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Executive summary

In the present advisory report, a Committee of the Health Council of the Nether-
lands explores the significance of nanoscience and nanotechnologies for human 
health. Addressing the associated opportunities and risks for individuals and 
society at large, the report suggests how to manage far-reaching developments in 
these areas.

Nanoscience and nanotechnologies

Nanoscience and nanotechnologies represent a field of study that is currently 
attracting a great deal of attention. The prefix ‘nano’ refers to the nanometre 
(nm), one billionth of a metre. The unusual mechanical, optical, electrical, and 
magnetic properties exhibited by materials with dimensions in the range 100 nm 
down to around 0.1 nm (the size of a single atom) can differ markedly from the 
properties of the same materials at larger dimensions. In recent years, researchers 
have become increasingly adept at manipulating the shape and size of materials 
at the nanometre scale and have therefore been able to study and exploit these 
unusual properties.

In a 1959 lecture, physicist Richard Feynman was the first person to predict 
the opportunities presented by the manipulation of matter at the level of individ-
ual atoms and molecules. Although the term ‘nanotechnology’ was coined in 
1974 by a Japanese engineer named Norio Taniguchi, it was the invention of the 
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Scanning Tunnelling Microscope (STM) in the early 1980s that sparked the 
field’s development.

This was the first time that scientists had been able to resolve individual atoms 
and to move them around on a solid surface. It offered the prospect of eventually 
being able to build structures atom by atom, a process dubbed the ‘bottom-up’ 
approach. However, assembling larger structures from individual atoms and mol-
ecules is currently too laborious for industrial applications. Researchers are 
instead focusing on self-assembly, in which the specific properties of individual 
building blocks lead them to automatically take up the correct positions in com-
plex structures. Nature contains a huge variety of nanostructures created by bot-
tom-up processes. Besides being a source of knowledge of the forces and design 
principles that play a role in self-organisation, they are a source of inspiration for 
the development of entirely new nanostructures with novel functions. Litho-
graphic techniques are also being used to create ever finer structures on or in the 
silicon wafers used in chip production. This process has been dubbed the ‘top-
down’ approach.

The boundaries between the traditional scientific disciplines are rather indis-
tinct at the molecular and atomic level. Nanoscience and nanotechnologies there-
fore provide a perfect field for multidisciplinary research, characterised by 
increasing collaboration between physicists, chemists, biologists and engineers. 
Nanotechnologies are enabling technologies: they facilitate progress in other 
areas of technology.

An enormous amount of research involving nanotechnologies is underway at 
present. The extensive range of nanomaterials currently being developed is 
impressive: films that are just one to a few atoms thick; nanotubes of carbon or 
inorganic compounds; inorganic nanowires; organic nanofibres; biopolymers; 
nanoparticles made of metals and metal oxides; carbon black (synthetic soot); 
fullerenes (spherical C60 molecules); dendrimers (spherical, highly branched 
organic polymers); and quantum dots (nanocrystals of semiconductor material). 
In larger-scale materials it is also possible to create nanopores. Numerous appli-
cations are being developed for each of these materials in a wide range of fields. 
Some materials are already being used on a commercial scale. Carbon black, for 
instance, is used as a reinforcing-filler for rubber, while particles of titanium 
dioxide are used as UV reflectors in sunblock creams. However, most nanomate-
rials are not used routinely at present. Research and development account for 
most of the billions of euros spent on nanoscience and nanotechnologies around 
the world. Major efforts are under way in the Netherlands too, where various uni-
10 Health significance of nanotechnologies



versities and companies are collaborating in government-funded research pro-
grammes, such as NanoNed, the country’s national nanotechnology initiative.

Applications with health benefits

Nanotechnologies provide numerous new instruments for research into the basic 
biochemical and biophysical processes of both healthy and diseased cells. The 
resulting knowledge can be used as a basis for developing new prevention strate-
gies and therapies. In addition, intensive research efforts are focusing on poten-
tial uses of nanotechnologies in practically every field of medicine. The current 
paucity of clinical applications is partially attributable to the strict safety require-
ments. Nevertheless, experts expect dramatic advances from ‘nanomedicine’ in 
the longer term (ten years or more).

The enormous increase in our knowledge of the human genome and proteins is 
making it easier to understand diseases in terms of anomalies at the molecular 
level. In theory, this provides opportunities for very early diagnosis and early treat-
ment before the initial symptoms of the disease have appeared. Nanotechnologies 
offer the possibility of improving existing methods and instruments for in vitro 
detection of molecular biomarkers in patients’ urine or tissue samples and for iden-
tifying pathogenic bacteria and viruses. These technologies are already leading to 
smaller, more compact and more sophisticated analytical instruments and cheap 
disposable components, thereby expanding opportunities for point-of-care applica-
tions involving simple tests that can be carried out in the doctor’s surgery or the 
patient's home, even by patients themselves.

The use of novel contrast agents based on nanoparticles is improving existing 
imaging techniques for in vivo diagnosis. Iron oxide nanoparticles, for example, 
are currently being used in patients for both diagnosis and therapy. Nanotechnol-
ogies may lead to new, more effective medications, with fewer adverse effects. 
They may also prove useful in the search for new active substances. Since the 
1970s, researchers have been trying to develop systems capable of transporting 
active substances to specific regions of the body. The small size of nanoparticles 
makes them perfect candidates for this. ‘Stealth coatings’, combined with tar-
geted molecules and possibly contrast agents are expected to transform nanopar-
ticles into ‘magic bullets’, which have been the goal of medical research for the 
past century. Although there is still a long way to go in this endeavour, the first 
anti-tumour and anti-fungal drugs using simple delivery systems are already 
being marketed.
Executive summary 11



Some nanoparticles can also function as active substances; tumour cells, for 
instance, can be killed by using an external energy source to heat injected nanopar-
ticles. The effectiveness of this treatment is currently being assessed in patients.

Nanoparticles are also used to alter the physical and chemical properties of 
materials for medical applications ranging from wound dressings to implants. 
Silver nanoparticles for instance are antiseptic and are already used commer-
cially in wound dressings. Attempts are being made to exploit similar properties 
in coatings for catheters, implants and bone cement. Passive implants, such as 
artificial hips, become more resistant to wear when their surfaces are given a 
nano-coating or nano-structure. These surface treatments improve the body’s 
level of acceptance of the implants, as the modified surfaces more closely resem-
ble the natural extra-cellular matrix, which has its own nanostructure. The nano-
structured surface promotes surrounding tissue growth, which leads to improved 
and more durable bonding. Tissues cultured in vitro grow best on nanofibre scaf-
folds of collagen, for example. In laboratory animals, the injection of scaffold 
material has been shown to stimulate the in vivo regeneration of damaged nerve 
tissue. The same applies to active implants, such as cochlear implants, pacemak-
ers and defibrillators. Nano-structuring of the electrode surface increases the area 
of contact with the surrounding tissue and prevents the formation of scar tissue, 
thereby facilitating a better and more sustainable signal transfer. Moreover, the 
energy storage capacity of the batteries used for the implants is steadily increas-
ing, again thanks to nanotechnologies.

Human health could also benefit from the use of nanotechnologies in agricul-
ture, the food sector, and environmental management. However, developments in 
this area are somewhat less advanced. Many possible applications are in keeping 
with those in the medical field, for example, the detection of pathogens and harm-
ful substances, disinfection, and delivery systems for veterinary medicines and 
crop protection agents. Other uses include soil remediation and water purification.

Toxicological risks

The very properties that make nanoparticles so interesting from a technological 
perspective, such as their high degree of reactivity and ability to cross barriers, 
could also make them hazardous to humans and the environment. The present 
debate on the risks of nanotechnologies has largely focused on the potential dan-
gers of nanoparticles.

Nanoparticles of various kinds occur naturally and ubiquitously in the envi-
ronment. However, fossil-fuel combustion has considerably increased their vol-
12 Health significance of nanotechnologies



ume in the air in recent centuries. It has been known for quite some time that fine 
air-borne dust particles can be harmful to human health. This applies not only to 
high concentrations in the workplace, but also to the relatively low air-borne con-
centrations in urban environments. Toxicological research has generated a great 
deal of knowledge of the relationship between the particles’ physical and chemi-
cal properties and the mechanisms that underlie their adverse impact on health. 
However, our understanding of their interactions is still far from complete. With 
the rise of nanotechnologies, particle toxicologists have been increasingly focus-
ing on the finest of dust particles, the nanoparticles. One concern is the extent to 
which our current knowledge of ‘traditional’ micro and nanoparticles is applica-
ble when assessing the risks of newer types of synthetic nanoparticles. The latter 
category includes nanotubes, fullerenes, nanowires, quantum dots and particles 
used for drug delivery and diagnosis.

Research into ‘traditional’ particles has shown that fine dust particles readily 
penetrate deep into the lungs. Their minute size enables nanoparticles to bypass or 
damage the lungs’ clearing mechanisms. Any such particles that are not readily 
dissolved or broken down tend to accumulate. Unlike larger particles, nanoparti-
cles are capable of entering cells and disrupting cellular metabolism. From the 
lungs, they can enter the bloodstream, which then carries them to other organs. 
Nanoparticles may also be able to enter the brain via the nasal mucous membrane 
and the olfactory nerves. There is less clarity about the extent to which they are 
capable of entering the body through the skin (whether damaged or intact) and the 
digestive tract. Within the body, nanoparticles may promote the formation of harm-
ful substances, such as reactive oxygen compounds. The particles also cause 
inflammatory reactions which, if chronic, can lead to elevated and harmful levels 
of immuno-reactive substances in the blood. These mechanisms may well be the 
reason for the observed relationship between the presence of fine dust in the air and 
disorders of the respiratory and circulatory systems in humans.

Initial toxicological studies of new synthetic nanoparticles indicate that these 
mechanisms also play a role in the particles’ toxicity. However, there is currently 
only a slight risk of the general population being exposed to any such synthetic 
nanoparticles.

For the time being, the individuals at the greatest risk are those who work 
with the particles in various research centres. However, this situation may change 
when more products containing such particles start to appear on the market. It 
would therefore be appropriate to focus on the toxicological risks associated with 
nanomaterials.
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Social implications and moral issues

The significance of nanotechnologies is not restricted to the health of individuals. 
There are beneficial as well as adverse consequences for society as a whole. Nano-
technologies are ‘enabling technologies’ par excellence. This explains why most of 
the related moral issues are neither new nor exclusive to nanotechnologies, cer-
tainly when considering the short to medium-term outlook. Issues of this kind have 
often arisen as a result of previous developments in other technological disciplines. 
However, now that nanotechnologies have led to progress in these disciplines, the 
existing moral issues have taken on a new dimension. They are gaining momentum 
and presenting themselves with ever increasing urgency. They are also growing in 
complexity, which makes it difficult to find suitable solutions. As an illustration of 
this, the Committee provides a few examples, which are all related to health, either 
directly or indirectly.

Nanotechnologies will affect how resources are used and how products and 
wealth are distributed. They could, therefore, potentially contribute to the cre-
ation of a more sustainable society, and benefit the living standards and health of 
future generations. Nanotechnologies could also help in the realisation of the 
United Nations’ Millennium Development Goals, which aim to improve the liv-
ing conditions of people in developing countries. However, progress in science 
and technology generally demands substantial levels of investment and is mainly 
restricted to those locations where adequate financial resources are available. 
Unless a conscious effort is made to translate these developments for use in third 
world situations, there is a risk that underdeveloped countries will not benefit as 
much or as quickly as they should from the fruits of nanotechnologies.

Comprehensive legislation exists at the national and European level to com-
bat violations of individual privacy. This is particularly important in the health 
service. However, the progressive miniaturisation of equipment, combined with 
developments in information-communication technology (ICT), is increasing the 
risk of accidental disclosure and/or unethical uses of restricted information.

Nanotechnologies will affect doctor-patient relationships in various ways. On 
the one hand, they are likely to increase the gap between diagnostics and therapy, 
as developments in the former area are outpacing those in the latter. This will 
lead to questions regarding the right to know. On the other hand, advanced, easy-
to-use equipment and breakthroughs in ICT have created a situation in which 
diagnosis and treatment can increasingly take place in the home. These activities 
can be performed by informal care providers or by patients themselves, possibly 
assisted by the manufacturer of the equipment in question. These developments 
14 Health significance of nanotechnologies



lend increasing weight to questions about what providing proper care and proper 
information entails.

In the future, nanotechnologies may offer new, far-reaching opportunities for 
healthy people to ‘perfect’ themselves in accordance with their own personal 
wishes. At present, such enhancement applications are either still in their infancy 
or are speculative in nature. Applications that involve the insertion of ICT implants 
into the brain touch the very core of our being. They give rise to questions about 
the possible implications for concepts such as what it means to be an individual, 
freedom, and responsibility. In this respect, the issues are the same as those con-
cerned with the use of psycho-pharmaceuticals. In due course, new possibilities 
may arise with such far-reaching consequences that they raise entirely new moral 
issues. This could have major implications for society as a whole; for example, 
social divisions could arise between individuals with implants and those without. 
Many issues will also be raised as a result of military applications.

Conclusions and recommendations

The Committee has reached the following conclusions on the basis of the above:
• Intensive research efforts are focusing on the potential uses of nanotechnolo-

gies in practically every medical field (nanomedicine). To a lesser extent this 
also applies to the agricultural, food, and environmental sectors. As yet, only 
a few nanotechnology products are commercially available, but the Commit-
tee anticipates that this number will increase in the next few years. There will 
undoubtedly be new opportunities for the diagnosis and treatment of dis-
eases. At the same time, the Committee cautions against unrealistic expecta-
tions. Stringent efficacy and safety requirements mean that it may take many 
years to develop new medications and medical devices. The environmental 
benefits still involve a degree of uncertainty.

• There is still a lack of understanding about the possible dangers of new, syn-
thetic nanoparticles. This applies to the nature of possible health and environ-
mental impacts as well as to their severity. The Committee believes there are 
good grounds for thoroughly investigating the toxicological properties of 
nanoparticles that do not readily dissolve or degrade. This should be done 
before the materials enter the mass-production stage and become commer-
cially available. The Committee bases its view on current knowledge of ‘tra-
ditional’ particles, and on the initial results of research into novel 
nanoparticles.
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• Aside from the immediate implications for human health, consideration 
should also be given to the social consequences of nanotechnologies, which 
may be beneficial as well as adverse. As enabling technologies, nanotechnol-
ogies are especially likely to reinforce issues that first arose in connection 
with other technological developments. In the longer term, entirely new 
moral issues may emerge, as would be the case with the development and use 
of ICT-based brain implants, for example.

In view of the numerous opportunities and risks, plus all of the uncertainties and 
differences in value judgements in a diverse society like that of the Netherlands, 
the Committee calls for appropriate caution to be exercised in the further develop-
ment of nanoscience and nanotechnologies. To this end, it makes the following rec-
ommendations:
• The government can use financial incentives to encourage research in nano-

technology that it considers to be important for human health or for the envi-
ronment. This is particularly important where such research is commercially 
unattractive. Nanotechnologies are by their very nature transdisciplinary. 
This aspect requires special attention since both teaching and research have 
been traditionally funded on a sector-specific or discipline-specific basis.

• However, the best way to stimulate nanoscience and nanotechnologies is to 
adopt a careful approach when considering the risks. Risk governance*, as 
recently defined by the International Risk Governance Council (IRGC), can 
be of use in this. Besides knowledge, value judgements are particularly 
important when defining the problem. The same applies when judging the 
acceptability of risks and the need for measures to curtail risks, and when 
selecting suitable risk management options. The Committee therefore recom-
mends that the decision-making process should involve stakeholders, includ-
ing the general public in certain cases.

• Early identification of any adverse or harmful effects of nanotechnologies on 
health, working conditions, the environment, ethics, and social relationships 
is essential. The Committee believes that this can best be achieved by a broad 
committee specifically appointed for that purpose and composed of indepen-
dent scientific experts as well as stakeholders and representatives of the gen-
eral public.

• The IRGC proposes the following categories for classifying risks: ‘simple’, 
‘complex’, ‘uncertain’ and ‘ambiguous’. This classification system can also 

* The term governance is used to refer to the structures and processes for collective decision-making, involving gov-
ernmental and non-governmental actors.
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be applied to the risks associated with nanotechnologies. It gives direction to 
the search for the best risk management strategy. The above sequence, from 
‘simple’ to ‘ambiguous’, corresponds to the increasing importance in the 
decision-making process of involving stakeholders, including members of 
the public. According to the Committee, issues relating to privacy, self-test-
ing, and the toxicity of readily degradable nanoparticles can best be classified 
as ‘simple’. The ‘complex’ category covers issues concerned with the gap 
between rich and poor, and possibly those concerning sustainability. The 
question of the toxicity of synthetic nanoparticles that do not readily degrade 
is placed in the ‘uncertain’ category because the existing knowledge on this 
subject is incomplete. The Committee classifies issues involving the gap 
between diagnosis and therapy, advanced home care, enhancement, and mili-
tary applications as ‘ambiguous’ because they involve value judgements 
which will differ from one individual to another or from one interest group to 
another.

• Classifying the issue of the toxicity of synthetic nanoparticles that do not 
readily degrade as ‘uncertain’ implies that the most suitable risk management 
strategy would be one based on precautionary measures. This can be given 
shape by:
• performing life-cycle analyses on products that contain nanoparticles, to 

determine the extent to which such particles are released during the pro-
duction, use and disposal phases; curtailing emissions from, and exposure 
within, research centres and factories; focusing on the risks associated 
with nanoparticles during (mandatory) safety assessments of applications 
(e.g. soil remediation) and products (e.g. medications) and only granting 
admission if the benefits counterbalance the risks.

• as a result of their unique properties, the nano-forms of existing sub-
stances should be dealt with as if they were novel substances; there should 
be a lower production threshold or import threshold (or none at all) for 
nanomaterials in the new European regulations governing chemical sub-
stances (REACH);

• more internationally coordinated (OECD’s role) research into the toxicity 
of nanomaterials; modification of the current toxicity tests for substances 
to improve their suitability for use in nanomaterials; expressing the dos-
age administered in terms of the mass, surface area, and number of parti-
cles; an improved physicochemical characterisation of nanomaterials; 
energetically pursuing the recently proposed screening strategy for nano-
materials.
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• Risk governance for nanotechnologies should take place at both the national 
and international level, partly in view of the international nature of many 
laws and regulations. The Committee cannot endorse the use of separate leg-
islation for nanotechnologies. It considers that the best course of action 
would be to modify existing laws and rules as and when necessitated by 
developments in nanoscience and nanotechnologies.

• The concept of ‘trust’ is a critical factor in the dialogue between government, 
industry, directly affected groups and the general public. This also applies to 
the debate surrounding nanotechnologies. To win the public’s trust it will be 
essential for institutions to subject their own performance to continual critical 
reflection. Besides expertise, decisiveness and integrity, openness and 
accountability are key concepts in this.
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1Chapter

Introduction

1.1 Background

Nanoscience and nanotechnologies represent a field of study that is currently 
attracting a great deal of attention. The prefix ‘nano’ comes from the Greek word 
‘νανος’ (nanos), which means ‘dwarf’. In combination with a measure, it indi-
cates a one billionth part of that measure. It fits in the series of prefixes that 
includes ‘milli’ (one thousandth) and ‘micro’ (one millionth). A nanometre, 
abbreviated to nm, is therefore one billionth of a metre. As an indication of how 
large (or rather how small) this is, consider that a human hair is around 80,000 
nm thick. Animal cells generally have a diameter of between 10,000 and 20,000 
nm. The terms nanoscience and nanotechnologies refer to the nanometre.

This raises the question of what is so extraordinary about the nanometre to 
warrant dedicating an entire branch of science to it. The answer is that materials 
in the nanometre range (between 100 nm and the size of a single atom, i.e. around 
0.1 nm) can display unusual properties. Their properties can differ markedly from 
the properties of the same materials at larger dimensions. The nanoscale is the scale 
of macromolecules, molecules and atoms. Technical developments over the past 
two decades have made it possible to observe, study and even manipulate indi-
vidual atoms and molecules, which is precisely the aim of nanoscience and nano-
technologies. The new techniques make it possible to study living as well as dead 
matter in a way that was impossible until only recently, namely at the level of the 
Introduction 19



individual building blocks. There are high expectations about possible applica-
tions of the new knowledge and that which still has to be gathered. The possibili-
ties appear to be practically unlimited: faster and more powerful computers; new, 
better materials; more economic use and recycling of raw materials; and major 
progress in medicine. However, concerns have also recently been increasing. 
There are fears of accidents and misuse, and of a technique over which humans 
lose control. Some people are therefore calling for restraint, to prevent nanotech-
nologies from becoming a Pandora’s box.

1.2 Nanotechnologies on the Health Council's work programme

Nanoscience and nanotechnologies are expected to have a dramatic impact on 
the whole of society. Not least, this also applies to public health and all kinds of 
policy fields on which the Health Council normally advises. New possibilities 
will emerge for prevention, diagnostics and therapy. New environmental-man-
agement opportunities will also arise for preventing pollution, tracing pollutants, 
and remediation operations. In the foods sector there will be new possibilities for 
preservation, detecting decay and for designing functional foods. For the purpose 
of developing government policy, the ability to anticipate all these developments 
properly entails having an insight into the possibilities, the time it will take to 
achieve them and any new risks that they may involve. Moreover, all these 
changes raise questions about the social consequences and possible ethical issues 
associated with the choices.

