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NOTE TO THE READER

The term ‘carcinogenic risk’ in the IARC Monographs series is taken to mean that an agent is 
capable of causing cancer. The Monographs evaluate cancer hazards, despite the historical presence 
of the word ‘risks’ in the title.

Inclusion of an agent in the Monographs does not imply that it is a carcinogen, only that the 
published data have been examined. Equally, the fact that an agent has not yet been evaluated in a 
Monograph does not mean that it is not carcinogenic. Similarly, identification of cancer sites with 
sufficient evidence or limited evidence in humans should not be viewed as precluding the possibility 
that an agent may cause cancer at other sites.

The evaluations of carcinogenic risk are made by international working groups of independent 
scientists and are qualitative in nature. No recommendation is given for regulation or legislation.

Anyone who is aware of published data that may alter the evaluation of the carcinogenic risk 
of an agent to humans is encouraged to make this information available to the Section of IARC 
Monographs, International Agency for Research on Cancer, 150 cours Albert Thomas, 69372 Lyon 
Cedex 08, France, in order that the agent may be considered for re-evaluation by a future Working 
Group.

Although every effort is made to prepare the Monographs as accurately as possible, mistakes may 
occur. Readers are requested to communicate any errors to the Section of IARC Monographs, so that 
corrections can be reported in future volumes.
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A.	 GENERAL PRINCIPLES AND 
PROCEDURES

1.	 Background

Soon after IARC was established in 1965, 
it received frequent requests for advice on 
the carcinogenic risk of chemicals, including 
requests for lists of known and suspected human 
carcinogens. It was clear that it would not be 
a simple task to summarize adequately the 
complexity of the information that was avail-
able, and IARC began to consider means of 
obtaining international expert opinion on this 
topic. In 1970, the IARC Advisory Committee on 
Environmental Carcinogenesis recommended ‘...
that a compendium on carcinogenic chemicals 
be prepared by experts. The biological activity 
and evaluation of practical importance to public 
health should be referenced and documented.’ 
The IARC Governing Council adopted a resolu-
tion concerning the role of IARC in providing 
government authorities with expert, inde-
pendent, scientific opinion on environmental 
carcinogenesis. As one means to that end, the 
Governing Council recommended that IARC 
should prepare monographs on the evaluation 

of carcinogenic risk of chemicals to man, which 
became the initial title of the series.

In the succeeding years, the scope of the 
programme broadened as Monographs were 
developed for groups of related chemicals, 
complex mixtures, occupational exposures, phys-
ical and biological agents and lifestyle factors. In 
1988, the phrase ‘of chemicals’ was dropped from 
the title, which assumed its present form, IARC 
Monographs on the Evaluation of Carcinogenic 
Risks to Humans.

Through the Monographs programme, IARC 
seeks to identify the causes of human cancer. This 
is the first step in cancer prevention, which is 
needed as much today as when IARC was estab-
lished. The global burden of cancer is high and 
continues to increase: the annual number of new 
cases was estimated at 10.1 million in 2000 and 
is expected to reach 15 million by 2020 (Stewart 
& Kleihues, 2003). With current trends in demo-
graphics and exposure, the cancer burden has 
been shifting from high-resource countries to 
low- and medium-resource countries. As a result 
of Monographs evaluations, national health agen-
cies have been able, on scientific grounds, to take 
measures to reduce human exposure to carcino-
gens in the workplace and in the environment.

PREAMBLE
The Preamble to the IARC Monographs describes the objective and scope of the programme, 
the scientific principles and procedures used in developing a Monograph, the types of 
evidence considered and the scientific criteria that guide the evaluations. The Preamble 
should be consulted when reading a Monograph or list of evaluations.
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The criteria established in 1971 to evaluate 
carcinogenic risks to humans were adopted by the 
Working Groups whose deliberations resulted in 
the first 16 volumes of the Monographs series. 
Those criteria were subsequently updated by 
further ad hoc Advisory Groups (IARC, 1977, 
1978, 1979, 1982, 1983, 1987, 1988, 1991; Vainio 
et al., 1992; IARC, 2005, 2006).

The Preamble is primarily a statement of 
scientific principles, rather than a specification 
of working procedures. The procedures through 
which a Working Group implements these prin-
ciples are not specified in detail. They usually 
involve operations that have been established 
as being effective during previous Monograph 
meetings but remain, predominantly, the prerog-
ative of each individual Working Group.

2.	 Objective and scope

The objective of the programme is to 
prepare, with the help of international Working 
Groups of experts, and to publish in the form of 
Monographs, critical reviews and evaluations of 
evidence on the carcinogenicity of a wide range 
of human exposures. The Monographs represent 
the first step in carcinogen risk assessment, which 
involves examination of all relevant information 
to assess the strength of the available evidence 
that an agent could alter the age-specific inci-
dence of cancer in humans. The Monographs may 
also indicate where additional research efforts 
are needed, specifically when data immediately 
relevant to an evaluation are not available.

In this Preamble, the term ‘agent’ refers to 
any entity or circumstance that is subject to 
evaluation in a Monograph. As the scope of the 
programme has broadened, categories of agents 
now include specific chemicals, groups of related 
chemicals, complex mixtures, occupational or 
environmental exposures, cultural or behav-
ioural practices, biological organisms and phys-
ical agents. This list of categories may expand 

as causation of, and susceptibility to, malignant 
disease become more fully understood.

A cancer ‘hazard’ is an agent that is capable 
of causing cancer under some circumstances, 
while a cancer ‘risk’ is an estimate of the carcino-
genic effects expected from exposure to a cancer 
hazard. The Monographs are an exercise in evalu-
ating cancer hazards, despite the historical pres-
ence of the word ‘risks’ in the title. The distinction 
between hazard and risk is important, and the 
Monographs identify cancer hazards even when 
risks are very low at current exposure levels, 
because new uses or unforeseen exposures could 
engender risks that are significantly higher.

In the Monographs, an agent is termed 
‘carcinogenic’ if it is capable of increasing the 
incidence of malignant neoplasms, reducing 
their latency, or increasing their severity or 
multiplicity. The induction of benign neoplasms 
may in some circumstances (see Part B, Section 
3a) contribute to the judgement that the agent is 
carcinogenic. The terms ‘neoplasm’ and ‘tumour’ 
are used interchangeably.

The Preamble continues the previous usage 
of the phrase ‘strength of evidence’ as a matter of 
historical continuity, although it should be under-
stood that Monographs evaluations consider 
studies that support a finding of a cancer hazard 
as well as studies that do not.

Some epidemiological and experimental 
studies indicate that different agents may act at 
different stages in the carcinogenic process, and 
several different mechanisms may be involved. 
The aim of the Monographs has been, from their 
inception, to evaluate evidence of carcinogenicity 
at any stage in the carcinogenesis process, 
independently of the underlying mechanisms. 
Information on mechanisms may, however, be 
used in making the overall evaluation (IARC, 
1991; Vainio et al., 1992; IARC, 2005, 2006; see 
also Part B, Sections 4 and 6). As mechanisms 
of carcinogenesis are elucidated, IARC convenes 
international scientific conferences to determine 
whether a broad-based consensus has emerged 
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on how specific mechanistic data can be used 
in an evaluation of human carcinogenicity. The 
results of such conferences are reported in IARC 
Scientific Publications, which, as long as they still 
reflect the current state of scientific knowledge, 
may guide subsequent Working Groups.

Although the Monographs have emphasized 
hazard identification, important issues may also 
involve dose–response assessment. In many 
cases, the same epidemiological and experi-
mental studies used to evaluate a cancer hazard 
can also be used to estimate a dose–response 
relationship. A Monograph may undertake to 
estimate dose–response relationships within 
the range of the available epidemiological data, 
or it may compare the dose–response informa-
tion from experimental and epidemiological 
studies. In some cases, a subsequent publication 
may be prepared by a separate Working Group 
with expertise in quantitative dose–response 
assessment.

The Monographs are used by national and 
international authorities to make risk assess-
ments, formulate decisions concerning preven-
tive measures, provide effective cancer control 
programmes and decide among alternative 
options for public health decisions. The evalu-
ations of IARC Working Groups are scientific, 
qualitative judgements on the evidence for or 
against carcinogenicity provided by the available 
data. These evaluations represent only one part of 
the body of information on which public health 
decisions may be based. Public health options 
vary from one situation to another and from 
country to country and relate to many factors, 
including different socioeconomic and national 
priorities. Therefore, no recommendation is given 
with regard to regulation or legislation, which 
are the responsibility of individual governments 
or other international organizations.

3.	 Selection of agents for review

Agents are selected for review on the basis 
of two main criteria: (a) there is evidence of 
human exposure and (b) there is some evidence 
or suspicion of carcinogenicity. Mixed exposures 
may occur in occupational and environmental 
settings and as a result of individual and cultural 
habits (such as tobacco smoking and dietary 
practices). Chemical analogues and compounds 
with biological or physical characteristics similar 
to those of suspected carcinogens may also be 
considered, even in the absence of data on a 
possible carcinogenic effect in humans or exper-
imental animals.

The scientific literature is surveyed for 
published data relevant to an assessment of 
carcinogenicity. Ad hoc Advisory Groups 
convened by IARC in 1984, 1989, 1991, 1993, 1998 
and 2003 made recommendations as to which 
agents should be evaluated in the Monographs 
series. Recent recommendations are available 
on the Monographs programme web site  (http://
monographs.iarc.fr). IARC may schedule other 
agents for review as it becomes aware of new 
scientific information or as national health agen-
cies identify an urgent public health need related 
to cancer.

As significant new data become available on 
an agent for which a Monograph exists, a re-eval-
uation may be made at a subsequent meeting, and 
a new Monograph published. In some cases it may 
be appropriate to review only the data published 
since a prior evaluation. This can be useful for 
updating a database, reviewing new data to 
resolve a previously open question or identifying 
new tumour sites associated with a carcinogenic 
agent. Major changes in an evaluation (e.g. a new 
classification in Group 1 or a determination that a 
mechanism does not operate in humans, see Part 
B, Section 6) are more appropriately addressed 
by a full review.

http://monographs.iarc.fr
http://monographs.iarc.fr


IARC MONOGRAPHS – 111

12

4.	 Data for the Monographs

Each Monograph reviews all pertinent epide-
miological studies and cancer bioassays in exper-
imental animals. Those judged inadequate or 
irrelevant to the evaluation may be cited but not 
summarized. If a group of similar studies is not 
reviewed, the reasons are indicated.

Mechanistic and other relevant data are also 
reviewed. A Monograph does not necessarily 
cite all the mechanistic literature concerning 
the agent being evaluated (see Part B, Section 
4). Only those data considered by the Working 
Group to be relevant to making the evaluation 
are included.

With regard to epidemiological studies, 
cancer bioassays, and mechanistic and other rele-
vant data, only reports that have been published 
or accepted for publication in the openly available 
scientific literature are reviewed. The same publi-
cation requirement applies to studies originating 
from IARC, including meta-analyses or pooled 
analyses commissioned by IARC in advance of 
a meeting (see Part B, Section 2c). Data from 
government agency reports that are publicly 
available are also considered. Exceptionally, 
doctoral theses and other material that are in 
their final form and publicly available may be 
reviewed.

Exposure data and other information on an 
agent under consideration are also reviewed. In 
the sections on chemical and physical proper-
ties, on analysis, on production and use and on 
occurrence, published and unpublished sources 
of information may be considered.

Inclusion of a study does not imply accept-
ance of the adequacy of the study design or of 
the analysis and interpretation of the results, and 
limitations are clearly outlined in square brackets 
at the end of each study description (see Part B). 
The reasons for not giving further consideration 
to an individual study also are indicated in the 
square brackets.

5.	 Meeting participants

Five categories of participant can be present 
at Monograph meetings.

(a)	 The Working Group

The Working Group is responsible for the 
critical reviews and evaluations that are devel-
oped during the meeting. The tasks of Working 
Group Members are: (i) to ascertain that all 
appropriate data have been collected; (ii) to 
select the data relevant for the evaluation on the 
basis of scientific merit; (iii) to prepare accurate 
summaries of the data to enable the reader to 
follow the reasoning of the Working Group; (iv) 
to evaluate the results of epidemiological and 
experimental studies on cancer; (v) to evaluate 
data relevant to the understanding of mecha-
nisms of carcinogenesis; and (vi) to make an 
overall evaluation of the carcinogenicity of the 
exposure to humans. Working Group Members 
generally have published significant research 
related to the carcinogenicity of the agents being 
reviewed, and IARC uses literature searches to 
identify most experts. Working Group Members 
are selected on the basis of (a) knowledge and 
experience and (b) absence of real or apparent 
conflicts of interests. Consideration is also given 
to demographic diversity and balance of scien-
tific findings and views.

(b)	 Invited Specialists

Invited Specialists are experts who also have 
critical knowledge and experience but have 
a real or apparent conflict of interests. These 
experts are invited when necessary to assist in 
the Working Group by contributing their unique 
knowledge and experience during subgroup and 
plenary discussions. They may also contribute 
text on non-influential issues in the section on 
exposure, such as a general description of data 
on production and use (see Part B, Section 1). 
Invited Specialists do not serve as meeting chair 
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or subgroup chair, draft text that pertains to the 
description or interpretation of cancer data, or 
participate in the evaluations.

(c)	 Representatives of national and 
international health agencies

Representatives of national and interna-
tional health agencies often attend meetings 
because their agencies sponsor the programme 
or are interested in the subject of a meeting. 
Representatives do not serve as meeting chair or 
subgroup chair, draft any part of a Monograph, 
or participate in the evaluations.

(d)	 Observers with relevant scientific 
credentials

Observers with relevant scientific credentials 
may be admitted to a meeting by IARC in limited 
numbers. Attention will be given to achieving a 
balance of Observers from constituencies with 
differing perspectives. They are invited to observe 
the meeting and should not attempt to influence 
it. Observers do not serve as meeting chair or 
subgroup chair, draft any part of a Monograph, 
or participate in the evaluations. At the meeting, 
the meeting chair and subgroup chairs may grant 
Observers an opportunity to speak, generally 
after they have observed a discussion. Observers 
agree to respect the Guidelines for Observers at 
IARC Monographs meetings (available at  http://
monographs.iarc.fr).

(e)	 The IARC Secretariat

The IARC Secretariat consists of scientists 
who are designated by IARC and who have rele-
vant expertise. They serve as rapporteurs and 
participate in all discussions. When requested by 
the meeting chair or subgroup chair, they may 
also draft text or prepare tables and analyses.

Before an invitation is extended, each poten-
tial participant, including the IARC Secretariat, 
completes the WHO Declaration of Interests 

to report financial interests, employment and 
consulting, and individual and institutional 
research support related to the subject of the 
meeting. IARC assesses these interests to deter-
mine whether there is a conflict that warrants 
some limitation on participation. The declarations 
are updated and reviewed again at the opening 
of the meeting. Interests related to the subject of 
the meeting are disclosed to the meeting partic-
ipants and in the published volume (Cogliano 
et al., 2004).

The names and principal affiliations of 
participants are available on the Monographs 
programme web site (http://monographs.iarc.fr) 
approximately two months before each meeting. 
It is not acceptable for Observers or third parties 
to contact other participants before a meeting or 
to lobby them at any time. Meeting participants 
are asked to report all such contacts to IARC 
(Cogliano et al., 2005).

All participants are listed, with their prin-
cipal affiliations, at the beginning of each volume. 
Each participant who is a Member of a Working 
Group serves as an individual scientist and not as 
a representative of any organization, government 
or industry.

6.	 Working procedures

A separate Working Group is responsible 
for developing each volume of Monographs. A 
volume contains one or more Monographs, which 
can cover either a single agent or several related 
agents. Approximately one year in advance of 
the meeting of a Working Group, the agents to 
be reviewed are announced on the Monographs 
programme web site (http://monographs.iarc.fr) 
and participants are selected by IARC staff in 
consultation with other experts. Subsequently, 
relevant biological and epidemiological data are 
collected by IARC from recognized sources of 
information on carcinogenesis, including data 
storage and retrieval systems such as PubMed. 
Meeting participants who are asked to prepare 

http://monographs.iarc.fr
http://monographs.iarc.fr
http://monographs.iarc.fr
http://monographs.iarc.fr
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preliminary working papers for specific sections 
are expected to supplement the IARC literature 
searches with their own searches.

Industrial associations, labour unions 
and other knowledgeable organizations may 
be asked to provide input to the sections on 
production and use, although this involvement 
is not required as a general rule. Information on 
production and trade is obtained from govern-
mental, trade and market research publications 
and, in some cases, by direct contact with indus-
tries. Separate production data on some agents 
may not be available for a variety of reasons (e.g. 
not collected or made public in all producing 
countries, production is small). Information on 
uses may be obtained from published sources 
but is often complemented by direct contact with 
manufacturers. Efforts are made to supplement 
this information with data from other national 
and international sources.

Six months before the meeting, the material 
obtained is sent to meeting participants to prepare 
preliminary working papers. The working papers 
are compiled by IARC staff and sent, before 
the meeting, to Working Group Members and 
Invited Specialists for review.

The Working Group meets at IARC for seven 
to eight days to discuss and finalize the texts and 
to formulate the evaluations. The objectives of the 
meeting are peer review and consensus. During 
the first few days, four subgroups (covering expo-
sure data, cancer in humans, cancer in experi-
mental animals, and mechanistic and other 
relevant data) review the working papers, develop 
a joint subgroup draft and write summaries. Care 
is taken to ensure that each study summary is 
written or reviewed by someone not associated 
with the study being considered. During the last 
few days, the Working Group meets in plenary 
session to review the subgroup drafts and develop 
the evaluations. As a result, the entire volume is 
the joint product of the Working Group, and 
there are no individually authored sections.

IARC Working Groups strive to achieve a 
consensus evaluation. Consensus reflects broad 
agreement among Working Group Members, but 
not necessarily unanimity. The chair may elect 
to poll Working Group Members to determine 
the diversity of scientific opinion on issues where 
consensus is not readily apparent.

After the meeting, the master copy is verified 
by consulting the original literature, edited and 
prepared for publication. The aim is to publish 
the volume within six months of the Working 
Group meeting. A summary of the outcome is 
available on the Monographs programme web 
site soon after the meeting.

B.	 SCIENTIFIC REVIEW AND 
EVALUATION

The available studies are summarized by the 
Working Group, with particular regard to the 
qualitative aspects discussed below. In general, 
numerical findings are indicated as they appear 
in the original report; units are converted when 
necessary for easier comparison. The Working 
Group may conduct additional analyses of the 
published data and use them in their assessment 
of the evidence; the results of such supplemen-
tary analyses are given in square brackets. When 
an important aspect of a study that directly 
impinges on its interpretation should be brought 
to the attention of the reader, a Working Group 
comment is given in square brackets.

The scope of the IARC Monographs 
programme has expanded beyond chemicals to 
include complex mixtures, occupational expo-
sures, physical and biological agents, lifestyle 
factors and other potentially carcinogenic expo-
sures. Over time, the structure of a Monograph 
has evolved to include the following sections:

Exposure data
Studies of cancer in humans
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Studies of cancer in experimental animals
Mechanistic and other relevant data
Summary
Evaluation and rationale

In addition, a section of General Remarks at 
the front of the volume discusses the reasons the 
agents were scheduled for evaluation and some 
key issues the Working Group encountered 
during the meeting.

This part of the Preamble discusses the types 
of evidence considered and summarized in each 
section of a Monograph, followed by the scientific 
criteria that guide the evaluations.

1.	 Exposure data

Each Monograph includes general infor-
mation on the agent: this information may 
vary substantially between agents and must be 
adapted accordingly. Also included is informa-
tion on production and use (when appropriate), 
methods of analysis and detection, occurrence, 
and sources and routes of human occupational 
and environmental exposures. Depending on the 
agent, regulations and guidelines for use may be 
presented.

(a)	 General information on the agent

For chemical agents, sections on chemical 
and physical data are included: the Chemical 
Abstracts Service Registry Number, the latest 
primary name and the IUPAC systematic name 
are recorded; other synonyms are given, but the 
list is not necessarily comprehensive. Information 
on chemical and physical properties that are rele-
vant to identification, occurrence and biological 
activity is included. A description of technical 
products of chemicals includes trade names, 
relevant specifications and available informa-
tion on composition and impurities. Some of the 
trade names given may be those of mixtures in 

which the agent being evaluated is only one of 
the ingredients.

For biological agents, taxonomy, structure 
and biology are described, and the degree of 
variability is indicated. Mode of replication, 
life cycle, target cells, persistence, latency, host 
response and clinical disease other than cancer 
are also presented.

