competent authorities any
reasonable suspicion that a material presents a risk to people or the environment.
Compliance with this requirement should offer duty holders a degree of immunity from
criminal liability, should problems associated with the nanomaterials arise in future. A
possible model is provided by Section 16 of the Health and Safety at Work Act 1974, which
provides that the Health and Safety Commission can approve codes of practice. Failure to abide
by such a code is not, as such, a criminal offence but it can be used as evidence that there is a
breach of a regulation to which the code relates. Furthermore, guidance may be issued and,
while compliance with this does not provide immunity from prosecution, the policy view is that
an employer following the guidance will not commit a breach.

Although compliance with regulatory requirements does not provide immunity from civil law, it
could in principle form part of a defence against a claim in negligence or nuisance. Reasonable
foreseeability of harm is an important element in these torts and, as was held in Cambridge
Water Company vs. Eastern Leathert," requires recognition of the toxic nature of the pollutant
in question, the ability to detect its presence and an understanding of its likely pathways in the
environment. If, following an honest disclosure under the checklist and risk reporting duties, the
regulatory authority has taken no action, this would argue against the foreseeability of harm. The
problem at present (as noted in Chapter 3) is that the means for detecting nanoparticles in the
environment and attributing them to particular sources are underdeveloped or non-existent.

Pervadingall of these activities, therefore, is a requirement for a robust programme of exvironmental
monitoring, using new techniques to detect manufactured nanoparticles in living organisms
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and the environment (Chapter 3). Monitoring, as we have argued elsewhere,” is an essential
component of any early warning system. While ‘blanket” monitoring of the environment is
not practicable, targeted monitoring is highly desirable. Obvious points for surveillance might
include sewage outfalls, river water and sediments downstream from major conurbations, coastal
marine sediments and sediment-feeding organisms. Detection of significant quantities of a
nanomaterial in a top predator (pike or otters for example) could also be a cause for concern.

We recommend that environmental monitoring to detect manufactured nanoparticles
should be the responsibility of the Environment Agency in England and Wales, SEPA in
Scotland and the Northern Ireland Environment Agency to ensure that robust processes
are used. While we recognise that some environmental media are monitored by other bodies
(e.g. air quality monitoring by local authorities), we believe that the complexity and cost of the
monitoring likely to be required necessitates a more focused approach and responsibility. This is
not to neglect the importance of information sharing across responsible bodies.

There is a further difficulty in making causal connections between the presence of nanomaterials
in the environment and any observed changes or deleterious effects, one consequence of which
is that, in the present state of knowledge, any civil action would be unlikely to succeed. We
were told that it was not possible to ‘mark’ nanomaterials so that they could be traced back to
a particular manufacturer or importer.” If damage is caused therefore, any remediation and
compensation would fall to the public purse.

In this section we have reviewed a number of measures that might improve the knowledge base
and strengthen or supplement regulatory arrangements in Europe and the UK. We envisage that
knowledge about nanomaterials, their behaviour in organisms and the environment, and their
potential risks will accumulate, and that over time REACH and the sector-specific regulations will
be adjusted (as discussed in the previous section, 4.35-4.52). In the meantime, there is clearly a
need for vigilance. That is why we propose that attention should be given to the development of
an early warning system as a supplementary measure to ensure as far as possible that significant
and irreversible harm will not occur.

We recognise, however, that the measures advocated above present only a partial response to
the challenges posed even by first and second generation nanomaterials, that nanomaterials
themselves represent a particular example of the issues raised by the wider class of novel
materials, and that both categories, as we noted at the outset of this chapter, raise and exemplify
fundamental questions about the ways in which modern societies shape and respond to rapidly
emerging technologies.

GOVERNING EMERGENT TECHNOLOGIES

4.83

4.84

There are no simple and straightforward solutions to the control dilemma. It is possible, and
indeed essential, to narrow the gaps through concerted efforts in research and by tightening
and extending existing regulations. But the governance of emerging technologies in the face of
ubiquity, ighorance and uncertainty must amount to much more than this.

Nanomaterials exemplify the kind of challenge for which attention to closing gaps in knowledge

and regulation is necessary but insufficient. Effective governance will mean looking beyond
traditional regulation for other, more imaginative solutions, often involving a wider range of
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actors and institutions than has been customary in the past. The aim must be to create adaptive
management systems that can respond quickly and effectively as new information becomes available.
We have explored a number of options in the previous sections but have clearly not exhausted
the possibilities.

Ultimately however, as we noted in Chapter 1, many of the questions raised by developments
like those in the field of novel materials are trans-scientific in nature. They extend beyond the
(important) issues of risk and risk management to questions about the direction, application and
control of innovation.* Indeed, it has been argued that “public misgivings over the purposes
and interests behind innovations are often misunderstood as if they are concerns about safety
as defined by regulatory science and expertise”.” The morte substantive challenge, therefore, is
to find the means through which civil society can engage with the social, political and ethical
dimensions of science-based technologies, and democratise their ‘licence to operate’. It has been
characterised as a challenge of moving beyond the governance of risk to the governance of
innovation.*

This is not an easy task. It will demand the engagement of a wide range of different perspectives
and, quite possibly, the establishment of new institutions (an aspect to which we return below).
There is growing recognition of these requirements, and we are aware of energetic activity
particularly in the areas of opinion gathering and public and stakeholder engagement with
nanotechnologies.

Efforts have been made, for example, to gauge social perceptions in opinion polls.”’ Surveys
suggest that most Americans and Europeans are unfamiliar with nanotechnologies but, when
prompted, anticipate that the benefits might outweigh the risks. The most frequently expressed
concerns relate to loss of privacy and to the risks that might be posed by artificial self-replicating
organisms (effects normally associated with later generations of nanotechnologies). Findings
indicate that there is greater acceptance of nanomaterials in some applications, such as medicine
and environmental protection, than in others such as food.* However, survey research methods
have obvious limitations under conditions of novelty and emergence, and perspectives on
nanotechnologies have also been explored in a variety of deliberative forums.

In response to the Royal Society and Royal Academy of Engineering teport,” the UK
Government established a programme of work on nanotechnologies including three projects
funded through the Swencewise public engagement programme: ‘Small Talk’; ‘Nanodialogues’;
and the Nanotechology Engagement Group. A further seven projects, not directly funded
by government, underlined a concern to open up discussion of nanotechnologies to new

perspectives.”

An overview of projects involving public engagement in the UK and the United States, including
someof theabove,identified fourcommonemerging themes:anexpectation thatnanotechnologies
will deliver benefits; anxiety about the management of unforeseen risks; concern that innovation
would not be directed towards appropriate social goals; and a desire for science and technology
policy to be more open to public involvement.” In some cases, ignorance, followed by initial
enthusiasm about potential benefits, turned to unease after participants learned more about the
technologies concerned. In one project, focus group participants, having interrogated websites
and discussed the issues with family and friends, expressed concerns about nanoparticles entering
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and harming the body, their fears being exacerbated by the notion of ‘invisibility’. The potential
toxicity of nanomaterials was seen as symptomatic of rapid technological development in the
face of uncertainties and ignorance about risks.”

The intensity of the public engagement effort is in part a reflection of the speed and scale
of innovation. But it is driven also by concerns about possible societal responses to particular
technologies. In some cases, this concern is motivated by a desire to avoid friction: we heard
frequently in Japan, for example, that public engagement was aimed at increasing the acceptability
of nanotechnologies.”” Such motivation, whilst not always explicit, has also been an important
factor behind public engagement initiatives in the UK, although the Government has stated its
aims more broadly, in terms of building a society “confident about the governance, regulation

and use of science and technology”.>*

We urge that the emphasis be placed on these broader objectives. The full value of engagement
and deliberation will not be realised if these activities are seen primarily as an exercise in securing
acquiescence to new technologies. Rather, they should constitute an important component in a
system of innovation governance.

We welcome initiatives that contribute to the ‘social intelligence’ function of governance in this
context, including opportunities for deliberation among a wide range of different groups and
members of the public. We endorse the views of the Nanotechnology Engagement Group
(NEG) (4.88) that research and policy in this field should be informed by public insights
and concerns, and that scientists should have opportunities to reflect upon the wider social
implications of their work.” We note that such views have won support from, amongst others,
the Royal Society and the former Office of Science and Technology.

Experience has grown of avariety of mechanisms to facilitate public engagementand deliberation,
including citizens’ juries, consensus conferences and facilitated discussions. Examples of all of
these in the context of nanotechnologies were included among the exercises mentioned above. In
relation to research cultures, we note with interest the support given by the Societal Issues Panel
of the Engineering and Physical Sciences Research Council (EPSRC) to building social priorities
and concerns into strategic funding decisions. For example, it has supported a nanotechnology
dialogue in 2008 to inform the development of a new research programme in this field.”

However, we acknowledge that the task is made particularly challenging in the case of
nanomaterials, as with many emergent technologies, by the global innovation system involved.
We are also well aware that any forum that is time limited and focused on single technologies or
types of technology is subject to limitations of specific timing, representativeness and agenda
framing, amongst others.

Hence, we recommend that it is desirable to move beyond one-off public engagement
‘projects’ to recognise the importance of continual ‘social intelligence’ gathering and the
provision of ongoing opportunities for public and expert reflection and debate. We see
these functions as crucial if, as a society, we are to proceed to develop new technologies
in the face of many unknowns.
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There is a growing, formal literature on how to achieve these ends, for example, through
techniques such as ‘Real-Time Technology Assessment” (RTTA)*” and ‘Constructive Technology
Assessment’ (CTA).”® CTA developed in the Netherlands and is usually described as having three
elements: socio-technical mapping combining stakeholder analysis and the systematic plotting
of recent technical dynamics; early but controlled experimentation, through which unanticipated
impacts can be identified and, if necessary, mitigated; and dialogue between innovators and the
public, to articulate the demand side of technology development and innovation.