Taking all of the above into account, the Health Council’s Work Programme for 
2004 states that the Council will produce an advisory report on the health signifi-
cance of nanoscience and nanotechnologies. As usual, the work programme was 
drawn up in consultation with various ministries and approved by the Minister of 
Health, Welfare and Sport. The passage concerned from the work programme is 
included as Annex A. The advisory report covers a broad range of subjects, 
which it places on the agenda. The focus is on identifying opportunities and 
threats, defining problems and outlining responsible approaches to policies.

1.3 Committee and working methods

The Vice-President of the Health Council established the ‘Nanotechnologies and 
Health’ Committee (hereinafter ‘the Committee’) on 15 December 2004 for the 
purposes of drafting the advisory report. Annex B provides details of the Commit-
tee’s composition.
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It was not necessary for the Committee to start from scratch. Various Dutch institu-
tions have produced reports in recent years on nanoscience and nanotechnologies, 
which contained quite extensive discussions of the beneficial and adverse impli-
cations for health: the Rathenau Institute1, the COGEM2, the KNAW3 and the 
RIVM4,5. Numerous foreign international bodies have also recently reported on the 
subject. These included the Swiss Zentrum für Technologiefolgen-Abschätzung6, 
the European consortium Nanoforum7,8, the German VDI Technologiezentrum9, 
the British Royal Society, together with the Royal Academy of Engineering10 and, 
in the United States, the Institute of Medicine11. Moreover, some environmental 
organisations have reported on nanotechnologies, such as the Canadian Action 
Group on Erosion, Technology and Concentration12-14 and Greenpeace15. The 
Committee’s advice is partially based on these publications; in particular, it has 
made extensive use of the report of the Royal Society and the Royal Academy of 
Engineering in support of its findings. The Committee has also based its findings 
on numerous publications in the scientific literature. To this end, it conducted 
searches in the life sciences and biomedical bibliographic database, Medline, for 
terms such as nanotechnology, nanoscience and the English names for various 
nanomaterials (see chapter 2). Finally, the Committee also consulted several 
experts. Their names are provided in Annex C.

Many definitions of nanoscience and nanotechnologies are used. The Com-
mittee uses the descriptions of the Royal Society:

Nanoscience is the study of phenomena and manipulation of materials at atomic, molecular and macro-
molecular scales, where properties differ significantly from those at a larger scale.

Nanotechnologies are concerned with the design, characterisation, production and application of 
structures, devices and systems by controlling shape and size at the nanometre scale.

The Committee’s examination of the subject is limited to the parts of nano-
science and nanotechnologies that are of more or less direct importance to the 
policy fields concerned with health, the environment and nutrition. Develop-
ments that are of indirect importance, such as in the field of information and 
communication technology are only discussed briefly, if at all. Nor does the 
Committee discuss the economic significance of nanotechnologies. The Commit-
tee focuses on the health benefits as well as the risks and on the quality of the 
environment. It also examines the wider social implications, which involve both 
positive and negative aspects, and the associated ethical questions. With regard 
to new technologies, the Committee attempts to indicate the extent to which they 
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are already being used or the period within which they will probably be used. An 
indication is also provided of how realistic the Committee considers the risks to 
be. In all of these issues, wherever possible the Committee attempts to establish 
connections with previous Health Council reports.

1.4 Structure of this advisory report

The Committee first provides a general overview of developments in nano-
science and nanotechnologies in chapter 2. In chapters 3 and 4 it focuses on the 
health opportunities and, in chapter 5, on the threats. This is followed in chapter 6 
by a discussion of the broader social aspects of these developments. Chapter 7 
contains a discussion of the possibilities that are available for properly regulating 
the development of nanoscience and nanotechnologies.
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2Chapter

An outline of nanoscience and 
nanotechnologies

In this chapter the Committee describes the emergence and development of 
nanoscience and nanotechnologies, from the very beginning of a visionary at the 
end of the nineteen-fifties up to the enormous research efforts in the field that are 
currently underway throughout the world, including in the Netherlands. The 
Committee also discusses the properties of matter at the atomic scale and the 
materials and applications that have been or are being developed to exploit those 
properties. The public’s assessment of these developments is also discussed.

2.1 The start of nanoscience and nanotechnologies

The Los Angeles high school could send a pin to the Venice high school on which it says “How’s this?”. 
They get the pin back and in the dot of the “i” it says “Not so hot.”.

Physicist and Nobel prize-winner Richard Feynman suggested in 1959 that high 
schools should enter a competition to see who could produce the smallest 
writing16. According to him, it ought to be possible at the level of molecules and 
atoms to write the entire works of the Encyclopaedia Britannica on a pin head. 
Taking this further, he even calculated that the contents of all the books in the 
world would fit into a single grain of matter hardly visible to the naked eye. He 
foresaw that manipulating matter at the level of individual molecules and atoms 
would, in time, present humankind with new, unprecedented possibilities. This 
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would apply all the more so because it would also then be possible to exploit the 
fact that matter at the atomic scale has completely different properties from that 
at the larger scale. The ratio of the surface area to the volume of a fragment of mat-
ter increases as the size of the fragment decreases. Moreover, at the atomic scale 
the laws of Newtonian mechanics are superseded by those of quantum mechan-
ics.

Feynman expressed his ideas in a talk entitled There is plenty of room at the 
bottom during the annual meeting of the American Physical Society at the Cali-
fornia Institute of Technology. This is why he is seen as the father of nanotech-
nologies. However, he never actually used the word nanotechnology. The term 
was first used in 1974 by Japanese engineer Norio Taniguchi17. A milestone in 
the development of nanotechnologies and considered by some to be the actual 
beginning18,19, was the invention of the Scanning Tunnelling Microscope (STM) 
by the Swiss Heinrich Rohrer and the German Gerd Binnig in the early nineteen-
eighties20. They received the Nobel prize for their invention in 1986. The STM 
uses an extremely fine needle to explore a surface that is being studied, thereby 
achieving such a high resolution that individual atoms become visible. It is also 
possible to use the instrument to exert forces on individual atoms or molecules 
and to relocate them. Using an STM in 1990, an American, Don Eigler, suc-
ceeded in writing his employer’s name, IBM, with 35 xenon atoms on a nickel 
surface of a few nanometers21. Although this technique is far too laborious to 
enable the entire Encyclopaedia Britannica to be transcribed, he did put Feyn-
man's idea of thirty years before into practice.

2.2 Strength through convergence

Various instruments, such as the atomic force microscope (AFM) and optical 
tweezers that enable individual atoms or molecules to be investigated and manip-
ulated have since been developed. This gives rise to numerous new possibilities 
for scientific research; they are currently part of the standard set of instruments 
used in biology and physics. However, for the time being, using a set of instru-
ments of this kind to construct larger structures from individual atoms or mole-
cules – known as the bottom-up approach – is still too laborious for industrial 
applications. Consequently, a great deal of work is being conducted into what is 
known as self-assembly, in which the specific properties of individual building 
blocks lead them to automatically take up the correct positions in complex struc-
tures. Moreover, continued progress in miniaturisation is being achieved, espe-
cially in micro-electronics. Lithographic techniques are also being used to create 
ever finer structures on or in the silicon wafers used in chip production. The den-
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sity of transistors on a chip has doubled every one and a half years for the past 
thirty years. This is known as Moore’s law. The smallest structures that can be 
manufactured using this top-down approach are now equal to the largest struc-
tures that can currently be constructed using the bottom-up approach. This cre-
ates new possibilities for a combined approach.

Nanotechnologies are not new. Nature was billions of years ahead of human-
kind. Living cells are full of bottom-up constructed ‘machines’ and other struc-
tures with nanometre dimensions that are made of protein molecules. Physicists 
and technicians are therefore increasingly inspired by biotic systems in their 
research and designs for applications. On the other hand, they can use their own 
research methods, techniques and instruments to make a contribution to biologi-
cal research22. The boundaries between the traditional scientific disciplines are 
rather indistinct at the molecular and atomic level. Nanoscience and nanotech-
nologies therefore provide a perfect field for multidisciplinary research, charac-
terised by increasing collaboration between physicists, chemists, biologists and 
engineers. The differences in background and training provide mutual benefits. 
Nanotechnologies often make progress possible in other technologies. They are 
enabling technologies.

2.3 Nanoscience and nanotechnologies worldwide and in the Nether-
lands

Nanoscience and nanotechnologies have advanced rapidly in recent years. This is 
clear from the exponential growth in the number of scientific publications, for 
example. It should be remembered that scientists currently like to attach the 
nanoscience or nanotechnology label to their research because they think it will 
attract funding for their research. Some of the research was previously conducted 
under a different name. It is therefore more a question of evolution than revolu-
tion in many fields. An enormous amount of research involving nanotechnolo-
gies is underway at present and various directions have meanwhile been given 
their own name, such as nanoelectronics, bionanotechnology, nanobiotechnol-
ogy, molecular nanotechnology and nanomedicine. The only common denomina-
tor is the scale of the objects being studied.

Besides this, the funding which governments around the world are providing 
for nanoscience and nanotechnologies has increased considerably. A total of 
$ 432 million was invested in 199722. The figure in 2003 was almost $ 3 billion. 
The US, Japan, Switzerland and a number of EU countries are at the forefront. 
Germany, France and the United Kingdom are especially active in nanotechnol-
ogy in the EU. On top of the national expenditure of EU countries, the EU Com-
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mission has also provided money through the Sixth Framework Programme, 
which runs from 2002 to 2006. A total of € 1.3 billion has been provided for ‘pri-
ority 3’, ‘Nanotechnology and nanosciences, materials and new production pro-
cesses’ (NMP). Around € 500 million of this was spent on nanotechnologies. The 
amount will probably be more than doubled in the Seventh Framework 
Programme23. This is all public money. The amounts the private sector and 
industry invest in nanotechnologies are estimated to be in the same order of 
magnitude2. An estimated $ 9 billion is currently being invested in these technol-
ogies worldwide24.

The Dutch government has made € 130 million available for the field of 
‘Microsystems and nanotechnology’ on the basis of a decree to subsidise invest-
ments in the knowledge infrastructure (Bsik). This subsidises three major research 
programmes: BiOMaDe, NanoNed and MicroNed. Prior to this, € 23 million had 
already been allocated to the NanoImpuls research programme, the predecessor 
of NanoNed. Because the subsidy often covers half the cost of the research con-
cerned, total investments for the six-year period come to around € 300 million. 
BiOMaDe is mainly concerned with diagnostics and medical therapy. NanoNed 
has more of a basic scientific nature. It is the largest research programme and is 
divided into eleven flagship programmes and involves seven universities, the 
Industry and Technology division of the Dutch organisation for Applied Scien-
tific Research (TNO), and Philips. There is also cooperation with various indus-
trial partners. MicroNed focuses on microtechnologies and top-down 
nanotechnologies and is more application oriented. A total of around 135 institu-
tions are active in the nanotechnology field in the Netherlands, including twelve 
universities and twelve research schools. The research involves around 420 
researchers. In her Science Budget for 200425, the Minister of Education, Culture 
and Science designated nanotechnologies as a national priority, alongside ICT 
and genomics. Sources of extensive information on nanoscience and nanotechnol-
ogy research include a report of the Commission on Genetic Modification 
(COGEM)2, the website of the Netherlands Institute for Scientific Information Ser-
vices (NIWI)* and the websites of the various research programmes**.

* NIWI: Nederlands Instituut voor Wetenschappelijke Informatiediensten van de Koninklijke Nederlandse Academie 
van Wetenschappen (Netherlands Institute for Scientific Information Services, an institute of the Royal Nether-
lands Academy of Arts and Sciences (KNAW)), www.niwi.knaw.nl/nl/over_niwi

** NanoNed: www.stw.nl/nanoned; www.microned.nl; www.biomade.nl
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2.4 Nanomaterials and their applications

The special properties of materials at the nanometre scale are the result of two fac-
tors: their relatively large surface area in relation to their volume, and the occur-
rence of quantum effects. Because chemical reactions always take place on the 
surface of materials, as their structures become finer, they become more reactive. 
This is why iron filings, for example, are extremely flammable – they are able to 
react rapidly with oxygen – whereas a large piece of iron is not flammable but 
only rusts slowly. Quantum effects also start to dominate the material properties 
when the dimensions of materials approach a few nanometres. They no longer 
obey the laws of classical mechanics but those of quantum mechanics. Quantum 
mechanics is a collection of natural laws which describe the behaviour of sub-
atomic particles, such as electrons, protons and neutrons. The term ‘quantum’ 
indicates that the particles can only exchange discrete amounts of energy. This 
has a major impact on the material's optical, electrical and magnetic properties. 
People have become more adept in recent years at also precisely controlling mate-
rials with small dimensions. This makes it possible to exploit the special properties 
of nanomaterials. A lot of research is currently underway in this field and many 
applications are now at the laboratory stage. However, commercial products that 
use or are based on nanomaterials are still scarce at the moment.

In line with the Royal Society and the Royal Academy of Engineering, the 
Committee classifies materials as nanomaterials if they are smaller than 100 nm 
in at least one dimension. They can be categorised as follows on the basis of the 
number of dimensions of less than 100 nm:

Nanoscale in one dimension
• Films, layers and surface coatings that are just one to a few atoms or mole-

cules thick.

Nanoscale in two dimensions
• Carbon nanotubes (CNTs)

Besides graphite and diamond, these tubes are a third form of pure carbon. 
They were discovered in 1991 by the Japanese researcher Sumio Iijima, and 
consist of a layer of graphite just one atom thick (known as graphene) which 
is rolled up into a seamless cylinder26. There are two types of CNTs: single-
walled (one tube) and multi-walled (several concentric tubes). They are only 
a few nanometres in diameter but they can be several centimetres long. They 
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are extremely strong but flexible and have special electrical properties. All 
these properties mean that CNTs are one of the icons of nanotechnology.

• Inorganic nanotubes
These tubes and fullerene-like structures of layered compounds, such as 
tungsten disulphide, molybdenum disulphide, boron nitride, nickel dichlo-
ride, niobium disulphide and titanium dioxide, were discovered shortly after 
CNTs. Their diameters range from one to a few tens of nanometres27.

• Nanowires
These are formed by linear self-assembly from nanoparticles of all kinds of 
inorganic materials, such as silicon, gallium nitride and indium phosphide. 
They have remarkable optical, electrical and magnetic properties.

• Nanofibres
Fibres of tens to hundreds of nanometres thick, which can be made using var-
ious techniques from synthetic (e.g. polylactic acid, polyurethane) or natural 
(e.g. collagen) organic polymers28.

• Biopolymers
Biopolymers, such as DNA, can be used for the self-organisation of nano-
wires. DNA molecules can also be coated with metals, for example. They can 
also be joined to nanostructures, such as CNTs.

• Nanopores
These include pores in solid materials29,30 and pores formed by proteins or 
nanotubes in membranes of, for example, lipids31. Their size, shape and uni-
formity are precisely controlled.

Nanoscale in three dimensions
• Nanoparticles of bulk chemicals

These are particles with a diameter of less than 100 nm which, in comparison 
with large particles of the same material, have new or stronger, size-depen-
dent properties. Examples include nanoparticles of TiO2, ZnO and some 
forms of carbon black*. They can be used as loose particles, in suspension, or 
fixed to or in other materials.

• Fullerenes
Buckminsterfullerenes are named after the architect R. Buckminster Fuller, 
who was known for his striking domes. They are known for short as fullerenes 
or buckyballs. They are spherical molecules of pure carbon approximately 

* Carbon black is an industrially produced carbon product similar to soot. However, unlike soot, it is composed of 
particles of a precisely determined size (smaller than 1000 nm) and contains hardly any contaminants, such as tar 
and ash.
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one nanometre in size. The sixty carbon atoms from which they are con-
structed are arranged as twenty hexagons and twelve pentagons, the configu-
ration of a football. They were discovered in 1985 by Richard Smalley32 and it 
has been possible to produce them in large quantities since 199033. There are 
also forms that exist with a wall made up of several layers wrapped around 
each other like the skin of an onion, in which some of the carbon atoms can 
be replaced by nitrogen atoms. These forms are known as nano-onions34.

• Dendrimers
The name is a contraction of dendritic polymers. The polymeric molecules 
are formed by hierarchical self-assembly from smaller molecules. They are 
highly branched from the inside out in all directions and their spherical shape is 
reminiscent of the crown of a tree. The size, shape, degree of branching and 
chemical surface structure can be very precisely controlled. Dendrimers are 
extremely suitable for transporting substances that are placed between there 
branches or attached to the surface. There are many types and sizes, the small-
est only measure a few nanometres35.

• Quantum dots
Quantum dots are small nanocrystals of semiconductor material36. They 
range in size from one to several tens of nanometres in diameter. Their small 
size means that the electrons they contain display quantum behaviour. They 
can only exchange certain amounts of energy. This is expressed in the 
absorption and emission of very specific wavelengths (colours) of light. 
When producing quantum dots it is possible to precisely regulate their shape 
and size, and thereby the colour of light that they absorb and emit. These spe-
cial optical properties make quantum dots suitable for numerous applications.

Some nanomaterials are already used commercially. For example titanium diox-
ide nanoparticles and zinc oxide are used as UV reflectors in sunblock creams, 
carbon black is used as a filler to reinforce car tyres, and naturally occurring 
nanoparticles of clay are used in car bumpers. Nanometre-thick coatings are used 
on opto-electronic equipment, catalytic surfaces and self-cleaning windows. 
Nanocrystals make cutting and drilling tools more resistant to wear and erosion.

Within a few years, nanoparticles and other nanomaterials will probably also 
be used in paints, fuel cells, TV/monitor screens, batteries, catalytic converters 
and as fuel additives. In the longer term, expectations include material reinforce-
ment using carbon nanotubes, lubricants made of nanoballs, magnetic nanomate-
rials for data storage and more readily workable ceramic materials made of 
nanocrystals.
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Medical and other applications that have a more or less direct importance for 
health are discussed in the next two chapters.

Shaping of public attitudes

American futurologist, Eric Drexler, published his book Engines of Creation: the 
coming era of nanotechnology37 in 1986, thereby placing nanotechnology on the 
political agenda. The book provided an overview of the possibilities that nano-
technologies will offer the world in the future. He also described the negative 
consequences that the development of nanotechnology could have for the world. 
He outlined the ‘gray goo’ scenario, in which self-replicating nanorobots escape 
our control and destroy all the life on the planet. The fear of nanorobots has again 
been stirred up over the past few years by science fiction stories38. Environmen-
tal organisations ETC group12-14 and Greenpeace15 recently demanded that atten-
tion be paid to the risks of nanotechnologies. The ETC group even called for a 
moratorium on new nanomaterials.

This has all led to the need to pay more attention to the social embedding of 
nanotechnologies than was the case in the past with biotechnology. All parties 
are therefore now endeavouring to gain an insight into the possible hazards at the 
earliest possible stage of the technological developments and to provide the pub-
lic with – what they call – a realistic picture of the risks. Organisations such as 
COGEM and KNAW recently published reports2,3 with this in mind. Calls are also 
becoming louder for some of the available research funds to be spent on research 
into the social consequences of nanotechnologies and the associated ethical 
questions39. The Rathenau Institute is currently working to inform members of 
the public and to involve them in a discussion of the subjects concerned1. Public 
knowledge of nanotechnologies is currently limited10,40,41.
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3Chapter

Opportunities for medical care

Nanotechnologies may prove beneficial to human health in various ways. The 
Committee uses the word ‘may’ advisedly because the benefits are mainly con-
cerned with applications that are the subject of – various stages of advanced – 
research. Only a few products are already on the market or being used in clinical 
practice. This chapter discusses applications in medical care. This is where 
developments are at the most advanced stage. The Committee discusses applica-
tions in the foodsector and in environmental management in the next chapter.

3.1 Scientific and application-oriented research

Living cells are full of complex and highly functional ‘machines’ at nanometre 
scale. They are composed of macromolecules, including proteins. They are 
involved in practically every process in the cell, such as information transfer, 
metabolism and the transport of substances. Nanotechnologies offer new instru-
ments for observing the operation of these machines at the level of individual mol-
ecules, even in the living cell42. Using atomic force microscopes, it is possible, 
for example, to measure the bonding forces between trigger substances, such as 
hormones, and the associated receptor proteins that act as switches in the cell 
membrane. Biomolecules can be labelled using quantum dots.  The intense light 
of a specific wavelength that these nanocrystals emit enables the path followed 
by the biomolecules in the cell to be precisely traced43. A great deal of this 
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research is concerned with obtaining information on basic biochemical and bio-
physical processes in healthy and diseased cells. This knowledge can provide the 
basis for the development of new prevention strategies and therapies.

Besides this primarily knowledge-broadening research, research is also 
underway into numerous possible applications for nanotechnologies in medicine. 
Research efforts are particularly intensive in the search for new methods and 
tools for diagnostics, screening and imaging and for drug delivery and gene ther-
apy. More research is also underway into applications in fields such as disinfec-
tion, tissue engineering and medical implants. Clinical applications are currently 
scarce partly because of stringent safety requirements. Nevertheless, experts 
expect a great deal from nanomedicine10,44, especially in the longer term (ten 
years or longer). The Committee refers to various recent general reports for fur-
ther details5,7,9.