For physical agents that are forms of radiation, 
energy and range of the radiation are included. 
For foreign bodies, fibres and respirable particles, 
size range and relative dimensions are indicated.

For agents such as mixtures, drugs or lifestyle 
factors, a description of the agent, including its 
composition, is given.

Whenever appropriate, other information, 
such as historical perspectives or the description 
of an industry or habit, may be included.

(b)	 Analysis and detection

An overview of methods of analysis and 
detection of the agent is presented, including 
their sensitivity, specificity and reproducibility. 
Methods widely used for regulatory purposes 
are emphasized. Methods for monitoring human 
exposure are also given. No critical evaluation 
or recommendation of any method is meant or 
implied.

(c)	 Production and use

The dates of first synthesis and of first 
commercial production of a chemical, mixture 
or other agent are provided when available; for 
agents that do not occur naturally, this informa-
tion may allow a reasonable estimate to be made 
of the date before which no human exposure 
to the agent could have occurred. The dates of 
first reported occurrence of an exposure are also 
provided when available. In addition, methods 
of synthesis used in past and present commercial 
production and different methods of production, 
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which may give rise to different impurities, are 
described.

The countries where companies report produc-
tion of the agent, and the number of companies 
in each country, are identified. Available data 
on production, international trade and uses are 
obtained for representative regions. It should not, 
however, be inferred that those areas or nations 
are necessarily the sole or major sources or users 
of the agent. Some identified uses may not be 
current or major applications, and the coverage 
is not necessarily comprehensive. In the case of 
drugs, mention of their therapeutic uses does not 
necessarily represent current practice nor does it 
imply judgement as to their therapeutic efficacy.

(d)	 Occurrence and exposure

Information on the occurrence of an agent in 
the environment is obtained from data derived 
from the monitoring and surveillance of levels 
in occupational environments, air, water, soil, 
plants, foods and animal and human tissues. 
When available, data on the generation, persis-
tence and bioaccumulation of the agent are 
also included. Such data may be available from 
national databases.

Data that indicate the extent of past and 
present human exposure, the sources of expo-
sure, the people most likely to be exposed and 
the factors that contribute to the exposure are 
reported. Information is presented on the range 
of human exposure, including occupational and 
environmental exposures. This includes relevant 
findings from both developed and developing 
countries. Some of these data are not distrib-
uted widely and may be available from govern-
ment reports and other sources. In the case of 
mixtures, industries, occupations or processes, 
information is given about all agents known to 
be present. For processes, industries and occupa-
tions, a historical description is also given, noting 
variations in chemical composition, physical 
properties and levels of occupational exposure 

with date and place. For biological agents, the 
epidemiology of infection is described.

(e)	 Regulations and guidelines

Statements concerning regulations and 
guidelines (e.g. occupational exposure limits, 
maximal levels permitted in foods and water, 
pesticide registrations) are included, but they 
may not reflect the most recent situation, since 
such limits are continuously reviewed and modi-
fied. The absence of information on regulatory 
status for a country should not be taken to imply 
that that country does not have regulations with 
regard to the exposure. For biological agents, 
legislation and control, including vaccination 
and therapy, are described.

2.	 Studies of cancer in humans

This section includes all pertinent epidemio-
logical studies (see Part A, Section 4). Studies of 
biomarkers are included when they are relevant 
to an evaluation of carcinogenicity to humans.

(a)	 Types of study considered

Several types of epidemiological study 
contribute to the assessment of carcinogenicity in 
humans — cohort studies, case–control studies, 
correlation (or ecological) studies and interven-
tion studies. Rarely, results from randomized 
trials may be available. Case reports and case 
series of cancer in humans may also be reviewed.

Cohort and case–control studies relate indi-
vidual exposures under study to the occurrence of 
cancer in individuals and provide an estimate of 
effect (such as relative risk) as the main measure 
of association. Intervention studies may provide 
strong evidence for making causal inferences, 
as exemplified by cessation of smoking and the 
subsequent decrease in risk for lung cancer.

In correlation studies, the units of inves-
tigation are usually whole populations (e.g. in 
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particular geographical areas or at particular 
times), and cancer frequency is related to a 
summary measure of the exposure of the popu-
lation to the agent under study. In correlation 
studies, individual exposure is not documented, 
which renders this kind of study more prone to 
confounding. In some circumstances, however, 
correlation studies may be more informative 
than analytical study designs (see, for example, 
the Monograph on arsenic in drinking-water; 
IARC, 2004).

In some instances, case reports and case series 
have provided important information about the 
carcinogenicity of an agent. These types of study 
generally arise from a suspicion, based on clinical 
experience, that the concurrence of two events — 
that is, a particular exposure and occurrence of 
a cancer — has happened rather more frequently 
than would be expected by chance. Case reports 
and case series usually lack complete ascertain-
ment of cases in any population, definition or 
enumeration of the population at risk and esti-
mation of the expected number of cases in the 
absence of exposure.

The uncertainties that surround the interpre-
tation of case reports, case series and correlation 
studies make them inadequate, except in rare 
instances, to form the sole basis for inferring a 
causal relationship. When taken together with 
case–control and cohort studies, however, these 
types of study may add materially to the judge-
ment that a causal relationship exists.

Epidemiological studies of benign neoplasms, 
presumed preneoplastic lesions and other 
end-points thought to be relevant to cancer are 
also reviewed. They may, in some instances, 
strengthen inferences drawn from studies of 
cancer itself.

(b)	 Quality of studies considered

It is necessary to take into account the 
possible roles of bias, confounding and chance 
in the interpretation of epidemiological studies. 

Bias is the effect of factors in study design or 
execution that lead erroneously to a stronger or 
weaker association than in fact exists between an 
agent and disease. Confounding is a form of bias 
that occurs when the relationship with disease 
is made to appear stronger or weaker than it 
truly is as a result of an association between the 
apparent causal factor and another factor that is 
associated with either an increase or decrease in 
the incidence of the disease. The role of chance is 
related to biological variability and the influence 
of sample size on the precision of estimates of 
effect.

In evaluating the extent to which these factors 
have been minimized in an individual study, 
consideration is given to several aspects of design 
and analysis as described in the report of the 
study. For example, when suspicion of carcino-
genicity arises largely from a single small study, 
careful consideration is given when interpreting 
subsequent studies that included these data in 
an enlarged population. Most of these consider-
ations apply equally to case–control, cohort and 
correlation studies. Lack of clarity of any of these 
aspects in the reporting of a study can decrease 
its credibility and the weight given to it in the 
final evaluation of the exposure.

First, the study population, disease (or 
diseases) and exposure should have been well 
defined by the authors. Cases of disease in the 
study population should have been identified in 
a way that was independent of the exposure of 
interest, and exposure should have been assessed 
in a way that was not related to disease status.

Second, the authors should have taken into 
account — in the study design and analysis — 
other variables that can influence the risk of 
disease and may have been related to the expo-
sure of interest. Potential confounding by such 
variables should have been dealt with either in 
the design of the study, such as by matching, 
or in the analysis, by statistical adjustment. In 
cohort studies, comparisons with local rates of 
disease may or may not be more appropriate than 
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those with national rates. Internal comparisons 
of frequency of disease among individuals at 
different levels of exposure are also desirable in 
cohort studies, since they minimize the potential 
for confounding related to the difference in risk 
factors between an external reference group and 
the study population.

Third, the authors should have reported the 
basic data on which the conclusions are founded, 
even if sophisticated statistical analyses were 
employed. At the very least, they should have 
given the numbers of exposed and unexposed 
cases and controls in a case–control study and 
the numbers of cases observed and expected in 
a cohort study. Further tabulations by time since 
exposure began and other temporal factors are 
also important. In a cohort study, data on all 
cancer sites and all causes of death should have 
been given, to reveal the possibility of reporting 
bias. In a case–control study, the effects of inves-
tigated factors other than the exposure of interest 
should have been reported.

Finally, the statistical methods used to obtain 
estimates of relative risk, absolute rates of cancer, 
confidence intervals and significance tests, and 
to adjust for confounding should have been 
clearly stated by the authors. These methods have 
been reviewed for case–control studies (Breslow 
& Day, 1980) and for cohort studies (Breslow & 
Day, 1987).

(c)	 Meta-analyses and pooled analyses

Independent epidemiological studies of the 
same agent may lead to results that are difficult 
to interpret. Combined analyses of data from 
multiple studies are a means of resolving this 
ambiguity, and well conducted analyses can be 
considered. There are two types of combined 
analysis. The first involves combining summary 
statistics such as relative risks from individual 
studies (meta-analysis) and the second involves 
a pooled analysis of the raw data from the 

individual studies (pooled analysis) (Greenland, 
1998).

The advantages of combined analyses are 
increased precision due to increased sample 
size and the opportunity to explore potential 
confounders, interactions and modifying effects 
that may explain heterogeneity among studies 
in more detail. A disadvantage of combined 
analyses is the possible lack of compatibility of 
data from various studies due to differences in 
subject recruitment, procedures of data collec-
tion, methods of measurement and effects of 
unmeasured co-variates that may differ among 
studies. Despite these limitations, well conducted 
combined analyses may provide a firmer basis 
than individual studies for drawing conclusions 
about the potential carcinogenicity of agents.

IARC may commission a meta-analysis or 
pooled analysis that is pertinent to a particular 
Monograph (see Part A, Section 4). Additionally, 
as a means of gaining insight from the results of 
multiple individual studies, ad hoc calculations 
that combine data from different studies may 
be conducted by the Working Group during the 
course of a Monograph meeting. The results of 
such original calculations, which would be speci-
fied in the text by presentation in square brackets, 
might involve updates of previously conducted 
analyses that incorporate the results of more 
recent studies or de-novo analyses. Irrespective 
of the source of data for the meta-analyses and 
pooled analyses, it is important that the same 
criteria for data quality be applied as those that 
would be applied to individual studies and to 
ensure also that sources of heterogeneity between 
studies be taken into account.

(d)	 Temporal effects

Detailed analyses of both relative and abso-
lute risks in relation to temporal variables, such 
as age at first exposure, time since first expo-
sure, duration of exposure, cumulative expo-
sure, peak exposure (when appropriate) and 
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time since cessation of exposure, are reviewed 
and summarized when available. Analyses of 
temporal relationships may be useful in making 
causal inferences. In addition, such analyses may 
suggest whether a carcinogen acts early or late in 
the process of carcinogenesis, although, at best, 
they allow only indirect inferences about mech-
anisms of carcinogenesis.

(e)	 Use of biomarkers in epidemiological 
studies

Biomarkers indicate molecular, cellular or 
other biological changes and are increasingly 
used in epidemiological studies for various 
purposes (IARC, 1991; Vainio et al., 1992; Toniolo 
et al., 1997; Vineis et al., 1999; Buffler et al., 2004). 
These may include evidence of exposure, of early 
effects, of cellular, tissue or organism responses, 
of individual susceptibility or host responses, 
and inference of a mechanism (see Part B, Section 
4b). This is a rapidly evolving field that encom-
passes developments in genomics, epigenomics 
and other emerging technologies.

Molecular epidemiological data that identify 
associations between genetic polymorphisms 
and interindividual differences in susceptibility 
to the agent(s) being evaluated may contribute 
to the identification of carcinogenic hazards to 
humans. If the polymorphism has been demon-
strated experimentally to modify the functional 
activity of the gene product in a manner that is 
consistent with increased susceptibility, these 
data may be useful in making causal inferences. 
Similarly, molecular epidemiological studies that 
measure cell functions, enzymes or metabolites 
that are thought to be the basis of susceptibility 
may provide evidence that reinforces biological 
plausibility. It should be noted, however, that 
when data on genetic susceptibility originate from 
multiple comparisons that arise from subgroup 
analyses, this can generate false-positive results 
and inconsistencies across studies, and such 
data therefore require careful evaluation. If the 

known phenotype of a genetic polymorphism 
can explain the carcinogenic mechanism of the 
agent being evaluated, data on this phenotype 
may be useful in making causal inferences.

(f)	 Criteria for causality

After the quality of individual epidemiolog-
ical studies of cancer has been summarized and 
assessed, a judgement is made concerning the 
strength of evidence that the agent in question 
is carcinogenic to humans. In making its judge-
ment, the Working Group considers several 
criteria for causality (Hill, 1965). A strong asso-
ciation  (e.g. a large relative risk) is more likely 
to indicate causality than a weak association, 
although it is recognized that estimates of effect 
of small magnitude do not imply lack of causality 
and may be important if the disease or exposure 
is common. Associations that are replicated in 
several studies of the same design or that use 
different epidemiological approaches or under 
different circumstances of exposure are more 
likely to represent a causal relationship than 
isolated observations from single studies. If there 
are inconsistent results among investigations, 
possible reasons are sought (such as differences in 
exposure), and results of studies that are judged 
to be of high quality are given more weight than 
those of studies that are judged to be methodo-
logically less sound.

If the risk increases with the exposure, this is 
considered to be a strong indication of causality, 
although the absence of a graded response is not 
necessarily evidence against a causal relation-
ship. The demonstration of a decline in risk after 
cessation of or reduction in exposure in indi-
viduals or in whole populations also supports a 
causal interpretation of the findings.

Several scenarios may increase confidence in 
a causal relationship. On the one hand, an agent 
may be specific in causing tumours at one site or 
of one morphological type. On the other, carcino-
genicity may be evident through the causation of 
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multiple tumour types. Temporality, precision 
of estimates of effect, biological plausibility and 
coherence of the overall database are considered. 
Data on biomarkers may be employed in an 
assessment of the biological plausibility of epide-
miological observations.

Although rarely available, results from rand-
omized trials that show different rates of cancer 
among exposed and unexposed individuals 
provide particularly strong evidence for causality.

When several epidemiological studies show 
little or no indication of an association between 
an exposure and cancer, a judgement may be 
made that, in the aggregate, they show evidence 
of lack of carcinogenicity. Such a judgement 
requires first that the studies meet, to a suffi-
cient degree, the standards of design and anal-
ysis described above. Specifically, the possibility 
that bias, confounding or misclassification of 
exposure or outcome could explain the observed 
results should be considered and excluded with 
reasonable certainty. In addition, all studies that 
are judged to be methodologically sound should 
(a) be consistent with an estimate of effect of 
unity for any observed level of exposure, (b) when 
considered together, provide a pooled estimate of 
relative risk that is at or near to unity, and (c) 
have a narrow confidence interval, due to suffi-
cient population size. Moreover, no individual 
study nor the pooled results of all the studies 
should show any consistent tendency that the 
relative risk of cancer increases with increasing 
level of exposure. It is important to note that 
evidence of lack of carcinogenicity obtained 
from several epidemiological studies can apply 
only to the type(s) of cancer studied, to the dose 
levels reported, and to the intervals between first 
exposure and disease onset observed in these 
studies. Experience with human cancer indicates 
that the period from first exposure to the devel-
opment of clinical cancer is sometimes longer 
than 20 years; latent periods substantially shorter 
than 30 years cannot provide evidence for lack of 
carcinogenicity.

3.	 Studies of cancer in 
experimental animals

All known human carcinogens that have been 
studied adequately for carcinogenicity in exper-
imental animals have produced positive results 
in one or more animal species (Wilbourn et al., 
1986; Tomatis et al., 1989). For several agents 
(e.g. aflatoxins, diethylstilbestrol, solar radiation, 
vinyl chloride), carcinogenicity in experimental 
animals was established or highly suspected 
before epidemiological studies confirmed their 
carcinogenicity in humans (Vainio et al., 1995). 
Although this association cannot establish that 
all agents that cause cancer in experimental 
animals also cause cancer in humans, it is biolog-
ically plausible that agents for which there is suffi-
cient evidence of carcinogenicity in experimental 
animals (see Part B, Section 6b) also present a 
carcinogenic hazard to humans. Accordingly, in 
the absence of additional scientific information, 
these agents are considered to pose a carcino-
genic hazard to humans. Examples of additional 
scientific information are data that demonstrate 
that a given agent causes cancer in animals 
through a species-specific mechanism that does 
not operate in humans or data that demonstrate 
that the mechanism in experimental animals 
also operates in humans (see Part B, Section 6).

Consideration is given to all available long-
term studies of cancer in experimental animals 
with the agent under review (see Part A, Section 
4). In all experimental settings, the nature and 
extent of impurities or contaminants present in 
the agent being evaluated are given when avail-
able. Animal species, strain (including genetic 
background where applicable), sex, numbers per 
group, age at start of treatment, route of expo-
sure, dose levels, duration of exposure, survival 
and information on tumours (incidence, latency, 
severity or multiplicity of neoplasms or prene-
oplastic lesions) are reported. Those studies in 
experimental animals that are judged to be irrel-
evant to the evaluation or judged to be inadequate 



Preamble

21

(e.g. too short a duration, too few animals, poor 
survival; see below) may be omitted. Guidelines 
for conducting long-term carcinogenicity exper-
iments have been published (e.g. OECD, 2002).

Other studies considered may include: exper-
iments in which the agent was administered in 
the presence of factors that modify carcinogenic 
effects (e.g. initiation–promotion studies, co-car-
cinogenicity studies and studies in genetically 
modified animals); studies in which the end-point 
was not cancer but a defined precancerous lesion; 
experiments on the carcinogenicity of known 
metabolites and derivatives; and studies of 
cancer in non-laboratory animals (e.g. livestock 
and companion animals) exposed to the agent.

For studies of mixtures, consideration is 
given to the possibility that changes in the 
physicochemical properties of the individual 
substances may occur during collection, storage, 
extraction, concentration and delivery. Another 
consideration is that chemical and toxicological 
interactions of components in a mixture may 
alter dose–response relationships. The relevance 
to human exposure of the test mixture adminis-
tered in the animal experiment is also assessed. 
This may involve consideration of the following 
aspects of the mixture tested: (i) physical and 
chemical characteristics, (ii) identified constitu-
ents that may indicate the presence of a class of 
substances and (iii) the results of genetic toxicity 
and related tests.

The relevance of results obtained with an 
agent that is analogous (e.g. similar in structure 
or of a similar virus genus) to that being evalu-
ated is also considered. Such results may provide 
biological and mechanistic information that is 
relevant to the understanding of the process of 
carcinogenesis in humans and may strengthen 
the biological plausibility that the agent being 
evaluated is carcinogenic to humans (see Part B, 
Section 2f).

(a)	 Qualitative aspects

An assessment of carcinogenicity involves 
several considerations of qualitative importance, 
including (i) the experimental conditions under 
which the test was performed, including route, 
schedule and duration of exposure, species, 
strain (including genetic background where 
applicable), sex, age and duration of follow-up; (ii) 
the consistency of the results, for example, across 
species and target organ(s); (iii) the spectrum of 
neoplastic response, from preneoplastic lesions 
and benign tumours to malignant neoplasms; 
and (iv) the possible role of modifying factors.

Considerations of importance in the inter-
pretation and evaluation of a particular study 
include: (i) how clearly the agent was defined 
and, in the case of mixtures, how adequately 
the sample characterization was reported; (ii) 
whether the dose was monitored adequately, 
particularly in inhalation experiments; (iii) 
whether the doses, duration of treatment and 
route of exposure were appropriate; (iv) whether 
the survival of treated animals was similar to 
that of controls; (v) whether there were adequate 
numbers of animals per group; (vi) whether 
both male and female animals were used; (vii) 
whether animals were allocated randomly to 
groups; (viii) whether the duration of observa-
tion was adequate; and (ix) whether the data were 
reported and analysed adequately.

When benign tumours (a) occur together 
with and originate from the same cell type as 
malignant tumours in an organ or tissue in a 
particular study and (b) appear to represent a 
stage in the progression to malignancy, they are 
usually combined in the assessment of tumour 
incidence (Huff et al., 1989). The occurrence of 
lesions presumed to be preneoplastic may in 
certain instances aid in assessing the biological 
plausibility of any neoplastic response observed. 
If an agent induces only benign neoplasms that 
appear to be end-points that do not readily 
undergo transition to malignancy, the agent 
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should nevertheless be suspected of being 
carcinogenic and requires further investigation.

(b)	 Quantitative aspects

The probability that tumours will occur 
may depend on the species, sex, strain, genetic 
background and age of the animal, and on the 
dose, route, timing and duration of the exposure. 
Evidence of an increased incidence of neoplasms 
with increasing levels of exposure strengthens 
the inference of a causal association between the 
exposure and the development of neoplasms.