RTTA has a similar objective, but it is usually less focused on experimentation and more on
the knowledge generation process itself. It makes use of more reflexive measures such as focus
groups and scenario development to elicit values from multiple stakeholders and to explore
alternative potential outcomes. It uses forms of social survey research to investigate how
knowledge, perceptions and values are evolving over time to enhance communication and identify
emerging problems. It integrates socio-technical mapping and dialogue with retrospective as well
as prospective (scenario) analysis.

In the face of ignorance, uncertainty and a rapidly changing knowledge base, an important
feature of systems supporting adaptive management like CTA and RTTA is scenario building —
asking the ‘what if?” questions and doing so through involvement of a variety of expert, public
and local knowledges. This helps to ensure that the process is informed by a range of different
perspectives and by social and ethical as well as scientific and technical considerations.

Another related possibility that has been put to us is that decisions about the development of
new technologies would be strengthened considerably if they were subject to explicit reflection
from a purposely designed, deliberative public forum, the results of which could directly inform
government thinking and policy.”” We have considerable sympathy for this view, although only
if designed as an ongoing rather than a time-limited activity. One possibility is that of a standing
deliberative forum, designed to inform policy on nanotechnology development, regulation
and research.”’ It might be possible, in this context, to build upon Defra’s Nanotechnologies
Stakeholder Forum, which has good links with industry, civil society and academia. Indeed,
we understand that this body is being merged with the Chemical Stakeholders’ Forum, which
in turn will be informed by a restructured Advisory Committee on Hazardous Substances. We
welcome this move.

4.100 However, a deliberative forum of the kind envisaged would cover a broad spectrum of world

views, and would have to be capable of exploring normative questions about the purpose,
direction and control of innovation, as well as issues of risk and regulation. It would be a
fundamental exploration of values and visions of the future of technologies, informed by the
best science available at the time.” This kind of forum is different in concept to a stakeholder
body, which assembles and seeks consensus among different interests.

4.101 There remains in our view a real question about whether the capacity for deliberation and

(perhaps even more so) for public engagement in modern democracies is sufficient to sustain an
approach that seeks to interrogate scientific and technological developments. The more specific
the focus, the more numerous the cases will be, but as the focus becomes more generalised
(looking at ‘nanotechnologies’ as a whole for example), the range of possible applications and
implications threatens to make dialogue unmanageable. Informed and inclusive deliberation
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(however conducted) on a huge range of potential developments seems as distant a prospect as
the resolution of many of the technical uncertainties identified elsewhere in this report.

4.102 A different approach to the governance of innovation — given the problems of deliberating
emergent developments on a case-by-case basis — might be to begin with questions of principle,
instead of working from technologies through to implications. A key task would be to consider
which kinds of interventions in the human and non-human worlds, controlled by whom, might
be deemed acceptable or problematic. Such principles could then act as a filter, directing attention
to aspects of particular science-based innovations that seemed worthy of special scrutiny.
Deliberation on these issues might be a role for a commission on emerging technologies and
society, of the kind that has recently been proposed by Demos.” But it could also be undertaken
by a body such as the deliberative forum considered above, if it concerned itself with a wide
range of technological innovations.

4.103 Whatever institutional arrangements are adopted in pursuit of plurality and social intelligence,
we are convinced that more rigorous attention needs to be paid to the treatment of the outputs.
It seems to us that enthusiasm to be seen to engage has sometimes run ahead of any real
commitment or institutional capacity not only to support the activities adequately but most
importantly to make intelligent and transparent use of the findings, especially if the latter raise
fundamental questions about the direction and development of innovation. Genuine ‘upstream
engagement’, the outputs of which influence science and technology policy at an eatly stage,”
has proved elusive, and is particularly challenging under conditions of ubiquity when world
views vary widely across countties and cultures.*

4.104 We return, finally, to the control dilemma. We have argued that this dilemma clearly confronts
us in the case of nanomaterials, our focus in this report, and that our response should be to
strive towards an open and adaptive system of governance grounded in reflective and informed
technical and social intelligence. Such a regime, while encouraging appropriate innovation,
would seek to avoid technological inflexibility, would be vigilant and would be capable of
intervening selectively but decisively when developments threatened humans or the non-human
environment.

4.105 We have argued that adaptive innovation governance for nanomaterials would be served by
modifying and extending the existing regulatory framework as a matter of urgency, and by
developing an early warning system which mustinclude robust arrangements for monitoring. But,
as in other fields characterised by ignorance, uncertainty and ubiquity, regulatory measures will
not resolve the dilemma, and therefore they must be complemented (and informed) by the full
range of perspectives on innovation. Itis to these ends that we have made our recommendations,
some of which we consider applicable beyond nanomaterials to novel materials in general, and
indeed to the governance of wider categories of emergent technologies.
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SUMMARY OF RECOMMENDATIONS

In this study we looked at issues related to innovation in the materials sector and in particular
the challenges and benefits arising from the introduction of novel materials. This was prompted
by concerns about potential releases to the environment from industrial applications of metals
and minerals that have not previously been widely used and from the use of manufactured
nanomaterials in a wide variety of products and applications. In the event, the evidence we
received was almost entirely focused on the latter and we therefore decided to use nanomaterials
as an exemplar to investigate the current governance frameworks surrounding innovation and
protection of human health and the environment in this sector.

In Chapter 2 of the report we looked at the properties of nanomaterials currently being used or
developed and the functionalities derived from those properties which allow the introduction of
new products or improved products and performance. We also looked at the potential pathways
by which these materials could enter the environment and present potential hazards to the
environment and to people throughout their life cycle.

Chapter 3 dealt with the potential health and environmental impacts which flow from the
properties of nanomaterials and we concluded that there is a plausible case for concern about
some (but not all) classes of nanomaterials. Examples of potentially harmful nanomaterials
include nanosilver, carbon nanotubes and Buckminsterfullerenes (C ). However, we are very
conscious of the extent to which knowledge about the potential health and environmental
impacts of nanomaterials lags significantly behind the pace of innovation and these areas of
concern could change as new scientific information arises. This is an area of considerable
uncertainty.

In Chapter 4 we looked at the current governance arrangements and the ways in which these
deal with both uncertainty and ignorance about possible risks to the environment, organisms
and human health. We focused on fairly narrow issues in relation to governance in the materials
and chemicals sectors and the particular challenges to governance posed by nanomaterials.
Some of our recommendations are specifically directed at issues which relate to manufactured
nanomaterials. In particular, that the nanoform of a chemical may have significantly different
properties to its bulk form. In the longer term, we are also concerned that more sophisticated
third and fourth generation nanoproducts may represent a further step change in functionalities
and properties, which would be even more difficult to capture in a regulatory system primarily
focused on the bulk chemical properties of the material. We concluded that new governance
arrangements are necessary to deal with ignorance and uncertainty in this rapidly developing
area. It has not escaped our notice that, in principle, these arrangements could also apply in areas
of technology other than novel materials where similar issues might arise.
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Our recommendations reflect three main priorities, namely:

¢ Functionality: we need to focus on the properties and functionalities of specific nanomaterials
as the key driver rather than treat all materials in the size range as one single class.

¢ Information: we need to establish directed research programme on the properties and
functionalities of materials in order to inform risk assessment and risk management
strategies.

* Adaptive management: we need to recognise the degree of ignorance and uncertainty and the
time it will take to address these (insofar as they can be addressed). We also need to develop
flexible and resilient forms of adaptive management to allow us to handle such difficult
situations and emergent technologies.

These issues undetlie the specific recommendations in Chapters 3 and 4, which are listed
below.

ENVIRONMENTAL AND HEALTH IMPACTS

5.6

5.7

The research requirements highlighted in Chapter 3 of this report need to be undertaken on a
more systematic and strategic basis, which is difficult to deliver under response mode funding as
currently used in the UK as the main driver. We appreciate that the Government did not wish to
take up the recommendations of the Royal Society and Royal Academy of Engineering report
for a new research centre, but we strongly recommend a more directed, more co-ordinated
and larger response led by the Research Councils to address the critical research needs
raised by this report, with emphasis on regulatory and policy programmes (3.114).

These needs include:

* The validation of 7 vitro tests against 7z vivo models.

¢ Evaluation of methodologies for predicting the likely fate and effects of nanomaterials based
on their physical and chemical properties as well as their novel properties and, where possible,
the development of exposure scenarios.

* Based on the significant gap in our knowledge, the programme of directed research should
ensure a concerted and co-ordinated effort is made to better understand the principles that
drive the toxicity of manufactured nanomaterials and how individual properties interact to
enhance or diminish toxicity profiles both 7z vitro and 7n vivo with a long-term objective of
developing predictive toxicology.

* The enhancement of 7 situ monitoring and surveillance methods to provide early warnings
of unexpected effects of novel materials and to permit timely remedial action.

* The research programme should pave the way for much greater interdisciplinary co-
operation, including co-operation between those engaged in medical toxicology and those
in ecotoxicology, so as to enhance the development of robust test systems and also to act
as a catalyst for early warnings from observations on lower organisms to be extrapolated to

humans (3.115).
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5.8

We recommend that urgent attention is given to undergraduate and postgraduate
training in toxicology across all of its domains and that the Department for Innovation,
Universities and Skills (DIUS), the university sector and the professional societies that
represent medical toxicologists and ecotoxicologists establish new initiatives to build
multidisciplinary capacity in this field (3.117).