3.2 Diagnostics

The enormous increase in knowledge of the human genome (genomics) and of 
expression products, proteins (proteomics), makes it possible in an increasing 
number of cases to trace diseases to abnormalities at the molecular level. In the-
ory, this gives rise to the possibility of making a diagnosis at a very early stage – 
and of possibly starting treatment – even before the initial symptoms of the dis-
ease appear45,46. Attention in medicine is therefore increasingly focusing on 
prevention9. Neonatal screening (by means of a heel prick) for metabolic dis-
eases is a good example of this47. The medical profession has an ever increasing 
number of technical tools at its disposal for detecting these molecular biomark-
ers. It is in this field that the impact of nanotechnologies will probably be noticed 
first (within five years)6,44,48. The diagnostic research can be conducted in the 
laboratory using samples taken from the human body (in vitro research) but it can 
also be carried out directly on the patient (in vivo). This distinction is important 
because, in the latter case, the tools/agents have to meet more stringent require-
ments. The Committee only illustrates the health significance of nanotechnolo-
gies for diagnostics on the basis of a few examples and refers to the references 
for further details9,36.

3.2.1 In the laboratory

Research into patients’ genetic material (DNA) can be conducted to measure 
gene expression – the degree of RNA production – in diseased tissue, or to ascer-
tain which variant of a particular gene a person has. Many human genes exist in 
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several forms, which only differ in a single base pair. These are known as single-
nucleotide polymorphisms (SNPs). The corresponding protein variants may differ 
from each other in a single amino acid and then display a considerable difference 
in functionality. SNPs are the root of all kinds of genetic disorders but also affect 
a person’s sensitivity to chemical substances, including medicines. This refers to 
their therapeutic effect as well as their side effects. Genetic research offers major 
possibilities for identifying gene types that predispose a person to certain dis-
eases and for achieving better matches between individual patients and the medi-
cines they are prescribed. The Health Council published an advisory report on this 
subject several years ago49.

DNA chips used for analysing DNA have been available for a few years now. 
They are currently widely used in scientific, biomedical research but they are 
rarely used in clinical practice. The chips comprise an inert support which carries 
micro-arrays of hundreds to thousands of single-strand DNA molecules with dif-
ferent base sequences. DNA from a tissue sample that has been labelled with a 
radioactive or fluorescent material can be identified on the basis of the place on 
the chip where it binds to the chip DNA. The Dutch Cancer Institute has been 
using a DNA chip since 2003 to predict the spread of breast tumours on the basis of 
gene expression profiles. This information makes it much easier than it was in the 
past to determine which patients would benefit from supplementary chemotherapy 
after the tumour has been surgically removed50,51. Similar chips are being devel-
oped for the diagnosis of leukaemias52,53 and mouth and throat tumours54. DNA 
chips and other biochips were originally an achievement of microtechnology but 
miniaturisation is advancing here too, as with computer chips. Nanotechnologies 
are also increasingly playing a role in producing the chips and in increasing their 
detection sensitivity and reliability9.

A new nanotechnological analytical method uses quantum dots. DNA in a 
sample is identified on the basis of its bonding to DNA molecules of a known 
composition embedded in micrometre-sized polymer spheres containing various 
mixtures of quantum dots, each of which provides a unique spectral bar code 
(colour code) 55. American researchers have used this method to study SNPs in 
genes that code for enzymes of the cytochrome P450 family which are involved in 
the breakdown of substances (including medicines) in the body56. The method is 
very suitable for studying large quantities of samples on many SNPs simulta-
neously (multiplex analyses).

In theory, the composition of DNA molecules can also be ascertained by pull-
ing them through nanopores in a membrane by means of an electric potential dif-
ference. The base sequence can be deduced from the time profile of the electric 
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current through the pores57. Researchers have now used this method to identify a 
mutation in an HIV gene that makes the virus resistant to a particular medicine58. 
If this method, which is still being developed, can be perfected, it will result in a 
much faster way of determining the base sequence of DNA than has thus far been 
available. This would involve having to place hundreds of pores on a chip.

The aforementioned techniques would, in principle, also be suitable for iden-
tifying other biopolymers, such as proteins and carbohydrates. The complex and 
unstable structure of proteins, which is extremely important for their functional-
ity, means that the development of protein chips is five years behind that of DNA 
chips9. Nevertheless, American researchers have succeeded in developing a chip 
to detect prostate cancer. The chip contains around one hundred cantilever sen-
sors (micrometre-sized, nanometres thick miniscule levers), which are coated on 
one side with antibodies to prostate-specific antigen (PSA), a biomarker for that 
disease. Bonding of PSA from a sample placed on the chip bends the cantilevers 
several nanometres, which can be detected optically. This enables clinically rele-
vant concentrations of PSA to be measured59,60. Antibodies placed on nanowires 
can be used in a similar way to detect viruses, in a blood sample for example61,62. 
The bonding of a single virus particle to an antibody results in a change in the 
nanowire’s electric conductance. The method is extremely sensitive, which 
means that an infection can be detected at a very early stage. It is also suitable for 
multiplex analyses. Work is also underway on sensors based on carbon nano-
tubes, for use in micro-arrays63. Detection methods based on cantilevers, nanow-
ires or nanotubes offer the added advantage that it is not necessary to label the 
sample.

Labs-on-a-chip are pocket-sized laboratories. They can be used for analysing 
biopolymers but also for research and for manipulating cells. They are expected 
to play an important role in the further development of biosensors for the detec-
tion of pathogenic bacteria64. In due course there will also be possibilities for 
point-of-care applications, in which simple analyses can be made in the general 
practitioner's surgery or in the patients’ homes and carried out by the patients 
themselves9,65. Researchers of the University of Twente are currently working on 
the development of a lab-on-a-chip for measuring lithium concentrations in the 
blood66. A chip of this kind would enable patients who use psychopharmaceuti-
cals based on lithium to keep the lithium concentration in their blood at the right 
level. The ease of use would be comparable with that of current devices that 
enable diabetic patients to measure glucose levels in their blood.

Photonic explorers for bioanalysis with biologically localised embedding 
(PEBBLEs) are a final example. These sensors are a few hundreds of nanometres 
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in size and are composed of an inert capsule, made of polymers for example, 
containing an indicator colouring agent that emits light as soon as a substance 
being analysed diffuses through the capsule to the inside and binds with the 
colouring agent67. PEBBLEs were developed for measuring concentrations of 
small ions and molecules – such as ions of hydrogen, calcium, magnesium and 
zinc, or glucose – in living cells. Once the nanocapsules have been introduced 
into a cell, their light emission (and cessation of emission) can be monitored 
using a microscope. Tools of this kind are useful when studying certain diseases. 
For example, an abnormal zinc balance is a characteristic of brain disorders such 
as Alzheimer’s disease and Parkinson’s disease68.

3.2.2 In vivo diagnostics and imaging

In the case of in vivo diagnostics, patients are given contrast agents or radiophar-
maceuticals. Their specific properties mean that these agents are useful in imag-
ing pathophysiological changes and functional changes such as changes in blood 
flow in cells, tissue and organs. The term molecular imaging is often used, as 
today's imaging techniques are increasingly concerned with making molecular 
biomarkers of disease processes visible, for instance a receptor protein on the 
surface of a cancer cell. To this end, besides being given a contrast agent (the 
imaging component), a carrier molecule or particle is also given a molecule that 
specifically binds to the biomarker, such as an antibody (the targeting compo-
nent). Various techniques have been developed, each with its own contrast agents 
and imaging equipment: methods based on ultrasonic vibrations, radioactive sub-
stances (including positron emission tomography, PET), magnetic resonance 
imaging (MRI) and fluorescent substances. Each has its own possibilities for 
applications and its own restrictions69. Imaging that focuses on molecular biom-
arkers makes early detection of diseases possible and provides information on 
appropriate therapies. Imaging is also very suitable for monitoring, evaluating 
and optimising treatment that is being provided45. Nanotechnologies offer 
numerous possibilities for improving existing and designing new imaging 
techniques9,70-72.

Nanoparticles of perfluorohydrocarbons combined with a lipid layer have 
multiple uses. They are suitable as an ultrasonic contrast agent73. If gadolinium 
compounds or radioactive substances such as technetium-99 are combined with 
the lipid layer of the nanoparticles, they are also suitable for MRI, or scinti-
graphic imaging9,74. Given the right targeting molecule, the particles can make 
pathogenic changes in blood vessels visible. The nanoparticles are currently 
being studied for use as a contrast agent for the diagnosis of atherosclerosis, 
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thrombosis and (tumour) angiogenesis. A clinical study is expected to start 
within a few years69.

Superparamagnetic* nanoparticles of iron oxide are now being used clinically 
as an MRI contrast agent46. They accumulate after intravenous administration in 
the liver, the spleen and the lymph glands, thereby enabling studies of those 
organs9,75. Patient-based research has indicated that they can also increase detect-
ability of tumour metastases in lymph glands76. Combined with dendrimers, the 
particles can be used for marking living cells. Magnetodendrimers of this kind 
make it possible to, for example, monitor the migration and division of trans-
planted cells in the body. The method, which has already been used successfully 
on laboratory animals77, may prove to be of valuable assistance in the future in 
stem cell therapy. Gadolinium dendrimers are also being developed for use as 
contrast agents35,78. The first of these agents are almost ready for introduction on 
the market46. Depending on their size and solubility in water or fat, they are suit-
able for examining blood vessels, kidneys, liver or lymph glands79,80.

Optical imaging techniques use fluorescent colouring agents which are taken 
orally or injected and then accumulate in a tumour, for example. The tumour cells 
fluoresce when irradiated with laser light. Because the laser light cannot pene-
trate deep into the body, this technique can only be used for imaging tumours in 
or just below the skin or in tissue that is accessible using an endoscope9.

Intensive research has been underway for several years now into new optical 
methods based on the use of nanoparticles. Quantum dots are at the most 
advanced stage of development81-84. These nanocrystals have the advantage over 
colouring agents that they fade less quickly over time and do not react with cell 
components. Moreover, quantum dots of different colours can be made to fluo-
resce with laser light of the same wavelength, which makes multiplex applica-
tions possible. Nanoparticles have already been successfully used in cell cultures 
and laboratory animals to colour biomarkers on the surface of cancer cells85, to 
monitor the development of cell lines in a frog embryo86, to make blood vessels 
visible in mice87 and lymph glands in pigs88. The hope is that the latter applica-
tion will in due course improve the possibilities for tracing tumour metastases89. 
The quantum dots are provided with a layer of lipids or polymers, to prevent heavy 
metals from being released. However, before clinical applications can be consid-
ered, research will have to show that coatings of this sort are also effective in the 
long term84.

Contrast agents can sometimes also act as a medicine. For example, under the 
influence of laser light of a certain wavelength and in the presence of oxygen, 

* Superparamagnetic materials interact with a magnetic field, but cannot be made permanently magnetic9.
36 Health significance of nanotechnologies



some fluorescent colouring agents produce toxic substances that destroy tumour 
cells by oxidation. In addition, it is theoretically possible to combine diagnosis 
and therapy by providing nanoparticles not only with targeting molecules and 
contrast agents but also active substances. The nanoparticle then also acts as a 
drug delivery system.

3.3 Therapy

3.3.1 Drug delivery

Many substances that could, in theory, be used as medicines have the disadvantage 
that they are hardly, if at all, able to reach the diseased organs or tissues in the 
body. There are various possible reasons for this:
1 the substance is hardly, if at all, soluble in water
2 the substance is broken down in the body or inactivated before it reaches its 

target
3 the substance is hardly, if at all, capable of passing certain biological barriers 

(cell membranes, placenta, blood-brain barrier)
4 the substance distributes non-specifically to all kinds of tissues and organs.

Substances of this kind are therefore ineffective or lead to undesirable adverse 
side effects. As long as a hundred years ago, German microbiologist Paul Ehrlich 
conceived of the idea of using ‘magic bullets’ to direct medicines at their target 
more effectively9,71. This idea was taken up again at the end of the nineteen-six-
ties and researchers have since been developing such drug delivery systems90.  
Their miniscule dimensions mean that all kinds of nanoparticles are suitable for 
use in systems of this kind7,9,71,91-94. Depending on the type of particle, the active 
substance can be encapsulated or attached to the surface. This means that even if 
they dissolve poorly in water, they can be transported in an aqueous solution, such 
as blood and are better protected against degradation by enzymes, for example. A 
suitable coating on the nanoparticle can prevent identification and removal by 
the immune system95,96.

Selective accumulation in the target organ or tissue can arise through various 
mechanisms. The first mechanism is passive. An example of this would be to use 
the high permeability of the walls of blood vessels and the reduced lymph drain-
age in tumour tissue97. However, it is also possible to provide nanoparticles with 
‘targeting molecules’ (e.g. specific antibodies or folic acid), which ensure that the 
delivery system primarily bonds to the diseased tissue. However, this can aid 
detection by the immune system98. When provided with suitable targeting mole-
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cules, some nanoparticles are able to transport medicines across the blood-brain 
barrier to treat brain tumours, for example99,100. The cells being treated can then 
take up the delivery system containing the active substance by means of endocy-
tosis*. Combining the delivery systems with contrast agents, fluorescent or radio-
active substances also makes it possible to use imaging techniques to monitor 
how successful the selective transport to the destination has been101,102.

Once it has reached the target area, the active substance has to be released 
from the carrier at the correct rate. This can occur spontaneously by gradual dif-
fusion, in combination with the delivery system’s degradation or otherwise. It 
may also occur as a result of special conditions at the destination, such as a dif-
ferent acidity level103, salt concentration, temperature or the presence of certain 
enzymes. The accumulation of the delivery system and/or the release of the 
active substance at the right place can also be controlled from outside by influ-
encing conditions in the target organ or tissue by means of magnetic fields104-106, 
near-infrared radiation107, ultrasonic vibrations108 or heat109-111. The delivery sys-
tem used and the external treatment have to be precisely matched to each other 
for this purpose.

The requirements that delivery systems have to fulfil are:
1 their residence time in the blood must be long enough to enable accumulation 

in the target tissue
2 they must be capable of containing sufficient active substance
3 the systems or their degradation products must have a favourable toxicity 

profile
4 they must have a shelf life that is long enough to allow storage and distribu-

tion
5 the effectiveness must be in proportion to the costs.

Research into the suitability of a large variety of nanoparticles for use as a deliv-
ery system is currently underway7,9,71,91-94. Which particles are most suitable 
depends on the active substance that has to be transported, the target organ and 
the method of administration (oral, inhalation, dermal, by injection). Some parti-
cles, such as nanoparticles of polymer or of solid fat, appear to be usable for trans-
porting a wide range of substances. The scope for using other, especially 
inorganic, nanoparticles is smaller. Most delivery systems are currently being 
developed for transporting anti-tumour agents, genetic material (gene therapy) 
and proteins and peptides.

* Endocytosis: a process in which cells absorb material from outside by engulfing it with their cell membrane. The 
material is then enclosed in the cell by a vesicle made of part of the cell’s membrane.
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Research using liposomes and nanoparticles of polymers as delivery systems 
for active substances has been taking place since the mid-nineteen-seventies. The 
usefulness of other systems, such as nanoparticles of solid fat, dendrimers, 
fullerenes and nanocrystals of the active substance, only began to be studied in 
the early or mid-nineteen-nineties. There are now various medicines with deliv-
ery systems on the market and many are in the clinical study phase46,90.

The future for drug delivery systems is expected to be bright, even if signifi-
cant obstacles still have to be overcome90. Obstacles include the development of 
methods to increase the specificity of delivery systems for target cells, to more 
precisely regulate the bio-availability of active substances in the target tissue and 
to get active substances to the destination within the cell more efficiently.

3.3.2 Nanoparticles as medicines

Besides acting as a delivery system, in some cases nanoparticles can act as an 
active substance. Once they have found their way through the bloodstream into a 
tumour, or have been injected directly into it, metal-containing nanoparticles can 
be heated using near-infrared radiation112,113 or a rapidly oscillating magnetic 
field114 so that the tumour cells die. As yet, this relates to research conducted 
using laboratory animals. It may also be possible to use single-wall carbon nano-
tubes in a similar way. In vitro studies have in fact shown that, if combined with 
folic acid as targeting molecules, the tubes are selectively taken up by cancer 
cells. These cells can then be killed by using near-infrared radiation to heat the 
tubes. Healthy cells appeared to take up few, if any, nanotubes and not to be 
affected by the near-infrared radiation.115

3.3.3 Passive implants and tissue engineering

Artificial joints, such as artificial hips, normally have a life of around ten to fif-
teen years, after which complications occur, such as wear or implant loosening, 
and further operations are required9,116. Nanotechnologies could help reduce these 
problems. The implants, which are usually made of titanium or alloys of cobalt 
and chromium, can be provided with a thin layer of a nanocrystalline structure, 
which is harder and smoother and consequently more resistant to wear. This 
would also result in less wear of the artificial socket, which is generally made of 
a special type of polyethylene. Moreover, the layer would ensure that the body 
better tolerates the implant (better biocompatibility).

The suitability of various materials for use as a coating is currently being 
studied: diamond, metal-ceramic and hydroxyapatite117. The latter material is a 
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natural component of bone, 70% of which consists of the mineral hydroxyapa-
tite, with the remaining 30% consisting of organic fibres (collagen). Hydroxyap-
atite has been used as a coating in implants for some time but new production 
methods now make it possible to apply layers with a grain size in the nanometre, 
rather than the micrometre scale. This makes their structure more like that of nat-
ural hydroxyapatite in bone, which likewise has a nanocrystalline structure (grain 
size less than 50 nm). This aids biocompatibility. The layer can even encourage 
the growth and bonding of the surrounding bony tissue. In vitro  research has 
shown that bone-forming cells (osteoblasts) adhere better and deposit more cal-
cium on materials with a grain size in the nanometre range than on conventional 
materials with a grain size in the micrometre range116,118-120.  This is presumably 
related to the higher absorption of proteins that stimulate cell adhesion121. Bone 
resorbent cells (osteoclasts) also function better on these nanomaterials. Proper, 
coordinated function of both types of cells is essential for the formation and main-
tenance of healthy bony tissue and, therefore, for strong bonding between the 
implant and the surrounding bone116,122,123. This is extremely important for 
implants that are attached without the use of bone cement. Implants provided 
with a hydroxyapatite layer with a nanostructure are currently being tested in 
patients; in 2000, a patient in the Maastricht University Hospital was the first to 
receive an artificial hip with such a coating9. Nanoparticles of hydroxyapatite 
can also be introduced directly into damaged bones to accelerate the repair of 
bony tissue. In recent years, a few medicines have been admitted that work 
according to this principle9. Implant coatings with a nanostructure based on dia-
mond and metal-ceramic are still at the research stage. Their main benefits are 
hardness, smoothness, corrosion resistance and good bonding to the implant117.

The mechanical properties and biocompatibility of implants can also be 
improved by providing the material that is used to make the implants with a nano-
structure. This is possible by applying a thin layer of titanium dioxide with nan-
opores. An added advantage of this approach is that the layer can be made in a 
way that metal ions with an antiseptic effect such as copper ions are slowly 
released. This reduces the likelihood of bacterial infections, which are a frequent 
complication with implants124. Another possibility is to make the implants from 
nanopowders of titanium dioxide or aluminium oxide using a sinter process9. 
Promising alternative materials include organic polymers with a nanostructure and 
composite materials of organic polymers into which nanofibres of carbon or 
nanoparticles of titanium, aluminium or hydroxyapatite have been 
mixed116,125,126. The advantage of the organic polymers is that they dissolve grad-
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ually while new bony tissue is being formed. Studies are also underway of the pos-
sibilities of generating bone with the help of scaffolds of carbon nanotubes127.

The orthopaedic applications are closest to being used on patients116, but bio-
degradable scaffolds of nanofibres consisting of natural or synthetic organic 
polymers are already used to cultivate other tissues, such as cartilage, muscle tis-
sue, nerve tissue and vascular tissue in vitro28. Here too, the goal of the nano-
structure is to imitate the natural extracellular matrix. Researchers recently 
succeeded in using nanofibres to regenerate brain tissue in vivo. Young and adult 
hamsters that had been blinded as a result of intentionally caused brain damage, 
had their sight restored within a few weeks of scaffold-forming nanomaterial 
being injected into the brain128. It may also be possible to use the method in the 
future to repair damaged human nerve tissue.

Stents are a completely different type of implant. They are small tubes of 
woven thread used to dilate blood vessels. Inflammatory reactions often occur 
and lead to the blood vessel closing again. This problem is dealt with using stents 
with a coating of aluminium oxide which is provided with nanopores. A radioac-
tive substance can be applied to them, which prevents the stent from clogging. 
The pores ensure that sufficient radioactive material can be introduced and that it 
is released very gradually. The functionality and safety of these stents still has to 
be confirmed in animal trials. Research is also underway into the possibility of 
using the lotus effect: a coating of titanium compounds is used to prevent clotting 
reactions owing to conformation changes in proteins in the blood caused by their 
contact with the stent wall9.

3.3.4 Active implants

Active implants are implants that contain a source of energy7. They can be 
divided into two groups on the basis of their function. The first category com-
prises implants for administering medicines, such as insulin pumps and morphine 
pumps. They have been in use for a long time. Work has also been underway for 
several years on implantable microchips for the storage and controlled release of 
active substances129,130. The benefits of this approach to administering medicines 
include the fact that the medicines go directly to the location where they are 
needed and can, if required, be administered at varying rates. The release could 
also be controlled by a biosensor that responds to physiological parameters. The 
first system of this kind is soon due to be tested on patients9.