The form of the dose–response relationship 
can vary widely, depending on the particular agent 
under study and the target organ. Mechanisms 
such as induction of DNA damage or inhibition 
of repair, altered cell division and cell death rates 
and changes in intercellular communication 
are important determinants of dose–response 
relationships for some carcinogens. Since many 
chemicals require metabolic activation before 
being converted to their reactive intermediates, 
both metabolic and toxicokinetic aspects are 
important in determining the dose–response 
pattern. Saturation of steps such as absorption, 
activation, inactivation and elimination may 
produce nonlinearity in the dose–response rela-
tionship (Hoel et al., 1983; Gart et al., 1986), 
as could saturation of processes such as DNA 
repair. The dose–response relationship can also 
be affected by differences in survival among the 
treatment groups.

(c)	 Statistical analyses

Factors considered include the adequacy of 
the information given for each treatment group: 
(i) number of animals studied and number exam-
ined histologically, (ii) number of animals with a 
given tumour type and (iii) length of survival. 
The statistical methods used should be clearly 
stated and should be the generally accepted tech-
niques refined for this purpose (Peto et al., 1980; 

Gart et al., 1986; Portier & Bailer, 1989; Bieler & 
Williams, 1993). The choice of the most appro-
priate statistical method requires consideration 
of whether or not there are differences in survival 
among the treatment groups; for example, 
reduced survival because of non-tumour-re-
lated mortality can preclude the occurrence of 
tumours later in life. When detailed information 
on survival is not available, comparisons of the 
proportions of tumour-bearing animals among 
the effective number of animals (alive at the time 
the first tumour was discovered) can be useful 
when significant differences in survival occur 
before tumours appear. The lethality of the 
tumour also requires consideration: for rapidly 
fatal tumours, the time of death provides an indi-
cation of the time of tumour onset and can be 
assessed using life-table methods; non-fatal or 
incidental tumours that do not affect survival can 
be assessed using methods such as the Mantel-
Haenzel test for changes in tumour prevalence. 
Because tumour lethality is often difficult to 
determine, methods such as the Poly-K test that 
do not require such information can also be used. 
When results are available on the number and 
size of tumours seen in experimental animals 
(e.g. papillomas on mouse skin, liver tumours 
observed through nuclear magnetic resonance 
tomography), other more complicated statistical 
procedures may be needed (Sherman et al., 1994; 
Dunson et al., 2003).

Formal statistical methods have been devel-
oped to incorporate historical control data into the 
analysis of data from a given experiment. These 
methods assign an appropriate weight to histor-
ical and concurrent controls on the basis of the 
extent of between-study and within-study vari-
ability: less weight is given to historical controls 
when they show a high degree of variability, and 
greater weight when they show little variability. It 
is generally not appropriate to discount a tumour 
response that is significantly increased compared 
with concurrent controls by arguing that it falls 
within the range of historical controls, particularly 
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when historical controls show high between-
study variability and are, thus, of little relevance 
to the current experiment. In analysing results 
for uncommon tumours, however, the anal-
ysis may be improved by considering historical 
control data, particularly when between-study 
variability is low. Historical controls should be 
selected to resemble the concurrent controls as 
closely as possible with respect to species, gender 
and strain, as well as other factors such as basal 
diet and general laboratory environment, which 
may affect tumour-response rates in control 
animals (Haseman et al., 1984; Fung et al., 1996; 
Greim et al., 2003).

Although meta-analyses and combined anal-
yses are conducted less frequently for animal 
experiments than for epidemiological studies 
due to differences in animal strains, they can be 
useful aids in interpreting animal data when the 
experimental protocols are sufficiently similar.

4.	 Mechanistic and other relevant 
data

Mechanistic and other relevant data may 
provide evidence of carcinogenicity and also 
help in assessing the relevance and importance 
of findings of cancer in animals and in humans. 
The nature of the mechanistic and other rele-
vant data depends on the biological activity of 
the agent being considered. The Working Group 
considers representative studies to give a concise 
description of the relevant data and issues that 
they consider to be important; thus, not every 
available study is cited. Relevant topics may 
include toxicokinetics, mechanisms of carcino-
genesis, susceptible individuals, populations and 
life-stages, other relevant data and other adverse 
effects. When data on biomarkers are informa-
tive about the mechanisms of carcinogenesis, 
they are included in this section.

These topics are not mutually exclusive; thus, 
the same studies may be discussed in more than 

one subsection. For example, a mutation in a 
gene that codes for an enzyme that metabolizes 
the agent under study could be discussed in the 
subsections on toxicokinetics, mechanisms and 
individual susceptibility if it also exists as an 
inherited polymorphism.

(a)	 Toxicokinetic data

Toxicokinetics refers to the absorption, 
distribution, metabolism and elimination of 
agents in humans, experimental animals and, 
where relevant, cellular systems. Examples of 
kinetic factors that may affect dose–response 
relationships include uptake, deposition, bioper-
sistence and half-life in tissues, protein binding, 
metabolic activation and detoxification. Studies 
that indicate the metabolic fate of the agent 
in humans and in experimental animals are 
summarized briefly, and comparisons of data 
from humans and animals are made when 
possible. Comparative information on the rela-
tionship between exposure and the dose that 
reaches the target site may be important for the 
extrapolation of hazards between species and in 
clarifying the role of in-vitro findings.

(b)	 Data on mechanisms of carcinogenesis

To provide focus, the Working Group 
attempts to identify the possible mechanisms by 
which the agent may increase the risk of cancer. 
For each possible mechanism, a representative 
selection of key data from humans and experi-
mental systems is summarized. Attention is given 
to gaps in the data and to data that suggests that 
more than one mechanism may be operating. 
The relevance of the mechanism to humans is 
discussed, in particular, when mechanistic data 
are derived from experimental model systems. 
Changes in the affected organs, tissues or cells 
can be divided into three non-exclusive levels as 
described below.
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(i)	 Changes in physiology

Physiological changes refer to exposure-re-
lated modifications to the physiology and/or 
response of cells, tissues and organs. Examples 
of potentially adverse physiological changes 
include mitogenesis, compensatory cell division, 
escape from apoptosis and/or senescence, pres-
ence of inflammation, hyperplasia, metaplasia 
and/or preneoplasia, angiogenesis, alterations in 
cellular adhesion, changes in steroidal hormones 
and changes in immune surveillance.

(ii)	 Functional changes at the cellular level

Functional changes refer to exposure-re-
lated alterations in the signalling pathways used 
by cells to manage critical processes that are 
related to increased risk for cancer. Examples 
of functional changes include modified activ-
ities of enzymes involved in the metabolism 
of xenobiotics, alterations in the expression 
of key genes that regulate DNA repair, altera-
tions in cyclin-dependent kinases that govern 
cell cycle progression, changes in the patterns 
of post-translational modifications of proteins, 
changes in regulatory factors that alter apoptotic 
rates, changes in the secretion of factors related 
to the stimulation of DNA replication and tran-
scription and changes in gap–junction-mediated 
intercellular communication.

(iii)	 Changes at the molecular level

Molecular changes refer to exposure-related 
changes in key cellular structures at the molec-
ular level, including, in particular, genotoxicity. 
Examples of molecular changes include forma-
tion of DNA adducts and DNA strand breaks, 
mutations in genes, chromosomal aberrations, 
aneuploidy and changes in DNA methylation 
patterns. Greater emphasis is given to irreversible 
effects.

The use of mechanistic data in the identifi-
cation of a carcinogenic hazard is specific to the 
mechanism being addressed and is not readily 

described for every possible level and mechanism 
discussed above.

Genotoxicity data are discussed here to illus-
trate the key issues involved in the evaluation of 
mechanistic data.

Tests for genetic and related effects are 
described in view of the relevance of gene muta-
tion and chromosomal aberration/aneuploidy 
to carcinogenesis (Vainio et al., 1992; McGregor 
et al., 1999). The adequacy of the reporting of 
sample characterization is considered and, when 
necessary, commented upon; with regard to 
complex mixtures, such comments are similar 
to those described for animal carcinogenicity 
tests. The available data are interpreted critically 
according to the end-points detected, which 
may include DNA damage, gene mutation, sister 
chromatid exchange, micronucleus formation, 
chromosomal aberrations and aneuploidy. The 
concentrations employed are given, and mention 
is made of whether the use of an exogenous 
metabolic system in vitro affected the test result. 
These data are listed in tabular form by phyloge-
netic classification.

Positive results in tests using prokaryotes, 
lower eukaryotes, insects, plants and cultured 
mammalian cells suggest that genetic and related 
effects could occur in mammals. Results from 
such tests may also give information on the types 
of genetic effect produced and on the involve-
ment of metabolic activation. Some end-points 
described are clearly genetic in nature (e.g. gene 
mutations), while others are associated with 
genetic effects (e.g. unscheduled DNA synthesis). 
In-vitro tests for tumour promotion, cell transfor-
mation and gap–junction intercellular commu-
nication may be sensitive to changes that are not 
necessarily the result of genetic alterations but 
that may have specific relevance to the process of 
carcinogenesis. Critical appraisals of these tests 
have been published (Montesano et al., 1986; 
McGregor et al., 1999).

Genetic or other activity manifest in humans 
and experimental mammals is regarded to be of 
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greater relevance than that in other organisms. 
The demonstration that an agent can induce 
gene and chromosomal mutations in mammals 
in vivo indicates that it may have carcinogenic 
activity. Negative results in tests for mutagenicity 
in selected tissues from animals treated in vivo 
provide less weight, partly because they do not 
exclude the possibility of an effect in tissues other 
than those examined. Moreover, negative results 
in short-term tests with genetic end-points 
cannot be considered to provide evidence that 
rules out the carcinogenicity of agents that act 
through other mechanisms (e.g. receptor-medi-
ated effects, cellular toxicity with regenerative 
cell division, peroxisome proliferation) (Vainio 
et al., 1992). Factors that may give misleading 
results in short-term tests have been discussed 
in detail elsewhere (Montesano et al., 1986; 
McGregor et al., 1999).

When there is evidence that an agent acts by 
a specific mechanism that does not involve geno-
toxicity (e.g. hormonal dysregulation, immune 
suppression, and formation of calculi and other 
deposits that cause chronic irritation), that 
evidence is presented and reviewed critically in 
the context of rigorous criteria for the operation 
of that mechanism in carcinogenesis (e.g. Capen 
et al., 1999).

For biological agents such as viruses, 
bacteria and parasites, other data relevant to 
carcinogenicity may include descriptions of the 
pathology of infection, integration and expres-
sion of viruses, and genetic alterations seen in 
human tumours. Other observations that might 
comprise cellular and tissue responses to infec-
tion, immune response and the presence of 
tumour markers are also considered.

For physical agents that are forms of radia-
tion, other data relevant to carcinogenicity may 
include descriptions of damaging effects at the 
physiological, cellular and molecular level, as 
for chemical agents, and descriptions of how 
these effects occur. ‘Physical agents’ may also be 
considered to comprise foreign bodies, such as 

surgical implants of various kinds, and poorly 
soluble fibres, dusts and particles of various 
sizes, the pathogenic effects of which are a result 
of their physical presence in tissues or body 
cavities. Other relevant data for such materials 
may include characterization of cellular, tissue 
and physiological reactions to these materials 
and descriptions of pathological conditions 
other than neoplasia with which they may be 
associated.

(c)	 Other data relevant to mechanisms

A description is provided of any structure–
activity relationships that may be relevant to an 
evaluation of the carcinogenicity of an agent, the 
toxicological implications of the physical and 
chemical properties, and any other data relevant 
to the evaluation that are not included elsewhere.

High-output data, such as those derived 
from gene expression microarrays, and high-
throughput data, such as those that result from 
testing hundreds of agents for a single end-point, 
pose a unique problem for the use of mecha-
nistic data in the evaluation of a carcinogenic 
hazard. In the case of high-output data, there is 
the possibility to overinterpret changes in indi-
vidual end-points (e.g. changes in expression in 
one gene) without considering the consistency of 
that finding in the broader context of the other 
end-points (e.g. other genes with linked transcrip-
tional control). High-output data can be used in 
assessing mechanisms, but all end-points meas-
ured in a single experiment need to be considered 
in the proper context. For high-throughput data, 
where the number of observations far exceeds 
the number of end-points measured, their utility 
for identifying common mechanisms across 
multiple agents is enhanced. These data can be 
used to identify mechanisms that not only seem 
plausible, but also have a consistent pattern of 
carcinogenic response across entire classes of 
related compounds.
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(d)	 Susceptibility data

Individuals, populations and life-stages may 
have greater or lesser susceptibility to an agent, 
based on toxicokinetics, mechanisms of carcino-
genesis and other factors. Examples of host and 
genetic factors that affect individual susceptibility 
include sex, genetic polymorphisms of genes 
involved in the metabolism of the agent under 
evaluation, differences in metabolic capacity due 
to life-stage or the presence of disease, differ-
ences in DNA repair capacity, competition for 
or alteration of metabolic capacity by medica-
tions or other chemical exposures, pre-existing 
hormonal imbalance that is exacerbated by a 
chemical exposure, a suppressed immune system, 
periods of higher-than-usual tissue growth or 
regeneration and genetic polymorphisms that 
lead to differences in behaviour (e.g. addiction). 
Such data can substantially increase the strength 
of the evidence from epidemiological data and 
enhance the linkage of in-vivo and in-vitro labo-
ratory studies to humans.

(e)	 Data on other adverse effects

Data on acute, subchronic and chronic 
adverse effects relevant to the cancer evaluation 
are summarized. Adverse effects that confirm 
distribution and biological effects at the sites of 
tumour development, or alterations in physi-
ology that could lead to tumour development, are 
emphasized. Effects on reproduction, embryonic 
and fetal survival and development are summa-
rized briefly. The adequacy of epidemiological 
studies of reproductive outcome and genetic 
and related effects in humans is judged by the 
same criteria as those applied to epidemiological 
studies of cancer, but fewer details are given.

5.	 Summary

This section is a summary of data presented 
in the preceding sections. Summaries can be 
found on the Monographs programme web site 
(http://monographs.iarc.fr).

(a)	 Exposure data

Data are summarized, as appropriate, on 
the basis of elements such as production, use, 
occurrence and exposure levels in the work-
place and environment and measurements in 
human tissues and body fluids. Quantitative 
data and time trends are given to compare 
exposures in different occupations and environ-
mental settings. Exposure to biological agents is 
described in terms of transmission, prevalence 
and persistence of infection.

(b)	 Cancer in humans

Results of epidemiological studies pertinent 
to an assessment of human carcinogenicity are 
summarized. When relevant, case reports and 
correlation studies are also summarized. The 
target organ(s) or tissue(s) in which an increase in 
cancer was observed is identified. Dose–response 
and other quantitative data may be summarized 
when available.

(c)	 Cancer in experimental animals

Data relevant to an evaluation of carcino-
genicity in animals are summarized. For each 
animal species, study design and route of admin-
istration, it is stated whether an increased inci-
dence, reduced latency, or increased severity 
or multiplicity of neoplasms or preneoplastic 
lesions were observed, and the tumour sites are 
indicated. If the agent produced tumours after 
prenatal exposure or in single-dose experiments, 
this is also mentioned. Negative findings, inverse 
relationships, dose–response and other quantita-
tive data are also summarized.

http://monographs.iarc.fr
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(d)	 Mechanistic and other relevant data

Data relevant to the toxicokinetics (absorp-
tion, distribution, metabolism, elimination) and 
the possible mechanism(s) of carcinogenesis (e.g. 
genetic toxicity, epigenetic effects) are summa-
rized. In addition, information on susceptible 
individuals, populations and life-stages is 
summarized. This section also reports on other 
toxic effects, including reproductive and devel-
opmental effects, as well as additional relevant 
data that are considered to be important.

6.	 Evaluation and rationale

Evaluations of the strength of the evidence for 
carcinogenicity arising from human and exper-
imental animal data are made, using standard 
terms. The strength of the mechanistic evidence 
is also characterized.

It is recognized that the criteria for these 
evaluations, described below, cannot encompass 
all of the factors that may be relevant to an eval-
uation of carcinogenicity. In considering all of 
the relevant scientific data, the Working Group 
may assign the agent to a higher or lower cate-
gory than a strict interpretation of these criteria 
would indicate.

These categories refer only to the strength of 
the evidence that an exposure is carcinogenic 
and not to the extent of its carcinogenic activity 
(potency). A classification may change as new 
information becomes available.

An evaluation of the degree of evidence is 
limited to the materials tested, as defined phys-
ically, chemically or biologically. When the 
agents evaluated are considered by the Working 
Group to be sufficiently closely related, they may 
be grouped together for the purpose of a single 
evaluation of the degree of evidence.

(a)	 Carcinogenicity in humans

The evidence relevant to carcinogenicity 
from studies in humans is classified into one of 
the following categories:

Sufficient evidence of carcinogenicity: 
The Working Group considers that a causal 

relationship has been established between expo-
sure to the agent and human cancer. That is, a 
positive relationship has been observed between 
the exposure and cancer in studies in which 
chance, bias and confounding could be ruled 
out with reasonable confidence. A statement that 
there is sufficient evidence is followed by a sepa-
rate sentence that identifies the target organ(s) or 
tissue(s) where an increased risk of cancer was 
observed in humans. Identification of a specific 
target organ or tissue does not preclude the 
possibility that the agent may cause cancer at 
other sites.

Limited evidence of carcinogenicity: 
A positive association has been observed 

between exposure to the agent and cancer for 
which a causal interpretation is considered by 
the Working Group to be credible, but chance, 
bias or confounding could not be ruled out with 
reasonable confidence.

Inadequate evidence of carcinogenicity: 
The available studies are of insufficient 

quality, consistency or statistical power to permit 
a conclusion regarding the presence or absence 
of a causal association between exposure and 
cancer, or no data on cancer in humans are 
available.

Evidence suggesting lack of carcinogenicity: 
There are several adequate studies covering 

the full range of levels of exposure that humans 
are known to encounter, which are mutually 
consistent in not showing a positive association 
between exposure to the agent and any studied 
cancer at any observed level of exposure. The 
results from these studies alone or combined 
should have narrow confidence intervals with an 
upper limit close to the null value (e.g. a relative 
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risk of 1.0). Bias and confounding should be ruled 
out with reasonable confidence, and the studies 
should have an adequate length of follow-up. A 
conclusion of evidence suggesting lack of carcino-
genicity is inevitably limited to the cancer sites, 
conditions and levels of exposure, and length of 
observation covered by the available studies. In 
addition, the possibility of a very small risk at the 
levels of exposure studied can never be excluded.

In some instances, the above categories may 
be used to classify the degree of evidence related 
to carcinogenicity in specific organs or tissues.

When the available epidemiological studies 
pertain to a mixture, process, occupation or 
industry, the Working Group seeks to identify 
the specific agent considered most likely to be 
responsible for any excess risk. The evaluation 
is focused as narrowly as the available data on 
exposure and other aspects permit.

(b)	 Carcinogenicity in experimental 
animals

Carcinogenicity in experimental animals 
can be evaluated using conventional bioassays, 
bioassays that employ genetically modified 
animals, and other in-vivo bioassays that focus 
on one or more of the critical stages of carcino-
genesis. In the absence of data from conventional 
long-term bioassays or from assays with neoplasia 
as the end-point, consistently positive results in 
several models that address several stages in the 
multistage process of carcinogenesis should be 
considered in evaluating the degree of evidence 
of carcinogenicity in experimental animals.

The evidence relevant to carcinogenicity in 
experimental animals is classified into one of the 
following categories:

Sufficient evidence of carcinogenicity: 
The Working Group considers that a causal 

relationship has been established between the 
agent and an increased incidence of malignant 
neoplasms or of an appropriate combination 
of benign and malignant neoplasms in (a) two 

or more species of animals or (b) two or more 
independent studies in one species carried out 
at different times or in different laboratories or 
under different protocols. An increased incidence 
of tumours in both sexes of a single species in a 
well conducted study, ideally conducted under 
Good Laboratory Practices, can also provide 
sufficient evidence.

A single study in one species and sex might 
be considered to provide sufficient evidence of 
carcinogenicity when malignant neoplasms occur 
to an unusual degree with regard to incidence, 
site, type of tumour or age at onset, or when there 
are strong findings of tumours at multiple sites.

Limited evidence of carcinogenicity: 
The data suggest a carcinogenic effect but 

are limited for making a definitive evaluation 
because, e.g. (a) the evidence of carcinogenicity 
is restricted to a single experiment; (b) there are 
unresolved questions regarding the adequacy 
of the design, conduct or interpretation of the 
studies; (c) the agent increases the incidence 
only of benign neoplasms or lesions of uncer-
tain neoplastic potential; or (d) the evidence 
of carcinogenicity is restricted to studies that 
demonstrate only promoting activity in a narrow 
range of tissues or organs.