GOVERNANCE

5.9

5.10

5.11

5.12

5.13

5.14

5.15

5.16

We recommend that in any revisions to existing regulations, the relevant authorities
should focus specifically on the properties and functionalities of nanomaterials, rather
than size. Since these properties and functionalities will often differ substantially from
those of the bulk material, strict chemical equivalence does not preclude the need for a
separate risk assessment (4.45).

We recommend that the UK Government should press the European Commission to
proceed with urgency, in consultation with Member States, the European Chemicals
Agency and the Scientific Committee on Emerging and Newly Identified Health Risks
(SCENIHR), to review REACH and the product- or sector-specific regulations. The
object of the review should be to amend the regulations to facilitate their effective
application to nanomaterials and the provision of adequate testing arrangements
(4.47).

We recommend the establishment of clear priorities for testing, beginning with those
nanoparticles with functionality which suggests that they might pose the greatest risk
of harm to the environment or to human health (4.48).

We recommend that, as REACH is adapted to meet the challenges presented by
nanomaterials, particular attention should be given to the issue of weight thresholds.
In view of the persistent uncertainties involved, a precautionary approach should be
adopted when determining new, lower thresholds for nanomaterials (4.51).

We recommend that responsible organisations set up structured systems to keep a
watching brief on the development of novel materials and to enhance the sharing of
information and the opportunities to work together to identify and manage emerging
problems (4.64).

We recommend that the idea of a simple checklist as part of an early warning system
be developed and defined further by the Government to investigate the potential for
development amongst the wider materials community (4.72).

We recommend that the Department for Environment, Food and Rural Affairs (Defra)
should make nanomaterials reporting mandatory (4.74).

We recommend that the Government impose an additional legal duty on companies to
report at the earliest opportunity to the competent authorities any reasonable suspicion
that a material presents a risk to people or the environment. Compliance with this
requirement should offer duty holders a degree of immunity from criminal liability,
should problems associated with the nanomaterials arise in future (4.76).
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We recommend that environmental monitoring to detect manufactured nanoparticles
should be the responsibility of the Environment Agency in England and Wales, the
Scottish Environment Protection Agency (SEPA) and the Northern Ireland Environment
Agency to ensure that robust processes are used (4.79).

We recommend that it is desirable to move beyond one-off public engagement ‘projects’
to recognise the importance of continual ‘social intelligence’ gathering and the provision
of ongoing opportunities for public and expert reflection and debate. We see these
functions as crucial if, as a society, we are to proceed to develop new technologies in the
face of many unknowns (4.95).
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Appendix A

ANNOUNCEMENT OF THE STUDY AND INVITATION
TO SUBMIT EVIDENCE

A1 ANNOUNCEMENT OF THE STUDY

The Royal Commission study on novel materials in the environment was announced in a news release
on 3 April 2006 in the following terms. Over 100 organisations were invited to respond to issues
described below and around 20 responses were received.

RovaL. COMMISSION STUDY ON NOVEL MATERIALS IN THE ENVIRONMENT

The next study by the Royal Commission on Environmental Pollution will be on the environmental
effects of novel materials and applications.

Novel materials, along with new forms and applications of existing chemicals, are continually being
developed to help make technological advances and improve performance, driven by the needs of
industry and the demands of society. Although much attention has been paid to the effects of the
environment on novel materials and their behaviour in different situations, there is relatively little work
on the environmental effects of novel materials. However, governments are starting to fund research
programmes and develop policy in this area and our study will contribute to that process.

The Commission willlook atall aspects of the environmental effects of novel materials and applications,
including both benefits and potentially harmful impacts.

The environmental effects of novel materials and applications was selected as a topic for study after
consultation on the Commission’s future work programme. The study will draw on approaches used in
previous reports by the Commission, including the 73" report: The release of genetically engineered organisms
to the environment, and 24" report: Chemicals in products.

The study is likely to cover a number of themes, including for example, the development process of
novel materials, toxicity and ecotoxicity testing and data, positive and negative environmental impacts,
and whether novel materials and applications are adequately regulated under existing regulations.

BACKGROUND TO THE STUDY

Novel materials, along with new forms and applications of existing chemicals are continually being
developed to help make technological advances and improve performance, mainly in the fields of
engineering and IT, but also in many other fields. An example of such a development is rhenium,
which has previously been just a waste product from copper mining, It is now used in nickel alloys for
jet engines, enabling them to fly at temperatures about fifty degrees centigrade higher than previously,
so lowering fuel consumption.
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Nanotechnology and nanoscience are also developing at a rapid pace. Current uses include sunscreens
based around microfine particles, car bumpers made from nanocomposites' and coatings made from
titanium dioxide nanoparticles to produce self-cleaning windows.

Lately, governments have started to look into this issue, developing policies and funding research. The
majority of work carried out in this field has been on nanoscience and technology. The Royal Society in
collaboration with the Royal Academy of Engineering published a policy document called Nanoscience
and Nanotechnologies: Opportunities and uncertainties in July 2004. The report was wide ranging and included
a section on the environmental effects of nanoscience and technology. The UK Government published
its response to that report in February 2005, and agreed that further research on environmental effects
would need to be carried out.

The Office of Science and Technology has set up the inter-governmental Nanotechnology Issues
Dialogue Group (NIDG) which will co-ordinate Government activities in this field, and provide
evidence to inform the Council for Science and Technology’s 2- and 5-year reviews of Government’s
progress on this issue.

The Department for Environment, Food and Rural Affairs (Defra) is also looking at the environmental
effects of these new technologies, using the Royal Society/Royal Academy of Engineering report as
a basis. The Advisory Committee on Hazardous Chemicals has received a number of presentations
on the subject. The European Commission also published a 4-year action plan on nanotechnology in
June 2005.

The environmental impacts of other new materials, such as rare earth metals in electronic components,
in use or in development appear to be less well studied.

The study will be addressing UK policies and programmes and will make recommendations to the UK
Government, but the Commission will also look at work being carried out at the EU and global level.

BROAD TOPICS TO BE COVERED

Novel materials and applications cover a wide range of scientific, engineering and technological fields.
There are a number of possible ways to subdivide this topic into categories for investigation and how
to do this for the purposes of the Royal Commission’s report will be one of the first issues that will
have to be addressed. An example of this is demonstrated by the FEuropean Commission which has
divided the field into four for the purposes of its research programme, including:

Crosscutting materials technologies: This involves developing novel materials with wide ranging
application potential, and includes nanotechnology, surface engineering and materials processing
technologies;

Advanced functional materials: This involves highly advanced materials with multi-sector use, including

electronics, magnetic/optical materials, sensors and industrial systems and biomaterials;

i Department for Environment, Food and Rural Affairs (Defra) Science Notes: Nanoscience and the Environment.

96



Appendix A

Sustainable chemistry: This covers the development of sustainable industrial chemistry with efficient
use of resources and recycled materials, such as chemical engineering, advanced chemical reactions
and chemistry for new materials; and

Structural materials: This covers all types of engineering.”

As novel and advanced materials and applications are released into industrial processes and the
marketplace, they will be affected by, and have effects on the environment. The expansion of work in
this area and the raising of its profile have meant increased interest and awareness in the subject. It is
the Royal Commission’s intent to make a wide-ranging investigation, looking at different categories of
novel materials and applications, including nanomaterials, positive and negative environmental impacts
of novel materials, risk assessment and management, the regulatory framework and the identification
of research gaps.

Broad topics that might be covered include:

* the development process of new materials;

* the life cycle analysis of these materials;

* toxicity and ecotoxicity issues;

* what the potential impacts on human health in terms of environmental exposure are;

* what the potential environmental impacts are, both positive and negative, along with possible
ways of dealing with them;

* whethernovel materials and applications are adequately regulated under existing environmental
regulations; and

* waste issues: some products containing novel materials have a short lifespan and may not be
recyclable.

The breadth of this study is potentially very wide, depending on the definition of novel materials used.
Therefore, the Commission is not minded to investigate the use of GM technology, nor the human
health aspects of pharmaceuticals or medical devices.

A2 INVITATION TO SUBMIT EVIDENCE

After considering the responses to the original announcement, the Royal Commission wrote to over
250 organisations and individuals in April 2007 for evidence on the following questions. Around 50
responses were received.

RovaL COMMISSION STUDY ON NOVEL MATERIALS IN THE ENVIRONMENT —
INVITATION TO SUBMIT EVIDENCE

The study is investigating the environmental effects of novel materials and novel applications of existing
materials. It will provide an authoritative framework for thinking about and addressing the impacts of

ii Taken from the website of the European Commission Research Directorate General: http://europa.cu.int/

comm/research/growth/gcc/ga01.html#top
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such materials. To help with this task, the Commission is keen to hear the views of organisations and
individuals with an interest in novel materials and applications.

You will see that the scope of the study relates to novel materials and their applications. There is some
discussion of this in relation to the first question posed. Our aim is to include not only nanotechnology,
but also to cover other areas. We are aware that there are other significant areas of innovation and
that many elements, which have largely been restricted to the academic laboratory, or older materials
now finding new applications, are now entering products and these will ultimately lead to potential
exposures of the wider environment and the general population. We therefore wish to consider these
issues as well as those specific to nanotechnology in our work.

IssuEs oN wrHICH THE COMMISSION WOULD WELCOME EVIDENCE

The questions below are not intended to limit the Commission’s study, but rather to highlight areas
where Members believe they are most in need of input at this stage. You do not need to address
all the issues listed. Indeed, you may wish to provide evidence on only a few. The list of questions
occasionally provides, in italics, a commentary which reflects our initial thinking, designed primarily
to illicit a response from consultees rather than to suggest that we have already closed down on our
thinking, We would be pleased to know whether you agree with our initial thinking and if not, where
you differ and why.