The second group comprises neural prostheses, which are intended to repair 
or take over nerve functions. For instance, they bridge damaged nerve paths, pro-
vide impulses for muscles or replace senses. This category includes cochlear 
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implants (for restoring hearing), pacemakers and defibrillators (for regulating the 
heart beat), bladder stimulators (for controlled emptying of the urinary bladder 
by spinal cord lesion patients), deep-brain stimulators (to combat tremor in 
patients with Parkinson’s disease), peroneus stimulators (to combat drop foot). 
These are all currently used in patients and some have been in use for decades.

On the other hand, retinal implants to restore the sight in patients with a dam-
aged retina are still in development. In recent years, a great deal of research has 
been conducted into this in the United States, Germany and Japan. Although con-
siderable advances are being made and the first clinical tests are already under-
way, some major obstacles still have to be overcome. It will probably be years 
before ‘artificial retinas’ are as common as the other neural implants9,131.

For some years now, various research groups in the United States have also 
been working on neuroprostheses that enable devices to be operated by thought132-

137. To this end, one or more chips with electrodes are fitted to the motor cerebral 
cortex, which register the electrical signals associated with thoughts. These pros-
theses are also referred to as brain-machine interfaces. They have now succeeded 
in enabling rats to operate handles by ‘brain power’ and monkeys to operate the 
cursor of a computer or a robot arm134,135. A few years ago, an ALS* patient had 
an electrode implanted in the cerebral cortex, to enable him to operate a 
computer138. In 2004, a neuroprosthesis was fitted to a paralysed man. It enables 
him to operate the cursor of a computer by thought, play video games, operate a 
light switch and to select a television channel. The findings were presented at the 
annual meeting of the American Academy of Physical Medicine and Rehabilita-
tion, in Phoenix in October 2004**. The ultimate goal, which is still far-off, is to 
enable patients to operate arm or leg prostheses or even to restore their control of 
their paralysed limbs133,136.

Conversely, it also proved possible to control rats remotely by administering 
electrical stimuli in the parts of the brain involved in touch and in experiencing 
pleasant feelings139,140. These so-called ‘robotrats’ could be used to search for 
victims underneath the rubble of collapsed houses, to detect landmines or be used 
as mobile biosensors.

All these active implants are essentially products of microtechnologies but 
nanotechnologies may play an important role in their improvement and further 
development. Research is mainly concerned with increasing functionality, fixa-

* Amyotrophic lateral sclerosis: neurodegenerative disease which first leads to paralysis of the limbs and later to a 
loss of speech, while usually leaving the intellectual faculties intact.

** See press report of Brown University: Pilot study of mind-to-movement device shows early promise. 
(www.brown.edu/administration/news_bureau/2004-05/04-035.html, consulted on 1 April 2005.)
42 Health significance of nanotechnologies

http://www.brown.edu/administration/news_bureau/2004-05/04-035.html,


tion in the surrounding tissue and biocompatibility by modifying the surface at 
the nanoscale141. For example, electrodes with a nanoporous surface are being 
developed for retinal implants. This nanostructure increases the electrodes’ sur-
face area by a factor of one hundred, which is necessary for proper signal transfer 
from the electrodes to the tissue9. The micro-electrodes of neuroprostheses that 
register electrical signals in the brain often only work for a few weeks. They do not 
usually become defective but the surrounding tissue gets damaged and non-con-
ductive scar glial-cell tissue grows. In vitro research has shown that a nanopo-
rous surface structure reduces glial-cell adhesion and promotes the formation of 
outgrowths of nerve cells142. A possible explanation for the stimulating effect on 
the nerve cells is that they are naturally embedded in an extracellular matrix with a 
nanostructure of microtubuli and laminin. To combat rejection reactions or infec-
tions, coatings can be applied that release medicines gradually7. An antiseptic 
layer based on silver nanoparticles is already being used in Germany on cochlear 
implants9. Other examples of contributions made by nanotechnologies to active 
implants include the membranes with nanopores in micro chips for drug delivery 
and batteries with a higher energy-storage capacity7.

3.4 Other applications

3.4.1 Disinfection

The disinfectant effect of silver has long been known but the use of silver in 
combating pathogenic micro-organisms decreased with the emergence of organic 
antibiotics. The increasing resistance of bacteria to antibiotics has resulted in 
renewed interest in silver as a disinfectant. The antiseptic effect is based on silver 
ions9,143. They block the enzymes required for oxygen metabolism, destabilise the 
cell membrane and block cell division. Bacteria are not expected to develop 
resistance to silver, owing to the diversity of the working mechanisms. Espe-
cially in the form of nanoparticles, silver is extremely effective thanks to the 
large contact area with the environment144. Moreover, the particles have the 
advantage that they can be readily integrated with other materials, such as 
polymers145. The nanoparticles then act as depots that continually release new 
silver ions. When applied to medical instruments or implants, antimicrobial lay-
ers of this kind can help reduce the number of infections. Current research is 
studying uses on catheters145,146, cochlear implants7,9 and in bone cement147,148. 
Antimicrobial wound dressings containing nanocrystalline silver are already on 
the market149,150.
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Titanium dioxide nanoparticles also have a bactericidal effect. This is based 
on a photo-catalytic effect. Under the influence of ultraviolet radiation and in the 
presence of water and oxygen, the particles form extremely reactive molecules 
(radicals), such as hydroxyl and perhydroxyl radicals, which kill micro-
organisms151. Titanium dioxide can be used to produce antiseptic surfaces that 
only work in the presence of UV radiation. Fullerenes also have an antimicrobial 
effect in the presence of light152. Various antimicrobial products based on nano-
particles are already on the market in Japan9.

3.4.2 Identification, security and logistics

Radio Frequency Identification labels (RFID labels) consist of a microchip to 
which a radio antenna is attached. The chip can contain information on a product 
that contains it or to which it is attached. A scanning device can activate the chip 
by means of the antenna, which in turn transmits the information stored in the 
chip. The labels are used for identification and security purposes and for follow-
ing flows of goods. They have been in use for some time, for locating stolen cars 
and bicycles, for example, and for identifying domestic pets and cattle. The 
labels are a product of microtechnology but nanotechnologies offer possibilities 
for making them smaller and cheaper. This is expected to increase their use con-
siderably.

RFID labels are already used in hospitals and care institutions. They are used 
to prevent newborns from being abducted or confused or demented patients from 
wandering away unnoticed153. They are also increasingly being used for identify-
ing patients or samples taken from patients, alongside or instead of labels with 
bar codes153,154. This is to enable an early response when the wrong patient is 
taken to an operating room, for example155. They are also expected to reduce the 
number of wrong blood transfusions156. The labels can also simplify the tracing 
and localisation of expensive hospital equipment, make it easier to trace medi-
cines and to help in combating drug counterfeiting153. Implanting RFID labels in 
victims of disasters can facilitate their subsequent identification157.

Meanwhile, RFID labels the size of a grain of rice are available for implanta-
tion under the skin. The Food and Drug Administration in the United States 
approved a label of this kind in 2004. A person’s medical records can be stored 
on the chip. The idea behind this is that faster availability of the right medical 
information could save a person’s life in an emergency. In the Netherlands, the 
same labels have been implanted for non-medical purposes in the frequent guests 
of a certain discotheque, who can then enter and pay automatically.
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In summary, the Committee notes that a great deal of nanoscientific research is 
being conducted in almost every field of medicine. Few nanotechnological prod-
ucts are currently available on the market but the Committee expects the number 
to increase over the next few years. New possibilities for diagnosis and treatment 
will certainly appear. At the same time, the Committee cautions against unrealis-
tic expectations. The high requirements that are set for efficacy and safety mean 
that the development of new medicines and medical devices will take years.
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4Chapter

Opportunities for healthier food and 
a cleaner environment

Proper nutrition and a clean environment promote human health. Nanotechnolo-
gies are only used to a limited extent at the moment for achieving these aims. 
Nevertheless, experts foresee opportunities in agriculture and the food 
industry158-164. Nanotechnologies are expected to prove useful in the environ-
mental field for detecting and solving existing and preventing new 
problems11,23,165. In the latter case, considerations other than environmental 
issues, such as cost-savings, are often the main reason for the development of 
new applications. This increases their likelihood of success in the market because 
they combine environmental benefits with other benefits23. Most applications 
will only be completed in the medium-long term (five to twenty years) or the 
long term (more than twenty years)23,160,166. Many of the envisaged applications 
have a counterpart in the medical field. The Committee provides an overview of 
the possibilities in this chapter.

4.1 Possible applications in agriculture

If farm animals or agricultural crops become infected by a pathogen or become 
sick because of hazardous substances or a lack of nutrients, water or light, it can 
take a long time for the problem to become apparent. By then, a large part of the 
livestock or the crop may have been affected. In theory, nanosensors offer possi-
bilities for (constant) monitoring of all the aforementioned aspects of environ-
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mental quality. Molecular diagnostics can also provide information on the state 
of health of plants and animals, and indications of suboptimal conditions, long 
before the first symptoms of disease have appeared. For example, a multiple 
DNA test based on micro-array technology was recently marketed. It can deter-
mine the presence of fifty types of pathogenic fungi and bacteria in crop, soil and 
water samples all at once167. Treatment or preventive treatment of the entire live-
stock or field, which is currently the rule rather than the exception, can therefore 
be replaced by specific treatment of those animals or parts of the field that have 
been affected. Early detection is especially important in the case of infectious 
diseases, which can spread to other farms, and in the case of zoonoses, which 
threaten human health. Delivery systems can ensure that veterinary medicines, 
crop-protection agents and nutrients are targeted more specifically to the place 
where they are needed. For example, French researchers are attempting to 
improve the uptake of a non-water-soluble, systematically working insecticide 
by packaging it in nanospheres168,169. Nanotechnologies are expected to offer 
similar possibilities in veterinary medicine and crop protection as in human 
health care. More effective use of veterinary medicines and crop-protection 
agents will be beneficial for both the quality of the agricultural product and the 
environment.

The new possibilities which nanotechnologies create in the field of DNA and 
protein research may bear fruit in the refinement of plants and animals with a 
view to developing varieties that are highly productive or salt-resistant or 
drought-resistant. Research into active substances for the development of new 
veterinary medicines and crop-protection agents could benefit from nanotechno-
logical instruments, such as the atomic force microscope, which enables direct 
measurement of interactions between active substances and receptor molecules. 
New possibilities are also arising for following product flows, which will make it 
easier to ascertain the origin of infected or contaminated agricultural products. 
Finally, new possibilities for processing agricultural waste products are also aris-
ing under the influence of nanotechnologies159.

4.2 Possible applications in the food industry

The possibilities for applications in the food industry are even wider. The ‘Road-
map microsystem- and nanotechnology in food and nutrition’170 was drawn up 
last year to engender change in the scarcity of applications166 in the Netherlands. 
Nanotechnologies will be used to improve the health value, safety, taste and 
attractiveness of foods.
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Delivery systems can ensure that biologically active substances that occur 
naturally in food or that are added in increased concentrations are not broken 
down prematurely but reach the right places in the body and remain available at 
the right concentrations164. The same systems can also be used to deliver flavour-
ings. For example, it is conceivable that targeted delivery of salt could enable a 
product’s salt level to be considerably reduced but that it would still taste as if the 
same amount of salt had been added. Reduced salt intake can be beneficial to 
health. The number of functional foodstuff delivery systems is expected to 
increase sharply over the next few years.

Many microbial safety problems in the food industry are attributable to 
equipment and surfaces that have been contaminated with bacteria or spores of 
bacteria or fungi. The adhesive properties of the bacteria and spores play an 
important role in this. They can be further studied using an atomic force micro-
scope. Future strategies based on nanotechnologies for modifying the surface 
chemistry and structures may be used to prevent adhesion of bacteria and spores. 
Surfaces that come into contact with food can also be given active coatings that 
release antiseptic agents in a controlled manner. Decontamination of surfaces and 
equipment is also possible using new antimicrobial nano-emulsions. Finally, 
nanosensors can contribute to food safety by enabling early detection and identi-
fication of pathogens.

Nanocomposites, synthetic materials to which nanoparticles such as clay 
minerals (montmorillonite) have been added are a promising material for use as 
packaging. They are stronger, lighter, more heat-resistant and work better as a 
barrier against oxygen, carbon dioxide and volatile compounds171. Built-in 
nanosensors could provide an indication (by changing colour for example) of the 
freshness of a product and could warn the user of deterioration. This type of 
packaging is known as intelligent packaging. Another type of packaging known 
as active packaging, releases antiseptic agents. However these types of packag-
ing must not endanger the consumer's health or cause unacceptable changes in 
the product’s composition and must meet high safety requirements. They are 
consequently still in development and are not used commercially at present. All 
deterioration and freshness indicators have to comply with the legislation on 
food-contact materials and will soon have to comply with the new EU Directive 
on active and intelligent packaging172.

The AFM can help provide greater understanding of the molecular forces and 
mechanisms that play a role in the formation and preservation of foams, gels and 
emulsions. Membranes with nanopores (based on polymers and nanotubes) pro-
vided with functional groups, could be used in the future to separate molecules/
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biomolecules with a functional value (proteins, peptides, vitamins, minerals), for 
the production of functional foods or food supplements, for instance159.

4.3 Preventing environmental damage

The most effective way of preventing environmental pollution is to tackle it at 
the source. More efficient use of raw materials, water and energy in production 
processes could reduce waste production. Nanotechnologies can help with this 
by providing better catalysts, better sensors for process control and better separa-
tion and filter techniques165,173. They are also increasingly helping to provide a 
better understanding of natural processes in living organisms, which may provide 
a source of inspiration for industrial production processes. The Committee has 
already mentioned the possibility of a more targeted use of water, fertilisers and 
crop-protection agents in agriculture.

Major possibilities exist in the energy sector in particular174. For example, 
quantum dots are used for improving the characteristics of light-emitting diodes 
(LEDs)175,176. LEDs with a higher light output per unit of electricity consumed 
may replace present-day incandescent lamps and fluorescent lamps in due 
course. This would lead to a considerable energy saving and lower carbon diox-
ide emissions. The use of lighter materials, such as composites of polymers and 
nanoparticles or carbon nanotubes in aviation would have a similar impact10. 
Savings could also be achieved by increasing the efficiency of combustion pro-
cesses with the aid of nanoparticles or nanoporous catalytic converters and by 
using insulating and reflective glazing with nanocoatings174.

Nanotechnologies also play an important role in the development of new, 
clean and sustainable energy sources. For example, nanocrystalline titanium 
dioxide is used in new types of solar cells177 while quantum dots can help in 
improving their efficiency178. There is also the hope that nanotechnologies will 
push through the technological breakthroughs that are required for the switch to 
hydrogen as a fuel179. This applies to both the production of hydrogen gas and 
the storage and use of fuel cells for generating electricity. The switch to materials 
with nano-dimensions could lead to a considerable improvement in the proper-
ties of electrodes and electrolytes, which would improve the performance of bat-
teries and fuel cells180.

The British Royal Society and the Royal Academy of Engineering pointed 
out in their joint report that it still remains to be seen whether materials and prod-
ucts based on nanotechnologies actually prove to be good for the environment 
throughout their lifecycle10. It will be necessary to examine whether the energy 
yield of a solar cell offsets the energy costs involved in its production and its 
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treatment at the waste stage. Moreover, the energy savings gained from using 
lighter materials in aircraft construction could be lost, if people start to fly more 
because flights become cheaper. Likewise, the impact of more economical LED 
lamps could be lost on account of more excessive use of lighting.

4.4 Tracing environmental damage and its remediation

Humans have been using mammals and birds for centuries as sentinel species to 
issue a timely warning of the presence of fatal concentrations of gases and haz-
ardous substances. The most familiar example is probably the use of the canary 
in mines. Extremely sensitive real-time sensors that could provide real-time 
information on the presence of hazardous substances or pathogenic micro-organ-
isms in the environment or workplace, even before any animal used to provide a 
warning suffered damage, could play an important role in protecting human beings 
and ecosystems11,165,181. A great deal of work on sensors of this kind is underway 
in microtechnology. Researchers are using a wide variety of nanostructures, such 
as carbon nanotubes182-184, nanowires61,62,185,186, nanoparticles187,188, 
nanocrystals189, cantilevers190-192 and dendrimers11,193,194, in attempt to achieve 
further miniaturisation and increased sensitivity. The fear has increased in recent 
years of terrorist attacks involving toxic substances, such as nerve gases195 or 
pathogenic micro-organisms196,197. This appears to have given extra impetus to 
research into sensors61,183,184,189.

Besides their use for detecting hazardous substances and pathogens, sensors 
may also start to play an important role in epidemiological and toxicological 
research181,198,199. A lack of accurate data on exposure is the greatest source of 
uncertainty in epidemiological research and restricts the possibilities for reaching 
definite conclusions on the relationship between exposure and disease. The small 
size, low cost and ease of use of the sensors currently being developed make 
them highly suitable for continuous registration of the external exposure of 
humans to individual compounds and to mixtures of substances. This applies not 
only at the level of the broader environment but also at the scale of the individual 
home, the workplace and the immediate personal environment or even at the 
level of the points of contact with the human body199. However, developments in 
the determination of personal, external exposure are progressing slowly. The sen-
sors could also be used to provide information on personal activity patterns that 
affect the degree, frequency, duration and routes of exposures. Finally, sensors 
could also be used in quantitative detection and monitoring to determine internal 
exposure to substances in the human body. Sensors therefore offer numerous 
possibilities for reducing uncertainty when determining exposure. The large flow 
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of data that continuous monitoring produces will place high demands on data-
processing systems.

Because poisoning is caused by interactions at the molecular level, nanotech-
nologies offer numerous new toxicological research possibilities181,198. For 
example, an AFM can be used to explore the cell surface to create an image of 
ultrastructural changes under the impact of toxins. The spatial and temporal 
dynamics in the release of chemical substances, such as neurotransmitters, hor-
mones or cytokines, by individual cells, and the impact of toxic substances on 
them, can be examined using arrays of electrochemical detectors. Using optical 
nanofibre probes, it is possible to measure the concentrations of toxic substances 
or the activities of enzymes involved in the metabolism or programmed cell 
death (apoptosis) in individual cells42,200. Nanoelectromechanical systems 
(NEMS) based on cantilevers can be used to determine the weight of individual 
cells accurately. This makes it possible to measure weight changes in cells under 
the influence of toxic substances181.

New DNA analysis techniques offer opportunities for studying the interac-
tion between environmental factors and genetic factors when disease occurs. As 
the Committee has already indicated, a method based on quantum dots has been 
developed for studying single-nucleotide polymorphisms (SNPs) in genes. The 
method has been successfully tested on genes that code for enzymes from the 
cytochrome P450 family56. These enzymes play a role in the breakdown of 
chemical substances in the body. Various forms of an enzyme may differ in func-
tionality and the type which a person has partly determines that person’s sensitiv-
ity/lack of sensitivity to certain toxic substances.

Finally, a great deal of research is underway into the possibility of using nan-
otechnologies in environmental remediation operations. Nanoparticles in particu-
lar appear to be suitable for this because their small size and their relatively large 
surface area make them reactive and easy to manage165. A lot of research has 
especially been conducted using nanoparticles of metals, alloys and metal 
oxides, such as iron, iron/palladium, iron/silver, zinc/palladium, titanium dioxide 
and zinc oxide. The particles can be injected into the soil in situ, can be used ex 
situ in slurry reactors for cleaning soils or sediments, or they can be anchored to 
fixed carrier material, such as carbon or zeolite, or to membranes, for treatment 
of water or gases. The particles appear to be capable of reducing a wide variety of 
common environmental pollutants, such as PCB, organochlorine pesticides and 
halogenated solvents to harmless hydrocarbons. Nanoparticles of iron are also 
capable of reducing anions (perchlorate, nitrate and bichromate), heavy metals 
(nickel, mercury) and radionuclides (uranium dioxide)165,201. Carbon nanotubes 
52 Health significance of nanotechnologies



have a high affinity for dioxins, which in due course will offer prospects for 
removing these hazardous substances from water and air. Metal ions such as cop-
per are readily removed from water through ultrafiltration after complexation with 
dendrimers202. A great deal of research is underway into possibilities for remov-
ing substances and micro-organisms from groundwater and surface water by 
means of nanofiltration to make it fit for drinking water production. The reliabil-
ity of some applications has meanwhile been demonstrated and they are now 
established techniques. Others are being studied at the laboratory scale203. All 
these remediation techniques can be used in the field but it is advisable to inte-
grate them in the waste flows or production processes as far as possible, thereby 
preventing foreign substances or organisms from being introduced into the 
environment198.