Inadequate evidence of carcinogenicity: 
The studies cannot be interpreted as showing 

either the presence or absence of a carcinogenic 
effect because of major qualitative or quantitative 
limitations, or no data on cancer in experimental 
animals are available.

Evidence suggesting lack of carcinogenicity: 
Adequate studies involving at least two 

species are available which show that, within the 
limits of the tests used, the agent is not carcino-
genic. A conclusion of evidence suggesting lack 
of carcinogenicity is inevitably limited to the 
species, tumour sites, age at exposure, and condi-
tions and levels of exposure studied.
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(c)	 Mechanistic and other relevant data

Mechanistic and other evidence judged to be 
relevant to an evaluation of carcinogenicity and 
of sufficient importance to affect the overall eval-
uation is highlighted. This may include data on 
preneoplastic lesions, tumour pathology, genetic 
and related effects, structure–activity relation-
ships, metabolism and toxicokinetics, physico-
chemical parameters and analogous biological 
agents.

The strength of the evidence that any carcino-
genic effect observed is due to a particular mech-
anism is evaluated, using terms such as ‘weak’, 
‘moderate’ or ‘strong’. The Working Group then 
assesses whether that particular mechanism is 
likely to be operative in humans. The strongest 
indications that a particular mechanism oper-
ates in humans derive from data on humans 
or biological specimens obtained from exposed 
humans. The data may be considered to be espe-
cially relevant if they show that the agent in 
question has caused changes in exposed humans 
that are on the causal pathway to carcinogenesis. 
Such data may, however, never become available, 
because it is at least conceivable that certain 
compounds may be kept from human use solely 
on the basis of evidence of their toxicity and/or 
carcinogenicity in experimental systems.

The conclusion that a mechanism operates 
in experimental animals is strengthened by 
findings of consistent results in different experi-
mental systems, by the demonstration of biolog-
ical plausibility and by coherence of the overall 
database. Strong support can be obtained from 
studies that challenge the hypothesized mecha-
nism experimentally, by demonstrating that the 
suppression of key mechanistic processes leads 
to the suppression of tumour development. The 
Working Group considers whether multiple 
mechanisms might contribute to tumour devel-
opment, whether different mechanisms might 
operate in different dose ranges, whether sepa-
rate mechanisms might operate in humans and 

experimental animals and whether a unique 
mechanism might operate in a susceptible group. 
The possible contribution of alternative mecha-
nisms must be considered before concluding 
that tumours observed in experimental animals 
are not relevant to humans. An uneven level of 
experimental support for different mechanisms 
may reflect that disproportionate resources 
have been focused on investigating a favoured 
mechanism.

For complex exposures, including occupa-
tional and industrial exposures, the chemical 
composition and the potential contribution of 
carcinogens known to be present are considered 
by the Working Group in its overall evaluation 
of human carcinogenicity. The Working Group 
also determines the extent to which the mate-
rials tested in experimental systems are related 
to those to which humans are exposed.

(d)	 Overall evaluation

Finally, the body of evidence is considered 
as a whole, to reach an overall evaluation of the 
carcinogenicity of the agent to humans.

An evaluation may be made for a group of 
agents that have been evaluated by the Working 
Group. In addition, when supporting data indi-
cate that other related agents, for which there is no 
direct evidence of their capacity to induce cancer 
in humans or in animals, may also be carcino-
genic, a statement describing the rationale for 
this conclusion is added to the evaluation narra-
tive; an additional evaluation may be made for 
this broader group of agents if the strength of the 
evidence warrants it.

The agent is described according to the 
wording of one of the following categories, and 
the designated group is given. The categorization 
of an agent is a matter of scientific judgement that 
reflects the strength of the evidence derived from 
studies in humans and in experimental animals 
and from mechanistic and other relevant data.
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Group 1: The agent is carcinogenic to 
humans.

This category is used when there is suffi-
cient evidence of carcinogenicity in humans. 
Exceptionally, an agent may be placed in this 
category when evidence of carcinogenicity in 
humans is less than sufficient but there is suffi-
cient evidence of carcinogenicity in experimental 
animals and strong evidence in exposed humans 
that the agent acts through a relevant mechanism 
of carcinogenicity.

Group 2.

This category includes agents for which, at 
one extreme, the degree of evidence of carcino-
genicity in humans is almost sufficient, as well as 
those for which, at the other extreme, there are 
no human data but for which there is evidence 
of carcinogenicity in experimental animals. 
Agents are assigned to either Group 2A (probably 
carcinogenic to humans) or Group 2B (possibly 
carcinogenic to humans) on the basis of epidemi-
ological and experimental evidence of carcino-
genicity and mechanistic and other relevant data. 
The terms probably carcinogenic and possibly 
carcinogenic have no quantitative significance 
and are used simply as descriptors of different 
levels of evidence of human carcinogenicity, with 
probably carcinogenic signifying a higher level of 
evidence than possibly carcinogenic.

Group 2A: The agent is probably 
carcinogenic to humans.

This category is used when there is limited 
evidence of carcinogenicity in humans and suffi-
cient evidence of carcinogenicity in experimental 
animals. In some cases, an agent may be clas-
sified in this category when there is inadequate 
evidence of carcinogenicity in humans and suffi-
cient evidence of carcinogenicity in experimental 
animals and strong evidence that the carcino-
genesis is mediated by a mechanism that also 
operates in humans. Exceptionally, an agent may 

be classified in this category solely on the basis of 
limited evidence of carcinogenicity in humans. An 
agent may be assigned to this category if it clearly 
belongs, based on mechanistic considerations, to 
a class of agents for which one or more members 
have been classified in Group 1 or Group 2A.

Group 2B: The agent is possibly 
carcinogenic to humans.

This category is used for agents for which 
there is limited evidence of carcinogenicity in 
humans and less than sufficient evidence of 
carcinogenicity in experimental animals. It may 
also be used when there is inadequate evidence 
of carcinogenicity in humans but there is suffi-
cient evidence of carcinogenicity in experimental 
animals. In some instances, an agent for which 
there is inadequate evidence of carcinogenicity 
in humans and less than sufficient evidence of 
carcinogenicity in experimental animals together 
with supporting evidence from mechanistic and 
other relevant data may be placed in this group. 
An agent may be classified in this category solely 
on the basis of strong evidence from mechanistic 
and other relevant data.

Group 3: The agent is not classifiable as 
to its carcinogenicity to humans.

This category is used most commonly for 
agents for which the evidence of carcinogenicity 
is inadequate in humans and inadequate or 
limited in experimental animals.

Exceptionally, agents for which the evidence 
of carcinogenicity is inadequate in humans but 
sufficient in experimental animals may be placed 
in this category when there is strong evidence 
that the mechanism of carcinogenicity in exper-
imental animals does not operate in humans.

Agents that do not fall into any other group 
are also placed in this category.

An evaluation in Group 3 is not a determi-
nation of non-carcinogenicity or overall safety. 
It often means that further research is needed, 
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especially when exposures are widespread or 
the cancer data are consistent with differing 
interpretations.

Group 4: The agent is probably not 
carcinogenic to humans.

This category is used for agents for which 
there is evidence suggesting lack of carcinogenicity 
in humans and in experimental animals. In 
some instances, agents for which there is inad-
equate evidence of carcinogenicity in humans 
but evidence suggesting lack of carcinogenicity in 
experimental animals, consistently and strongly 
supported by a broad range of mechanistic and 
other relevant data, may be classified in this 
group.

(e)	 Rationale

The reasoning that the Working Group used 
to reach its evaluation is presented and discussed. 
This section integrates the major findings from 
studies of cancer in humans, studies of cancer 
in experimental animals, and mechanistic and 
other relevant data. It includes concise state-
ments of the principal line(s) of argument that 
emerged, the conclusions of the Working Group 
on the strength of the evidence for each group 
of studies, citations to indicate which studies 
were pivotal to these conclusions, and an expla-
nation of the reasoning of the Working Group 
in weighing data and making evaluations. When 
there are significant differences of scientific 
interpretation among Working Group Members, 
a brief summary of the alternative interpreta-
tions is provided, together with their scientific 
rationale and an indication of the relative degree 
of support for each alternative.
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The relevant route of exposure for studies of 
carcinogenicity with fibres or carbon nanotubes 
in experimental animals is inhalation, since 
humans are most likely to be exposed to fibres 
or carbon nanotubes by this route. Exposure by 
inhalation to fibres or carbon nanotubes involves 
distribution, deposition, and clearance from the 
lung, and potential translocation of fibres to the 
pleura. However, in most of the studies of carcino-
genicity in experimental animals reviewed in the 
present volume, fibres or carbon nanotubes were 
administered by intraperitoneal or intrapleural 
injection of a bolus of fibres or carbon nanotubes 
directly to the mesothelium, resulting in a high 
dose. These non-physiological routes of expo-
sure can induce mesothelioma with a relatively 
short latency, and have been used historically as 
sensitive methods for the evaluation of carcino-
genicity caused by fibres. For the agents evalu-
ated in the present volume, several of the latter 
types of studies were judged inadequate due to 
the use of insufficient numbers of animals, the 
short study duration, or the lack of concurrent 
controls. However, the Working Group gave 
some consideration to studies of sufficient dura-
tion that included adequate numbers of animals, 
but lacked concurrent controls, because meso-
thelioma is a rare spontaneous tumour.

The assessment of the numerous mechanistic 
studies on carbon nanotubes revealed variability 
in the physicochemical properties of the carbon 
nanotubes tested, the toxicological end-points 
assessed, and the experimental procedures 
adopted. In addition, data on end-points related 
to chronic toxicity were lacking for many types 
of carbon nanotube. As a result, the Working 
Group considered the overall mechanistic data to 
be uninformative regarding the carcinogenicity 
of specific types of carbon nanotube (see also 
Kuempel et al., 2017).
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1.	 Exposure Data

The Working Group limited the scope of this 
Monograph on carbon nanotubes (CNT) to engi-
neered/manufactured CNT, on the basis of three 
issues.

The Working Group recognized that co-ex-
posure to CNT and carbon nanofibres (CNF) 
could arise, because CNF may be generated as 
impurities during the synthesis of CNT. However, 
CNT and CNF are usually produced separately. 
Of 11 studies in the workplace, only one reported 
the use of both CNT and CNF at one secondary 
manufacturing facility that produced composite 
materials.

The Working Group did not consider the use 
of CNT that are specifically designed for medical 
purposes, for which human exposures have not 
yet been described.

While the existence of naturally and inciden-
tally occurring CNT has been acknowledged, 
the physico-chemical properties and biological 
reactivity of CNT in the general atmosphere are 
unknown.

1.1	 Chemical and physical 
properties

1.1.1	 Nomenclature and general description

Although single-walled (SWCNT) and 
multiwalled (MWCNT) CNT were discovered in 
1991 (Iijima, 1991), only one Chemical Abstracts 

Service number, 308068-56-6, has been given to 
reference CNT to date; however, this number is 
not representative of all CNT because of great 
variations in the size and other characteristics of 
the tubes. In addition, with regard to nomencla-
ture, CNT and CNF are often discussed together.

Table 1.1 gives the most common defini-
tions of CNT and other parameters related to 
nanomaterials. According to the International 
Organization for Standardization (ISO), CNT 
are defined as “nanotubes composed of carbon. 
CNT usually consist of curved graphene layers, 
including single-wall CNT and multiwall CNT” 
and CNF are defined as “nanofibres composed of 
carbon.” A nanofibre is described as a “nano-ob-
ject with two similar external dimensions in the 
nanoscale and the third dimension significantly 
larger. A nanofibre can be flexible or rigid. The 
two similar external dimensions are considered 
to differ in size by less than three times and the 
significantly larger external dimension is consid-
ered to differ from the other two by more than 
three times. The largest external dimension is 
not necessarily in nanoscale” (ISO, 2008).

As a working definition for this Monograph, 
to counteract any potential confusion between 
the ISO definitions, we used the following differ-
entiation between CNT and CNF proposed 
by Kim et al. (2013): “The geometry of CNF is 
different from the CNT containing an entire 
hollow core, because they can be visualized as 
regularly stacked truncated conical and planar 
layers along the filament length” (see Fig.  1.1). 

CARBON NANOTUBES
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While CNF may be produced as impurities 
during the synthesis of CNT (see Section 1.2), 
CNF are not the subject of this review.

CNT comprise a graphene sheet rolled into a 
cylinder which can, in some cases, be extremely 
long, occasionally reaching several hundreds of 
micrometres in length. In each of the carbon 
sheets, one carbon atom is bonded to three others 
in one place, and gives rise to hexagonal rings 
similar to those found in aromatic hydrocarbons. 
CNT may consist of a single graphene cylinder 
(SWCNT) or of many graphene cylinders inside 
one another in concentric layers kept together 
by van der Waals forces (MWCNT). The larger 
MWCNT can contain hundreds of concentric layers 
separated by a distance of 0.34 nm (Popov, 2004). 
The length of a C–C bond in a graphene sheet of 
SWCNT is 0.142 nm (Wildoer et al., 1998).

CNT have generally been categorized into 
two groups: SWCNT and MWCNT. However, 

double-walled CNT (DWCNT) have also 
frequently been listed as a separate class. 
Depending on the production process, the phys-
ical and chemical characteristics (e.g. diameter 
and length) of CNT vary greatly (Table 1.2).

SWCNT do not normally exist as individual 
tubes (Lam et al., 2006). Due to the van der 
Waals forces, they are wont to form agglomer-
ates or aggregates leading to the construction of 
microscopic bundles or ropes which can reach 
5–50 nm in diameter (Maynard et al., 2007). 
These bundles tend to agglomerate loosely into 
small clumps. MWCNT are multiple graphene 
layers that surround one another and also tend 
to form bundles, but the van der Waals forces 
are usually weaker than those of SWCNT and 
MWCNT are therefore more likely to exist as 
single fibres (Lam et al., 2006).

Fig. 1.1 Schematic comparison of various types of fibrous carbon by diameter on a log scale

1 101 102 103 104

Diameter (nm)

Carbon nanotube Carbon nanofibre Carbon fibre

From Kim et al. (2013), with permission from Springer
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1.1.2	 Chemical properties

(a)	 Elemental composition

Pure CNT consist of only one or several hexag-
onal graphene sheets of carbon atoms rolled into 
tubes and are considered to be rather non-reac-
tive; for example, SWCNT have to be heated up 
to 500 °C to become oxidized and burned in the 
air (Zhang et al., 2002).

(b)	 Impurities

Because the synthesis of CNT frequently 
requires the presence of catalytic metals in the 
manufacturing process, CNT contain several 
residual impurities in addition to SWCNT and 
MWCNT, the concentrations of which may 
be relatively high in industrial-grade CNT 
(Donaldson et al., 2006; Fig. 1.2).

CNT samples have various levels of purity and 
those of several market materials are reported in 
Table 1.2. In the pristine [as-produced] samples, 

residual materials include metals (i.e. iron and 
molybdenum), support substances (i.e. alumina 
and silica) and organics (i.e. carbon blacks and 
fibres). Metal catalysts are frequently used in the 
manufacture of SWCNT, the most common of 
which are iron, nickel, cobalt, and molybdenum 
(Donaldson et al., 2006). Hence, pristine SWCNT 
usually contain higher concentrations of trace 
metals (Kitiyanan et al., 2000) than MWCNT. 
Support materials, including fine alumina, 
magnesium oxide, or silica, are often included to 
support the catalyst or the region of growth of 
the tubes (Donaldson et al., 2006).

Residual organic materials can be divided into 
two categories: organic molecules and various 
forms – amorphous or micro-structured – of 
bulk carbon, such as soot particles, fullerenes, 
and graphene sheets (Donaldson et al., 2006). The 
levels and types of impurity depend on the prod-
uction process. In general, gas-phase processes 
such as chemical vapour deposition (CVD) tend 

Fig. 1.2 Possible components of a mixture of a sample of pristine carbon nanotubes (unpurified 
carbon nanotubes) 

Unpurified carbon nanotube sample

Nanotubes Residual material

Single-walled
1–3 nm diameter
Often form 
bundles

Multiwalled
10–100 nm 
diameter

Widely varying lengths, typically 
tens of microns

Metals
Typically Co, Fe,
Ni, Mo
Nanoparticulate
carbon-
encapsulated
oxides

Organics
Amorphous 
carbon
Microstructured
carbon (carbon 
blacks, onions,
fibres, etc .)

Support
Typically fine 
alumina, 
magnesium 
oxide or silica

From Donaldson et al. (2006) by permission of Oxford University Press
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to produce CNT with fewer impurities and are 
also suitable for large-scale production. The 
purity of commercial CNT preparations may 
vary considerably (50–99.9%), but post-produc-
tion purification processes can be used to remove 
the remaining impurities and unwanted defects 
of graphene sheets. These involve harsh proce-
dures such as mechanical handling and the use 
of strong acids and tend to shorten the CNT 
(Lam et al., 2006; Alexander, 2007).

1.1.3	 Physical properties

CNT preparations vary greatly in terms 
of diameter, length, atomic structure, surface 
chemistry, and defects (e.g. catalysts such as iron). 
Other important physical properties include 
mechanical, electrical, optical, and thermal 
characteristics and also the agglomeration and 
aggregation state, bulk density, and the specific 
surface area.

(a)	 Thickness

The thickness of CNT mainly depends on the 
number of graphene layers contained and the 
chirality of the tubes. In general, the outer diam-
eter of SWCNT is 1–3 nm (Jorio et al., 2001) and 
that of MWCNT is 10–200 nm (Hou et al., 2003). 
Changes in the diameter depend on the synthetic 
process, in which the diameter of the catalytic 
metal plays an important role, especially in the 
case of SWCNT.

(b)	 Length

The length of typical CNT is a few micro-
metres, but this can vary between only a few 
hundred nanometres and several tens of micro-
metres. Tubes of 50 µm in length are common 
and some are occasionally several hundreds of 
micrometres long. Variations in the length of the 
tubes are a rule rather than an exception in CNT 
preparations (Lam et al., 2006).

(c)	 Atomic structure

The atomic structure of CNT is described 
in terms of tube chirality, which is determined 
by the orientation of the graphene sheet when 
the tube is synthesized. Two common confor-
mations include the so-called armchair and 
zig-zag conformations, which generally occur in 
a mixture of different conformations (Fig.  1.2; 
Thostenson et al., 2001). The chiral axis, defined 
as the orientation of the axis of the carbon 
hexagon relative to the axis of the CNT, also has 
an effect on the diameter of the nanotube because 
the inter-atomic spacing of the carbon atoms is 
fixed as mentioned above (0.142 nm) (Wildoer 
et al., 1998; Hedmer et al., 2013). In MWCNT, 
the adjacent graphene layers have different 
chiralities. Chirality also influences the optical 
and electrical properties of the CNT. Although 
graphene is a semi-metal, CNT can be either 
metallic or semi-conducting depending on the 
chiral angle. Chirality does not, however, modify 
the mechanical properties of CNT. Importantly, 
because SWCNT are frequently a mixture of 
single-walled tubes with different lengths and 
different chiralities, the existence of an aerosol, 
for example, consisting of SWCNT with only 
one type of chirality is not a viable assumption 
(Thostenson et al., 2001).

(d)	 Defects

During the synthesis of CNT, certain types 
of defect may occur, one example of which is 
the collapse of the tube that may arise from 
“bamboo-like” closures in the tube that can be 
detected by transmission electron microscopy 
(TEM) (Saito & Zettl, 2008). Such geometrical 
and typographical defects may be technologically 
important because they may dramatically alter 
the electrical properties of the CNT (Ishigami et 
al., 2004; Saito & Zettl, 2008). For example, the 
pentagon–heptagon pair (5–7 pair), one of the 
simple and elegant topological defects (Ishigami 
et al., 2004), can be used to connect metallic and 
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semi-conducting tubes enabling the formation of 
semiconductor–semiconductor, semiconductor–
metal, and metal–metal interfaces (Bernholc et al., 
1997). For the above reasons, nanoscale devices 
comprised only of carbon can be produced. CNT 
are usually non-reactive, although defects in the 
structure, including missing carbon atoms, could 
increase their reactivity (Bernholc et al., 1997).