Study on the Environmental Effects of Novel Materials and Applications — Questions for
Written Evidence Exercise

Novel materials, along with new forms and applications of existing chemicals are continually being
developed to help make technological advances and improve performance. An example of such a
development is rhenium, which has previously been just a waste product from copper mining. It is
now used in nickel alloys for jet engines, enabling them to fly at temperatures significantly higher than
previously, so lowering fuel consumption. Nanotechnology and nanoscience are also developing at a
rapid pace.

Although there is a large body of work which looks at the effects of the environment on novel materials,
there are very few studies on the environmental impacts of novel materials. The study could therefore
be usefully broken down into three broad themes:

* Scene-setting: What are novel materials and what developments are likely over the next 5-10
years? Which ones should be investigated for the purposes of the study?

* Environmental and health impacts of novel materials.

* Governance and regulation issues.

Theme 1: Scene-setting: What are novel materials and what developments are likely over the next 5-10 years? Which
ones should be investigated for the purposes of the study?

1 What do you understand by the term novel material? How might novel materials best be
classified? What novel materials should be included in the study?
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We have deliberately framed onr inquiry to extend beyond nanotechnology per se. However, we do not intend
to address all innovation and in particular, do not feel that it wonld be appropriate to cover the large number of
organic molecules introduced each year, particularly those produced in small quantities in highly regulated and
specialist sectors. This includes the pharmacentical and biocide industries where the biological activity at least
(though not the full spectrum of potential environmental effects) is characterised as part of the product development
and approval process. In our view the study should be based on a working definition of novel materials which

would encompass:

New uses for existing materials where the new usage may lead to substantially different exposures and hazards
than current uses so that experience based on the current usage may not be a good indication of potential
problems.

o New forms of existing materials: this is intended to include nanomaterials where significantly different
functionalities are developed as a result of changing the scale and shape and arrangement of the particles at
the nanolevel, e.g. the expression of significant chemical activity at the nanoscale of materials such as noble
metals which may exhibit significant chemical reactivity or biocidal effects which are not manifested in the bulk

Sorm.

o Use of new materials such as metallic elements (rhodium, yttrinm, etc.) and compounds derived from them.
There is likely to be some interplay between all these categories, for example some nanotechnology products will
include not only new forms of excisting materials, but also other new substances, either as adjuncts, dopants or
ligands and both new materials and nanoproducts may both be ultimately incorporated in new devices such as
IC'T equipment.

At what point does a novel material cease to be novel?

What lies behind this question is to some extent an exploration of the degree to which unexpected environmental
consequences may not emerge until some considerable time after the material has been in widespread use. 1he effect
of refrigerant gases on the ozone layer is clearly one example but the developing evidence about the long-term effects
of non-degradable plastics particularly in marine and aquatic environments may well be another. The issue also
relates to questions of what mechanisms might be set in place to monitor environmental impacts to give warning
(even if not always early warning) of potential difficulties as materials enter the environment and, even if they do
not degrade, change in form through weathering and mechanical break-up into smaller particles over time.

What sort of materials and technologies are being developed — over the next 2, 5 and 10
years?

What are the drivers for the development of novel materials? What are the potential
benefits of novel materials and the drivers for these?

What we have in mind here is essentially to try to tease out the underlying functionalities and products or inproved
performance which the use of new materials is seeking to deliver for society. Therefore it is part of the process of
trying to identify the potential benefits which are discussed in more detail in Theme 2 below.

Can the development of novel materials have an impact on resource depletion?

Areissues of reuse and recycling considered when developing novel materials —e.g. could
the phasing out of metals for composites make recycling difficult?
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Are novel materials likely to alter the amount of waste generated and the ways in which
it has to be handled?

Theme 2: Environmental and health impacts of novel materials

10

11

12

13

14

What are the most important impacts that novel materials could potentially have on the
environment and human health? What are the main mechanisms and pathways for those
impacts? How do we begin to conceptualise environmental impacts when we are in such
unknown territory?

Embedded in this question are several issues. On the one hand there are fairly straightforward issues related o
potential negative impacts through the biological effects of new materials on organisms (plants, animals and micro-
organisms) in soil and water. Beyond this there is also the question of chemical and other interactions with parts
of the environment such as the depletion of the ogone layer. 1here are also potential positive impacts where the use
of the new material may allow the replacement of excisting technologies which have significant negative impact on
the environment. In addition, potential uses also exist for new materials in remediation and improvement of water
and soil quality and improvements in the efficiency of processes such as energy generation and power transmission.
New materials may also have indirect effects on the environment. For example, certain materials may be able
to mobilise substances in soil in advantageons ways, but they counld also lead to the mobilisation of hazardons
material. These are intended only as examples and we would be very grateful for further thoughts on these issues.

Do novel materials have the potential to help ‘solve’ environmental problems, e.g. land
contamination, energy generation? If so, how, and are there potential risks?

Do we have sufficient research and monitoring in terms of understanding toxicology
and exposure in place in order to understand the effects of novel materials on the
environment and human health?

Are current testing protocols ‘fit for purpose’ to test the potential environmental and
health impacts of novel materials? If not, what needs to be developed or are there other
strategies needed to address this issue?

Do we have adequate methodologies and instrumentation to detect and monitor
engineered free nanoparticles in the environment?

Are the full life cycle impacts of novel materials being considered in terms of their
potential effects on the environment and human health?

We are particularly concerned here about potential exposures throngh manufacture, use and disposal both in
relation to the regulated official disposal routes (for instance for electronic products) and illegal or accidental losses,
e.g. leakage from accidents, disposal direct to land/water. There are also issues about products which constantly
abrade during use, creating dust or other mobile forms of release into the environment, even for products which are
manufactured to be essentially fixed but may wear away in use.

How can you look at the effects of novel materials as a coherent whole, if they are even
more difficult to categorise than nanomaterials?
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Are there lessons to be learned from ‘green chemistry’ — and ways that manufacturing
could be made more benign?

Theme 3: How to manage novel materials in society: Governance and regulation

16

17

18

19

20

21

22

23

24

Is REACH the right framework for regulating novel materials and nanotechnologies?

Are the regulations which affect novel materials fit for purpose? Is existing legislation
sufficient to deal with potential problems that could arise during the different stages of
the novel material’s life cycle, i.e. manufacture, use and disposal?

Is the UK, EU and global science and knowledge base sufficient to support current
legislation frameworks and any future regulation? Where are the gaps and what are the
research priorities?

Is the UK’s and EU’s research funding sufficient in this area? Is it being delivered in the
right way?

Can novel materials and technologies be effectively governed and regulated if it is not
possible to obtain exposure data before products containing novel materials are produced
and made available to consumers?

We have been made aware that even within carbon nanotubes there are potentially at least 10,000 possible
Sformulations due to variations in substances added to the tubes and the actual physical size of the tubes themselves:
all of these can affect functionality and potentially their environmental and biological bebaviours. It is clearly
not possible to apply conventional testing protocols becanse of the sheer numbers of formulations involved. If the
industry is to develop, it is inevitable that there will be a degree of uncertainty. Althongh research can seek, and
15 Seeking, to derive certain basic parameters to help identify and predict which materials may be problematic,
some degree of uncertainty and ignorance is likely to remain. 1he social need is to develop regulatory mechanisms
which reduce the risk of deleterions outcomes, while permitting the process of innovation to develop new materials
for social benefit. The precantionary principle in its various formulations has been seen as one possible approach;
would it be appropriate in this case or are there other approaches which wonld be preferable?

Whatis therole forengaging the range of differentinterests and perspectives, commercial,
political, public and societal, on the development of novel materials in the context of
global markets?

Are there general lessons to be learned from the development and use of other novel
technologies, e.g. the development of genetically modified organisms?

How can an appropriate balance be achieved in the design of regulatory systems to
effectively manage uncertainty?

What are the implications for liability when problems arise even if procedures are

properly followed in good faith? Who should bear responsibility and what issues arise
for insurance and redress?
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25  How would you apply the precautionary principle to the management and regulation of
novel materials?

26 In debate about new technologies, questions of need and control, as well as questions
about consequences, have emerged as being important. To what extent should our
study engage with questions about the need for novel and novel uses of materials; about
who exercises control over such technologies; and about public trust in the institutions
involved?

And finally:

27  Are there any other major questions or issues that the Commission should examine?
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CONDUCT OF THE STUDY

In order to carry out this study, the Royal Commission sought written and oral evidence, commissioned
studies and advice on specific topics and made a number of visits.

EVIDENCE

In parallel with the invitation to submit written evidence, which is reproduced in appendix A, the
Secretariat wrote directly to a number of organisations and individuals.

The organisations and individuals listed below either submitted evidence or provided information
on request for the purposes of the study, or otherwise gave assistance. In some cases, indicated by an

asterisk, meetings were held with Commission Members or the Secretariat so that oral evidence could
be given or particular issues discussed.