The Committee concludes that a significant amount of nanotechnological 
research is being conducted in the agricultural, food and environmental sectors, 
but not as much as in the medical field. There are opportunities for promoting 
health but it still has to be shown whether materials and products based on nano-
technologies can actually provide environmental benefits.
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5Chapter

Health risks

It has become clear in recent years that nanotechnologies also involve risks. Like 
other experts2,3,10, the Committee sees no indication that self-replicating nanoro-
bots will become a reality within the foreseeable future. Present legislation and 
regulations appear to provide adequate control of the risk of modified existing 
life forms (‘green goo’204) escaping at the interface between nanotechnologies 
and biotechnology2. The Committee therefore devotes this chapter to the toxicity 
of nanomaterials, especially that of free nanoparticles. After all, the same proper-
ties that make these particles so interesting from the technological point of view, 
such as their high reactivity and ability to pass through barriers, could also make 
them detrimental to humans and the environment. There is no danger from nano-
structures that are inseparably joined to larger products, such as chips, because 
the likelihood of exposure is practically zero. The broader social implications of 
nanotechnologies that could also involve risks are discussed in the next chapter.

5.1 Types and sizes of particles

Nanoparticles are ubiquitous in the environment. They exist naturally in the soil, 
water, air and in living creatures205-208. They arise there through physico-chemi-
cal processes, either under the influence of micro-organisms or otherwise. Nano-
particles can enter the atmosphere during incineration processes (e.g. forest fires, 
volcanic eruptions) or they can be formed in the air from the gases it contains. The 
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amount of nanoparticles in the air has increased considerably in recent years 
through human activity. The combustion of diesel fuel forms a particularly 
important source. At the same time, nanoparticle scavenging has decreased, 
owing to lower emissions of larger particles208,209.

It has been known for some time now that people who inhale fine particles in 
the workplace can suffer serious damage to their health. A well-known example 
of this is black lung disease (pneumoconiosis) that is prevalent among coal min-
ers. However, it emerged more than ten years ago that exposure to much lower 
concentrations of fine particles in ambient air of urban areas can be harmful as 
well. This involves exposure to particles with a diameter of less than 10 µm, 
known as PM10210. Interest in the toxicity of particles increased sharply with this 
discovery. A great deal of epidemiological and animal-based research has been 
conducted in recent years into the health impact of fine particles and fibres*. 
Besides the aforementioned ‘combustion particles’, this also includes quartz, 
asbestos, carbon black and titanium dioxide. Large amounts of ultra-fine forms 
(particles smaller than 100 nm) of the latter two materials have been produced 
for decades and are added to plastic and rubber, for example, to improve the 
material characteristics or as a filler and pigment.

Particle toxicology has now developed into a separate field of toxicology211. 
It focuses mainly on exposure through the respiratory tract. A few modes of 
action and particle properties that are important in biological activity of particles 
have been clarified but the details are far from complete. The emergence of nan-
otechnologies has led particle toxicologists to focus increasingly on 
nanoparticles4,208,212-215. They now have to determine the extent to which avail-
able knowledge of ‘traditional’ particles/nanoparticles can be used for assessing 
the risks of newer types of synthetic nanoparticles, such as nanotubes and 
fullerenes, nanowires, quantum dots and particles for drug delivery (see figure 
1)208,212,215,216. The Committee summarises its findings below in discussions of 
exposure to nanoparticles, the body’s uptake of nanoparticles and their distribu-
tion through the body (toxicokinetics), the modes of action and resulting impact 
on laboratory animals and humans (toxicodynamics) and, finally, the environ-
mental risks.

* Particles with a length at least three times their diameter.
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Figure 1  Epidemiological research has demonstrated acute effects on human health of unintention-
ally produced nanoparticles. Toxicological research has ascertained the existence of chronic effects 
on laboratory animals as a result of exposure to synthetic nanoparticles that have long been in use 
(carbon black, TiO2). The question is: to what extent can these findings be extended to new, synthetic 
nanoparticles? This is indicated by the question marks.

5.2 Exposure

Exposure to nanoparticles can occur through the respiratory tract, the digestive 
tract or the skin. Nanoparticles are often also injected directly into the blood-
stream for medical purposes (imaging, diagnostics or therapy). Particles can also 
be released into the body from wearing implants214,217.

In terms of numbers of particles, exposure to natural and unintentionally pro-
duced nanoparticles (such as diesel combustion particles) is high. Although 
ultrafine particles may account for a small fraction of the total mass of particulate 
matter in the atmosphere, they account for a large majority of the number of total 
particles205. Around four million of these particles are inhaled with each breath 
of air and more than half of them remain in the lungs10. Westerners are estimated 
to have an intake of 1012-1014 microparticles and nanoparticles per person, per 
day through food. These particles are mainly silicates, which are found in food-
stuffs, medicines and toothpaste as contaminants or additives (pigments and anti-
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caking agents). Particles also occur in our intestinal tract because calcium and 
phosphate coprecipitate in the intestines218,219.

In comparison with this, the general population’s exposure to synthetic nano-
particles is still very low at present. Only a few materials, such as titanium diox-
ide, zinc oxide and carbon black, are already produced on a commercial scale 
and used as nanoparticles. The first two of these are used as UV filters in sun-
block creams. However, the number of uses is expected to rise rapidly and other 
nanoparticles are also expected to go into production on a commercial scale in the 
future10,220. For example, various types of nanoparticles are being studied closely 
for their usefulness as delivery systems for medicines. There are also plans to use 
delivery systems in functional foods (see chapter 3). Some trial production plants 
for carbon nanotubes already exist10. A factory also exists that produces 
fullerenes217. For the time being, people are most likely to come into contact with 
synthetic nanoparticles at industrial and university research centres. The level of 
contact will depend a lot on the production techniques and the safety measures 
taken.

It is currently not possible to produce carbon nanotubes as individual tubes; 
they always agglomerate. They are therefore unlikely to occur as individual 
fibres in the air. Provisional research at locations where these particles are pro-
duced appears to confirm this finding221. If nanotubes agglomerate, they can 
probably be inhaled as a ‘normal’ fine particles, provided they are smaller than 
10 µm. If the tubes group into very short ‘strands’, the risk will be similar to 
those of conventional fibres. Although there is a possibility of individual nano-
tubes separating from the agglomerate in the lungs under the influence of lung 
surfactants, it seems unlikely to occur, owing to the large adhesive forces 
between the nanoparticles. Large non-inhalable agglomerates may land on 
uncovered skin. This results in exposure through the dermal route. Many syn-
thetic nanomaterials are produced and incorporated in liquids. This is also why 
direct dermal absorption and oral ingestion are more relevant exposure routes217.

5.3 Uptake and kinetics

Humans have always been exposed to fine particles throughout evolution. Up to 
a point, the body has been able to adapt by developing various mechanisms to keep 
out the particles or to remove them from the body before they can cause damage. 
These are the same mechanisms as the ones the body uses to combat micro-
organisms. For example, the upper airways are lined with fine cilia, which trans-
port the inhaled and deposited particles back to the throat. Particles that reach the 
deeper airways and alveolar sacs are taken up by phagocytic macrophages, which 
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transport them back up or remove them through lymphatic vessels and blood ves-
sels. The outer layer of human skin, the epidermis, is covered with a layer of 
dead, keratinised cells. As long as this horny layer (stratum corneum) is undam-
aged, it forms an impenetrable barrier for particles and micro-organisms. Finally, 
although the function of the intestinal epithelium is to allow the passage or to 
absorb substances, it is impermeable to larger molecules, such as proteins, and to 
particles.

Research into ‘traditional’ fine particles has made it clear that they some-
times succeed in circumventing or damaging the defence mechanisms. They are 
then able to enter the body and spread. This particularly applies to particles with 
nano-dimensions208,222. Many uptake and transport routes in the body have now 
been shown to exist. Others are hypothetical and require further research. How-
ever, little is known about transport rates, or accumulation and retention in 
organs.

Nanoparticles can readily penetrate the body through the airways. The physi-
cal dimensions and surface characteristics of the particles play an important role 
in this. Provided they do not form excessively large agglomerates, nanoparticles 
can easily reach the alveolar region. Here, owing to their small size, and depend-
ing on their surface characteristics, they are not so readily identified and removed 
by phagocytic macrophages. Moreover, if the particles are not readily soluble 
and degradable, they can accumulate to harmful levels. Nanoparticles are taken 
up passively and actively by cells, such as macrophages or cells of the lung epi-
thelium. This is likewise largely dependent on the surface characteristics of the 
particles. They may end up in the mitochondria, which could disrupt cellular 
processes208. From the lung epithelium they can reach the underlying interstitium 
and the blood vessels it contains. This has been demonstrated through research 
involving both volunteers and laboratory animals208. However, the results are 
ambiguous with regard to the degree to which nanoparticles can gain access in 
this way to the bloodstream and other organs in the body213. On the other hand, 
the pharmaceutical industry is developing drug delivery systems based on nano-
particles that can pass the blood-brain barrier (see chapter 3). This implies that 
nanoparticles may also be able to pass this barrier and reach the brain uninten-
tionally. It was recently discovered that inhaled carbon nanoparticles can move to 
the brain via the mucous membrane of the olfactory tract and the olfactory 
nerves, as is the case with the poliovirus223. Earlier it was shown that gold nano-
particles can reach the brain via the same route. These findings concern labora-
tory animals (monkeys and rodents) but it is likely that the same transport 
mechanism operates in humans. The translocation of solid particles along nerve 
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paths is specific for nanoparticles and is determined by the properties of the par-
ticles, such as their size, shape, surface chemistry and surface charge208.

Conditions in the intestines differ considerably from those in the airways. 
The constant death and regeneration of the intestinal epithelium and the rela-
tively rapid passage of food through the digestive tract mean that the nanoparti-
cles present in food do not generally stay in the intestines for long. On the other 
hand, there is a constant new supply of particles. The intestine contains a complex 
mixture of digested food, bacteria and enzymes, which can affect the properties 
of nanoparticles213. It has emerged that some nanoparticles can move from the 
intestine via the cells of the small intestine's mucous membrane (the enterocytes) 
or via lymphatic intestinal tissue (Peyer's patches) to enter the bloodstream and 
thereby other organs. The size of the particles and the nature of functional groups 
on the surface of the particles play a role in this224,225. For example, particles of 
polystyrene administered orally to rats only entered the bloodstream through the 
intestines if the particles were smaller than 300 nm. Moreover, more particles of 
50 nm were absorbed than particles of 100 nm. In humans, titanium dioxide 
nanoparticles were found in the blood of volunteers after oral administration226. 
On the other hand, rats absorbed no iridium nanoparticles (of 18 and 80 nm) 
from the digestive tract227.

Relatively little is known about the ability of nanoparticles to enter the body 
via the skin. The scarce information that is available indicates that nanoparticles 
are more likely than larger particles to penetrate deeper into the skin. However, 
there are no indications at present that particles can enter the circulatory system 
via the skin213. The European Commission’s Scientific Committee on Cosmetic 
and Non-Food Products (SCCNFP) has concluded, on the basis of a confidential 
dossier, that the titanium oxide nanoparticles used in some sunblock creams do 
not penetrate deeper than the stratum corneum and that the use of any size of 
these particles is safe228. These products are intended for use on intact skin. 
Hardly any research has been conducted into whether or not titanium dioxide 
particles can penetrate deeper into skin that has been damaged, for example by 
sunburn or eczema. There are indications that nanoparticles can enter lymphatic 
vessels and blood vessels through the skin at places where the skin is regularly 
bent, such as the wrist208. The SCCNFP does not deem zinc oxide nanoparticles, 
which are also used as UV filters, to be safe229. Before an opinion can be given, 
more information is required on the skin's absorption of these nanoparticles. On 
the other hand, the FDA in the United States has approved the use of zinc oxide 
as a UV filter in sunblock creams. It is unclear whether particle size was taken 
into account in the decision10.
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In connection with the development of drug delivery systems, the pharma-
ceutical industry conducts a great deal of research into the uptake of nanoparti-
cles and their distribution through the body. By choosing the right particles and 
by means of coatings and other surface modifications, the industry endeavours to 
find the most effective and selective way possible of ensuring that the particles 
reach the places in the body where the active substance they carry is required. A 
lot of this knowledge can also be used in assessing the risks of unintended expo-
sure to hazardous nanoparticles. However, data exchanges between pharmacolo-
gists and toxicologists are limited212. Carbon nanotubes and fullerenes are seen as 
highly promising drug delivery systems230. The behaviour of water-soluble 
fullerenes in mice was investigated with this aim in mind231. They were not effi-
ciently absorbed when administered orally and were excreted within 48 hours, pri-
marily via the faeces. However, when fullerenes were injected intravenously, 90 
percent of the dose was still in the body after one week. Within three hours of their 
administration, the particles were found in the liver, the spleen, the lungs, the 
heart and the brain. In a similar study, carbon nanotubes, which were first made 
water soluble through hydroxylation, soon reached the bones and all the organs 
except the brain, regardless of the method of administration (oral or via subcuta-
neous, intravenous or intraperitoneal injection)232. Around 80 percent of the dose 
was excreted within eleven days208. Such information is essential for the devel-
opment of drug delivery systems based on these particles but also for assessing 
the health risks, if the particles get into the environment. The unique biokinetic 
properties of nanoparticles, which make them so suitable for medical purposes, 
are precisely why they can lead to toxic effects.

5.4 Effects on laboratory animals and on cells cultivated in vitro

Animal-based research using substances that are hardly, if at all, toxic such as 
titanium dioxide and carbon black in particle form has shown that exposure to the 
particles through the respiratory tract can cause inflammation and tumours in the 
lungs. It also emerged that nanoparticles have a larger effect than the same mass 
of larger particles of the same substance233,234. Nevertheless, there are major dif-
ferences in harmfulness between (nanoparticles of) various substances235,236. 
This probably also depends on the particles’ surface characteristics (charge and 
reactivity), which determine the interaction with structures and processes in or on 
the cells (the toxicodynamics). Some particles, such as quartz, have a reactive 
surface that forms free radicals (extremely reactive atoms or molecules). Other 
types of particles have transition metals (such as iron, nickel or cobalt) on their 
surface. These can also promote the production of radicals. Some particles form 
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radicals in a way that is not yet understood. The resulting oxidative stress can 
cause changes in gene expression and signal transfer in cells208. However, less 
intrinsically toxic particles with a less reactive surface can also damage health, if 
inhaled in sufficiently large quantities. For example, nanoparticles with positive 
or negative charges on their surface can adhere to biomolecules (receptors, effec-
tors, enzymes) on or in the cells and disrupt their functioning. The size of the parti-
cles plays an important role in all cases. After all, the smaller the particles, the 
greater their surface area per unit volume that is available to interact with cells 
and tissues. This explains why the effects observed in animal trials (inflamma-
tion and tumours) often correlated most strongly with the total surface area of the 
particles208,236.

A permanent presence of a large surface area of particles/nanoparticles in a 
rat’s lungs can cause lung tumours. Impairment of the macrophage-mediated 
clearance by nanoparticles results in rapid accumulation of particles in the lungs 
(known as rat lung overload) and in chronic inflammation. The lung tumours are 
attributed to the mutagenic activity of the reactive substances excreted by cells 
from the immune system that have been attracted. Moreover, the radicals that are 
produced on the surface of the nanoparticles may contribute directly to the emer-
gence of mutations and thereby to the formation of tumours237.

Initial results of research into the effect of single-wall and multi-wall carbon 
nanotubes on the lungs of rats and mice after intratracheal injection of high doses 
(1-20 mg/kg) indicate that the tubes can also damage the lungs238-240. However, 
the nature and location of the damage and effects differ from what was expected 
on the basis of present toxicological knowledge of particles, and this makes it 
difficult to interpret the results217. The high dose of nanotubes in combination 
with the method of administration (intratracheal instillation*) resulted in obstruc-
tion of the airways and atypical connective tissue formation in the form of granu-
lomas. Inhalation tests with realistic exposure levels should provide more clarity 
about the relevance of the observed damage to health208,239,241. Very recent 
research, in which mice were administered nanotubes via pharyngeal aspiration** 
(0.5-2 mg/kg), also revealed inflammatory reactions, oxidative stress and con-
nective tissue formation in the lungs242. The effects were more severe than those 
for comparable doses of quartz and ultrafine carbon black. Moreover, the nano-
tubes had a negative effect on the removal of bacteria from the lungs.

* Intratracheal instillation involves injecting a suspension of nanoparticles directly into the trachea.
** In the case of pharyngeal aspiration, a drop of a suspension of nanoparticles is placed on the base of the extended 

tongue of an anaesthetised laboratory animal. The particles are then sucked into the lungs by the passing inhaled air.
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Carbon nanotubes are often contaminated with traces of iron, nickel and 
other metals, which are used in their manufacture. These traces could promote the 
formation of free radicals243,244. However, Lam and colleagues found the same 
type of severe lung damage for tubes containing extremely varied concentrations 
of metal238. Radical formation by metals therefore appears not to be the only rea-
son for the effects observed in this study243. However, the high dose and the 
method of administration (intratracheal instillation) may completely overshadow 
other effects. Nevertheless, research into the influence of single-wall carbon nano-
tubes on cultivated human epidermal cells did put forward radical formation 
under the influence of the iron that was present as the main reason for the 
observed cytotoxicity10,245. Multi-wall carbon nanotubes proved capable of pene-
trating cultured human epidermal cells and causing inflammatory reactions 
there246. Bonding of chemical groups (phenyl sulphite groups or phenyl carboxyl 
groups) to the surface of nanotubes resulted in a sharp reduction in the 
cytotoxicity247.

Because of their promising medical applications, the toxicity of fullerenes 
and fullerene derivatives has been studied in greater detail. Their dermal and oral 
toxicity is low but intravenous administration can lead to acute symptoms of 
poisoning217. Their cytotoxicity is likewise based on oxidative stress. This has 
been demonstrated by in vitro research using various human cell lines248,249. In an 
aqueous environment, fullerenes form oxygen radicals. They oxidise the lipids in 
the cell membranes, which causes the membranes to leak and the cells to die. 
Toxicity is greater in the presence of light217. The harmful effect of fullerenes can 
be reduced or prevented by simultaneously administering antioxidants and by 
derivatisation of the surface with hydroxyl or carboxyl groups. In addition to 
this, their solubility in water increases sharply. There are indications that 
fullerenes may also affect the structure, stability and function of DNA 
molecules250.

In vitro research using hamster cells revealed major differences in cytotoxic-
ity (measured on the basis of the activity of the enzyme mitochondrial dehydro-
genase) between single-wall nanotubes, multi-wall nanotubes and fullerenes251. 
The first of the aforementioned particles were the most toxic and the latter the 
least. In the same order, they also inhibited phagocytosis by alveolar macroph-
ages. The researchers concluded that carbon nanomaterials with different geo-
metrical structures can display considerable differences in cytotoxicity and 
bioactivity in vitro. It has to be demonstrated whether the same applies in vivo. 
The toxicity or the differences in toxicity may be partly attributable to the pres-
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ence of contaminants (amorphous carbon and metals). New tests using ultra-pure 
tubes should provide a decisive answer.

Some toxicological information has also been collected on dendrimers in 
connection with their promising possibilities for medical applications252. Owing 
to the wide variety of types, it is difficult to make any general statements. Their 
cytotoxicity in vitro depends on the chemical composition of the core but even 
more so on the nature of the surface and the degree of branching. Dendrimers 
with negatively charged groups or with biocompatible polymers on their surface 
are less toxic than those with positive groups. Toxicity also decreases as the 
degree of branching increases. This provides a starting point for designing safe 
dendrimers. Dendrimers can also cause lysis and clotting of red blood cells, and 
can lead to immunoreactions. Repeated exposure to types that are not readily 
degradable can result in their accumulation in the body’s cells, leading to symp-
toms of disease. Thorough studies of the biokinetics of dendrimers have been 
conducted in connection with their possible use as a contrast agent or drug deliv-
ery system. However, still relatively little animal-based research into their toxic-
ity has been conducted. It is clear that in vivo applications in particular require 
careful toxicological study, tailored to the nature of the intended medical use.

Various in vitro studies have demonstrated the cytotoxicity of quantum dots 
of cadmium selenide (CdSe) or cadmium telluride (CdTe)253-256. The toxicity 
may be the result of the release of free cadmium ions253,255, but may also be pro-
duced by the formation of oxygen radicals (ROS)256,257. On a mass basis, smaller 
green quantum dots appear to be more toxic than larger red ones254,255. This may 
be explained by differences in the distribution of the nanoparticles in the cell and 
the larger surface area of a similar mass of green quantum dots. Suitable coat-
ings, such as zinc sulphide or proteins (BSA), can considerably reduce toxicity 
and may even remove it completely253. However, the long-term stability of any 
such coatings under in vivo conditions still has to be investigated222. Moreover, 
some coating materials are themselves cytotoxic258. Serious attention must there-
fore be paid to the risks that quantum dots pose to human health259.