(e)	 Surface-to-mass ratio or specific surface 
area

Because of their small size and structure, each 
of the CNT exhibits extremely high surface-to-
mass ratios, also referred to as the specific surface 
area. The specific surface area depends on the 
diameter, number of concentric graphene layers, 
and degree of bundling. The specific surface area 
of SWCNT is usually 1300 m2/g, but the corre-
sponding value for bundles of SWCNT is often 
six times lower (about 300 m2/g) (Ye et al., 1999).

(f)	 Bulk density

The bulk density of CNT is quite low and 
varies according to the production process. For 
example, a comparison of the powder resulting 
from laser ablation with that produced by the 
high-pressure carbon monoxide (HiPCO) 
process showed that the latter resulted in a bulk 
density as low as 1 mg/cm3, whereas the bulk 
density of the MWCNT Baytubes was as great as 
120–170 mg/cm3. For example, the bulk density 
of pure graphite and graphene powder are 2200 
and 200–600 mg/cm3, respectively (Chung et al., 
1982; Stankovich et al., 2007).

(g)	 Physical strength

The physical strength of CNT is one their 
remarkable advantages. In terms of tensile 
strength and elastic modulus, CNT are the 
strongest and stiffest material to have been discov-
ered to date, with an estimated tensile strength of 
200 GPa (Cheung et al., 2010), and SWCNT can 
be 10 times stronger than high-strength stainless 

steel (Walters et al., 1999; Yu et al., 2000). Closely 
packed CNT ropes have shown tensile strength 
in excess of 45 GPa, more than 20 times higher 
than that of typical high-strength steel (2 GPa) 
(Walters et al., 1999; Thostenson et al., 2005). With 
a tensile modulus of more than 1 TPa, CNT can 
also be 20% stiffer than diamonds (Thostenson 
et al., 2005). The remarkable strength of the CNT 
is due to the covalent bonds (sp2 hybridization) 
formed between the individual carbon atoms. 
High strength is thought to be a purely axial 
property of CNT because, in the radial direc-
tion, they are rather soft and can be deformed 
by van der Waals interactions between adjacent 
CNT (Ruoff et al., 1993). CNT are very flexible 
and can be bent more than 110° without damage 
(Iijima et al., 1996).

(h)	 Electrical properties

CNT can act as either semiconductors 
or conductors depending on their chirality 
(Bernholc et al., 1997), to which the electrical 
properties of the tubes are directly proportional; 
in the case of thin SWCNT, curvature is also 
a factor (Lu & Chen, 2005). In theory, metallic 
CNT can carry an electric current density of 
4 × 109 A/cm2, which exceeds that of copper by a 
factor of 1000 (Thostenson et al., 2005; Cheung 
et al., 2010). CNT have numerous potential appli-
cations in electric components and devices, and 
SWCNT with different electrical properties can 
be joined to make a diode (Chico et al., 1996). 
Furthermore, because CNT can be modified 
by deformation and stretching, they could, for 
example, be applied in sensors (Mahar et al., 
2007).

(i)	 Thermal and optical properties

CNT also have remarkable optical and 
thermal properties. SWCNT readily absorb near 
infrared light (800–1600 nm) (Cheung et al., 2010) 
which covers the wavelength range that passes 
through biological tissues without remarkable 
scattering, absorption, heating, or damaging the 
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tissue. Hence, the optical properties of SWCNT 
can be used in photo-thermal therapy (Kam et al., 
2005; Chakravarty et al., 2008; Xiao et al., 2009). 
CNT also exhibit remarkable thermal conduc-
tivity. SWCNT have thermal conductivities as 
high as 6000 W/(m.K) at room temperature, at 
which the corresponding value for diamonds is 
3320 W/(m.K). SWCNT are also stable at temper-
atures as high as 2800 °C in a vacuum and 750 °C 
in air (Thostenson et al., 2005). These thermal 
properties could probably be used in the future 
in highly conducting components of integrated 
nanoscale circuits, such as transistors, and in 
thermal management (Sinha et al., 2005; Pop et 
al., 2006).

(j)	 Dustiness

Dustiness corresponds to the propensity of 
a material to generate airborne dust during its 
handling (Evans et al., 2013) and, depending on 
the dustiness of the CNT/CNF material, the expo-
sure of workers could vary significantly. A simu-
lated workplace study of scooping/weighing/
adding and cleaning/sweeping powders by 
Brouwer et al. (2006) found that dustiness was 
a major determinant of the exposure of workers 
and accounted for approximately 70% of vari-
ability in exposure. Evans et al. (2013) tested 
the dustiness of different materials including 
SWCNT, MWCNT, and CNF. Both the total and 
respirable dustiness of the dispersed powders 
spanned two orders of magnitude (0.3–37.9% 
and 0.1–31.8%, respectively). For many powders, 
significant respirable dustiness was observed, 
suggesting that workplace procedures may result 
in inhaled airborne dust, a large fraction of which 
may be capable of reaching the deep lung of a 
worker, and respirable dustiness accounted for 
approximately one-third of the total dustiness 
of most powders studied. The dustiest material 
examined was SWCNT manufactured by the 
HiPCO process, with 37.9 ± 3.4% total dustiness 
and 31.8 ± 3.3% respirable dustiness, which is of 

particular concern because of the high respirable 
fraction (Evans et al., 2013).

1.1.4	 Other properties

Prototype or unchanged pristine preparations 
of all forms of CNT are extremely resistant to 
wetting and are exceedingly difficult to disperse 
or dissolve in aqueous solutions or organic media 
due to their high hydrophobicity and tendency 
to aggregate (Kostarelos et al., 2009). Hence, the 
use of CNT in composites is a challenge (Sinnott, 
2002; Hirsch & Vostronowsky, 2005).

Functionalization of CNT is a post-produc-
tion process used to attach chemical groups to 
modify properties and handling and can be 
physical (non-covalent) and chemical (covalent). 
Attachments can occur outside or inside the 
tubes and can be used to increase the dispersi-
bility of the tubes in surfactants or aqueous solu-
tions because pristine CNT have a high tendency 
to interact in a hydrophobic manner and form 
aggregates or make nanoscale biosensors 
(Thostenson et al., 2001; Hirsch & Vostronowsky, 
2005; Alexander, 2007; Kostarelos et al., 2009). 
The functionalization can be divided into two 
categories: a direct attachment of functional 
groups to the graphitic surface; and the use of 
the nanotube-bound carboxylic acids (Sun et al., 
2002). The ability to disperse CNT into water can 
be improved dramatically by their functionali-
zation, which can also enhance their mechanical 
and electrical properties (Kostarelos et al., 2009). 
An alternative process to the functionalization of 
CNT – doping – has frequently been used in the 
nano-fabrication sector.

Doping is the physical alteration of the 
surface of CNT with ions or molecules using 
weak forces such as van der Waals. For example, 
DWCNT cables with iodine doping were shown 
to outperform copper and aluminium cables 
with regard to specific electrical conductivity as 
well as tensile strength (Zhao et al., 2011).
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1.2	 Sampling and analytical 
methods

The recommended physico-chemical charac-
terization of nanomaterials includes the particle 
size and size distribution, aggregation/agglomer-
ation state in relevant media, shape, surface area, 
composition, surface chemistry and solubility/
dispersibility (ISO TR/13014, 2012). Selected 
methods of sampling and analysis in various 
matrices are given in Table 1.3 and are discussed 
below.

1.2.1	 Bulk samples

Several international standards are currently 
available to characterize CNT in powder form 
or liquid suspension (see also Table 1.3). Other 
methods that are not internationally standard-
ized can be found in ISO (2012a).

Bulk samples of CNT are invariably analysed 
using scanning electron microscopy (SEM), TEM, 
near infrared photoluminescence spectroscopy, 
thermogravimetric analysis, and Raman spec-
troscopy. TEM has better resolution than SEM 
and allows electron diffraction with the use of 
an energy dispersive X-ray analyser to evaluate 
the morphology and aspect ratio, including 
the length and diameter of the tube structure. 
However, TEM generally needs more compli-
cated and time-consuming sample preparation 
than SEM. Dynamic light scattering has been 
used to measure the hydrodynamic size of CNT 
in liquid media (Kim et al., 2011). In addition, the 
components of CNT can be analysed chemically 
by inductive coupled plasma-mass spectrometry, 
which is capable of detecting metals and many 
non-metals. Raman spectroscopy has been used 
to measure the diameter and crystallinity of CNT. 
Thermogravimetric analysis is commonly used 
to determine certain material characteristics that 
exhibit either a mass loss or gain due to decom-
position, oxidation, or loss of volatile compounds 
(such as moisture) and to determine the mass 

composition of CNT. Brunauer–Emmett–Teller 
analysis has been used to evaluate the surface 
area of CNT in powder form.

1.2.2	 Air samples

No consensus has currently been reached 
on the best sampling method for character-
izing exposure to CNT. Qualitative assessments 
comparing particle concentrations at the emis-
sion source with background particle concen-
trations are frequently used to identify emission 
sources of nanomaterials and implement meas-
ures for the mitigation of exposure (Tsai et al., 
2009; Lee et al., 2010; Methner et al., 2010; Birch 
et al., 2011). Various approaches can be applied 
to characterize exposure in an environment, and 
the monitoring devices generally used for nano-
particles or CNT have been described by Yu et 
al. (2014).

(a)	 Direct reading instruments

Direct reading instruments, such as the 
condensation particle counter and the optical 
particle counter, are non-specific devices that can 
be used to measure the particle number concen-
tration directly (including CNT and their aggre-
gates and agglomerates) (Johnson et al., 2010; Lee 
et al., 2010; Dahm et al., 2011, 2012). The number 
concentration, mass concentration, surface area 
concentration, and size distribution can be 
measured using a differential mobility analysing 
system and an electrical low-pressure impactor. 
These instruments do not give the CNT concen-
tration, but give the airborne particle number 
concentration.

(b)	 Filter sampling

Area and personal filter-based samples are 
usually collected on appropriate filters for the 
measurement of mass concentration, electron 
microscopy combined with an energy disper-
sive X-ray analyser are used to estimate CNT 
morphology and count (Han et al., 2008). 
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Chemical analysis involves the use of inductive 
coupled plasma-mass spectrometry and atomic 
absorption spectrometry. These filter-based air 
samples provide more specific information than 
direct reading instruments on the target CNT (e.g. 
size, shape, mass, and composition). Air samples 
allow an elemental mass analysis to determine 
the levels of metal (e.g. NIOSH Method 7303; 
NIOSH, 2003b) or elemental carbon (EC; e.g. 
NIOSH Method 5040; NIOSH, 1999), depending 
on the composition of the manufactured nano-
materials, plus particle characterization (e.g. 
size, shape, dimension, and degree of agglomer-
ation) using TEM or SEM based on the measure-
ment techniques specified in NIOSH Methods 
7402 (NIOSH, 1994a) and 7404 (NIOSH, 2003c), 
respectively.

CNT in suspended particles can be meas-
ured in ambient particles separately from EC by 
selecting a specific oxidizing temperature (Chow 
et al., 1993; Hedmer et al., 2014)

Electrostatic precipitator or cascade impactor 
grid sampling (Birch et al., 2011) or filter sampling 
followed by grid mounting have been used to 
collect CNT structures from the air (Han et al., 
2008; Lee et al., 2010). These structures can be 
identified and counted using SEM or TEM or 
by combining these with an energy dispersive 
X-ray analyser to identify their constituents 
(Han et al., 2008; Lee et al., 2010; Dahm et al., 
2012). Chen et al. (2012) published a protocol for 
counting MWCNT microscopically, geometri-
cally sizing the particles, and collecting size-clas-
sified samples to determine the aerodynamic size 
distribution.

(c)	 Dermal exposure

To estimate the level of dermal exposure 
to CNT, cotton gloves are placed over rubber 
gloves, are removed immediately after handling 
the nanotubes, and are then sealed in separate 
plastic bags. The gloves are then analysed for 
catalyst metals as the surrogate total nanotube 
product mass. The samples are treated with nitric 

acid and perchloric acid and analysed using 
inductive coupled plasma emission spectrometry 
(NIOSH, 2003a; Maynard et al., 2004).

(d)	 CNT in consumer products

The process of the release of CNT from 
consumer products that contain them has been 
investigated using direct reading instruments to 
count airborne particle number concentrations, 
and TEM or SEM to identify whether free CNT 
or CNT composite structures are released during 
the life-cycle of such consumer products (Bello 
et al., 2010).

(e)	 Limitations

The assessment of exposure to CNT, such as 
SWCNT and MWCNT, remains a challenge in 
the field of occupational hygiene, because rela-
tively few studies on CNT sampling have been 
carried out and the best sampling filters and 
methods have not yet been established. Most 
number-counting devices, such as the conden-
sation particle counter and the optical particle 
counter, do not represent the exact exposure to 
CNT; measurements using a differential mobility 
analysing system (or a scanning mobility particle 
sizer) also do not always provide accurate infor-
mation due to the arc charge caused by the 
charged CNT in the dynamic mechanical analysis 
(Ku et al., 2007). Although several groups have 
attempted to count the CNT structures using 
TEM or other microscopic methods (Han et al., 
2008; Dahm et al., 2012), no standard methods 
for CNT counting have yet been established. In 
addition, determining the mass concentration of 
CNT based on the measurement of EC remains 
a challenge due to the technical limitations of 
current analytical methods. Despite these limi-
tations in assessing the exposure to nanomate-
rials or CNT, guidelines and reports have been 
published to guide and harmonize strategies for 
exposure measurement (OECD, 2009a, b, c, d, 
2010; Brouwer et al., 2012).
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1.3	 Production and use

1.3.1	 Production levels

CNT preparations are not homogenous, but 
contain a diverse mixture of many different 
types of tube. The number of walls, diameters, 
lengths, chiral angles, chemical functionaliza-
tion (i.e. surface modifications), purities, and 
bulk densities may all vary. In 2005, global prod-
uction figures for MWCNT and SWCNT were 
estimated at 294 tons [~299 tonnes] and several 
hundred kilograms, respectively (Köhler et al., 
2008). In 2006, the corresponding amounts 
were estimated to be ~300 tons [305 tonnes] and 
7 tons [7.11 tonnes], respectively (WTEC, 2007). 
Today, the global production capacity, mainly 
of MWCNT, is probably much higher. However, 
an estimation of the production capacities for 
CNT at the country level is difficult because of 
the scarcity of governmental reports. The signif-
icant uncertainty in the estimation of global 
production is due to the continuously changing 
situation caused by new producers coming 
into the market; however, some data from the 
Republic of Korea and France are publicly avail-
able. For example, according to the nanomate-
rial inventory of the Ministry of Environment of 
the Republic of Korea, 3.0 tonnes of CNT were 
reported in 2009 (NSTC, 2011). In France, the 
nanomaterial inventory estimated that around 
1  tonne of CNT was used by five industries 
involved in the production of inks, paints and 
plastics in 2009 (Honnert & Grzebyk, 2014). A 
public report on the use and production of nano-
materials in France in 2012 stated that several 
tens of tonnes of nanofibres and nanotubes were 
produced in 2011, but no precise figures were 
given regarding CNT (DGCIS, 2012).

The data on global CNT production are also 
uncertain because the estimates made by the 
industry vary between 100 and 1000 tonnes 
annually (Piccinno et al., 2012).

1.3.2	 Production methods

Several methods of CNT production have 
been described (Bhushan, 2004; Fig.  1.3), one 
of the most commonly used of which involves 
the use of transition metals in the presence of 
atomic carbon at a high temperatures and/or 
pressure (Maynard et al., 2004). Both SWCNT 
and MWCNT are generally produced by one 
of the three principal techniques, i.e. CVD, arc 
discharge, or laser ablation. Depending on the 
production technique, various levels of impuri-
ties, such as metal catalysts, amorphous carbon, 
soot, graphite, and non-tubular fullerenes, may 
be present in the final preparation (ENRHES, 
2009; Hedmer et al., 2013). Removal of impurities 
requires the application of chemical purification 
processes, such as acid reflux, filtration, centri-
fugation, and repeated washing with solvents or 
water (ENRHES, 2009).

(a)	 Chemical vapour deposition

Thermal CVD, also called catalyst CVD, 
is most widely used in the production of CNT 
(Kumar & Ando, 2010). Low-temperature CVD 
(600–900 °C) yields MWCNT, whereas higher 
temperatures (900–1200 °C) promote SWCNT 
(Karthikeyan et al., 2009). CVD is based on the 
decomposition of hydrocarbon vapour in the 
presence of a metal catalyst. The precursor of 
CNT is a carbon-containing gas or vapour, such 
as carbon monoxide (HiPCO process), methane, 
acetylene, ethylene, benzene, or xylene. This 
is first heated with a plasma or coil and then 
allowed to react with the metal catalyst, which 
can be nickel, cobalt, or iron and acts as a seed for 
the growth of the tubes (WTEC, 2007; ENRHES, 
2009; Singh et al., 2009). Although CNT can be 
produced in its absence, the use of catalysts is 
extremely helpful (Lam et al., 2006; Hedmer et 
al., 2013).
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(b)	 Arc discharge

Arc discharge was the first technique reported 
to produce CNT (Iijima, 1991). The method 
usually included an anode and a cathode made of 
high-purity graphite. A voltage is applied across 
these rods until a stable arc is achieved in which 
the anode is consumed and the cathode is used 
to grow the tubes. The whole process takes place 
under a helium atmosphere. To obtain SWCNT, 
the electrodes are doped with a small amount of 
catalyst metal particles (Thostenson et al., 2001). 
This process produces a high yield of CNT but 
the levels of impurities in the final preparation 
are also high (Donaldson et al., 2006).

(c)	 Laser ablation

Laser ablation, similarly to arc discharge, 
produces MWCNT (Guo et al., 1995a). More 
recently, this technique has been improved by 
using catalyst nanoparticles, notably a cobalt and 
nickel mixture, which also enables the synthesis 
of SWCNT (Guo et al., 1995b; Rinzler et al., 1998). 
A graphite target is maintained close to 1200 °C 

while an inert gas, frequently argon, is bled into 
the chamber. Thereafter, pulses of high-intensity 
laser beam are used to vapourize the graphite 
target and CNT develop on the cooler surfaces 
of the reactor when the vapourized carbon 
condenses (Thostenson et al., 2001).

1.3.3	 Use

CNT have a wide variety of applications, 
including their incorporation into fabrics in the 
textile industry, plastics, rubbers, reinforced 
structures, composite materials, and household 
commodities to reduce their weight and improve 
water- and wear-resistance (Lam et al., 2006). At 
present, CNT are also found in products made of 
nanocomposites such as polymers that contain up 
to 10% CNT by mass, e.g. sports articles such as 
jogging shoes and sportswear, tennis rackets, ice 
hockey sticks, bicycles (to strengthen and reduce 
weight), cycling shoes, golf clubs, skis, car parts, 
and wind power plants (to strengthen and reduce 
the weight of energy production wind mill wings) 

Fig. 1.3 Production process for carbon nanotubes
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(Hussain et al., 2006; Köhler et al., 2008; Thomas 
et al., 2009). Lithium ion batteries used in mobile 
phones and laptops also contain CNT (Köhler et 
al., 2008; Zhang et al., 2010). Other uses involve 
textiles made of fibres of CNT, including poly-
mers with electrical antistatic, thermal conduc-
tive, flame retardant, and tear-proof properties 
(Beyer, 2002; Köhler et al., 2008), and concrete 
reinforced with CNT (Schneider et al., 2007; 
Köhler et al., 2008; Wohlleben et al., 2011). CNT 
can also be used in car tyres to improve their 
strength (Observatory Nano, 2011). Research 
and development are still at the prototype stage 
in many cases, but development will be rapid and 
increasingly more products containing CNT are 
entering the market and being used in indus-
trial processes (Beyer, 2002; Aitken et al., 2006; 
Köhler et al., 2008).

1.4	 Occurrence and exposure

1.4.1	 Environmental occurrence

Little is known about environmental expo-
sure to CNT mainly because very few quanti-
tative and specific trace analytical methods are 
available at present (Gottschalk et al., 2013).

Naturally occurring CNT have been found in 
10 000-year-old ice core melt water in Greenland 
(Murr et al., 2004a), in smoke from wood 
combustion (Murr & Guerrero, 2006), and in a 
mixture of coal and petroleum (Velasco-Santos 
et al., 2003).

Sources of natural gas and propane gas, such 
as domestic (kitchen) stoves, were found to yield 
aggregates of silica nanocrystals intermixed with 
CNT and other carbon nanocrystals (Murr et 
al., 2004b). Murr et al. (2006) reported aggregate 
concentrations on outdoor sampling grids meas-
ured by TEM of about 102–103 aggregates/m3, 
while indoor aggregate concentrations in kitchens 
were found to be more variable, averaging 103–105 
aggregates/m3 above gas burners. According to 
Murr & Soto (2005), these aggregates contained 

MWCNT of various sizes and aspect ratios and 
other concentric, fullerenic polyhedra.