GOVERNMENT DEPARTMENTS

Department for Business, Enterprise and Regulatory Reform (BERR)*
Department for Environment, Food and Rural Affairs (Defra)*
Department of Health (DH)

Department for Innovation, Universities and Skills (DIUS)*

Ministry of Defence (MOD)

DEVOLVED ADMINISTRATIONS

Department of Environment Northern Ireland*

Scottish Executive

EUROPEAN AND INTERNATIONAL BODIES

Committee on Science and Technology, US House of Representatives*
European Centre for Ecotoxicology and Toxicology of Chemicals (ECETOC)
European Chemical Industry Council (CEFIC)

European Commission*

European Nanotechnology Trade Alliance (ENTA)*
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Ministry of Economy, Trade and Industry, Japan (METT)*

Ministry of Education, Culture, Sports, Science and Technology, Japan (MEXT)*
Ministry of Health, Labour and Welfare, Japan (MHLW)*

National Institute for Materials Science, Japan (NIMS)*

National Institute for Occupational Safety and Health (NIOSH)
National Institute of Health Sciences, Japan (NIHS)*

National Science Foundation (NSF)*

Organisation for Economic Co-operation and Development (OECD)*
The National Academies

US Environmental Protection Agency*

US Food and Drug Administration*

Woodrow Wilson Center*

OTHER ORGANISATIONS

Advisory Committee on Hazardous Substances*
American Chemistry Council*

British Consulate-General, Boston

British Consulate-General, Houston

British Embassy, Tokyo

British Embassy, Washington DC

British Standards Institution

Centre for Business Relationships, Accountability, Sustainability and Society (BRASS), Cardiff
University*

Chemical Industries Association
Cranfield University

Environment Agency*
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Environmental Defense*

Forum for the Future

Green Chemistry Network

Greenpeace UK*

Health and Safety Executive

Hewlett Packard

Human Fertilisation and Embryology Authority (HFEA)*
Institute of Materials, Minerals and Mining
Marks and Spencer plc*

Nanotechnologies Stakeholders Forum*
Nanotechnology Industries Association (NIA)*
Nanotechnology Issues Dialogue Group*
Nokia*

Oxonica*

QinetiQ

Rolls Royce plc

Royal Society

Royal Society of Chemistry

Royal Society of Edinburgh*

Science and Innovation Network, Foreign and Commonwealth Office
Scottish Environment Protection Agency (SEPA)
Teijin*

Toshiba Corporation*

UK Environmental Law Association
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UK Government Nanotechnologies Environmental Risk Assessment Task Force (Nanotechnology
Research Co-ordination Group)

UK Research Councils

Which?

INDIVIDUALS

Dr Sirwan Arepalli*
Professor Pedro Alvarez*
Professor Paul Attfield*

Mr Mike Barry*

Professor Paul Bellamy
Professor Sir John Beringer*
Mzt Cornelis Brekelmans*
Professor Jim Bridges

Dr Anthony Byrne*
Professor Roland Clift*
Professor Vicki Colvin*
Professor Peter Dobson*
Professor Ken Donaldson*
Dr Rob Doubleday
Professor Mauro Ferrari*
Professor Robert Flynn

Dr John Fortner*

Professor Derek Fray*

Dr Steffi Friedrichs

Dr Neil Glover*

Professor Peter Gregson*
Dr Richard Handy
Professor Ivan Holubek
Professor Vyvyan Howard
Professor Colin Humphreys
Professor Geoffrey Hunt
Professor Sheila Jasanoff*
Professor Richard Jones
Professor John Kilner*
Professor Neal Lane*

Dr Jamie Lead*

Dt Sam Luoma

Professor Philip Macnaghten
Dr Andrew Maynard*
Professor Robert Maynard*
Dr Celia Merzbacher*

Dr Julia Moore*

Professor Michael Moore
Professor Pierluigi Nicotera
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Ms Ilga Nielsen

Professor Gunter Oberddrster™
Dt Richard Owen*

Dr Barry Park*

Dr Cathy Phillips*

Professor Nick Pidgeon
Professor Jane Plant*
Professor Jeremy Ramsden

Dr Jerome Ravetz

Dr Paul Reip*

Dr David Rejeski*

Professor Arie Rip*

Professor Robin Rogers
Professor Daniel Sarewitz*
Professor David Schiffrin
Professor Joanne Scott
Professor Anthony Seaton CBE*
Professor George Smith FRS*
Professor Mark Spearing

Mr Del Stark*

Professor Andrew Stirling*
Professor Vicki Stone*

Dr Clayton Teague*

Professor James M. Tour*

Dr Eva Valsami-Jones
Professor Lon Wilson*
Professor Anthony Walton
Professor Mark Welland*
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COMMISSIONED STUDIES

A literature review was commissioned for the report during 2007 to provide information on the
ecotoxicology of nanomaterials:

Literature Overview of the Ecotoxicology of Manufactured Nanoparticles. What evidence is there of unintended biological
harm? Professor Tamara Galloway, School of Biosciences, University of Exeter.

In addition, more detailed reports were commissioned as follows:

Nanomaterial Innovation Systems: 1heir Structure, Dynamics and Regulation. Dr Adrian Smith, Dr Paul
Nightingale, Mr Patrick van Zwanenberg, Dr Ismael Rafols and Molly Morgan, Science and Technology
Policy Research Unit (SPRU), Freeman Centre, University of Sussex.

Regulation and the Chemical Industry. Mariana Doria, PhD Student, University of Trento.

VisITs

During the course of the study, Members of the Commission and its Secretariat made a series of visits.
The Secretariat is indebted to the Science and Innovation Network teams at the British Embassies
in Tokyo and Washington DC and the British Consulates-General in Houston and Boston for the
assistance received in organising relevant itineraries.

May 2007, Belfast Members met the Vice-Chancellor of Queen’s University Belfast, a researcher from
the University of Ulster, and researchers involved with novel materials at Queen’s University Belfast.
Members also met with the Permanent Secretary of the Department of Environment Northern
Ireland over dinner.

July 2007, Oxford Members visited the Oxford University Begbroke Science Park for a meeting
with the Director, Professor Peter Dobson, and Dr Barry Park of Oxonica. Members were given
presentations on nanotechnology research programmes at Oxford University and shown examples of
products being developed which contain nanomaterials.

October 2007, Edinburgh Members visited the University of Edinburgh/Medical Research Council
Centre for Inflammation Research based at the Queen’s Medical Research Institute to meet Professor
Ken Donaldson, Professor of Respiratory Toxicology, and Professor Vicki Stone from Napier
University. The purpose of the visit was to gain a clearer insight into the issues of toxicology associated
with nanoparticles.

November 2007, Derby Members visited Rolls Royce to attend a series of exhibitions and see their
learning centre.

November 2007, Hampshire Members visited Qinetiq to attend a series of presentations and see
their nanomaterials laboratory.

November 2007, Japan A delegation from the Royal Commission visited Tokyo to gather information

in support of the novel materials study. The delegation met with representatives from the Ministry of
Education, Culture, Sports, Science and Technology (MEXT), the Ministry of Economy, Trade and
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Industry (METT), the National Institute for Materials Science (NIMS), the National Institute of Health
Sciences (NIHS), the Ministry of Health, Labour and Welfare (MHLW), the Toshiba Corporation and
Teijin.

January 2008, United States A delegation from the Royal Commission visited Washington, Houston
and Boston to gather information in support of the novel materials study. The delegation met with
representatives from the Office of Science and Technology, the National Nanotechnology Coordination
Office, the Environmental Protection Agency, the American Chemistry Council, Environmental
Defense, the National Academies, the Woodrow Wilson Center, the Food and Drug Administration,
the National Science Foundation, the Committee on Science and Technology, and Rice University.

February 2008, Brussels A delegation from the Royal Commission met officials from DG
Environment, DG Enterprise and Industry, DG Research and DG Health and Consumer Protection
in the European Commission to discuss the EU chemical regulation, REACH, and their views about
environment, health and governance issues relating to novel materials.
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SEMINAR: NOVEL MATERIALS AND APPLICATIONS:
How DO WE MANAGE THE EMERGENCE OF NEW
TECHNOLOGIES IN DEMOCRATIC SOCIETY?

On 11 January 2007 the Royal Commission hosted a seminar at the Institute of Materials, Minerals and

Mining in London to gather views from interested parties relevant to deciding the scope of the novel
materials study. The seminar involved around 40 participants and included speakers from a variety of

backgrounds addressing such topics as: development of novel materials; health and environmental

effects of novel materials; and governance and regulation of novel materials. The seminar had the

following programme:

Welcome and Introduction by RCEP Chair: PROFESSOR SIR JOHN LAWTON

Key-note speech. PROFESSOR ANDREW STIRLING, Science and Technology Policy Research
Unit (SPRU), University of Sussex

Session 1: Development of Novel Materials

Chair: PROFESSOR JANET SPRENT

PROFESSOR MARK WELLAND, University of Cambridge
DR PAUL REIP, QinetiQQ Nanomaterials Ltd

Discussion

DR NEIL GLOVER, Rolls Royce PLC

PROFESSOR JOHN KILNER, Imperial College

Discussion

Session 2: Health and Environmental Effects of Novel Materials

Chair: PROFESSOR STEPHEN HOLGATE

PROFESSOR GUNTER OBERDORSTER, University of Rochester, USA
PROFESSOR VICKI COLVIN, Rice University, USA
PROFESSOR ANTHONY SEATON, University of Aberdeen
Discussion

Session 3: Governance and Regulation Issues

Chair: PROFESSOR SUSAN OWENS

PROFESSOR SHEILA JASANOFEF, Harvard University, USA
PROFESSOR DANIEL SAREWIT?Z, Arizona State University, USA
Discussion

CORNELIS BREKELMANS, European Commission

DR RICHARD OWEN, Environment Agency

Discussion
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In addition to the speakers and Members of the Commission, other participants included:

Name

Organisation

Professor George Attard

Southampton University

Mr David Bonser British Nuclear Fuels PLC

Dr Rachel Brazil Royal Society of Chemistry

Ms Anne Cassidy British Standards Institution (BSI)
Mzt Paul Collins Bond Pearce

Mr Stuart Combes

Ministry of Defence

Dr Rob Doubleday

University of Cambridge

Dr Steve Fairhurst

Health and Safety Executive

Dr Stephen Feist Centre for Environment, Fisheries and Aquaculture Science
(CEFAS)