5.5 Effects on humans

A lot of our current knowledge of the human health hazards posed by fine parti-
cles is based on epidemiological research into the consequences of exposure to 
quartz or asbestos in the workplace and to fine particles in polluted ambient 
air208,212. The Health Council has frequently provided advice in the past on the 
health impacts of exposure to particles in the workplace or the environment260-

262. These particles are particularly harmful when inhaled. High exposure to 
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micrometre-size quartz particles for a few years appears to be capable of causing 
pulmonary fibrosis (connective tissue formation) and lung tumours. Inhalation of 
asbestos can cause asbestosis (connective tissue formation), lung cancer or 
mesothelioma (cancer of the pleural membrane). Numerous epidemiological 
studies have shown a clear link between the presence of fine particles (smaller 
than 10 µm or smaller than 2.5 µm) in ambient air and death caused by heart and 
lung diseases210,263. Although the particles mainly comprise chemicals which are 
thought to be non-toxic, such as carbon and ammonium salts, extremely low lev-
els of exposure appear to have a measurable impact on death rates212. Particularly 
people with weak health are affected. The idea was put forward on the basis of the 
findings of toxicological research that the ultrafine particles (particles smaller 
than 100 nm) in the particulate fraction of air pollution may be responsible for the 
health damage264-266. Hardly any epidemiological research to test this hypothesis 
has been conducted and the available data appear to indicate that both fine parti-
cles and ultrafine particles are harmful and that they produce partly different 
effects267-269. A recent study in which healthy and asthmatic volunteers were 
exposed to ultrafine carbon via the airways did not reveal any noteworthy impact 
on health270. Epidemiological data suggest that fine/ultrafine particles can cause 
lung cancer in humans271-273.

The immune system plays an important role in the occurrence of the afore-
mentioned effects. The particles damage macrophages, epithelial cells and possi-
bly other cells in the lung, which results in inflammatory reactions. These 
responses are indeed part of the normal defence mechanisms in healthy people. 
However, in individuals with weak health and, depending on the duration and 
level of exposure and the nature of the particles, even in people in good health, 
the particles can cause temporary or permanent damage to the airways and can 
also cause or exacerbate systemic reactions. Some substances that are released 
during inflammatory reactions can increase the permeability of the respiratory 
epithelium and the endothelium274-278. This facilitates the translocation of nano-
particles to the interstitium and blood vessels. This means that inhaled nanoparti-
cles can have an impact elsewhere in the body, such as the cardiovascular 
system. However, effects on the circulatory system, such as hypercoagulation264 
and the progression of atherosclerosis279,280, may also be related to increased lev-
els of reactive substances of the immune system in the blood, which are the result 
of chronic inflammation in the lungs.

There is a lack of information on the harmful consequences of oral exposure 
to nanoparticles. A relationship has been suggested between the presence of fine 
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and ultrafine particles in food and Crohn's disease, a chronic inflammation of the 
intestinal wall218. However, recent research has failed to confirm this219,281.

Man-made mineral fibres with diameters of a few micro-metres, such as glass 
wool and rock wool, can cause skin inflammation (dermatitis) through mechani-
cal irritation. There are no indications in scientific references that thinner fibres 
with diameters of less than 100 nm require special attention in this respect213.

Titanium dioxide, particularly the mineral form, anatase, is photoactive and 
can form free radicals in the presence of UV radiation282. The free radicals could 
cause local damage to the skin. To reduce the possible phototoxicity of nanopar-
ticles of titanium dioxide in sunblock creams, the particles are often provided 
with a coating. This also ensures that the nanoparticles are properly dispersed 
through the cream. Other substances present in the creams, such as solvents and 
antioxidants, may also convert the radicals to less harmful substances. Neverthe-
less, research has shown that various commercial sunburn products form free 
radicals (ROS) under the influence of UV radiation282,283. These can damage 
DNA and RNA molecules282. According to some researchers, the biological sig-
nificance of this still has to be determined284. However, the European Commis-
sion’s Scientific Committee on Cosmetic and Non-food Products has concluded 
– on the basis of a confidential dossier – that the use of such substances in sun-
block creams with or without a coating is safe228.

Wear and corrosion of prostheses, such as artificial hips, form another way in 
which particles of a few tens of a micrometre to a few micrometres in size can 
enter the body214,217. They may consist of, amongst other things, hydroxyapatite 
or replacement materials, such as metal or polyethylene. These particles can be 
cytotoxic and cause inflammatory reactions. This can lead to loss of bone and 
implant loosening285,286. The underlying working mechanism still has to be clari-
fied. The particles can spread through the body via lymphatic vessels and possibly 
also via blood vessels, to ultimately reach the spleen or liver287,288. The long-term 
consequences of this are unknown.

The pharmaceutical industry conducts a great deal of research into the possi-
bility of using nanoparticles for drug delivery (see chapter 3). The research pays 
a lot of attention to the biocompatibility of the particles. The most frequently 
observed adverse effects after intravenous administration are hypersensitivity 
reactions90. Extra caution is required in the development of delivery systems 
based on nanoparticles because the patient groups that are intended to use 
them289 are partially made up of people who have been judged by particle toxi-
cologists as the most susceptible to fine/ultrafine particles, namely people with 
cardiovascular and lung diseases212.
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5.6 Environmental risks of synthetic nanoparticles

Synthetic nanoparticles can enter the environment through waste flows from fac-
tories and research laboratories or from products during their life or waste phase. 
Nanoparticles in medicine and cosmetics can enter the environment through the 
sewage system, thereby forming a diffuse source of pollution. Moreover, syn-
thetic nanoparticles may be released into the environment intentionally for the 
purpose of soil remediation or as delivery systems for fertilisers.

Hardly anything is known about the behaviour of nanoparticles in the envi-
ronment and about possible toxic effects in the environment290. For example, it is 
not known whether they aggregate to form larger particles or where they accu-
mulate and how this affects their toxicity. In the case of fullerenes, which are 
essentially lipophilic, aggregate formation in water goes together with increased 
solubility (up to 10 ppm)217,291. However, under the influence of salts, the aggre-
gates readily precipitate, which reduces the likelihood of exposure of organisms 
under natural circumstances292. Some information has been obtained from stud-
ies of the possibilities of using nanoparticles in soil remediation operations. Iron 
nanoparticles proved capable of travelling with the groundwater twenty metres 
into the soil and of remaining reactive for four to eight weeks201.

There is almost a complete lack of data on how toxic nanoparticles are for 
organisms other than humans and some species of laboratory animals. Research 
into the significance of air pollution for ecosystems has thus far focused on 
gases, such as ozone, sulphur dioxide, nitrogen oxides and ammonia, rather than 
on particulate matter. A recent small-scale study found that exposure to 0.5 ppm 
solubilised fullerenes caused a significant increase in lipid peroxidation (fat oxi-
dation) in the brains of juvenile largemouth bass. However, the increase was not 
significant at an exposure level of 1 ppm. The water in the aquarium also 
appeared to be cleaner, which indicates an effect of the nanoparticles on the 
micro-organisms that were present293. The antiseptic properties of fullerenes 
were recently confirmed291. The median lethal concentration (48 hours LC50) of 
colloidal fullerene aggregates was recently established for the water flea at 800 
ppb208. Nanoparticles can be removed from water by water-filtering organisms, 
such as mussels. However, they can also precipitate in soils or on 
sediments292,294,295 and then be taken up by soil-eating and sediment-eating 
organisms. Some particles, such as fullerenes, are lipophilic and may therefore 
accumulate in the fatty tissue of organisms. They could then move up the food 
chain to humans again208. Recent research demonstrated that nanoparticles can 
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also be harmful to plants. Aluminium nanoparticles were observed to impede 
root growth of five species of plants296.

Nanoparticles may be able to influence the biological availability of other 
environmental contaminants and thereby promote their breakdown by bacteria or 
cause them to be more widely dispersed or diluted. This means they could also be 
used in soil remediation operations. However, therein lies a danger too: the avail-
ability of the contaminants for plants and animals could also increase and the 
substances could be transported to vulnerable ecosystems.

In summary, the Committee concludes that information on the harmfulness of new, 
synthetic nanoparticles is still limited. This applies to both the nature and the 
severity of possible health and environmental impacts. On the grounds of the 
available knowledge of ‘traditional’ particles and the initial research results relat-
ing to new nanoparticles, the Committee believes that there are grounds for con-
ducting thorough studies of the toxicological properties of synthetic 
nanoparticles that are not readily soluble and that are persistent before any mass 
production and marketing takes place.
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6Chapter

Social implications and ethical issues

The Committee devoted chapters 3 and 4 to an extensive discussion of the tech-
nical possibilities that nanotechnologies offer now, or that will be available soon, 
to promote human health and improve the quality of the environment. The pre-
ceding chapter discussed the risks that nanoparticles pose. In the present chapter, 
the Committee discusses a number of broader consequences of the nanotechnol-
ogy applications that arise for society and the ethical issues they involve. The 
Committee also stresses the enabling character of nanotechnologies.

6.1 Old issues, new dimensions

Nanotechnology applications have currently only been realised to a small extent. 
Most of them are still only concepts in the minds of scientists and engineers. It is 
difficult to predict which of the applications will eventually become reality and 
when. Because of increasing convergence, this will partly depend on develop-
ments within other branches of science and technology, such as ICT, physics, 
chemistry, biology/biotechnology, neurosciences and medicine.

It is often difficult to foresee precisely what the social consequences of 
developments in science and technology will be. Relatively minor technological 
changes have sometimes had unexpected major consequences. The change from 
the fixed line to mobile telephone is an example of this. However, if the techno-
logical developments themselves are still highly uncertain, as is the case with nan-
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otechnologies, it is impossible to predict their precise social implications. The 
uncertainty explains the many visions and spectres that nanotechnologies conjure 
up in people’s minds. The Rathenau Institute recently provided a fine overview 
of these images1.

Nanotechnologies are enabling technologies par excellence. This means that 
they do not form a technological discipline of their own alongside other techno-
logical disciplines, such as medical technology, environmental technology, agri-
cultural technology or information and communication technology. They often 
intersect other disciplines and make progress in each of them possible. Progress 
of this kind does not usually involve a revolutionary new development but evolu-
tion, even if the evolution appears to be increasingly accelerating. This explains 
why most ethical questions concerning nanotechnologies are neither new nor 
typical of nanotechnologies. This certainly applies in the short and medium term. 
They are often raised by previous developments in the aforementioned technologi-
cal disciplines. When they progress under the influence of nanotechnologies, the 
existing ethical questions take on a new dimension. They loom larger and more 
forcefully and their urgency increases. At the same time, they become more com-
plex, which makes it more difficult to find a fitting answer. The Committee illus-
trates this below on the basis of a few examples that are directly or indirectly 
connected with human health. In the longer term, new possibilities of such a 
nature may arise that they constitute a break with the past and society may be faced 
with completely new moral questions.

6.2 A just distribution

Economic considerations are a powerful driving force behind the development of 
nanotechnologies. Some economists and industrialists believe that technological 
modernisation is the only opportunity for wealthy western countries to survive in 
the competitive battle with emerging economic powers such as India, China and 
Brazil. They even think that nanotechnologies place the western world at the start 
of a new economic growth curve297. However, the question is, who will reap the 
fruits of the new technological opportunities and the increase in welfare that will 
accompany them? And who will pay the costs? There are two sides to the issue 
of a fair distribution of the benefits and disadvantages. On the one hand, it 
involves a comparison between current and future generations. This has to do 
with sustainability. Applications could potentially lead to a more economical use 
of natural resources and energy sources, the availability of new, cleaner energy 
sources, a reduction in the impact on the environment and the removal of old pol-
lutants from the environment. Assessments of nanotechnological products in 
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terms of their contribution to sustainable development should take into account 
their entire lifecycle. Because most technologies are still in their infancy, the future 
will have to show the extent to which they actually increase sustainability. Con-
stant reflection on the significance of nanotechnologies during their further 
development will enable timely adjustments, if required.

On the other hand, it involves a comparison between current generations. In 
2000, the United Nations defined eight quantitative goals, the Millennium Devel-
opment Goals, to improve the lives of poor people in developing countries*. The 
intention is for the goals to have been realised by 2015. In theory, nanotechnolo-
gies offer numerous opportunities for contributing towards the achievement of 
the goals298,299. For example, some issues, such as the detection of diseases and 
the treatment of water will become cheaper and therefore more widely available. 
However, time will tell whether developing countries are actually able to reap the 
benefits. Vaccination against some infectious diseases is also relatively cheap but 
is nevertheless not becoming prevalent. Technological solutions presented from 
outside only seem to be effective if they are in line with the customs, standards, 
aspirations, legislation and knowledge base of the countries where they are 
introduced299. Meanwhile, some developing countries (China, India, Brazil, 
Mexico and South Africa) are developing their own initiatives in the field of 
nanotechnologies298,300. However, many countries lack suitable regulations in the 
area of environment, health and working conditions or the structures required for 
enforcing the regulations299.

However, scientific and technical progress generally demand considerable 
investment and therefore mainly take place where the funds are available. They 
therefore tend to reinforce differences in competitive strength and wealth. This 
applies to both the gap between developed and developing countries and to dif-
ferences between the poor and rich in the same community. There is a risk that 
this will also prove to be the case with nanotechnologies. Although some devel-
oping countries succeed in narrowing the ‘nano gap’ with western countries, 
many developing countries, such as those in sub-Saharan Africa, remain behind 
and the gap between the developing countries themselves appears to be 
widening300. Moreover, there is a danger that nanotechnological efforts, even 
those in developing countries, will mainly focus on commercially interesting 
products for wealthy consumers in the West rather than on products that are 
important for people in developing countries. Furthermore, many new ‘nano-
high-tech’ medicines, implants and crop-protection agents will probably be too 
expensive for poor countries and poor citizens in wealthy countries, especially in 

* ttp://www.un.org/millenniumgoals/ (consulted on 6 June 2005)
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the short term. Some people fear that sensor technology and other high-tech 
applications for precision farming will primarily benefit large agricultural busi-
nesses and will lead to increases in scale, to the disadvantage of smaller farming 
businesses163. Demand for natural raw materials, such as cotton and rubber from 
developing countries, may also decrease, owing to the development of nanofi-
bres and making rubber more resistant to wear with the addition of nanoparticles 
or nanotubes163.  On the other hand, nanotechnologies offer opportunities for 
modifying natural starting materials to suit requirements. This would be more 
likely to increase demand for raw materials.

6.3 Privacy

Nanotechnological developments will make increasingly smaller, cheaper and 
highly efficient analytical techniques available that make it possible to collect 
large volumes of data in all kinds of fields. At the same time, developments in 
information and communication technology will simplify data storage, process-
ing and distribution. This will offer benefits in many areas, such as material and 
product-flow logistics, safety and security, and diagnostics and customised 
healthcare. However, the same systems can also be used to observe people 
secretly or to gather and distribute personal details without proper consent. This 
will be made even easier if RFID labels are placed on or in the human body. In 
the latter case, individuals will find it difficult to escape unwanted observation. 
This all offers unprecedented possibilities for identifying, classifying and evalu-
ating individuals on the grounds of increasingly refined data. To combat the 
infringement of individual privacy, extensive national and European legislation 
has been implemented that regulates who is entitled to gather information, the 
purpose for which it may be used, the conditions under which it may be gathered, 
who is responsible for its processing and what that person’s obligations are. This 
applies not least in healthcare. Nevertheless, advancing miniaturisation of equip-
ment makes it easier to evade the rules.

6.4 The gap between diagnostics and therapy

However, questions may still arise, even if people specifically consent to data 
being collected. An illustration of this is the introduction of new and better ana-
lytical techniques, such as the tandem mass spectrometer (which is not based on 
nanotechnology) in heel-prick neonatal screening for congenital metabolic dis-
eases. The Health Council has reported on this in the past47,301. Research con-
ducted in the Netherlands and elsewhere in recent years has made it clear that 
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using tandem mass spectrometry will enable heel-prick blood to be examined for 
dozens of rare metabolic diseases (multiplex screening). Because newborns with 
treatable metabolic diseases can benefit considerably from early detection, 
expanding the possibilities for this could be extremely worthwhile. However, 
there is a downside. Until recently, there was a broad consensus that neonatal 
screening should focus on disorders that can be treated (effectively) or prevented. 
However, this starting point is coming under pressure because of the continually 
widening gap between possibilities for early detection and the availability of 
therapies. In the Netherlands, participation in the screening is voluntary, on the 
basis of informed consent. It will not become any easier to provide proper infor-
mation when screening covers more disorders at the same time. Moreover, infor-
mation could become available unintentionally, for instance concerning disorders 
for which people did not want to be screened, owing to no treatment being avail-
able. The likelihood of this increases with the number of parameters measured. 
The question arises of whether medical practitioners should be permitted to deny 
parents this information. How can this be squared with the ‘right to know’ or 
even the ‘right not to know’? Finally, the starting point of voluntary participation 
may come under pressure from the increasing technical possibilities. Some peo-
ple fear that introducing the tandem mass spectrometer into neonatal screening 
will turn out to be a technological development on which it is difficult to impose 
limits. This issue will not become any easier with the introduction of even newer 
nanotechnology-based analytical and diagnostic tools.

6.5 The doctor-patient relationship

Medical technology is increasingly shifting from the hospital to the home. The 
emergence of home-care technology is taking place against various backgrounds. 
In the first place, there is the desire of patients and their families to stay at home 
for as long as possible, even in the case of severe or life-threatening diseases. 
Besides this, there is the political desire to call as much as possible on self-care 
and volunteer aid. The arguments that play a role in this are possible cost savings 
and shorter waiting lists. Finally, advanced home-care technology forms a new 
market for companies in the field of medical technology. The transfer of medical 
technology is not a new development but actually began with the use of the clin-
ical thermometer in the home at the end of the nineteenth century. This trend is 
expected to increase as a result of the aging population, further opportunities for 
extending the lives of people with severe diseases, and growing technical possi-
bilities. Home-care technology can focus on monitoring – following the physical 
functions such as respiration, body temperature, pulse and blood pressure and 
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forwarding the data to professional healthcare workers – or on treatment, such as 
kidney dialysis, intravenous administration of antibiotics, and artificial 
respiration302-304.

There are undeniable positive aspects to the development of advanced home-
care technology but it also raises ethical issues. The Health Council and the 
Council for Public Health and Health Care (RVZ) reported on this recently305,306. 
Amongst other things, it concerns the shift of responsibilities to patients' family 
members, the relationship between the patient and the professional providing the 
treatment and the role of the supplier of the technical equipment. The availability 
of cheap and sensitive sensors will increase under the influence of nanotechnolo-
gies and equipment will become steadily smaller, handier and easier to use for 
non-professionals. In combination with other technologies, such as communica-
tion and information processing technologies, nanotechnologies will therefore 
act as an impulse for these developments in home-care technology.

Technological developments combined with growing information require-
ments of patients who are becoming more independent and demanding, are 
resulting in self-diagnostics gaining ground307. The pregnancy test is an example 
of a test that has been generally accepted for years and is so reliable that physi-
cians no longer repeat it as a rule. Hundreds of other medical self-tests are now 
also available through the Internet308. The simplest tests can be carried out by 
people at home using a sample of their own blood, urine or faeces. For the more 
complex tests, the samples have to be sent to a laboratory and the results are sent 
back to the person concerned. There are tests for screening that provide a provi-
sional diagnosis which has to be confirmed (e.g. for prostate cancer, intestinal 
cancer, osteoporosis and diabetes). Diagnostic tests provide a definite answer 
(e.g. for food intolerances and Chlamydia). Monitoring tests are those which fol-
low the course of a disease or the response to therapy, and, finally, predictive 
tests indicate, on the basis of genetic or other information, whether a healthy per-
son has an increased likelihood of developing a given disease (such as cardiovas-
cular diseases). The latter category also includes tests conducted with the 
intention of providing lifestyle advice based on genetic information.

Companies often supply the tests directly to consumers, without any inter-
vention by a physician or other specialist. This raises questions about the safety 
of the tests, their reliability (error positive and error negative results) and the con-
nection between the results and the disease being tested308,309. Other questions 
concern the information and instructions provided in advance for correct use. An 
important point is also that most people will need help with interpreting the 
results and advice on any follow-up steps that may need to be taken. A positive 
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test result may involve enormous psychosocial consequences, not only for the 
test subject but also that person’s blood relatives in the case of genetic tests. Con-
ducting tests of a highly predictive nature for extremely severe diseases, such as 
breast cancer, is widely only considered to be a good idea if combined with pro-
fessional advice and support. There is still no consensus about the level of sup-
port required for less severe disorders308. A positive result could also have 
consequences for insurance (life insurance and disability insurance). It is unclear 
as yet whether self-tests will have a positive or negative impact on the workload 
of physicians. Test providers claim that cost savings will result from early detec-
tion and treatment of diseases that would often otherwise go unnoticed, such as 
diabetes. However, this has not yet been established310. In theory, legislation (In 
vitro Diagnostics Decree) is in place but its enforcement is difficult because of 
self-tests provided through foreign websites.

It is clear from the above that technological developments, especially in the 
field of ICT and nanotechnology, will start a trend towards decentralisation in 
health care, which will gradually break down the monopolies physicians cur-
rently have in the area of diagnosis and treatment, and that the business commu-
nity will increasingly directly contact patients, who prefer to see themselves as 
customers. This could give rise to a growing need in healthcare for restructuring 
and amended or new regulations311.

6.6 Human enhancement

In the future, nanotechnologies may offer healthy people ways of perfecting 
themselves according to their own tastes. Improvements may concern outer 
appearance, performance capabilities or personality characteristics. This is 
known as enhancement. Artificial retinas, which are currently being developed to 
restore the sight of blind people or improve that of the poorly sighted could, in 
theory, also be used to enable people to see infrared radiation. Changes to 
cochlear implants could enable users to hear sound frequencies or levels that the 
normal human ear is incapable of hearing312. Connecting the human brain to 
electronic systems for data storage and processing could drastically improve the 
performance of the human brain in a number of respects. In the United States in 
particular, there is discussion about the radical human enhancement that will 
become possible if nano, bio and information technologies and cognitive science 
increasingly converge in the future313. In Europe too, there is growing interest in 
the opportunities and threats that arise from converging technologies314.