CNT may also enter the environment directly 
after unintentional release during the manufac-
ture, use, and consumption of goods containing 
CNT or as waste from sewage-treatment plants, 
waste-incineration plants, and landfills (Petersen 
et al., 2011; Nowack et al., 2013; Guseva Canu 
et al., 2016). Modelling studies dealing with 
the environmental release of and exposure to 
nanomaterials have been published and provide 
estimates of predicted environmental concentra-
tions (Gottschalk et al., 2013). Gottschalk et al. 
(2009, 2010) modelled concentrations of CNT for 
Europe, Switzerland, and the USA. The simulated 
modes (most frequent values) and range of the 
lower and upper quantiles for 2008 are reported 
in Table 1.4.

1.4.2	 Exposure of the general population

The main exposures of the general popul-
ation probably result from the abrasion and 
weathering of consumer products that contain 
CNT embedded into a matrix. Exposure from 
medical devices (internal exposure through 
targeted drug delivery or contrast agents) is also 
possible. No quantitative data on the exposure 
of the general population to CNT have been 
identified. Although exposure from applications 
in which CNT are matrix-bound is expected to 
be very low, this may be increased when these 
consumer products are incinerated (Aschberger 
et al., 2010). CNT were found in the lung tissues 
of patients who were exposed to dust and smoke 
after the collapse of the World Trade Center on 
11 September 2001 (Wu et al., 2010). Simulation 
studies have addressed the exposure of consumers 
(Bello et al., 2009a, 2010).
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1.4.3	 Occupational exposure

In occupational settings, exposure of workers 
to CNT could occur in principle at all phases of 
the generation and application of the material. 
Workers are not generally expected to be exposed 
during the synthesis phase of commercial prod-
uction, which is performed in a closed reaction 
chamber; however, exposure is more liable to 
occur in subsequent phases when the reac-
tion chamber is opened to recover the product, 
during the extraction and transport of the mate-
rial produced, or when the system is cleaned. The 
highest exposures most probably occur when 
handling the dry powder, for example, during 
the collection, weighing, blending, transferral 
to containers and bagging of the material, and 
the maintenance of machinery. Various down-
stream applications of CNT may also result in 
occupational exposure, e.g. when the material 
containing CNT is machined or drilled, during 
wear and tear, and during disposal. The use and 
fabrication of CNT in drug delivery systems and 
imaging may also potentially give rise to occu-
pational exposure to those who manufacture 
and administer the products as well as academic 
research staff (Guseva Canu et al., 2016).

The main routes of exposure in the occupa-
tional setting are anticipated to be inhalation 
and dermal contact. Ingestion may also occur 
as a consequence of swallowing inhaled material 
after mucociliary clearance or as a result of hand-
to-mouth contact.

(a)	 General overview

The industrial production and use of CNT 
material is relatively recent and the size of the 
workforce in the CNT/CNF sector remains small; 
therefore, the currently available data on occupa-
tional exposure are still limited. Moreover, the 
available data are extremely heterogeneous due 
to the high variability of the methods and instru-
ments used for sampling and analysis of expo-
sure and that of the criteria used for interpreting 
the results.

Little consensus has been reached to date 
on the exposure metrics that would best corre-
late with adverse health outcomes (Dahm et 
al., 2012; Hedmer et al., 2014). For instance, in 
early studies, gravimetric concentrations were 
measured for total suspended particles, then for 
the respirable or alveolar fraction of the aerosol 
or for particles smaller than 2.5 µm. With the 
development of real-time aerosol monitoring 

Table 1.4 Predicted environmental concentrations of carbon nanotubes for Europe, Switzerland, 
and the USA in 2008a

Environmental compartments Europe USA Switzerland

Air (ng/m3) 0.003 [0.0025–0.007] 0.001 [0.00096–0.003] 0.008 [0.006–0.017]
Soil (Δ ng/kg/year) 1.51 [1.07–3.22] 0.56 [0.43–1.34] 1.92 [1.44–3.83]
Sludge-treated soil (Δ ng/kg per year) 73.6 [52.1–157] 31.4 [23.9–74.6] Not reported
Surface water (ng/L) 0.004 [0.0035–0.021] 0.001 [0.0006–0.004] 0.003 [0.0028–0.025]
Sediment (Δ ng/kg per year) 241 [215–1321] 46 [40–229] 229 [176–1557]
Sewage-treatment plant effluent (ng/L) 14.8 [11.4–31.5] 8.6 [6.6–18.4] 11.8 [7.6–19.1]
Sewage-treatment plant sludge (mg/kg) 0.062 [0.047–0.129] 0.068 [0.053–0.147] 0.069 [0.051–0.129]

a	 Based on estimations of both public sector expenditure to promote nanotechnology and the worldwide market value for products 
incorporating nano-sized materials for the period 2001–12, the modelled increase (base year 2008) in concentrations of engineered 
nanomaterials in sludge-treated soil and sediment was scaled to calculate annual increases of these concentrations for each year within the 
indicated period. Concentrations are expressed as mode (most frequent value) [lower quantile Q(0.15)–upper quantile Q(0.85)]. For air, surface 
water and sewage-treatment plant effluents, the data illustrate the 2008 concentrations of CNT; for soil, sludge-treated soil and sediments, the 
data illustrate the annual increase in the concentration of engineered nanomaterials (base year 2008).
Adapted with permission from Gottschalk et al. (2009). Copyright (2009) American Chemical Society
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instruments, particle number concentration 
and specific or active surface area measurement 
results became available but without a common 
strategy (Guseva Canu et al., 2016). In the context 
of rapidly changing manufacturing technology, 
an additional difficulty arises from the diversity 
of the CNT material, the physical and chemical 
properties of which influence their potential 
release and dispersal (Guseva Canu et al., 2016).

Of the 19 studies that were reviewed, eight 
were simulation studies of exposure (i.e. carried 
out under well controlled laboratory conditions) 
and 11 were on-site studies conducted in real 
occupational settings. While the on-site studies 
were intended to evaluate the actual exposure of 
workers to CNT, simulation studies of exposure 
were performed to assess the release of CNT into 
the air under experimental or simulated indus-
trial process conditions, often using a particular, 
well-characterized test material, to estimate the 
potential exposure of workers without protection. 
These two sets of data were considered separately.

(b)	 Simulation studies of exposure to emissions

(i)	 Measurement of particle number 
concentration

Tsai et al. (2009) characterized particle 
morphology and aerosol size during the 
synthesis of SWCNT by CVD (with and without 
a catalyst) and during the growth of MWCNT in 
the presence or absence of a substrate. Particle 
measurements made inside a fume hood during 
the synthesis of SWCNT were found to be 
as high as 107 particles/cm3 with an average 
particle diameter of 50 nm; personal breathing 
zone (PBZ) samples collected from workers 
near the fume hood were considerably lower 
(<  2000 particles/cm3). The difference between 
the particle concentrations obtained during 
SWCNT growth using a catalyst and the control 
data (no catalyst) was small. Particle measure-
ments made during the synthesis of MWCNT 
were found to peak at 4 × 106 particles/cm3 when 

measured inside the fume hood; the particle 
size ranged from 25 to 100 nm when a substrate 
was used for MWCNT growth and from 20 to 
200  nm when no substrate was present. PBZ 
samples collected from workers near the fume 
hood during MWCNT synthesis had particle 
concentrations similar to background. TEM 
analysis of MWCNT samples indicated the pres-
ence of individual particles as small as 20 nm 
with particle agglomerates as large as 300 nm. 
Some individual MWCNT were observed, but 
were often accompanied by clusters of carbon 
and iron particles. The diameter of the tubes was 
reported to be about 50 nm.

Bello et al. (2008) reported no increase in 
total airborne particle concentrations (compared 
with background) either during the removal of 
MWCNT from the reactor furnace or during 
the detachment of MWCNT from the growth 
substrate (with a razor blade), and no detectable 
amount of MWCNT, either as individual tubes 
or as agglomerates, in PBZ samples.

Johnson et al. (2010) investigated the release 
of airborne carbon-based nanomaterials (CNM) 
during the transfer and ultrasonic dispersion of 
MWCNT (diameter, 10–20 nm), fullerenes, and 
carbon black inside a laboratory fume hood (with 
the airflow turned off and the sash half open) 
during the weighing and transferral of dry CNM 
to beakers filled with reconstituted freshwater 
with and without natural organic matter that 
was then sonicated. Particle number concentra-
tions for MWCNT and carbon black during the 
sonication of water samples were significantly 
greater than those found during the weighing and 
transferral of dry CNM. TEM analysis revealed 
agglomerates of all CNM and agglomerates of 
MWCNT 300–1000 nm in diameter.

Ogura et al. (2013a) investigated particle 
release during the grinding of polystyrene-based 
composites that contained 0 and 5% weight (wt) 
SWCNT (diameter, 3 nm) synthesized using 
a water-assisted CVD method. Considerable 
increases in the number concentration of 
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nano-sized aerosol particles were observed 
during the grinding of polystyrene containing 
CNT and CNT-free polystyrene. Nanoparticles 
were presumably volatile particles released 
by the friction heat produced by grinding the 
composite. In TEM analysis, micron-sized parti-
cles with protruding fibres (probably CNT) were 
observed, whereas free-standing CNT were not 
observed.

Ji et al. (2013) assessed the release of nano-
materials during the preparation of conductive 
films by a spray-coating process using MWCNT. 
During a series of three processes, the number 
concentration, measured by an optical particle 
counter, increased from 0 to 290 particles/cm3, 
then dropped to 263 particles/cm3, and increased 
again to 724 particles/cm3. Using TEM, bundled 
CNT, long MWCNT with aggregations of other 
particles, and particle aggregations without 
MWCNT were observed.

(ii)	 Measurement of particle number and/or 
respirable mass concentrations

Cena & Peters (2011) evaluated the airborne 
release of CNT during the weighing of bulk CNT 
and the sanding of epoxy nanocomposite test 
samples. Particle number concentrations deter-
mined during the weighing process differed little 
from that observed in background samples (process 
to background ratio [P/B], 1.06), whereas the respir-
able mass concentration was increased (P/B, 1.79). 
The geometric mean (GM) respirable mass 
concentration inside the glove box was reported 
to be 0.03 μg/m3 (background GM, 0.02 μg/m3). 
During the sanding process (with no local exhaust 
ventilation, in a fume hood, or in a biological safety 
cabinet), the PBZ nanoparticle number concentra-
tions were negligible compared with background 
concentrations (average P/B, 1.04). Particles gener-
ated during sanding were reported to be predom-
inantly micron-sized with protruding CNT and 
differed considerably from those of bulk CNT 
that tended to remain in large (> 1 μm) tangled 
agglomerates. Respirable mass concentrations 

in the workers’ breathing zones were elevated. 
However, the concentrations were lower when 
sanding was performed in the biological safety 
cabinet (GM, 0.2 μg/m3) than with no local exhaust 
ventilation (GM, 2.68 μg/m3; P < 0.0001) or inside 
the fume hood (GM, 21.4 μg/m3; P < 0.0001).

(iii)	 Measurement of respirable mass 
concentrations and/or the count of 
structures containing CNT

Bello et al. (2009b) investigated the release 
of CNT during the dry and wet cutting of a 
CNT-alumina composite (CNT diameter, 10–20 
nm) using a band saw or rotary cutting wheel. 
Submicron and respirable fibres were both gener-
ated from dry cutting. Reported mean respirable 
mass concentrations were 2.11 and 8.38 mg/m3 
for area samples and 0.8 and 2.4 mg/m3 for PBZ 
samples. TEM analysis found a concentration of 
1.6 fibres/cm3 in area samples and 0.2 fibres/cm3 
in PBZ samples. No data on fibre measurements 
were reported for the wet cutting of composite 
materials.

In a subsequent study, Bello et al. (2010) 
investigated the airborne release of CNT and 
other nano-sized fibres during the solid-core 
drilling of two types of advanced CNT-hybrid 
composite: (1) reinforced plastic hybrid lami-
nates (alumina fibres and CNT); and (2) graph-
ite-epoxy composites (carbon fibres and CNT). 
Airborne exposure to both alumina fibre and 
CNT structures were found to range in concen-
tration from 1.0 fibres/cm3 (alumina composite) 
to 1.9 fibres/cm3 (carbon and CNT composite) 
for PBZ samples; similar concentrations were 
observed in area samples.

In summary, all but one simulation study of 
exposure identified either micron-sized parti-
cles with protruding CNT or bulk CNT in large 
tangled agglomerates by TEM analysis, providing 
evidence for potential exposure. The operations 
that may lead to exposure to CNT include CVD 
synthesis and sonication of MWCNT, and the 
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dry cutting, drilling, grinding, and sanding of 
composite materials containing CNT.

(c)	 On-site studies

Eleven on-site studies were carried out in 
different workplaces, including research and 
development laboratories, pilot small-scale 
production facilities, and, more rarely, large-
scale primary or secondary manufacturer/user 
facilities. Most published studies were conducted 
in Japan, the Republic of Korea, and the USA, 
and only one study was recently carried out in 
Sweden. These data have been reviewed in detail 
(Guseva Canu et al., 2016) and the results are 
summarized in Table 1.5.

In summary, taken together the available 11 
on-site studies provided strong evidence that 
the exposure of workers to CNT/CNF material 
may occur, especially at workstations where no 
exposure control measures are implemented. In 
almost all situations where detectable amounts 
of either EC or the EC3 subfraction were found, 
the presence of CNT material was confirmed by 
TEM/SEM analyses of PBZ of area air samples. 
CNT were more frequently found to be attached 
to the soot or metal catalyst particles, embedded 
in other impurities or in the form of large entan-
gled agglomerates. Individual CNT were rarely 
observed by SEM and TEM analysis and no 
validated protocol is available for counting such 
different structures, therefore only four studies 
attempted their quantification in PBZ samples. 
Nevertheless, different criteria for counting were 
applied which precluded any statistical treatment 
of the results. The reported values ranged between 
0.003 and 0.01 structures/cm3 for SWCNT and 
0.008 and 193.6 structures/cm3 for MWCNT, 
corresponding to the situation described in 
research and development laboratories compared 
with industrial settings. The operations yielding 
the highest release of CNT material/cm3 included 
blending, transferral, sieving, pouring, and 
weighing as well as CNT production in both CVD 
and arc discharge processes, which encompasses 

synthesis, harvesting from the reactor, and 
subsequent cleaning of the reactor. When the 
EC mass concentration was considered, values 
as high as 7.4–10 µg/m3 and ranging from 0.68 to 
38 µg/m3 were measured in the PBZ samples of 
workers in MWCNT and SWCNT production. 
The operations in which the highest levels of EC 
were found included harvesting of CNT from the 
reactor, transferral of CNT and loading flasks 
with CNT, use of a batch mixer, CNT production, 
and cleaving of deposits. Only six studies meas-
ured the EC concentration and a comparison of 
the results is difficult because of the different EC 
protocols applied. Consequently, the reported 
values should be interpreted cautiously.

Erdely et al. (2013) adapted the results 
from the Dahm et al. (2012) study and those 
collected at three other facilities producing or 
using MWCNT in the USA to generate Fig. 1.4. 
The average EC concentrations in the inhalable 
size fraction from the eight MWCNT sites were 
found to have an arithmetic mean of 10.6 μg/m3 
with a standard deviation (SD) of 17.2 (GM, 
4.21 μg/m3; geometric SD [GSD], 4.15). In these 
eight MWCNT facilities, exposures ranged from 
non-detectable to 79.6 μg/m3 and the exposure 
levels were log normally distributed (Shapiro-
Wilk P = 0.97).

(d)	 Conclusion

Uncertainty still exists regarding which 
exposure metrics should be used as indicators 
of potential exposure-related health effects. 
The results from studies using direct reading 
instruments are not appropriate for quantitative 
exposure assessment of CNT, because particle 
number concentration and active surface area 
are dominated by ultrafine particles, mostly of 
incidental or outdoor origin, and are not repre-
sentative of engineered CNT release. The filter-
based methods in combination with SEM/TEM 
analysis appear to be more selective and sensi-
tive for the characterization of exposure to CNT. 
However, the results of studies that focused on 
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the collection of samples for the chemical-specific 
mass concentration analyses, such as EC mass 
concentration and TEM/SEM, were mostly based 
on original unvalidated methods and cannot be 
summarized appropriately. Consequently, the 
current available data do not allow the complete 
characterization of occupational exposure to 
CNT and only enable a limited description of 
some of occupational exposure situations.

1.5	 Regulations and guidelines

No legal occupational exposure limit has 
been set for CNT.

In 2007, the British Standards Institution 
proposed a workplace exposure limit of 0.01 
fibres/mL for fibrous nanomaterials with high 
aspect ratios (BSI, 2007) and published a “Guide 
to assessing airborne exposure in occupational 
settings relevant to nanomaterials” (BSI, 2010). 
The Dutch Social and Economic Council (2012) 
recommended an occupational exposure limit 
(OEL) of 0.01 fibres/cm3 for SWCNT or MWCNT 

Fig. 1.4 Concentrations of inhalable elemental carbon at eight facilities producing multiwalled 
carbon nanotubes 

The mean, with error bars representing the upper and lower range, of measured concentrations of elemental carbon (μg/m3) with background 
correction. The figure was adapted from previously published data: sites A, and C–F, from Dahm et al. (2012); and sites J, L, and O from Dahm et 
al. (2013) and Erdely et al. (2013)
From Erdely et al. (2013). © Erdely et al.; licensee BioMed Central Ltd 2013
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or metal oxide fibres for which asbestos-like 
effects are not excluded (van Broekhuizen et al., 
2012).

The United States National Institute for 
Occupational Safety and Health (NIOSH) has 
set a recommended exposure limit for CNT and 
CNF of 1 µg/m3 as an 8-hour time-weighted 
average (TWA) of EC for the respirable range 
fraction (NIOSH, 2013). In 2013, the United States 
Occupational Safety and Health Administration 
published a Fact Sheet which recommends that 
exposure of workers to respirable CNT and CNF 
should not exceed 1 μg/m3 as an 8-hour TWA, 
based on the NIOSH proposed recommended 
exposure limit (OSHA, 2013).

These recommended values are presented in 
Table 1.6.

Other OELs have been proposed for CNT 
ranging from 1 to 50 µg/m3 (8-hour TWA 
concentration) (Nanocyl, 2009; Aschberger et al., 
2010; Pauluhn, 2010a). Despite the differences in 
risk assessment methods and assumptions, all of 
the derived OELs for CNT are low airborne mass 
concentrations relative to OELs for larger respir-
able carbon-based particles (NIOSH, 2013).

SWCNT and MWCNT are subject to regula-
tion based on a US Toxic Substance Control Act 
(premanufacture notice) and Toxic Substance 
Control Act (significant new use rule) (EPA, 
2011, 2014). Thus, a manufacturer or importer 
should submit a premanufacture notice to the US 

Environmental Protection Agency (EPA) 90 days 
before manufacture or importation. In addition, 
SWCNT and MWCNT that are manufactured 
for uses other than those on the premanufac-
ture notice are subject to a significant new use 
rule. A similar regulation applies to CNT in the 
Canadian Environment Protection Act (2014).

The Australian National Industrial Chemical 
Notification and Assessment Scheme (2010) also 
applies to substances containing 10% or more 
nanomaterials, including CNT. According to 
the implementation of the Globally Harmonized 
Classification and Labelling of Chemicals in 
Australia under the National Model Work 
Health and Safety Regulations, the classifica-
tion of specific target organ toxicity applies 
to mixtures containing at least 10% SWCNT 
or MWCNT and the classification of carcino-
genicity applies to mixtures containing at least 
10% or more SWCNT or MWCNT (Safe Work 
Australia, 2010).

CNT are the subject of compulsory annual 
declarations of nanomaterials in France (Journal 
Officiel, 2012), Belgium (Arrêté Royal, 2014), 
and Denmark (Danish Environment Protection, 
2014).