Dr Robin Fielder Health Protection Agency

Dr Steffi Friedrichs Nanotechnology Industries Association

Dr Elaine Groom

Queen’s University Belfast

Dr Peter Hatto

TonBond Ltd

Dr Graham Holt

Cranfield University

Professor Kevin Jones

Lancaster University

Dr Peter Kearns

Organisation for Economic Co-operation and Development

Professor Frank Kelly

King’s College, London

Dr Pamela Kempton

Natural Environment Research Council (NERC)

Dr Kerry Kirwan

Warwick University

Dr Tony Klepping

Begbroke Science Park, University of Oxford

Mr Daniel Lawrence

UK Environmental Law Association

Dr Qintao Liu

AstraZeneca

Professor Robert Maynard

Health Protection Agency

Mt Des McGraham Thomas Swan and Co Ltd

Dr Mark Morrison Institute of Nanotechnology

Dr Peter O’Neill Department for International Development
Professor Nick Pidgeon Cardiff University

Mr Richard Pitts Office of Science and Innovation
Professor Jane Plant Imperial College

Dr Rachel Quinn The Royal Society
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Name

Organisation

Professor Oliver Raymond

Centre of Excellence for Nano, Micro and Photonic Systems,
Cenamps

Ms Marion Schulte zu Berge

Department for Environment, Food and Rural Affairs

Professor George Smith

University of Oxford

Professor Terry Tetley

Imperial College

Dr Eva Valsami-Jones

Natural History Museum

Dr John Wand Engineering and Physical Sciences Research Council
Dr Jonathan Wentworth Parliamentary Office of Science and Technology
Dr Angela Wilkinson James Martin Institute for Science and Civilization, University of

Oxford
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MEMBERS OF THE ROYAL COMMISSION

CHAIRMAN
Professor Sir John Lawton CBE FRS

* President, Council of the British Ecological Society, 2005-2007
e Chief Executive, Natural Environment Research Council, 1999-2005

* Director (and founder), Natural Environment Research Council Centre for Population
Biology at Imperial College, Silwood Park, 1989-1999

* Member, Royal Commission on Environmental Pollution, 1996-1999
* Lecturer, Senior Lecturer, Reader, Professor of Biology, University of York, 1972-1989

* Demonstrator in Animal Ecology, Department of Zoology, University of Oxford,
1968-1971

* Chairman, Royal Society for the Protection of Birds, 1993-1998
* Vice-President, Royal Society for the Protection of Birds, 1999-
* Past Vice-President, British Trust for Ornithology, 1999-2007

e Trustee, WWF-UK, 2002-2008; Fellow of WWF-UK, 2008-

* Foreign Associate, US National Academy of Sciences, 2008

¢ Foreign Honorary Member, American Academy of Arts and Sciences, 2008

MEMBERS

Professor Nicholas Cumpsty FREng

¢ Professor of Mechanical Engineering, Imperial College, 2005-2008
* Emeritus Professor of Mechanical Engineering, Imperial College, 2008-
* Member, Defence Science Advisory Council, 2005-

* Visiting Professor, Department of Aeronautics and Astronautics, Massachusetts Institute of
Technology, 2005-

* Chief Technologist, Rolls-Royce plc, 2000-2005
* Lecturer, Reader, Professor, University of Cambridge, 1972-1999
* Director of the Whittle Laboratory, University of Cambridge, 1989-1999
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Professor Michael H. Depledge DSc CBiol FIBiol FZS FRSA
* Professor of Environment and Human Health, Peninsula Medical School, Universities of
Exeter and Plymouth
* Former Keeley Visiting Fellow, Wadham College, University of Oxford, 2006-2007
* Honorary Visiting Professor, Department of Zoology, University of Oxford
* Senior Science Advisor, Plymouth Marine Laboratory, 2005-2007
* Chief Scientific Advisor, Environment Agency of England and Wales, 2002-2006
¢ Vice-Chairman, Science Advisory Committee, European Commission, DG-Research, 2006-
* Board Member, Natural England, 2006-
*  Council Member, Natural Environment Research Council, 2003-2006
* Honorary Professor, School of Farth Sciences and Engineering, Imperial College, 2002-
* Honorary Visiting Scientist, School of Public Health, Harvard University, USA, 2000-2003

Professor Paul Ekins

* Professor of Energy and Environment Policy, King’s College, London, 2008-

* Head, Environment Group, Policy Studies Institute, 2000-2007

* Professor of Sustainable Development, University of Westminster, 2002-2007

¢ Chairman, National Industrial Symbiosis Programme

* Senior Consultant, Cambridge Econometrics

* Specialist Advisor, House of Commons Environmental Audit Committee, 1997-2005
* Member, Environmental Advisory Group, Ofgem

* Member, Sustainable Energy Policy Advisory Board, 2003-2007

* Trustee and Special Advisor, Right Livelihood Awards Foundation

* Chairman, Judging Panel, Ashden Awards for Sustainable Energy

* Trustee, Global Action Plan
Dr Ian Graham-Bryce CBE FRSC FRSE

* Principal Emeritus, University of Dundee

* Chairman, East Malling Trust for Horticultural Research

* Principal and Vice-Chancellor, University of Dundee, 1994-2000

* Convener, Committee of Scottish Higher Education Principals, 1998-2000

* President, Scottish Association for Marine Science, 2000-2004; and currently Honorary Vice-
President
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* President, British Crop Protection Council, 1996-2000
*  Council Member, Natural Environment Research Council, 1989-1996
e Head, Environmental Affairs Division, Shell International, 1986-1994
¢ President, Association of Applied Biologists, 1988-1989
* Director, East Malling Research Station, 1979-1986
* President, Society of Chemical Industry, 1982-1984
Professor Stephen Holgate FRCP FMedSci FRSA
* Medical Research Council Clinical Professor of Immunopharmacology, University of
Southampton
* Honorary Consultant Physician, Southampton University Hospital Trust
* Immediate Past President, British Thoracic Society
e Former Advisor, House of Lords Select Committee on Science and Technology

¢ Chairman, Expert Panel on Air Quality Standards (Department for Environment, Food and
Rural Affairs (Defra))

¢ Chairman, Advisory Committee on Hazardous Substances (Defra)

* Seat on various Government advisory committees, including the Committee on the Medical
Effects of Air Pollution (COMEAP) (Department of Health) and the Advisory Committee
on Novel Foods and Processes (Food Standards Agency)

* Member, World Health Organization (WHO) Scientific Advisory Committee on Clean Air
For Europe (CAFE), 2002-2004

¢ Chairman, Science in Health Group of the Science Council
* Chairman, Physiological Systems and Clinical Sciences Board, Medical Research Council
* Chairman of Medical Research Council Population Sciences and Medicines Board

* Member of Medical Research Council Strategy Board
Professor Jeffrey Jowell QC

* Professor of Law, University College London

¢ UK’ Member on the Council of Europe’s Commission for Democracy Through Law (“The
Venice Commission”)

* Chair, British Waterways Ombudsman Committee
* Non-executive Director of the Office of Rail Regulation, 2004-2007

* Practising barrister

115



Appendix D

Professor Peter Liss CBE FRS

* Professor of Environmental Sciences, University of East Anglia, 1985-

*  Chair, Scientific Committee of the International Geosphere-Biosphere Programme (IGBP),
1993-1997

* Chair, International Scientific Steering Committee, Surface Ocean Lower Atmosphere Study
(SOLAS), 2002-2007

*  Council Member, Natural Environment Research Council, 1990-1995

* Independent Member, Inter-Agency Committee on Marine Science and Technology,
2000-2008

* Chair, Royal Society Global Environmental Research Committee, 2007-
* Council Member, Marine Biological Association of the UK

* Chair, Higher Education Funding Council’s Research Assessment Exercise Panel in Earth
and Environmental Sciences, 2001

* Guest Professor, Ocean University of Qingdao, China
* President, Challenger Society for Marine Science, 2006-2008

*  Chair, European Research Council Advanced Grants Panel in Earth System Science, 2008-
Professor Susan Owens OBE AcSS FRSA FRGS HonMRTPI
* Professor of Environment and Policy, Department of Geography, University of Cambridge;
and Professorial Fellow of Newnham College

* Honorary Professor, University of Copenhagen, 2008-

* King Karl XVI Gustaf Visiting Professor, Stockholm University and Royal Institute of
Technology (KTH), 2008-2009

¢ Member, Sub-Panel H31 (Town and Country Planning), 2008 Research Assessment Exercise,
2005-

* Member, Strategic Research Board, Economic and Social Research Council, 2007-

* Member, Steering Committee, Office of Science and Innovation Review of Science in
Department for Environment, Food and Rural Affairs, 2005-2006

*  Member, Countryside Commission, 1996-1999
* Member, UK Round Table on Sustainable Development, 1995-1998

* Member, Deputy Prime Minister’s Expert Panel during preparation of 1998 Transport White
Paper, 1997-1998
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Professor Judith Petts AcSS FRSA FRGS

* Pro-Vice-Chancellor (Research and Knowledge Transfer), University of Birmingham
* Chair of Environmental Risk Management, University of Birmingham

* Member, Engineering and Physical Sciences Research Council Societal Issues Panel

* Member, Environmental Advisory Board, Veolia Environmental

* Member, Higher Education Funding Council’s Research Assessment Exercise Panel in
Geography and Environmental Studies

e Member, DIUS Sciencewise Expert Resource Centre Steering Group

* Head, School of Geography, Earth and Environmental Sciences, University of Birmingham,
2002-2007

*  Council Member, Natural Environment Research Council, 2000-2006
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Professor Steve Rayner FRAI FRSA FAAAS FSfAA
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Civilization, Said Business School, University of Oxford; and Professorial Fellow of Keble
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* Member, Intergovernmental Panel on Climate Change
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Committee, 2003-2004
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e Director, The Carbon Trust, 2001-2007

* Member, Management Committee of the Prince of Wales’s Business and Environment
Programme, 1997-2004; and Chairman of its UK Faculty, 1994-2002

* Member, Advisory Committee, Kleinwort Benson Equity Partners, 1991-2007

¢ Chairman, Dramgate Ltd, 1991-1995
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* Member, Scottish Higher Education Funding Council, 1992-1996
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¢ Fellow, Macaulay Land Use Research Institute
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* Emeritus Professor of Environmental Law, Aberystwyth University
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* Former Member, Countryside Council for Wales, 1991-2003
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e Trustee, Field Studies Council
* Trustee, Wildlife Trust of South and West Wales
* Former Trustee, WWF-UK
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EXAMPLES OF PROPERTIES OF MATERIALS AND
NANOMATERIALS

Description Possible environmental
significance

Crystal structure

A material is crystalline if the atoms from which it is The crystallinity of a substance can

made up are organised into a repeating pattern over long  affect its properties, which could

distances. The properties of a crystalline material can lead to different biological effects.

be different to those of a non-crystalline analogue, and For example, crystalline silica is more

some materials can have more than one crystalline state. ~ harmful if inhaled than amorphous
silica.