Enhancement applications using nanotechnologies are still in their infancy at 
the moment or are entirely speculative. On the other hand, other forms of 
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enhancement are already commonplace. These include cosmetic surgery, lipo-
suction, piercings, tattoos and the use of anabolic steroids for increasing muscle 
size. According to some people, this also includes the use (outside the normal 
indication) of medication to combat impotence, depression and attention deficit 
hyperactivity disorder (ADHD).315,316. They mainly play a role in the achieve-
ment of a certain lifestyle or in dealing with the consequences of aging.

An ethical debate has arisen around the term enhancement over the past few 
years and is being conducted on two fronts: the ethics of self-improvement and 
the delineation of medicine315,317. Both are closely connected with each other. 
After all, in many cases the enhancement is achieved through the action or coop-
eration of a physician. There is a complex relationship between treatment and 
enhancement. When speaking in general, it is therefore hardly tenable that physi-
cians must refrain from cooperating in enhancement. However, an important 
moral condition is that the intervention must lead to an increase in the well-being 
of the person concerned. In connection with the health risks associated with the 
intervention, it is important to determine whether the means and the end are in 
proportion with each other. In the case of new types of enhancement, too little is 
known about the adverse side effects, especially in the longer term. The auton-
omy of the individual is another important consideration. People are generally 
expected to be able to determine their own needs. This does not affect the fact 
that physicians have their own responsibility too and can refuse to cooperate, if 
they are concerned that the result may be serious health damage.

The consequences for society as a whole should also be taken into account, if 
certain types of enhancements become common practice. Enhancement could 
contribute to a less desirable cultural change. The pressure to meet certain domi-
nant social standards, such as idealised concepts of what constitutes beauty, 
could increase at the expense of social multiformity. Our sense of vulnerability 
and imperfection, which is considered a moral good, could also decline. 
Enhancement could also put pressure on the opinion that the way in which a per-
son strives to achieve a goal can have an intrinsic value of its own, which is sep-
arate from the achievement of the goal. Finally, there is the possibility that 
enhancement could undermine feelings of sympathy and solidarity towards the 
people who cannot or do not wish to make use of enhancements of this kind, 
which would therefore contribute to increasing social differences. After all, many 
forms of enhancements provide their recipients with social and economic com-
petitive advantages.

The Committee believes that these ethical considerations can generally be 
extended to future forms of enhancement. Even more types of enhancement will 
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become available under the influence of nanotechnologies and they will be used 
more often, be more fundamental and, above all, come closer to the essence of 
our being. Moor recently stated that it is not a question of whether we should 
become cyborgs (part human, part computer) but which cyborgs we should 
become312. The identified ethical questions will become all the more frequent 
and forceful but it will become more difficult to find suitable answers. The same 
applies in particular to questions in the field of neuro-ethics concerning the pos-
sible implications of enhancement for terms such as ‘being an individual’, ‘free-
dom’ and ‘responsibility’ that also arise through the use of psychopharma-
ceuticals. Active neuro-implants may be able to restore (some of a) patient's 
independence – consider for example a spinal cord lesion patient able to operate 
equipment by brainpower – but they could also be used to deny people their inde-
pendence; consider the aforementioned ‘robotrat’312 (see section 3.3.4). Forms of 
enhancements involving the use of implanted computer chips also raise questions 
about privacy. Implants of this kind could give the carrier access to the databases 
they contain or that are externally stored but also transmit information to the out-
side world on that person’s identity, location and condition. Entirely new possi-
bilities may exist in the somewhat more distant future. Moor outlines a scenario 
in which it is also possible, with the right brain implants and computer software 
to wirelessly enable sections of the brains of different people to work together, as 
currently happens naturally with the various sections of an individual’s brain312. 
This would then give rise to a sort of ‘group person’ who would present us with 
entirely new ethical and legal questions.

6.7 Military applications

Nanotechnologies appear to offer new possibilities in the field of 
defence10,318,319. The United States in particular is spending a great deal of 
money on research in this field. Owing to rapid developments both in sensor 
technology (cheap, handy and extremely sensitive sensors) and in ICT, the first 
major impact of nanotechnologies will be on information supplies for national 
security. Sensors of this kind will also be useful in the early detection of hazard-
ous biological or chemical agents. There are also numerous other applications on 
the horizon in the field of clothing, camouflage, armour-plating and weaponry. 
For example, work is underway in the US on a high-tech battle suit that is light-
weight, comfortable and protective, and that can even apply pressure on wounds 
to close them or administer medication. Some applications, such as those to pro-
tect soldiers’ health or to trace biological or chemical weapons, will raise very 
few ethical objections. However, others will, such as implants for enhancements 
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(e.g. for increasing resistance to stress or for decreasing response times), new 
weapons that use the special properties of materials at the nanoscale, autonomous 
combat vehicles and killer robots318. Many applications may be available within 
ten to twenty years.

Some applications will be developed for civil as well as military purposes. 
Especially when there is a large sales market, the driving force behind the devel-
opments will be civil applications. In other cases, research and technological 
development will be for military purposes. However, these developments some-
times clear the way for subsequent civil applications. The similarity between mil-
itary and civil applications and the fact that equipment is getting smaller all the 
time make it more difficult to prevent undesirable proliferation of weapons sys-
tems. Some people fear that applications will get into the hands of criminal or 
terrorist groups or individuals10. Nanotechnologies could also give the arms race 
a new impulse. Finally, there is a real possibility that closely intertwining nano-
technologies and military applications will completely undermine public accep-
tance of nanotechnologies. This could also jeopardise beneficial applications in 
health care and the environment.

The Committee concludes that, besides the direct consequences for human 
health, attention should also be paid to the broader social consequences of nano-
technologies. They may be desirable or otherwise. As enabling technologies, 
nanotechnologies tend to reinforce questions that are raised by other technologi-
cal developments. In the longer term, entirely new issues may also arise, owing 
to the development and use of ICT implants in the brain, for example.
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7Chapter

Further with appropriate caution

In this final chapter, the Committee summarises the findings of the preceding 
chapters and discusses the question of how nanoscience and nanotechnologies 
can best be socially embedded to achieve optimum use of the benefits while at 
the same time limiting the risks. The Committee believes that risk governance 
offers good opportunities for this. The Committee pays special attention to the 
issue of the toxicity of nanomaterials.

7.1 Nanotechnologies as highly promising, risky and uncertain 
scientific/technological developments

Nanotechnologies appear to offer major technical and socio-economic opportuni-
ties, not in the least in the field of public health, nutrition and the environment. 
The Committee has summarised some of the opportunities in table 1. However, 
these are mainly only ideas and concepts at the moment, which provide a strong 
impulse for nanoscientific research. It is difficult to predict which opportunities 
will pay off and when, and which of them will ultimately lead to nothing. Very 
few nanotechnological products are on the market at present. Nevertheless, the 
Committee expects the number to increase considerably and that nanotechnolo-
gies will have a beneficial effect on human health in the coming years. However, 
the Committee cautions against having unrealistic expectations. 
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Table 1  A few important applications for nanotechnologies, the present state of development, anticipated benefits and points that 
require attention.
Nanotechnological 
applications in

State of development Possible benefits Points of attention

Medicine
Scientific research Already fully underway New research possibilities Nanoparticles possibly toxic for 

humans and the environment
Pharmacological research Not much yet More efficient screening candi-

date substances, fewer labora-
tory animals required

Antiseptic surfaces First (clinical) applications More effective disinfection, 
resistance less likely, fewer 
chemicals required

Nanoparticles possibly toxic for 
humans and the environment

Diagnostics in vitro First clinical applications High sensitivity, earlier detec-
tion, cheaper

Nanoparticles possibly toxic for 
humans and the environment, 
Increase in gap between detec-
tion and therapy, Privacy,
Doctor-patient relationship

Diagnostics in vivo 
(imaging)

First applications in patients High sensitivity, earlier detec-
tion

Nanoparticles possibly toxic for 
humans and the environment, 
Increase in gap between detec-
tion and therapy, Privacy

Drug delivery systems First (still relatively simple) 
systems already used on 
patients

More effective medicines, 
fewer side effects

Nanoparticles possibly toxic for 
humans and the environment, 
Just distribution

Therapy using 
nanoparticles

First applications in patients 
(antibiotics, experimental treat-
ment of brain tumours)

More effective medicines Nanoparticles possibly toxic for 
humans and the environment, 
Just distribution

Tissue engineering First simple products on the 
market (bone formation, artifi-
cial skin)

More rapid repair of broken 
bones and skin wounds, new 
organs

Nanoparticles possibly toxic for 
humans and the environment, 
Just distribution

Coatings on passive 
implants

Still in development, partially 
in clinical test phase

More wear resistant, smoother 
and more biocompatible

Nanoparticles possibly toxic for 
humans and the environment

Active implants Already used clinically (e.g. 
pacemaker, cochlear implant)

Better function, more biocom-
patible 

Nanoparticles possibly toxic for 
humans and the environment, 
Ethical questions concerning 
autonomy and enhancement, Just 
distribution, 
Arms race

Foods and agriculture
Precision farming First products already on the 

market
More targeted fertilisation and 
pest control at an early stage

Nanoparticles possibly toxic for 
humans and the environment,
Just distribution

Structure improvers for 
food products

First products on the way Better structure of food product Nanoparticles possibly toxic for 
humans and the environment, 
Just distribution

Delivery systems for 
nutrients and flavourings

First products on the way More nutritional and tastier 
product

Nanoparticles possibly toxic for 
humans and the environment, 
Just distribution
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The recent plethora of scientific publications on medical applications for 
nanotechnologies has created the impression that all the world’s medical prob-
lems will soon be solved. Some people are hoping, for example, that the suffer-
ing and death associated with cancer will be a thing of the past within ten years, 
thanks to nanotechnologies320. The Committee thinks this is unrealistic. After all, 
most research is still in vitro and animal-based research, and is investigating 
whether a particular technique would work in principle. Applications for humans 
and benefits in health care still have to be demonstrated. It takes ten years to 
develop a new medicine, owing to the strict requirements that are set for efficacy 
and safety. This will not be essentially different for new medicines based on nan-
otechnologies. The same applies to contrast agents and in vivo diagnostics.

Many nanotechnology applications are commercially interesting and the 
business community would also like to develop them further without government 
intervention. Nevertheless, the government could provide extra incentives by 
providing public funds for research that it considers important for human health 
or the quality of the environment. This is especially important for technological 
research with a social significance but which is not being developed sufficiently 
owing to a lack of economic interests. However, research encouragement is often 
sector or discipline based, owing to the historical compartmentalisation of the 
flow of subsidies. Nanotechnologies actually need transdisciplinary encourage-
ment from education and research46, as now takes place in many national nano-
technology initiatives including the Dutch initiative, NanoNed.

As with other technological developments, nanotechnologies also involve 
new risks. For example, free nanoparticles may be toxic. Attention also needs to 
be paid to the wider social consequences (table 1). The latter will partially be 
perceived as benefits but also partially as undesirable and, therefore, as risks. 
Opinions on this may also differ markedly in a multiform society like ours. It is 

Smart packaging First products on the way Fewer cases of food infection Nanoparticles possibly toxic for 
humans and the environment

Environment
Toxicological and 
epidemiological research

First applications in toxicology Better toxicological characteri-
sation of substances, better 
determination of exposure

Nanoparticles possibly toxic for 
humans and the environment

Detection of chemical 
substances and pathogens

First commercial products 
already on the market

Better detection of low concen-
trations of substances and 
pathogenic micro-organisms

Nanoparticles possibly toxic for 
humans and the environment

Soil remediation and 
water treatment

First applications in 
development

Restoration of environmental 
quality

Nanoparticles possibly toxic for 
humans and the environment

Energy sector First applications already on 
the market

More economic use of fossil 
fuels, alternative fuels, lower 
CO2 emissions 

Nanoparticles possibly toxic for 
humans and the environment
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currently difficult to estimate the precise nature and extent of the risks. On the 
one hand, it is unclear which specific products will be marketed; this will also 
depend on how convergence with other branches of science and technology 
develops. On the other hand, the influence products have on society is often diffi-
cult to predict.

It is precisely in such situations, when a lack of scientific knowledge and dif-
ferences in value assessments make it difficult to balance the benefits and risks, 
that it is important to adopt responsible procedures that can facilitate democratic, 
scientifically-informed control and decision-making. The Committee believes 
that risk governance offers good opportunities for proceeding with due caution. 
The Committee discusses this in greater detail below.

7.2 Risk governance

Social scientists have made great use of the term ‘governance’ in recent years but 
not everyone interprets it in the same way. The Committee adopts the description 
used by the International Risk Governance Council (IRGC) in Geneva. In this 
interpretation ‘governance’ means the structures and processes for collective 
decision-making, which involves government as well as private-sector institu-
tions and bodies321. These include companies for example, or sector umbrella 
organisations, employer and employee organisations, professional groups, con-
sumer and patient organisations and organisations concerned with nature, the 
environment and animal welfare. This all reflects the fact that decisions in mod-
ern society are no longer taken top-down by governments but that they are 
arrived at in networks of all the parties concerned. When these ideas are applied 
to risks and risk-related decision-making, the term risk governance is used.

The IRGC recently presented a general framework for risk governance321. It 
corresponds closely with our national ideas on dealing with risks322-325 and the 
Committee believes it can also be used for dealing with the risks of nanotechnol-
ogies. Risk governance has to be given shape at different times in the risk han-
dling chain (figure 2). The risk appraisal and characterisation should initially be 
conducted by independent scientific experts, including those from the humanities 
and social sciences (including economists). Interested parties can be involved in 
this to ensure they contribute their specific knowledge and angles of approach. 
Value judgements play an increasingly important role in the subsequent steps. 
What do we deem to be a risk? When is a risk acceptable (no risk-reduction mea-
sures required), tolerable (risk-reduction measures required) or intolerable (pro-
hibition or replacement of risk-causing activity required)? Is efficiency the 
principle element in a risk-management option or do justice and sustainability
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Figure 2  The risk handling chain321.

also play a role? The success of these steps in the chain requires the involvement 
of stakeholders with a direct interest and possibly representatives of the public as 
well. Communication between those who execute the various steps and all the 
interested parties plays a key role in the risk governance chain. Communication 
creates an understanding of opposite standpoints, forms the basis for their solu-
tions and engenders trust in the institutional resources for dealing with risks.

Three problems may present a challenge to dealing with risks: complexity, 
uncertainty and ambiguity321. Complexity refers to the difficulty of identifying 
and quantifying causal links between a multitude of potential causal agents and 
specific observed effects. Uncertainty refers to a lack of knowledge. Ambiguity 
indicates differences in the interpretation of the same information or differences 
in value judgements. The IRGC recognises four risk categories (‘simple’, ‘com-
plex’, ‘uncertain’ and ‘ambiguous’) depending on which problem dominates. 

Management sphere:
Decision on & implementation of actions

Assessment sphere:
Generation of knowlegde

Pre-assessment

•Problem framing
•Early warning
•Screening
•Determination of scientific          
conventions

Risk appraisal

Risk assessment
•Hazard identification & estimation
•Exposure & vulnerability assessment
•Risk estimation
Concern assessment
•Risk perceptions
•Social concerns
•Socio-economic impacts

Risk management

Implementation
•Option realisation
•Monitoring & control
•Feedback from risk management 
practice

Decision making
•Option identification & generation
•Option assessment
•Option evaluation & selection

Tolerability & Acceptability judgement

Risk evaluation
•Judging the tolerability & 
acceptability
•Need for risk reduction 
measures

Risk characterisation
•Risk profile
•Judgement of the seriousness of 
risk
•Conclusions & risk reduction 
options

Communication
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This does not suggest in any way that risk problems are only characterised by 
one of the stated problems. For example, ambiguous problems may also involve 
complexity or uncertainty. None of these issues play an important role in prob-
lems in the first category, which does not imply that they are only minor, insig-
nificant problems. They are problems that can be managed using a ‘routine-
based’ strategy. The IRGC indicates what constitutes suitable risk-management 
strategies for each category, which instruments can be used and what the level 
and type of consultation should be with stakeholders (table 2). A risk problem's 
category should be determined at the start of the risk handling chain (pre-assess-
ment phase), as it determines the further approach.

7.3 Risk governance in nanotechnologies

As the Committee has already indicated, nanotechnologies do not form a single, 
more or less sharply definable technology, such as biotechnology and ICT. Nano-
technologies are rather a collection of extremely varied technologies and applica-
tions with very little relationship between each other and which often have 
nothing more in common than the scale at which the material is studied and 
manipulated, and the unusual properties that the material can display at that 
scale. Moreover, nanotechnologies are at widely varying stages. They are also 
largely ‘enabling technologies’, which aid progress in technological develop-
ments in a wide variety of fields but thereby also strengthen the associated prob-
lems they involve. To achieve effective risk governance, it is therefore important 
not to treat nanotechnologies as a single group but as individual (types of) appli-
cations, each with its own specific risks.

To enable nanotechnologies to be developed along the right lines, it is impor-
tant to identify at an early stage any actual, or indications of, undesirable or haz-
ardous impacts on health, working conditions, the environment, ethics and social 
relationships. This is in fact concerned with the selection of risk issues that have 
to be dealt with according to the risk handling chain (figure 2). The Committee 
believes this can best be done by a broad-based committee, appointed especially 
for that purpose, which is composed not only of independent scientific experts 
but also stakeholders with a direct interest and representatives of the public. 
After all, what constitutes a risk cannot only be determined on the basis of scien-
tific data; different parties may have different points of view on this. Proper 
agreements on selection criteria and the procedures to be followed are essential 
for this. Given the pace at which nanoscience and nanotechnologies are develop-
ing, the Committee believes it would be advisable for a monitoring committee of 
this kind to report every two years to the government and parliament.
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Table 2  Categorisation of risk problems with an indication of the associated risk management strategies, suitable instruments 
and types of consultations with stakeholders321.
Risk Problem 
Characterisation

Management Strategy Appropriate Instruments Nature of consultation and stake-
holders 

Simple Routine-based:
(tolerability/ acceptabil-
ity judgement)

(risk reduction)

⇒ Applying ‘traditional’ decision-making
• Risk-benefit analysis
• Risk-risk trade-offs

• Trial and error
• Technical standards
• Economic incentives
• Education, labelling, information
• Voluntary agreements

Instrumental
discourse
• Staff of authority (authorities) 

concerned

Complex Risk-informed:
(risk agent and causal 
chain)

⇒ Characterising the available evidence
• Expert consensus seeking tools:
• Delphi or consensus conferencing
• Meta analysis
• Scenario construction, etc.
• Results fed into routine operation

Epistemiological discourse
• Staff of authority (authorities) 

concerned
• External experts

Robustness-focussed:
(risk-absorbing system)

⇒ Improving buffer capacity of risk target 
through:
• Additional safety factors
• Redundancy and diversity in designing safety 

devices
• Improving coping capacity
• Establishing high reliability organisations

Uncertain Precaution-based:
(risk agent)

⇒ Using hazard characteristics such as persis-
tence, ubiquity etc. as proxies for risk estimates
Tools include:
• Containment
• ALARA (as low as reasonably achievable)
• BACT (best available control technology), etc.

Reflective discourse
• Staff of authority (authorities) 

concerned
• External experts
• Stakeholders

• Industry
• Groups directly concerned

Resilience-focussed:
(risk absorbing system)

⇒ Improving capability to cope with surprises
• Diversity of means to accomplish desired bene-

fits
• Avoiding high vulnerability
• Allowing for flexible responses
• Preparedness for adaptation

Ambiguous Discourse-based: ⇒ Application of conflict resolution methods for 
reaching consensus or tolerance for risk evaluation 
results and management option selection
• Integration of stakeholder involvement in 

reaching closure
• Emphasis on communication and social dis-

course

Participative discourse
• Staff of authority (authorities) 

concerned
• External experts
• Stakeholders

• Industry
• Groups directly concerned
• General public
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Once a risk problem has been identified, its risk category should be deter-
mined. All the parties concerned should strive to reach agreement on this. The 
process can be intensive and time-consuming. The chosen category indicates the 
management strategy that can best be followed, the instruments that are most 
suitable and the shape that should be given to consultations with stakeholders 
(see table 2).

The Committee thinks that the IRGC’s proposed categorisation of risk prob-
lems can be used for previously identified problems that arise from (or are rein-
forced by) nanotechnology applications (table 3).

Simple problems

The Committee believes that the privacy problem, which will increase with nan-
otechnology applications, belongs in the ‘simple’ category. The potential nega-
tive consequences are clear, the applicable value judgements are hardly 
controversial and there is little scientific uncertainty. Insofar as it is already nec-
essary to involve stakeholders, the discussion should mainly be about the ques-
tion of which instruments could best be deployed to solve the problem. There is, 
of course, always the chance of an apparently simple risk problem proving to be 
more complex, uncertain or ambiguous than it first appeared to be. For example, 
value judgements can still play a role if the aspect of privacy has to be balanced 
against the importance of combating terrorism. It is therefore essential to review 
risk problems regularly. The problem of the risks of diagnostic self-tests is prob-
ably also covered by this category. The legislation is clear and it is mainly a ques-
tion of enforcing the law. The toxicity of readily degradable, synthetic 
nanoparticles, such as those of gelatine used for drug delivery, is another risk 
problem that the Committee believes is covered by the ‘simple’ category. There 
is little scientific

Table 3  Categorisation of risk problems that arise from or are reinforced by nanotechnology applica-
tions in the risk categories recognised by the IRGC321. 
Risk category Risk problem
Simple

Complex

Uncertain
Ambiguous

Privacy problem
Self-tests (?)
Toxicity of readily degradable nanoparticles
Sustainability (?)
Gap between rich and poor
Toxicity of poorly degradable nanoparticles
Gap between diagnostics and therapy
Advanced home-care technology
Enhancement
Some military applications of nanotechnologies
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uncertainty and existing procedures appear to be adequate for controlling the 
possible risks (e.g. of toxic degradation products).