Table 1.6 Recommended occupational exposure limits for carbon nanotubes

Institution Concentration Interpretation Year

British Standards Institution 
(WEL)

0.01 fibres/mL Fibrous nanomaterials with high aspect ratios (> 3:1) and length 
> 5000 nm

2007

Dutch Social and Economic 
Council (OEL)

0.01 fibres/cm3 SWCNT or MWCNT or metal oxide fibres for which asbestos-
like effects are not excluded

2012

US NIOSH (REL) 1 µg/m3 (EC) 8-hour TWA 2013
US OSHA (recommendation) 1 µg/m3 (EC) 8-hour TWA 2013
EC, elemental carbon; NIOSH, National Institute for Occupational Safety and Health; OEL, occupational exposure limit; OSHA, Occupational 
Safety and Health Administration; REL, recommended exposure limit; TWA, time-weighted average; WEL, workplace exposure limit
Compiled by the Working Group
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2.	 Cancer in Humans

No data were available to the Working Group.

3.	 Cancer in Experimental Animals

3.1	 MWCNT

3.1.1	 Mouse

See Table 3.1

(a)	 Inhalation

In an initiation-promotion study, groups of 
60 male B6C3F1 mice (age, 6 weeks) were given 
a single intraperitoneal injection of vehicle (corn 
oil) or 10 µg/g body weight (bw) of 3-methyl-
cholanthrene (3-MC) in corn oil to initiate 
carcinogenesis. One week after the injection, 
the mice were exposed to filtered air or 5 mg/m3 
of MWCNT-7 (Mitsui-7, Hodogaya Chemical 
Co.) for 5  hours per day for 15 days and were 
then observed for 17 months. MWCNT-7 parti-
cles ranged from single fibre-like nanotubes to 
tangled agglomerates with a mass median aero-
dynamic diameter (MMAD) of 1.59 µm and a 
GSD of 1.69. The count mode aerodynamic diam-
eter of the MWCNT-7 fibres was 420 nm. Trace 
metal contamination was 1.32%, and iron was 
the major metal contaminant (1.06%). Tumour 
promotion activity was assessed by comparing 
the 3-MC plus MWCNT-7-exposed group with 
the 3-MC-exposed groups. The incidence of 
bronchiolo-alveolar lesions in mice receiving air, 
3-MC, MWCNT-7, and 3-MC plus MWCNT-7 
was: adenoma or carcinoma (combined) – 13 out 
of 56, 28 out of 54, 13 out of 49, and 38 out of 
42, respectively; adenoma – 6 out of 56, 18 out 
of 54, 9 out of 49, and 32 out of 42, respectively; 
and carcinoma –7 out of 56, 12 out of 54, 7 out 
of 49, and 26 out of 42, respectively. These results 
showed a significant difference between the 3-MC 
plus MWCNT-7 and 3-MC groups (P < 0.0001), 

indicating that MCWNT-7 promoted the induc-
tion of benign and malignant lung tumours. The 
incidence of lung tumours in animals treated 
with MCWNT-7 (in the absence of initiation with 
3-MC) did not differ significantly from that in the 
filtered-air controls. However, the volume of lung 
tumours was significantly greater (P  <  0.0001) 
in the MWCNT-7-exposed group than in the 
air-exposed group (Sargent et al., 2014).

(b)	 Intratracheal instillation

Three groups of three male C57BL/6 mice 
(age, 6 weeks) were given a single intratracheal 
instillation of either a 50-µL aliquot of saline or 
MWCNT CM-95 (Hanwha Nanotech; as-pro-
duced; length, 7.71 µm; diameter, 13.5  nm) 
or acid-treated MWCNT CM-95 (length, 
567.4  nm; diameter, 7.5 nm) in 50 μL saline 
(100 µg MWCNT/mouse) and were killed 
6  months after the injection. None of the 
three mice given saline developed hyperplasia, 
adenoma, or adenocarcinoma of the lung. Of 
the three mice given MWCNT (as-produced), 
two developed peri-bronchial lymphoid hyper-
plasia, two developed adenomas, and one devel-
oped adenocarcinoma of the lung. Of the three 
mice given acid-treated MWCNT, two devel-
oped hyperplasia and one developed adenoma 
(described by the authors as a “slight” adenoma) 
of the lung (Yu et al., 2013). [The Working Group 
noted the short duration of the experiment, the 
very small number of animals that precluded a 
statistical assessment of the results, and the low 
susceptibility of this strain to lung carcinogen-
esis. The study was judged to be inadequate for 
an evaluation of carcinogenicity.]

(c)	 Intraperitoneal injection

Two groups of 19 male p53+/−mice (C57BL/6 
background; age, 9–11 weeks) received a single 
intraperitoneal injection of either 1 mL of vehicle 
(control) or 3 mg (particle count, 1  ×  109) of 
MWCNT-7 (Mitsui; length, 1–19 (median, 2) µm; 
diameter, 70–170 (median, 90) nm; impurities: 
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iron, 3500 ppm (0.35%); sulfur, 470 ppm; chlo-
rine, 20 ppm; fluorine, <  5 ppm; and bromine, 
<  40 ppm) in 1 mL of 0.5% methyl cellulose 
with 1.0% Tween 80, and were then observed 
for up to 180 days. The incidence of peritoneal 
mesothelioma was significantly increased in the 
MWCNT-7-exposed group (14 out of 16 versus 0 
out of 19; [P < 0.0001]) (Takagi et al., 2008).

Four groups of 20 male p53+/− mice (C57BL/6 
background; age, 9–11 weeks) received a single 
intraperitoneal injection of 0 (vehicle control), 3, 
30, or 300 µg/mouse of MWCNT-7 (Mitsui; length, 
1–19 (median, 2) µm; diameter, 70–170 (median, 
90) nm; impurities: iron, 3500 ppm (0.35%); 
sulfur, 470 ppm; chlorine, 20 ppm; fluorine, < 5 
ppm; and bromine, < 40 ppm) (particle count: 0, 
1 × 106, 1 × 107, or 1 × 108, respectively) in 1 mL 
of 0.5% methyl cellulose with 1.0% Tween 80, and 
were then observed for up to 365 days. Survival 
of the mice in the dosed groups was shorter due 
to the high incidence of lethal mesothelioma. The 
incidence of peritoneal mesothelioma (0 out of 
20 [control], 5 out of 20, 17 out of 20, and 19 out 
of 20, respectively) was significantly increased 
in all treated groups ([P < 0.05, P < 0.0001, and 
P < 0.0001], respectively) compared with controls 
(Takagi et al., 2012).

(d)	 Subcutaneous injection

Two groups of 10 male rasH2 (human 
c-Ha-ras proto-oncogene) transgenic mice 
(C57BL/6 background; age, 6 weeks) received 
a single subcutaneous injection in the back of 
550 µL of vehicle or 75 mg/kg bw of MWCNT 
(VGCF-S; Showa Denko, Japan; mean length, 10 
µm; mean diameter, 100 nm) dispersed in 550 μL 
saline containing 0.1% Tween 80, and were killed 
after 26 weeks. No significant increase in tumour 
incidence was observed at any site in the treated 
mice (Takanashi et al., 2012).

3.1.2	 Rat

See Table 3.2

(a)	 Intraperitoneal injection/implantation

The carcinogenic potential of two different 
MWCNT (MWCNT+ and MWCNT−; University 
of Namur, Belgium) was compared. MWCNT+ 
had a length and diameter of about 0.7 µm and 
11.3 ± 3.9 nm, respectively, and a metal content 
(%) of: aluminium, 1.97; iron, 0.49; and cobalt, 
0.48. MWCNT− had the same length and diam-
eter, but a lower metal content (aluminium, 
0.37%; iron, <  0.01%; and cobalt, <  0.01%) and 
fewer structural defects. Groups of 26 or 50 male 
Wistar rats (age, 10–13 weeks) received a single 
intraperitoneal injection of vehicle (control), 
MWCNT+ (2 mg or 20 mg/rat), MWCNT− 
(20 mg/rat), or crocidolite (2 mg/rat, positive 
control) in 2 mL phosphate-buffered saline (PBS) 
and were then observed for up to 24 months. The 
incidence of peritoneal mesothelioma was 1 out 
of 26, 2 out of 50, 0 out of 50, 3 out of 50, and 
9 out of 26 (P < 0.01, crocidolite-treated group), 
respectively, and that of peritoneal lipoma, lipo-
sarcoma, or angiosarcoma (combined) was 0 out 
of 26, 1 out of 50, 3 out of 50, 3 out of 50, and 
0 out of 26 (no significant difference), respect-
ively (Muller et al., 2009). [The Working Group 
noted that peritoneal mesotheliomas are rare 
spontaneous neoplasms in rats. The Working 
Group also noted that the incidence of perito-
neal mesothelioma in the vehicle-control group 
was unusually high (1 out of 26; 3.8%) and did 
not exclude the possibility that this tumour 
originated from the scrotum and spread into the 
peritoneal cavity.]

Two groups of six male Fischer 344 rats 
(weighing 400 g) [age and sex unspecified] 
received an intraperitoneal implant of a gelatin 
capsule containing either 10 mg/rat of MWCNT 
(Shenzhen Nanotech; length, 1–2 μm; diameter, 
10–30 nm; 95–98% pure) or crystalline zinc oxide 
as a negative control. The experiment was termi-
nated after 12 months. Mesotheliomas were not 
found but foreign body granulomatous lesions 
were observed in MWCNT-exposed rats (Varga 
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& Szendi, 2010). [The Working Group noted the 
small number of animals, the short duration of 
the study, that the age and sex of the animals were 
not reported, and the lack of a vehicle control. 
The study was judged to be inadequate for an 
evaluation of carcinogenicity.]

Groups of male and female Fischer 344/
Brown Norway F1 hybrid rats (age, 6 weeks) 
received two intraperitoneal injections during 
a 1-week period of 1 mL of 0.5 or 5 mg/mL 
of NT50a or NT145 MWCNT, 0.5 mg/mL of 
NT50a(–agg*) MWCNT, or 5 mg/mL NT50b or 
NTtngl MWCNT, and were then observed for 
up to 350 days. Control rats received two injec-
tions of the vehicle (0.5% bovine serum albumin 
in saline) alone. NT50a (MWCNT-7; length, 
5.29 µm; diameter, 49.95  nm) was purchased 
from Mitsui; NT50b (length, 4.60 µm; diameter, 
52.40 nm), NT145 (length, 4.34 µm; diameter, 
143.5  nm), and NTtngl (diameter, 2–20 nm; 
tangled conformation, therefore length was 
not determined) were purchased from Showa 
Denko. NT50a(–agg*) was obtained from the 
supernatant after the centrifugation of NT50a 
at 2200 g for 10 seconds, which was then concen-
trated to obtain the same fibre count as that of 
NT145. Aggregation was high in NT50a and 
NT50b suspensions, low in the NT145 suspen-
sion, and very high in the NTtngl suspension; no 
agglomerates were present in the NT50a(–agg*) 
suspension. There was a significant increase in 
the incidence of mesothelioma in all MWCNT-
treated groups, except in the NTtngl-treated 
group. The incidences of mesothelioma at 350 
days were 0 out of 23 (control), 12 out of 15 
(1 mg NT50a(–agg*)), 13 out of 13 (1 mg NT50a), 
43 out of 43 (10 mg NT50a), 6 out of 6 (10 mg 
NT50b), 5 out of 29 (1 mg NT145), 28 out of 30 
(10 mg NT145), and 0 out of 6 (10 mg NTtngl) 
(Nagai et al., 2011). An additional six rats treated 
with 10 mg NTtngl were held for up to 3 years 
after treatment. Granulomas were induced but 
no mesotheliomas were observed (Nagai et al., 
2013). [The Working Group noted the varying 

number of animals per group and the small 
number of animals exposed to MWCNT with 
a tangled conformation. The authors stated 
that they found no evidence of mesothelioma 
induced by MWCNT with a tangled conforma-
tion, but the Working Group believed that the 
demonstration of a negative result requires a 
study with high statistical power which would 
not be reached with a sample size of six animals.]

(b)	 Intrascrotal injection

Two groups of male Fischer 344 rats (age, 
12 weeks) received a single intrascrotal injec-
tion of vehicle (5 rats, 2 mL/kg bw) or 0.24 mg 
of 0.5 mg/mL MWCNT-7 (Mitsui; length, 1–19 
(median, 2) µm; diameter, 70–170 (median, 90) 
nm; impurities: iron, 3500 ppm (0.35%); sulfur, 
470 ppm; chlorine, 20 ppm; fluorine, <  5 ppm; 
and bromine, < 40 ppm) (7 rats, 1.0 mg/kg bw) 
in 2% carboxymethyl cellulose and were then 
observed for up to 52 weeks. The incidence of 
peritoneal mesothelial cell hyperplasia in the 
control and treated group was 0 out of 5 and 7 
out of 7 (P < 0.05), respectively, and that of peri-
toneal mesothelioma was 0 out of 5 and 6 out of 
7 (P < 0.05), respectively (Sakamoto et al., 2009). 
[The Working Group noted the small numbers of 
animals per group.]

3.2	 SWCNT

See Table 3.3

Rat

(a)	 Intratracheal instillation

Groups of male Crl: CD (SD) rats (age, 8 
weeks) received intratracheal instillations with 
a type of SWCNT synthesized by the National 
Institute of Advanced Industrial Science and 
Technology, Japan (primary particle maximum 
length, 1200 µm; primary particle diameter, 
3.0 nm; metal content: 145 ppm iron, 103 ppm 
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nickel, 34 ppm chromium, 2 ppm manganese, 
and 12 ppm aluminium; and aggregate length, 
0.32 µm; aggregate diameter, 12.0 nm). In a first 
experiment, the rats were given a single dose of 
1 mL/kg bw of a 0 (vehicle)-, 0.2-, or 2.0-mg/mL 
solution of SWCNT in Tween 80 in PBS (doses 
corresponding to 0.0, 0.2, or 2.0 mg/kg bw), and 
six rats per group were killed 24 hours, 3 days, 
1 week, 4 weeks, or 13 weeks later. In a second 
experiment, the rats were given a single dose 
of 1 mL/kg bw of a 0 (vehicle)-, 0.04-, 0.2-, or 
1.0-mg/mL solution of SWCNT in Tween 80 
in PBS (doses corresponding to 0.0, 0.4, 0.2, or 
1.0 mg/kg bw), and six rats per group were killed 
3 days, 1 week, 4 weeks, 13 weeks, or 26 weeks 
later. No lung tumours were reported in any 
group (Kobayashi et al., 2011). [The Working 
Group noted the short duration of the experi-
ments and judged the study to be inadequate for 
an evaluation of carcinogenicity.]

(b)	 Intraperitoneal implantation

Two groups of six Fischer 344 rats (weighing 
400 g) [age and sex unspecified] received an 
intraperitoneal implant of a gelatin capsule 
containing either 10 mg/rat of SWCNT 
(Shenzhen Nanotech; diameter < 2 nm; length, 
4–15 μm; 90% pure) or crystalline zinc oxide as a 
negative control, and the experiment was termi-
nated after 12 months. Mesotheliomas were not 
found but foreign body granulomatous lesions 
were observed in SWCNT-exposed rats (Varga 
& Szendi, 2010). [The Working Group noted the 
small number of animals, the short duration of 
the study, that the age and sex of the animals were 
not reported, and the lack of a vehicle control. 
The study was judged to be inadequate for an 
evaluation of carcinogenicity.]

4.	 Mechanistic and Other 
Relevant Data

4.1	 Deposition, phagocytosis, 
translocation, retention, and 
clearance

4.1.1	 Humans

No data were available to the Working Group.

4.1.2	 Experimental animals

(a)	 Deposition

In male Wistar rats exposed by whole-body 
inhalation for 6  hours per day on 5  days per 
week to 0.37 mg/m3 of MWCNT (Nikkiso Co., 
Ltd; length, 1.1 µm; diameter, 63 nm) dispersed 
in an aqueous solution of 0.5 mg/mL Triton 
X-100 and atomized by a nebulizer into the 
exposure chamber (MWCNT aerosol comprised 
of approximately 70% of single fibres), lung 
deposition fractions of 0.18 or 0.2 were estimated 
from the measured mass of CNT in the lungs 
3 days after the end of the 4-week experiment. 
The retained mass lung burdens were measured 
by X-ray diffraction or EC analysis at 3  days, 
1 month, and 3 months after exposure, and the 
mass of MWCNT in the lungs 3 days after expo-
sure was 68 and 76 µg/lung, as measured by the 
two methods, respectively (Oyabu et al., 2011).

A deposition fraction of 5.7% MWCNT was 
estimated in rats by Pauluhn (2010b) using data 
on the airborne size distribution (e.g. MMAD, 
~3 µm; GSD, ~2) and the Multiple-Path Particle 
Dosimetry (MPPD) model 2 software (Anjilvel 
& Asgharian, 1995). NIOSH (2013) provided a 
comparison of the rat alveolar deposition frac-
tion estimates from Pauluhn (2010b) using two 
different versions of the MPPD software (v. 2.0 
and 2.1) (CIIT & RIVM, 2006; ARA, 2011) and 
density values of either 1 or 0.2 g/mL. Estimated 
deposition fractions were 0.046, 0.027, or 0.023 
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from MPPD 2.0 (density 1 g/mL), MPPD 2.1 
(density 1 g/mL), or MPPD 2.1 (density 0.2 g/mL), 
respectively. The aerodynamic particle size used 
was 2.74 µm MMAD (GSD, 2.11) [middle of the 
three measures reported by Pauluhn (2010b)].

A 3-week inhalation study in male C57BL/6J 
mice exposed to 5 mg/m3 of MWCNT (Mitsui-7 
[MWCNT-7]; Hodogaya Chemical Co.) for 
5 hours per day for 12 days provided information 
to estimate the lung deposition fraction (Mercer 
et al., 2013a). [The Working Group noted that, 
although a mouse lung deposition fraction was 
not reported in Mercer et al. (2013a), it can be 
estimated (as shown below) to provide addi-
tional information to and enable comparisons 
with estimates from other animal studies on 
the inhalation of CNT. The Working Group also 
noted that estimation of the deposition fraction 
from the measured lung burden at the end of 
inhalation exposure would be underestimated 
by the amount of CNT that was cleared from the 
lungs during the exposure period.]

The average lung burden measured 1  day 
after the end of the 3-week inhalation exposure 
was 28.1 µg (Mercer et al., 2013a). The estimated 
deposition fraction can be estimated as:

Deposition fraction =  total lung dose (mg)/
exposure (h/d * d * min/h) * L/min * m3/L, or

0.0095 = 28.1/5*(5 * 12 * 60) * 0.165 * (1/1000)
where the total lung dose was measured 1 day 

(d) after the end of the 12-day inhalation exposure 
(Mercer et al., 2013a; Table 4.1) and the minute 
ventilation rate was 0.165 L/min (Shvedova et al., 
2008). Shvedova et al. (2008) stated that mouse 
ventilation rates (including both tidal volumes 
and breathing rates) can be highly variable 
depending on how the values were measured. 
Using the EPA (1988, 2006) minute ventilation 
rate of 0.037 L/min in mice, the deposition frac-
tion would be 0.042.

Expressed as a percentage, the mouse lung 
deposition fractions estimated above were 
approximately 1% or 4% for MWCNT in Mercer 
et al. (2013a) (using a minute ventilation rate 

of either 0.165 or 0.037 L/min, respectively). In 
comparison, a mouse lung deposition fraction of 
0.5% was reported for SWCNT by Shvedova et al. 
(2008), which was based on a mass mode aero-
dynamic diameter of 4.2 µm and estimation of 
the deposition fraction from Raabe et al. (1988) 
[Shvedova et al. (2008) used the estimated depos-
ition fraction in mice to estimate the deposited 
lung dose in mice and the worker-equivalent 
lung dose.] The mass mode aerodynamic diam-
eter of MWCNT was 1.3 µm (Mercer et al., 2013a) 
and the MMAD was 1.5 µm (GSD, 1.67) (Chen 
et al., 2012). [This comparison shows reasonably 
consistent estimated deposition fractions in mice 
inhaling CNT, given the differences in the meas-
ures of aerodynamic diameter and the uncer-
tainty about mouse ventilation rates.]