Magnetism

Some materials display strong magnetic properties, There is some evidence that

which can be desirable (e.g. for information storage). magnetic nanoparticles exist

naturally in some organisms,
purportedly for navigational

purposes.
Electrical conductivity
Some materials conduct electricity, others are insulators; It has not been suggested to us that
semiconductors are of particular interest for the this property presents a problem
electronics industry. either for the environment or human
health.
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Description

Possible environmental
significance

Defects /impurities /dopants

The properties of some materials can be substantially
altered by defects or imperfections in their structure,
indeed the effects of defects can be deliberately sought.
A defect could be an absence of an atom from the
crystal structure or the inclusion of an additional

atom in the structure, both of which could alter the
mechanical, electrical or chemical properties of the
material. Crystal defects can also include point, line

and planar defects (e.g. vacancies, dislocations, grain
boundaries, etc.), each of which plays a different role.
Impurities can result from poor quality control in the
preparation of a material, and will have some impact on
its properties. Alloys, such as those of aluminium, are
substances in which an impurity has been added to a
pure metal to modify deliberately its properties. In other
materials, an atom can be included at specific points of
the crystal structure to modify properties; this could be
considered as a dopant (a deliberate impurity) which is
common in semiconductors.

Porosity

Some materials (such as zeolites) contain cavities or
pores as part of their structure, dramatically increasing
the available surface area, which can change the
reactivity of the material or its ability to bind to another
substance. Some porous materials are proposed as a
means of binding and storing hydrogen; others are used
to separate one substance from another.

Sorption

The binding of a gas or liquid to the surface of a
material is adsorption, whereas the diffusion of

a substance into the bulk volume of a material is
absorption. The sorption of one substance to another
can alter the properties of the absorber/adsorber and
can provide a mechanism for the transport of that
which is sorbed. Sorption can also have a major effect
on catalytic activity, notably by poisoning active sites.

The change in properties could
affect the behaviour of the materials
in the environment, for example,
manganese doped titanium dioxide
is used in sunscreen, and generates
fewer free radicals than its undoped
equivalent.

Porous materials could provide a
means of transporting molecules
through the environment, or
could adsorb materials from the
environment. This may have an
effect in itself, or could lead to
an effect if a porous material is
ingested.

If a material absorbs or adsorbs
another substance, this could affect
its mobility in the environment and
the bioavailability of the sorbed
substance. It could also have an
effect if the material is ingested.
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Description Possible environmental
significance

Surface chemistry

For reactions to take place at the surface of a material, Substantial surface activity may give
active sites, i.e. places where the chemistry can occur, rise to pronounced bioactivity.
must be present.

Surface charge

This is the electric charge that is found on the surface How a material interacts with the
of a material, be it a particle, a protein in solution or environment will determine its

a solid semiconductor. It is an important parameter mobility in the environment and its
in determining the chemistry and interactions of bioavailability.

a material, particularly how it forms solutions or
suspensions.

Hydrophobicity /hydrophilicity

The repellent or attractive behaviour of a material How hydrophilic/hydrophobic a
towards water is related to the surface energy of the material is will have a significant
material, and can be quantified by measuring the contact  effect on its mobility in the

angle of a water droplet with a flat surface of the environment and its bioavailability.
material.

State of aggregation

Small particles can either be evenly dispersed The state of aggregation has
throughout a medium, or they can clump together and an effect on the properties of
aggregate (i.e. strongly adhere together). Hydrophobic a material, in particular on how
particles in water will aggregate rapidly, whereas it is transported through the
hydrophilic particles in water will disperse evenly. In environment, its bioavailability and
otder to control the behaviour of particles, surface toxicity.

modifications can be made to overcome undesired
behaviour, for example to prevent hydrophobic particles
aggregating in water one could attach surfactants to the
particle surface. The aim of such surface modification
is to alter the properties of a material so that they can
be displayed in an environment where these materials
would not otherwise be found. In addition to modifying
the environment in which a material may be found,
these surface modifications could have their own
properties which could alter the mobility of a material
and its toxicity.
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SOLUTIONS AND DISPERSIONS

Solution: In which one substance (the solute) is homogeneously distributed through (dissolved in)
a solvent. The solute can be ionic, molecular or atomic.

Dispersion: The distribution of one substance through another without being dissolved.

Suspension: A dispersion of particles (usually greater than 1,000 nm in size) through a fluid,
for example particles of mud suspended in river water. Many suspensions will settle if left
undisturbed.

Colloid: A mixture of one substance dispersed evenly throughout another, consisting of a dispersed
phase and continuous phase. The dispersed and continuous phases can be solid, liquid or gas. The
size of the dispersed phase particles is usually 1-1,000 nm. Colloids can be unstable and can suffer
from sedimentation or aggregation of the dispersed medium leading to separation of the phases.
Stabilisation of colloids can be achieved by maintaining the separation between particles of the
dispersed phase, thus preventing aggregation. The normal stabilisation methods are through the
addition of a stabilising agent (such as a polymer) that helps maintain the even dispersion, or by
increasing the electrostatic repulsion of the particles of the dispersed phase. It should be noted
that colloids can also be destabilised by the addition of substances that disrupt the separation of
the dispersed phase or the properties of the continuous phase.
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Appendix G

DUST-RELATED LUNG DISEASE

Most diffuse fibrotic lung disease is of unknown origin, butin an occupational setting, entrapment
of inhaled mineral dusts in the periphery of the lungs (alveolar air sacs and small airways) is
an important cause. These dusts include naturally-occurring nanoparticles and nanoparticles
produced inadvertently in other processes such as drilling. Particle toxicity is a function of size,
composition, dose, duration of exposure and susceptibility, causing a combination of chronic
inflammation and aberrant repair. In coal miners this leads to pneumoconiosis, and in stone
workers and sand blasters to silicosis, causing the lungs to become stiff leading to breathlessness
and impaired gas exchange.

Heavy exposure to asbestos fibres used as insulation and as a fire retardant is also a cause of lung
fibrosis (asbestosis) with amosite and crocidolite being more fibrogenic than either chrysotile
or tremolite.! Asbestos exposure can also lead to pleural plaques that are visible by X-ray when
they calcify and are not linked to mesothelioma, although extensive diffuse pleural fibrosis
occasionally occurs.?

Asbestos exposure in miners, shipbuilders and plumbers is also the cause of a highly malignant
cancer of the outer lining of the lungs (mesothelioma) and increases the risk of lung cancer.
Here, malignancy occurs at very low fibre concentrations and can occur in family members of
asbestos workers exposed to asbestos on clothing. Mesothelioma is most strongly associated with
a combination of both fibre width and length.>* Crocidolite is the most active form of asbestos
fibre, possibly acting by inducing DNA mutations through nitric oxide induction.’ Size, chemical
form and shape are the critical features determining risk of mesothelioma — either short, high or
chronic, low exposure patterns being sufficient to produce tumours many years later.®

An important and treatable form of fibrotic lung disease is extrinsic allergic alveolitis (EAA,
hypersensitivity pneumonitis) caused by inhalation of biological particles such as proteins in
the droppings of birds especially pigeons and budgerigars (bird fancier’s lung), actinomycetes
from mouldy hay (farmer’s lung) and mould in compost (mushroom picker’s lung).” The organic
particles stimulate a complex and vigorous immune response in the lung leading to inflammation
and fibrosis. In its active inflammatory phase, EAA is responsive to the inhibitory actions of
corticosteroids; this is not the case for mineral dust-induced fibrosis.

Improvements in occupational protection have now made both of these forms of lung fibrosis

uncommon, although the incidence of mesothelioma will continue to increase for about 15
years, in relation to known periods of prior asbestos exposure.®
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Appendix H

ADVERSE HEALTH EFFECTS OF PARTICULATE
AIR POLLUTION

From extensive epidemiological studies worldwide there has been increasing concern over
the contribution of inhaled vehicle-derived particulates from exhaust emissions to adverse
health outcomes, especially asthma, chronic obstructive pulmonary disease, pneumonia and
cardiovascular disease including stroke.'

Primary particles are generated during combustion and comprise a mixture of elemental carbon,
volatile organic chemicals and metals. Secondary particles are produced in the atmosphere from
gaseous pollutants such as oxides of nitrogen (NO,) and sulphur dioxide (SO,) to form nitrate
and sulphate salts respectively.”