Complex problems

The problem that nanotechnologies may increase the gap between rich and poor 
and especially between rich and poor countries comes into the ‘complex’ cate-
gory, owing to the large number of factors that affect the size of the gap. The dis-
cussion is mainly a scientific problem in which the focus is on solving cognitive 
conflicts. Participation in the debate by various parties is based on their claim to 
contribute specific knowledge to the debate. The Meridian Institute recently 
identified options for controlling the risk of the ‘nanodivide’. One option is that 
countries are called up to link their development aid programmes to programmes 
for developing nanotechnologies in Third World countries299. However, the 
efforts have to focus on applications that meet the needs of the local population 
and not those of wealthy consumers in the West300.

The sustainability problem possibly also comes into this category. However, 
besides complexity, there is also uncertainty. After all, it is difficult to see at the 
moment whether savings on raw materials and fuels achieved by nanotechnolo-
gies will be cancelled out by changes in consumer behaviour. There are therefore 
also arguments in favour of categorisation in the following category.

Uncertain problems

The problem of the toxicity of free, not readily degradable, synthetic nanoparti-
cles is characterised by a great deal of uncertainty about the question of how 
these particles’ special properties will influence their behaviour in the environ-
ment, their uptake and distribution in the body and their ability to cause or exac-
erbate disease symptoms. A precautionary approach should form the starting 
point for managing risks that are characterised by a high level of uncertainty. 
Reflective consultation with all the stakeholders is therefore essential. The aim is 
to find a proper balance between the possibilities of over-protection and under-
protection. The way in which the precautionary approach should be employed 
when dealing with nanomaterials that may be toxic has been the subject of 
intense international debate in recent years. The Committee therefore discusses 
this in greater detail in a separate section.
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Ambiguous problems

The increasing gap between diagnostics and therapy, advanced home-care tech-
nology, enhancement (e.g. with ICT implants in the brain), and certain military 
applications of nanotechnologies are risk problems that the Committee believes 
should be categorised as ‘ambiguous problems’. The problem is dominated by 
differences in convictions, opinions on what is worthy of protection, visions of 
what good care entails and ideas of the future. Questions such as ‘Should we 
allow everything that is possible?’ and ‘How far do we want to go?’ play a role 
here. In multiform Western societies, questions of this kind unavoidably lead to 
discussions, as demonstrated in the past by technology debates concerning 
nuclear energy, biotechnology in agriculture and the use of embryonic stem cells. 
For example, some people consider cyborgs to be the ideal further development 
of humans. However, others fear that this will affect the essence of being human. 
Problems of this kind require the most extensive type of participation involving 
not only stakeholders with a direct interest but also the public. The aim of the 
consultation is to identify common values, create an understanding of conflicting 
viewpoints and to find options that enable people to put their own vision of ‘a 
good life’ into practice, without detriment to the views of others. The Committee 
discusses public involvement in greater detail below.

The International Risk Governance Council has meanwhile started its own risk 
governance in nanotechnologies project. The project will conclude in the coming 
summer with a conference. The organisation hopes to achieve consensus there 
between all the parties involved on the right approach to risk governance for 
nanotechnologies326.

Each technology’s final impact is a co-production of all kinds of influences 
(stakeholders, public, media, insurance companies, their value judgements and 
their interactions) and the characteristics of the technology itself. (Constructive) 
technology assessment ((C)TA) is concerned with how these co-production pro-
cesses progress and what the possibilities are for influencing them. The aim is to 
find possibilities for giving shape to a technology’s development at an early 
stage, in such a way that it meets the social conditions in which it has to operate. 
A great deal of attention is paid to the technology’s ethical, scientific, social, eco-
nomic and environmental aspects. Part of the budget of NanoNed, the major 
Dutch national research programme, has been reserved for a (C)TA subpro-
gramme. The Committee thinks that such a subprogramme could provide very 
useful information for risk governance. The Committee also recommends that 
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funds should be provided for CTA activities in future national nanotechnology 
programmes.

7.4 Nanoparticles and precaution

As the Committee indicated above, it believes that the problem of the toxicity of 
free, not readily degradable, synthetic nanoparticles should be placed in the cate-
gory for issues that are characterised by a great deal of uncertainty. A risk man-
agement strategy based on the precautionary principle is appropriate for this 
category (see table 2). This principle has been described in various ways. The 
Committee uses the description set out at the Rio Summit in 1992, because it is 
one of the most commonly used:

In order to protect the environment, the precautionary approach shall be widely applied by States 
according to their capabilities. Where there are threats of serious or irreversible damage, lack of full 
scientific certainty shall not be used as a reason for postponing cost-effective measures to prevent 
environmental degradation.

However, a description like this does not stipulate when and how the precaution-
ary principle should be applied. This requires separate rules and procedures. A 
lot of scientific research and legal consultations are currently concentrating on 
this question, in the Netherlands as well as elsewhere. Another Health Council 
committee is currently examining this topic.

Reduction of emissions and exposure

The Committee believes that the decision to declare the precautionary principle 
applicable to free nanoparticles that are not readily degradable actually ensues 
automatically from the decision to place the problem of particle toxicity in the 
‘uncertain’ category. It is therefore necessary for all the parties concerned to 
reach agreement about this at the start of the risk handling chain. Once that deci-
sion has been taken, the IRGC diagram (table 2) indicates which risk manage-
ment instruments are most suitable. These are, for example, the ALARA* 

principle, in which the emission or exposure is kept as low as reasonably possi-
ble, and the BACT** principle, in which an attempt is made to use the best avail-
able control technology. In the case of synthetic, not readily degradable 

* As Low As Reasonably Achievable
** Best Available Control Technology
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nanoparticles, the Committee believes this means it is advisable to avoid expo-
sure in the workplace and environmental emissions or, in any case, to minimise 
them. It still has to be determined whether the current procedures and techniques 
for protecting people in the workplace from excessive exposure and for remov-
ing substances from the waste flow are adequate for nanoparticles. The emission 
of free nanoparticles during the product’s entire lifecycle also needs to be deter-
mined and limited. The Commission believes it is advisable to postpone the use 
of synthetic, free nanoparticles in the environment, for soil remediation opera-
tions for instance, until it is clear that the benefits outweigh the risks. If products 
(medicines, medical devices, cosmetics, crop-protection agents, biocides, etc.) 
contain synthetic, free nanoparticles, the risks these particles pose to human 
health and the environment should be considered separately in the (compulsory) 
safety assessment. Here too, the use of nanoparticles is only permitted if it is 
clear that the benefits outweigh the risks. These measures can also act as an 
incentive for the development of safe nanoparticles.

In keeping with the British Royal Society and the Royal Academy of 
Engineering10 the Committee recommends that synthetic, free nanoparticles 
should be treated as new substances, even if the chemical composition is not 
new. After all, the nano-dimensions could give a substance novel properties. This 
means that the toxicity of nanoparticles could differ qualitatively and quantita-
tively from the toxicity of the same material in the form of larger particles. By 
way of supplement to the new European REACH* regulations that are currently 
being developed for chemical substances – that require registration and toxico-
logical assessment, if the annual production or import of a substance exceeds 
1000 kg – the Committee also recommends that separate regulations should be 
drafted for free nanoparticles stipulating a lower production and import threshold 
or none at all.

Modification of current toxicity tests

The Committee also believes that an accompanying policy is required for gener-
ating scientific data and insights concerning the precise nature and extent of the 
toxicological risks that nanomaterials present. Current insights are still inade-
quate. There is an urgent need for extra funding for research and the need for 
international coordination is even greater24. Better cooperation is also needed 
between particle toxicologists and pharmacologists who develop medicines on 

* REACH stands for Registration, Evaluation, and Authorisation of Chemicals; see http://europa.eu.int/comm/envi-
ronment/chemicals/reach.htm
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the basis of nanoparticles46. It is doubtful whether the present methods for 
screening and evaluating the risks of substances and for managing exposure lev-
els are adequate for nanomaterials327. The predominant opinion among toxicolo-
gists is that, although the conventional (eco)toxicity tests currently used for 
chemical substances (including medicines, biocides and crop-protection agents) 
provide a useful starting point for evaluating the potential hazards of nanoparti-
cles, they need to be modified and that supplementary tests are required to do 
justice to the unique properties of the particles concerned46,215,216. An extremely 
important requirement is the physico-chemical characterisation of the nanomate-
rials which are used to conduct toxicity tests. This concerns characteristics such 
as particle size, particle size distribution, agglomeration status, shape, crystal 
structure, chemical composition, surface area, surface chemistry, surface charge 
and porosity222,284,328. These are not part of the standard measurements at the 
moment. It would also be advisable to characterise the administered dose against 
appropriate physical metrics in all toxicity tests. The three principle physical 
metrics are mass, surface area and the number of particles. Because it is unclear 
at the moment which measurement metric is the most relevant, it is important for 
all three to be measured or inferable in every study215,222. The present regulations 
do not require this216. Moreover, it would be advisable to arrange for the expo-
sure route, exposure levels and particle properties used in the tests to correspond 
as closely as possible with the actual practice222,328. To this end, methods and 
equipment should be made available for routinely measuring nanoparticles (and 
their properties) in different media, i.e. in the body as well as the environment216. 
At least until sufficient information is available to answer the question of how 
the toxicity of nanoparticles differs from that of larger particles328, it is recom-
mended that both control particles of known toxicity and microparticles of the 
same chemical composition as the nanomaterial should be included in the 
tests215,222. In addition, more attention needs to be paid to the distribution of 
nanoparticles throughout the body (biokinetics) and to the possibility of nanopar-
ticles exacerbating an already poor state of health. Finally, it is especially impor-
tant for studies to be conducted of the nanoparticles’ mechanisms of interaction 
with the body at the subcellular and molecular level. The key question in this 
concerns which unique physico-chemical properties of nanoparticles translate 
into unique modes of action215,328.
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Screening strategy

A start was recently made on a screening strategy for identifying the hazards that 
synthetic nanomaterials pose215,222. It includes physico-chemical characterisation 
of the material and in vitro and in vivo toxicity tests. The in vitro tests are impor-
tant in this for clarifying working mechanisms and for the initial, quick toxico-
logical characterisation of new materials during their development process. 
Many usable measurement and test methods and techniques are available in prin-
ciple, in addition to which new ones are required. It is essential for them to be 
made suitable for routine use and for them to form part of the (statutory) direc-
tives.

The proposals are a start. Further refinement will be possible, as more experi-
ence is acquired in the research. Given the large number of different nanomateri-
als and applications being developed, it is important to determine which should 
be tested first. Priority should be given to the materials that are closest to being 
marketed and those that will be produced in large volumes as free nanoparticles, 
and therefore present the greatest likelihood of human exposure or environmen-
tal pollution215. The final goal is to move the risk problem presented by the toxic-
ity of nanomaterials from the ‘uncertain’ category to the ‘simple’ category, so 
that only a small level of scientific uncertainty remains and a routine approach is 
sufficient.

7.5 International cooperation and regulations

Many fields affected by nanotechnologies are already covered by extensive legis-
lation and regulations to protect humans and the environment and to prevent 
undesirable social developments. This includes legislation on existing and new 
chemical substances, crop-protection agents, biocides, veterinary medicines, 
medicines, medical devices and cosmetics, as well as legislation on population 
screening, consumer products, food, the environment, working conditions, pri-
vacy and insurance. The Committee believes it will be constantly necessary to 
ensure that the applicable legislation and regulations in all of these fields is suffi-
cient, in relation to nanotechnological developments. In connection with this, the 
European Commission’s action plan mentioned above encourages member states 
to review their legislation329. Warnings about shortcomings may come from the 
sectors themselves but also from the aforementioned monitoring committee. 
However, for economic reasons and in connection with providing efficient pro-
tection a lot of legislation exists at the international level, particularly at the level 
of the European Union. This legislation could only be amended through interna-
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tional consultations. Apart from this legal aspect, national differences in the 
acceptance of new technologies could lead to tension. An example of this is the 
difference between the basic attitudes of Europe and the United States towards 
genetically modified food. Conflicts could also arise if some countries would like 
to embrace nanotechnologies for human enhancement, in sport for example 
(compare with the use of doping) or for military purposes, if others do not wish 
to do so. Consequently, risk governance concerned with nanotechnologies cannot 
be limited to the national level but has to take place at the international level, too. 
This should not only involve states but also the business community and relevant 
international organisations321. 

Numerous international organisations (UNEP, UNIDO, UNESCO, ISO, 
IUPAC, CAS, OECD, ILO, WHO)* are currently working on nomenclature, test 
procedures and legislation for nanomaterials. There is an urgent need for the 
work to be internationally coordinated24. The Committee therefore recommends 
the Netherlands to actively contribute to that coordination in the OECD’s new 
working group Health and Environmental Safety Implications of Nanomaterials.

The European Group on Ethics (EGE) recently formulated an opinion on the 
ethical aspects of ICT implants in the human body330. The EGE called for, 
amongst other things, a statutory ban on ICT implants that enable remote control 
of the will of people, or for enhancement with a view to dominating others, to 
change identity, memory, self-perception or the perception of others. The EGE 
also pointed out that there are currently no regulations on non-medical applica-
tions. It also recommends that medical implants should be regulated in the same 
way as drugs when the medical goal is the same. In addition to the latter point, 
the Committee points out that various nanotechnologies are increasingly blurring 
the boundaries between medicines and medical devices, and therefore necessitate 
amendments to the relevant international legislation331.

Some bodies are calling for completely new, separate regulations to ensure 
that nanotechnologies are developed along the right lines332 but, along with 
others333, the Committee believes that the use of existing regulations would be a 
better policy option. The applications are far too diverse for separate regulations. 
Many matters are also already completely or partially covered by existing laws. 
Entirely new legislation would therefore lead to duplication and over-regulation. 
That would create unnecessary delays in innovation and would only offer spuri-

* UNEP: United Nations Environment Programme; UNIDO: United Nations Industrial Development Organization; 
UNESCO: United Nations Educational, Scientific and Cultural Organization; ISO: International Organization for 
Standardization; IUPAC: International Union of Pure and Applied Chemistry; CAS: Chemical Abstracts Service; 
OECD: Organisation for Economic Co-operation and Development; ILO: International Labour Organization; 
WHO: World Health Organization)
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ous protection. Moreover, in the Committee’s opinion, many of the stated ethical 
and legal problems are not characteristic of nanotechnologies. The problems do 
not arise from the use of nanotechnologies but from goals that people are aiming 
or could aim to achieve, and the problems are therefore related to the nature of 
the applications. Nanotechnologies are only a means, even if they do have a 
highly facilitating effect. The need for supplementary or amended regulations 
does not therefore arise from the involvement of nanotechnologies but from the 
fact that applications can now become a reality, even if they are undesirable or 
their desirability is a point of discussion.

7.6 Involving the public

It is especially necessary to inform the general population properly about risk 
problems that are characterised by their ambiguity, to listen sincerely to the pub-
lic’s wishes, aspirations and fears concerning new scientific/technological devel-
opments and to involve the public in decision-making about the technologies334. 
In its recent action plan for nanosciences and nanotechnologies, the European 
Commission therefore called on member states to enter into dialogue with the 
public329. Numerous instruments are available for this, such as citizens’ panels 
and juries, consensus conferences, ombudspersons, citizens’ advisory commit-
tees, etc.335-341. A ‘Nano Jury’ held in the United Kingdom last year provided an 
opportunity to gain experience in this area. In 2004, the Rathenau Institute in the 
Netherlands drew up the first draft agenda for a national public discussion of 
nanotechnologies1. In 2005 and 2006, the institute will get public dialogue 
underway by focusing on a number of specific nanotechnology applications342.

There is a crying need among all the parties concerned to learn the lessons 
from the major difficulties that accompanied the introduction of genetically mod-
ified food, at least in Europe343,344. The PABE research revealed that problems 
had been caused by misconceptions about public opinion344,345. The general pub-
lic only has a limited knowledge of science and technology. However, concerns 
about biotechnology are often not a result of a lack of knowledge or incorrect 
information. Consequently, scientific education would not remove the 
concerns346. There are even indications that greater knowledge increases scepti-
cism and polarisation. Many people believe that scientists cannot have a compre-
hensive view of all the long-term consequences of their own work for 
ecosystems, human health and social relations. The benefits that are experienced 
certainly play a role in acceptance – compare the ‘red’ medical biotechnology 
with the ‘green’ agricultural biotechnology – but do not dominate it. The more 
important factors are free choice, transparency and information tailored to a per-
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son’s requirements. Many people realise the necessity of weighing the costs 
against the benefits but have the feeling that they are not told how this is done and 
that their opinion is not taken into account. This gives rise to the suspicion that 
economic interests weigh heavier in regulations and risk management than health 
and the environment. Associations with other ‘health affairs’, such as BSE, diox-
ins in animal feed or pesticide use are not the result of confusion about the bio-
logical processes concerned but of the realisation that institutions can fail and 
that there is a possibility of negligence, a lack of expertise and funding and even 
fraud in supervisory bodies. Citizens want producers and authorities to carry out 
realistic risk evaluations. Statements by experts who deny or play down the risks 
are more likely to be considered worrying or unreliable by many people. The 
argument that the new products are so important for developing countries is 
viewed as hypocritical because it is the wealthy western countries that are inun-
dated with them. The PABE researchers concluded that consumers may be con-
cerned about products, even if they do not openly admit it and buy the products 
anyway344,345. Deeply felt, unexpressed concerns accumulate and eventually 
affect public reactions to technological innovation. Instead of wondering how 
communication can be improved with a view to gain/regain trust, it is better to 
realise that those reactions are a response to the behaviour of the institutions con-
cerned. Therefore, according to the PABE researchers, instead of setting out to 
make the public ‘more rational’, institutions – governments, research organisa-
tions and the business community – should be more attentive to their own behav-
iour. Einsiedel and Goldenberg reach a similar conclusion343.

The Committee subscribes to this analysis and believes it applies equally 
well to the introduction of nanotechnologies into society. Institutions would like 
to enjoy the public’s trust but they will also have to earn it. Besides expertise, 
decisiveness and integrity, the key words here are openness and accountability.
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AAnnex

The text of the Work Programme 
for 2004

9.14 Risks and benefits of nanotechnology for public health (772)

In many Western countries, including the Netherlands, considerable sums of 
money are being made available for the development of nanotechnology, which 
is based on the manipulation of processes at the molecular scale. Much is made 
of the benefits of nanotechnology but little attention is paid to the risks associ-
ated with the new technology*. The Health Council will provide an overview of 
the risks and benefits in its investigative advisory report.

* See, amongst others, Brumfield G. Nanotechnology: a little knowledge … [new 
feature]. Nature 2003; 424: 246-248.

(page 47 of the work programme)
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BAnnex

The Committee’s composition

• Professor WE Bijker, chairman
professor of technology and society studies; University of Maastricht

• Professor ID de Beaufort
professor of medical ethics; Erasmus MC, Rotterdam

• Professor A van den Berg
professor of biomedical and environmental sensor systems; University of 
Twente, Enschede

• Professor PJA Borm
professor of inhalation toxicology; University of Düsseldorf; Lector Life Sci-
ences, Hogeschool Zuyd, Heerlen

• Professor WJG Oyen
professor of nuclear medicine; University Medical Centre St. Radboud 
Nijmegen

• Professor GT Robillard
professor of enzymology; University of Groningen

• Doctor HFG van Dijk, scientific secretary
Health Council, The Hague

Secretarial support: Ms TME Smith-Mets, Health Council, The Hague

CFJ Feenstra carried out preparatory work for the Committee.
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The Health Council and interests

Members of Health Council Committees are appointed in a personal capacity 
because of their special expertise in the matters to be addressed. Nonetheless, it 
is precisely because of this expertise that they may also have interests. This in 
itself does not necessarily present an obstacle for membership of a Health Coun-
cil Committee. Transparency regarding possible conflicts of interest is nonethe-
less important, both for the chairperson and members of a Committee and for the 
President of the Health Council. On being invited to join a Committee, members 
are asked to submit a form detailing the functions they hold and any other mate-
rial and immaterial interests which could be relevant for the Committee’s work. 
It is the responsibility of the President of the Health Council to assess whether 
the interests indicated constitute grounds for non-appointment. An advisorship 
will then sometimes make it possible to exploit the expertise of the specialist 
involved. During the establishment meeting the declarations issued are dis-
cussed, so that all members of the Committee are aware of each other’s possible 
interests.
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Experts consulted

• Professor A Rip
professor of the philosophy of science and technology: University of Twente

• Professor CAJ Vlek
emeritus professor of environmental psychology and behavioural decision 
research: University of Groningen.
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