While much of the particulate mass is in the size fraction 10 #m mass median aerodynamic
diameter (MMD) or above (PM, ), by far the greatest numbers of particles fall into the fine range
of 0.25 um (PM ,.) or less than 0.1 um (PM,, ), i.e. nanoparticles, with the number increasing
exponentially with falling MMD.? Such particles preferentially deposit in the alveoli at the lung
petiphery or are exhaled.*

Deposited pollutant particles are taken up by luminal macrophages, but this disposal mechanism
becomes easily saturated by submicronic particles,’ leaving free particles to be absorbed through
the alveolar epithelium by transcellular or paracellular mechanisms.

Dependingon the chemical and physical nature of pollutant particles, their uptake by macrophages
and epithelial cells stimulates the release of inflammatory mediators® and intetferes with innate
immunity to reduce defence against infection.’

Inthe UK particulate air pollution accounts forup to 24,000 premature deaths from cardiovascular
disease a year including heart attacks and stroke.® Although not known for certain, possible
mechanisms include increased cardiac arrhythmia, activation of the clotting pathways, increased
platelet stickiness and enhanced inflammation of atheromatous plaques in arteries.’

Ultrafine particles (PM, , ;) account for the majority of the cardiovascular events,' fresh primary
particles and those from diesel emissions being most active."'
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MECHANISM OF ENTRY OF NANOPARTICLES INTO
EPITHELIAL CELLS

Nanoparticles are able to pass into lung epithelial cells both through specific energy-dependent
and non-dependent mechanisms, which are highly dependent on particle size, shape and surface
characteristics.!

When particles are coated with proteins, peptides or charged polymers to change their surface
properties, this enables them to enter the cell’s cytoplasm and nucleus.?

Manufactured nanoparticles are treated by cells as invading micro-organisms utilising similar cell
uptake and intracellular transport machinery.

Recent studies show that a fraction of the nanoparticles that pass into lung tissue are subsequently
transported to the larynx via the lymphatics to be re-secreted onto the surface epithelium for
removal.’

There remains considerable uncertainty over the ability of manufactured nanoparticles to cross
epithelial surfaces and become systemically available. This uncertainty relates to wide inter-
species differences in the structure and function of epithelial bartiers,* differences between the
handling of instilled versus inhaled particles in the lung and differences in the ability of particles
to pass into epithelial cells.
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CURRENT REGULATIONS THAT AFFECT
NANOMATERIALS!

Legislation

Consumer
Protection

Health
&
Safety

Environmental
Protection

Notification of New Substances Regulations 1993

X

Registration, Evaluation, Authorisation and
Restriction of Chemicals (REACH)

X

Biocidal Products Regulations 2001 (as amended)

e

Chemicals (Hazard Information and Packaging for
Supply) Regulations 2002 (as amended)

Control of Major Accident Hazard Regulations 1999
(as amended)

Control of Substances Hazardous to Health
Regulations 2002 (as amended)

Dangerous Substances & Explosions Atmosphere
Regulations 2002

Health & Safety at Work Act 1974

s

Management of Health & Safety at Work Regulations

Ammonium Nitrate Materials (High Nitrogen
Content) Safety Regulations 2003

Batteries and Accumulators (Containing Dangerous
Substances) Regulations 1994 (as amended)

Medical Devices Regulations 2002 (as amended)

i

A

Medicines Act 1968

i

Medicines for Human Use (Marketing Authorisations
etc.) Regulations 1994 (as amended)

Motor Fuel (Composition and Content) Regulations
1999 (as amended)

End-of-Life Vehicles Regulations 2003

o~

Restriction of the Use of Certain Hazardous
Substances in Electrical and Electronic Equipment
Regulations 2005

A
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of Food Law

Legislation Consumer | Health | Environmental

Protection | & Protection
Safety

Directive 2002/96/EC on Waste Electrical and X

Electronic Equipment

Packaging (Essential Requirements) Regulations 2003 X

Producer Responsibility Obligations (Packaging X

Waste) Regulations 2005

Veterinary Medicines Regulations 2005

Building Regulations 2000 (as amended)

Textile Products (Indications of Fibre Content)

Regulations 1986 (as amended)

Electrical Equipment (Safety) Regulations 1994 X

Control of Pesticides Regulations 1986 (as amended) | X X

Fertilisers Regulations 1991 (as amended) X

Plant Protection Products Regulations 2005 (as X

amended)

Detergents Regulations 2005

Cosmetic Products (Safety) Regulations 2004 (as

amended)

General Product Safety Regulations 2005 X

Additives Directive 89/107 /EEC (as amended) X

Articles in Contact with Food Regulations 1987 (as

amended)

Colours in Food Regulations 1995 (as amended) X

Contaminants in Food (England) Regulations 2005 X

Food Safety Act 1990 (as amended) X

Materials and Articles in Contact with Food (England) | X

Regulations 2005

Miscellaneous Food Additives Regulations 1995 (as X

amended)

Novel Foods and Novel Food Ingredients Regulations | X

1997 (as amended)

Plastic Materials and Articles in Contact with Food X

Regulations 1998 (as amended)

Regulation (EC) No. 178,/2002 on General Principles | X
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Legislation Consumer | Health | Environmental

Protection | & Protection
Safety

Environmental Protection Act 1990 (as amended) X

Pollution Prevention and Control (England and X

Wales) Regulations 2000 (as amended)

Control of Pollution (Oil Storage) (England) X

Regulations 2001

Control of Pollution (Silage, Slurry and Agricultural X

Fuel Oil) Regulations 1991 (as amended)

Environmental Protection (Prescribed Processes and X

Substances) Regulations 1991

Air Quality (England) Regulations 2000 X

Clean Air Act 1993 X

Air Quality Limit Values Regulations 2003 X

Groundwater Regulations 1998 X

Surface Waters (Dangerous Substances) X

(Classification) Regulations 1997

Surface Waters (Dangerous Substances) X

(Classification) Regulations 1998

Trade Effluents (Prescribed Processes and X

Substances) Regulations 1989 (as amended)

Urban Waste Water Treatment (England and Wales) X

Regulations 1994

Waste Management Licensing Regulations 1994 X

Water Act 2003 X

Water Environment (Water Framework Directive) X

(England and Wales) Regulations 2003

Water Industry Act 1991 X X

Water Resources Act 1991 X X

Hazardous Waste (England and Wales) Regulations X

2005

Landfill (England and Wales) Regulations 2002 X

List of Wastes (England) Regulations 2005 X

Wiaste Incineration (England and Wales) Regulations X

2002
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ABBREVIATIONS

BERR Department for Business, Enterprise and Regulatory Reform

BRASS Economic and Social Research Council (ESRC) Centre for Business Relationships,
Accountability, Sustainability and Society at Cardiff University

C,, carbon-60

CHIP Chemicals (Hazard Information and Packaging for Supply) Regulations 2002

CSL Central Science Laboratory

CTA Constructive Technology Assessment

Defra Department for Environment, Food and Rural Affairs

DG SANCO Directorate General for Health and Consumer Affairs

DH Department of Health

DIUS Department for Innovation, Universities and Skills

DOENI Department of Environment, Northern Ireland

EA Environment Agency

ECA European Chemicals Agency

EEA European Environment Agency

EHS environmental, health and safety data

EINECS European Inventory of Existing Chemical Substances

ENP engineered nanoparticle

EPA Environmental Protection Agency, United States

EPSRC Engineering and Physical Sciences Research Council

EU European Union

FDA Food and Drug Administration, United States

FIFFF-ICP-MS

FSA
HSE
1125
IPPC
1T
LCA
LCD

flow field-flow fractionation inductively coupled plasma mass spectrometry

Food Standards Agency

Health and Safety Executive

iodine-125

Integrated Pollution Prevention and Control
information technology

life cycle assessment

liquid crystal display
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LDL
4m
METI
MEXT
MN
MOD
NATO
NEG
NERC
NGOs
NI
NIDG
nm

NP
NRCG
OECD
OECD WPNM

PNEC
POPs
QD
QSAR
R&D
RAE

low density lipoprotein

micrometre

Ministry of Economy, Trade and Industry, Japan

Ministry of Education, Culture, Sports, Science and Technology, Japan
manufactured nanomaterials

Ministry of Defence

North Atlantic Treaty Organization

Nanotechnology Engagement Group

Natural Environment Research Council

non-governmental organisations

Northern Ireland

Nanotechnology Issues Dialogue Group

nanometre

nanoparticle

Nanotechnology Research Co-ordination Group
Organisation for Economic Co-operation and Development

Organisation for Economic Co-operation and Development Working Party on
Manufactured Nanomaterials

predicted no effects concentration
persistent organic pollutants

quantum dot

quantitative structure—activity relationship
research and development

Royal Academy of Engineering
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REACH Regulation (EC) No. 1907,/2006 of the European Parliament and of the Council
of 18 December 2006 concerning the Registration, Evaluation, Authorisation and
Restriction of Chemicals (REACH), establishing a European Chemicals Agency,
amending Directive 1999/45/EC and repealing Council Regulation (EEC) No.
793/93 and Commission Regulation (EC) No. 1488 /94 as well as Council Directive
76/769/93 and Commission Directives 91/155/EEC, 93/67/EEC, 93/105/EC

and 2000/21/EC
RS Royal Society
RTTA Real-Time Technology Assessment
SCENIHR Scientific Committee on Emerging and Newly Identified Health Risks
SEPA Scottish Environment Protection Agency
SPRU Science and Technology Policy Research Unit at Sussex University
SWCNTs single-walled carbon nanotubes
T technetium-99
TGD Technical Guidance Document
TSCA Toxic Substances Control Act, United States
UN United Nations
US United States of America
UK United Kingdom
uv ultra-violet
WEEE Directive 2002/96/EC of the European Parliament and of the Council of 27

January 2003 on Waste Electrical and Electronic Equipment
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