A study of MWCNT in male Sprague-Dawley 
rats (age, 9–10 weeks) provided a comparison of 
the lung responses to exposure to three different 
forms of MWCNT, including original (O), puri-
fied (P), and carboxylic acid-functionalized (F), 
at similar estimated lung doses by nose-only 
inhalation or tracheal instillation (Silva et al., 
2014). The O-MWCNT contained 4.49% nickel 
and 0.76% iron residual catalysts; P-MWCNT 
contained 1.8% nickel and 0.08% iron; while 
F-MWCNT contained no detectable levels of 
nickel or iron. The dimensions of these MWCNT 
were: outer diameter, 20–30 nm; inner diameter, 
5–10 nm; and length, 10–30 μm. The MWCNT 
were aerosolized for inhalation by nebulization. 
The MMADs (GSD) for O-, P-, and F-MWCNT 
were 3.7 (2.5), 4.8 (2.9), and 3.3 (3.1) µm, respect-
ively. Doses for tracheal instillation were 0, 10, 50, 
or 200 µg in a biocompatible dispersion medium. 
The single (6-hour) inhalation exposure at a 
concentration of approximately 30 mg/m3 was 
estimated to result in a deposited lung dose that 
was similar to or higher than that of the intratra-
cheally administered dose of 200 µg (estimated 
by assuming an alveolar and tracheobronchial 
deposition fraction of 0.14 and a ventilation rate 
of 0.15 L/min: 30 mg/m3 × 0.15 L/min × 6 h × 60 
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min/h × 1 m3/1000 L × 0.14 × 1000 µg/1 mg = 227 µg). 
[The Working Group noted that the “Inhalation 
Exposure and Aerosol Characterization” section 
of the Methods in the publication reported a 
MWCNT aerosol concentration of 38 µg/L (equal 
to 38 mg/m3), which would result in a deposition 
of 287 µg MWCNT.]

(b)	 Phagocytosis

CNT have been observed in cells using 
confocal Raman microscopy (Romero et al., 
2011) or TEM (Ryman-Rasmussen et al., 2009a). 
The possible mechanisms by which CNT can 
enter cells include diffusion or penetration 
through cell membranes (passive internaliza-
tion) or endocytosis (active internalization) 
(Kunzmann et al., 2011; Ye et al., 2013), both of 
which may depend on the surface properties of 
the CNT and the activation state of the phago-
cytic cells. Four types of endocytosis have been 
reported (Ye et al., 2013): phagocytosis, clath-
rin-mediated endocytosis, caveolea-mediated 
endocytosis, and macrophage pinocytosis. The 
first three types have been studied in relation to 
CNT. Phagocytosis is the engulfment of foreign 
materials by macrophages, monocytes, and 
neutrophils, the primary purpose of which is 
considered to be the elimination of larger path-
ogens (bacteria and yeast) or cell debris. Larger 
CNT structures (e.g. > 400 nm) or agglomerates 
were recognized by phagocytes, while individual 
structures evaded phagocytosis (Antonelli et al., 
2010; Ali-Boucetta & Kostarelos, 2013). Clathrin-
mediated endocytosis involves the internaliza-
tion of macromolecules by the inward budding 
of plasma membrane vesicles (with or without 
receptor- or ligand-specific binding) and many 
studies have reported the cell uptake of CNT 
by this mechanism (Ye et al., 2013). Caveolea-
mediated endocytosis involves caveolar vesicles 
that are composed of cholesterol and sphingo-
lipids. A CNT radius of 25 nm was estimated to be 
associated with a maximal rate of endocytosis (Jin 
et al., 2009), while a maximum length of 189 nm 

of DNA-wrapped SWCNT was effectively endocy-
tosed by various cell lines (Becker et al., 2007).

The mechanisms of cell uptake also depend 
on the cell type encountered by the CNT 
(which also depends on the route of exposure). 
Macrophages in the pulmonary or interstitial 
regions of the lungs are capable of phagocytosing 
CNT, although the size and surface properties of 
CNT influence their ability to be recognized and 
phagocytosed by these cells. In the liver, Kupffer 
cells are the primary cellular site where CNT are 
observed. Functionalizations/modifications to 
the surface of CNT (e.g. covalently bonded func-
tional groups or non-covalently bonded coat-
ings) can also influence the cell uptake of CNT 
(Ali-Boucetta & Kostarelos, 2013).

In rats exposed by pharyngeal aspiration, 
the alveolar macrophage uptake of SWCNT 
(<  0.23% iron) was low (Shvedova et al., 2005). 
Morphological analysis showed that only 10% 
of the alveolar burden of SWCNT was located 
within the alveolar macrophages (Shvedova et 
al., 2005), while 90% of the dispersed SWCNT 
structures were observed to cross alveolar epithe-
lial cells and enter the interstitium (Mercer et al., 
2008). MWCNT were recognized more profi-
ciently by alveolar macrophages; approximately 
70% of MWCNT in the respiratory airways was 
taken up by alveolar macrophages, 8% migrated 
into the alveolar septa, and 22% was observed in 
granulomatous lesions (Mercer et al., 2010, 2011).

In an additional investigation of rats in a 
subchronic inhalation study (Ma-Hock et al., 
2009), Treumann et al. (2013) examined ultra-
thin lung tissue sections from two rats by TEM at 
the end of the 13-week exposure to 2.5 mg/m3 of 
MWCNT. MWCNT structures were observed in 
the alveolar macrophages within the cytoplasm 
and membrane-bound organelles (phagosomes) 
in the form of “large (> 2 µm) electron-dense 
clews of intermingled MWCNT” and irregu-
larly shaped structures up to 100 nm in diam-
eter; some MWCNT were observed free in the 
alveolar lumen. MWCNT were also observed in 
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focal accumulations of phagocytic cells within 
the subpleural connective tissue.

In the study by Silva et al. (2014), the physi-
co-chemical properties of MWCNT influenced 
their uptake, location, and structure within 
the alveolar macrophages (as observed by TEM 
and bright-field microscopy). Rats that inhaled 
F-MWCNT had significantly more alveolar 
macrophages containing MWCNT structures 
than rats that inhaled O-MWCNT or P-MWCNT 
(as observed in the bronchoalveolar lavage 
fluid [BALF]) on days 1 and 21 after exposure 
(P-MWCNT were obtained after the treatment 
of O-MWCNT with nitric acid and ethyldiamine 
tetra-acetate in acetic acid at pH  4 to remove 
residual metals and amorphous carbon). On day 
1 after exposure, O-MWCNT and P-MWCNT 
were observed within the phagolysosomes of 
macrophages, while F-MWCNT were seen in the 
cytosol and also protruding the cell membrane. 
On day 21 after exposure, O- and P-MWCNT 
were no longer compartmentalized but were 
observed in the cytosol as larger focal agglom-
erates; the F-MWCNT (obtained by adding the 
P-MWCNT to a reaction chamber containing 
nitric acid and sulfuric acid) in the cytosol were 
smaller, dispersed aggregates. The acidic func-
tional groups brought about by increasing the pH 
and the resulting increase in hydrophilicity were 
thought to reduce the toxicity of F-MWCNT by 
preventing phagolysosome permeability – and 
the subsequent release of lysosomal contents 
into the cytosol with the downstream activa-
tion of the nucleotide-binding oligomerization 
domain receptor (NLRP3) inflammasome – 
after F-MWCNT were taken up by the alveolar 
macrophages. Thus the uptake of F-MWCNT 
into macrophages did not appear to cause cell 
toxicity at the doses and observation time-points 
in this study (Silva et al., 2014).

(c)	 Translocation

Several studies have provided evidence 
that CNT can translocate from the lungs into 
the blood circulation. Adult CD-1 mice [sex 
unspecified] were exposed to untreated SWCNT 
(synthesized with an iron-cobalt/magnesium 
oxide catalyst) by nebulization. Acute exposures 
to a water aerosol containing CNT [concentra-
tion and dose unspecified] lasted 15 minutes. 
CNT structures were observed by Raman spec-
troscopy in blood samples taken from mice 24 
hours after the inhalation of CNT. The quantity 
was not specified, but exceeded the detection 
limit of Raman spectroscopy. These CNT were 
observed as clusters with average diameters of 
several micrometres (Ingle et al., 2013). [The 
Working Group noted that smaller CNT clusters, 
if present, would have been below the detection 
threshold due to the qualitative nature of the 
Raman spectroscopy methods, which detect 
CNT in tissues but cannot provide quantitative 
dose measures.]

Evidence that CNT could translocate from the 
lungs of adult male Wistar albino rats (weighing 
0.2–0.225 kg) after intratracheal administra-
tion of two types of MWCNT at a dose of 0.2, 
1, or 5 mg/kg bw was reported by Reddy et al. 
(2010a). CNT were produced by electric arc 
(size, 90–150 nm; surface area, 197 mg2/g; crys-
tallinity, hexagonal) or CVD (size, 60–80 nm; 
surface area, 252 mg2/g; crystallinity, cubic) and 
were dispersed in PBS plus Tween 80 solution 
then sonicated to prevent agglomeration before 
administration. Dose-dependent toxicity was 
observed in the liver and kidney of rats exposed 
to either type of MWCNT. Light micrographs 
of the liver tissue 1 day after instillation showed 
black pigments, but no quantitative data on CNT 
tissue doses were provided.

Inhaled MWCNT were observed in the 
subpleural wall and within the subpleural 
macrophages in groups of 10 male C57BL6 
mice after a single 6-hour inhalation exposure 
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to 1 or 30 mg/m3 of MWCNT (Helix, Inc.; 
MMAD, 164 or 183 nm, respectively; length, 
<  100 nm to >  10 µm; diameter, 10–50 nm) 
(Ryman-Rasmussen et al., 2009a). Carbon 
black (MMAD, 209 nm) at a concentration of 
30 mg/m3 was used as a comparison material. 
Lung tissues were collected 1  day, 2 weeks, 6 
weeks, or 14 weeks after exposure. The calcu-
lated deposited doses of CNT were 0.2 or 4 mg/kg 
at concentrations of 1 or 30 mg/m3 MWCNT, 
respectively (assuming a 10% deposition of 
the inhaled dose). The inhaled MWCNT were 
engulfed by macrophages, which migrated to 
the subpleural region. TEM images showed 
CNT within macrophages beneath the pleura. 
The authors hypothesized that activated 
macrophages containing MWCNT migrate 
through the pleural lymphatic drainage and 
stimulate the recruitment of mononuclear cells 
in the pleura (consistent with their previous 
finding (Ryman-Rasmussen et al., 2009b) that 
monocyte chemokine CCL2 was increased in 
mice after inhalation of MWCNT). Significant 
fibrosis (focal subpleural) was observed in mice 
2 and 6 weeks after inhalation exposure to 
30 mg/m3 of MWCNT, but not in mice exposed 
to 1 mg/m3 of MWCNT or 30 mg/m3 of carbon 
black. Aggregates of MWCNT in lung tissues 
were significantly elevated in mice inhaling 
30 mg/m3 of MWCNT (but not carbon black or 
1 mg/m3 of MWCNT). No quantitative data on 
the dose of MWCNT in the lung tissues were 
reported (Ryman-Rasmussen et al., 2009a).

Translocation to the pleura was observed in a 
study of male Fischer 344 rats exposed five times 
to MWCNT (0.5 mL of 500 µg/mL) by intrapul-
monary spraying over a 9-day period (Xu et al., 
2012). The total mass dose was 1.25 mg/rat. Two 
types of MWCNT were studied – MWCNT-N 
(Nikkiso Co., Ltd) and MWCNT-M (Mitsui-7; 
Mitsui Chemicals, Inc.) – in addition to crocido-
lite as a control. Pleural cavity lavage was used to 
examine the presence of MWCNT or crocidolite 
in the pleural cavity, and SEM was used to confirm 

the location of the MWCNT or crocidolite fibres 
in lung tissue sections. Both types of MWCNT 
and crocidolite fibres were found in the pleural 
cavity lavage cell pellets, mostly in macrophages. 
A few fibres were found in the intercellular space 
or on cell surfaces. In the tissue sections, both 
MWCNT and crocidolite were observed in the 
focal granulomatous lesions in alveoli and in alve-
olar macrophages. The MWCNT or crocidolite 
fibres were also found in the mediastinal lymph 
nodes, and a few were observed in liver sinusoid 
cells, blood vessel wall cells in the brain, renal 
tubular cells, and spleen sinus and macrophages. 
A few fibres were observed penetrating directly 
from the lungs to the pleural cavity through the 
visceral pleura, but no fibres were seen in the 
parietal pleura.

Mercer et al. (2013a) investigated the extrapul-
monary transport of MWCNT in male C57BL/6 
mice after inhalation exposure to 5 mg/m3 of 
MWCNT (Mitsui-7) for 5 hours per day for 12 
days in a 3-week study [the same study as that 
reported in Mercer et al. (2013b) for disposi-
tion in the lungs]. The lung burden of MWCNT 
on day 1 after exposure was 28.1 µg (47  ×  106 
MWCNT fibres/µg). Optical sectioning through 
serial sections of the lung, liver, and kidney was 
carried out to measure the length of the single 
MWCNT in those organs on days 1 and 336 
after the end of inhalation exposure (Mercer 
et al., 2013b). The amount of MWCNT in the 
tracheobronchial lymph nodes was determined 
as the volume density of MWCNT in the lymph 
nodes relative to the volume density of MWCNT 
in the lungs 1 day after exposure. The numbers of 
MWCNT fibres in the extrapulmonary organs, 
diaphragm, and chest wall were counted per unit 
area and converted to number per organ using 
morphometric methods. Enhanced-darkfield 
light microscopy imaging of CNT was performed 
on sections of the exposed lungs to identify CNT 
that would not otherwise be detected. Most of 
the MWCNT that translocated from the lungs 
were found in the tracheobronchial lymph nodes 
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(1.08% on day 1 and 7.34% on day 336 after expo-
sure, as a percentage of the lung burden on day 
1 after exposure). The next highest extrapulmo-
nary tissue burdens of MWCNT were reported 
in the liver (0.0028% on day 1 and 0.027% on day 
336) and kidneys (0.0010% on day 1 and 0.0052% 
on day 336). Smaller amounts of MWCNT were 
detected in the heart, brain, chest wall, and 
diaphragm (with higher amounts at day 336 than 
at day 1 after exposure in all tissues except the 
chest wall). In the lungs, 54% of the MWCNT 
burden was agglomerated, while only singlet 
MWCNT were observed in the liver, kidney, 
heart, brain, chest wall, and diaphragm (Mercer 
et al., 2013a).

In an ex-vivo model, SWCNT (100 µg) were 
instilled into the airway of isolated perfused rat 
lung. The isolated perfused rat lung model retains 
the lung architecture but eliminates the systemic 
pharmacokinetics. The pulmonary translocation 
of SWCNT from the airways across the pulmonary 
barrier was less than 0.05% of the instilled dose 
after 90 minutes. A pharmacokinetic simulation 
estimated a cumulative pulmonary translocation 
from the rat lung of less than 0.15% over 14 days 
(Matthews et al., 2013).

The length of CNT that translocate from the 
lungs to the pleura (or were instilled therein in an 
experimental study) may influence their reten-
tion. Longer structures (> 5 µm) were retained 
in the pleura, while shorter structures were 
able to drain to the lymph nodes (Poland et al., 
2008; Murphy et al., 2011); however, Kim et al. 
(2014) found a persistent presence in the pleura 
and lung parenchyma 90 days after subacute 
(28 days) inhalation exposure to short-length 
(330.18 ± 1.72 nm) MWCNT. Stomata are outlets 
in the parietal pleura through which lymphatic 
drainage occurs (Donaldson et al., 2010; Murphy 
et al., 2011). The maximum diameter of stomata 
in mice is 10 µm (Murphy et al., 2011). Using 
single-photon emission computed tomographic 
imaging, Murphy et al. (2011) reported that 
radiolabelled short CNT (length, 0.5–2 µm) 

were observed in the cranial mediastinal lymph 
nodes (two bilateral lymph nodes located lateral 
to the thymus) within 1  hour of intrapleural 
injection of 5 µg/mouse, and increased up to the 
end of observation 24 hours after the injection. 
Qualitatively, fewer long (length, > 15 µm) than 
short CNT were observed in the lymph nodes 
(Murphy et al., 2011).

The translocation of 14C-radiolabelled 
MWCNT from the lungs to other organs up 
to 1  year after pharyngeal aspiration of 20 µg 
CNT (suspended in 50 µL dispersion medium) 
was investigated in seven groups of 4 female 
Balb/c mice (age, 6 weeks). After dispersion, the 
mean length of the CNT was 3.9 μm (range, 
500 nm–12 μm) and the mean diameter was 
approximately 40 nm (range, 10–150 nm). 
Time-points of examination were 1 and 7 days, 
and 1, 3, 6, 9, and 12 months after exposure. At 
6 months after exposure, the average concen-
tration of MWCNT in the lungs decreased 
to less than 10% of the administered dose, 
but increased at the last two time-points (to 
about 20% at 12  months after exposure). In 
contrast, the MWCNT concentration in the 
spleen and liver – which was detectable on 
day 1 after exposure – increased over time to 
approximately 0.1–0.2% of the administered 
dose in the spleen at 6–12 months after expo-
sure and approximately 0.5–1% in the liver at 
the same time-points, although the liver had 
about half the mass concentration of MWCNT 
(µg/g) compared with the spleen (Czarny et 
al., 2014). [The Working Group noted that the 
authors reported that only half of the 20-µg dose 
administered was measured in the lungs on day 
1 after exposure, and the initial lung dose was 
therefore adjusted to 10 µg; the remainder of 
the lung dose was considered to have probably 
been swallowed, thus reaching the stomach and 
gastrointestinal tract.] 

A subsequent experiment on oral ingestion 
through the intra-oesophageal instillation of 
50 µg of 14C-MWCNT showed that approximately 
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95% of the ingested MWCNT dose was measured 
in the gastrointestinal tract and faeces after 24 
hours; no MWCNT were detected (by radioac-
tive signal) after 4 days; and no MWCNT were 
detected in the spleen or liver tissue sections on 
1, 7, and 30 days after gavage with MWCNT. This 
finding was considered by the authors to support 
the evidence that translocation of the MWCNT 
after pharyngeal aspiration occurred through the 
air–blood barrier (including crossing the epithe-
lial cells of the airways or the alveoli) and not 
across the intestinal lining (Czarny et al., 2014).

(d)	 Retention

Retention refers to the temporal distribution 
of uncleared particles in the respiratory tract 
(Lioy et al., 1984). This section focuses on reten-
tion in the lungs and lung-associated tissues (i.e. 
lung parenchyma, pleura, and lung-associated 
lymph nodes) (see also Section 4.1.2 (c) for data 
on doses of CNT in extrapulmonary organs). 
Retention (or biopersistence) in the lungs is higher 
for inhaled particles that are poorly soluble and 
poorly cleared from the lungs (e.g. due to size, 
shape, surface reactivity, and/or to a high dose 
that exceeds clearance capacity).

The lung burden of MWCNT (Baytubes, 
a proprietary product; Bayer MaterialScience, 
Germany) was measured in male Wistar rats 
1 day, and 17, 26, and 39 weeks after 13 weeks of 
inhalation exposure to 0.1, 0.4, 1.5, and 6 mg/m3 
for 6 hours per day on 5 days per week. Tissue 
burdens of MWCNT (in the left lung lobe and in 
the lung-associated lymph nodes) were estimated 
from the measurements of residual cobalt tracer 
(0.115% matrix-bound). The dose deposited in the 
alveoli was calculated from the following informa-
tion: concentration of cobalt (ng/L [air]) × minute 
ventilation rate (0.8 L/min/kg) [male rat control 
body weights: 231 and 369 g, at the beginning and 
end, respectively, of the 13-week exposure] × the 
alveolar deposition fraction (5.7%)  ×  the cobalt 
fraction (%/100) (see also Section 4.1.2 (a) for 
more information on the estimated deposition 

fraction). The retained MWCNT dose (measured 
as µg cobalt tracer/lung) in the lungs decreased 
slowly during the 39-week period after exposure, 
while the MWCNT in the lung-associated lymph 
nodes increased after exposure in mice exposed 
to 1.5 or 6 mg/m3 (Pauluhn, 2010a).

The retention half-times at each concentra-
tion were calculated in Pauluhn (2010a) from the 
equation: dc/dt = a(1–kt) where k is the first-order 
elimination constant (calculated from the cobalt 
lung burden data 17, 26, and 39 weeks after expo-
sure [although not reported]). The retention half-
time (i.e. time to reduce the retained lung dose by 
half; also called the elimination half-time [t1/2]) 
was calculated from t1/2 = ln(2)/k. The retention 
t1/2 was 151, 350, 318, and 375 days at exposure 
concentrations of 0.1, 0.4, 1.5, and 6 mg/m3, 
respectively. [From the retention half-times [t1/2], 
the first-order rate constant k can be estimated 
as approximately 0.002 d-1 for the three higher 
concentrations and approximately 0.004  d-1 for 
the lowest concentration.] Pauluhn (2010a) noted 
that the levels of cobalt measured in the lungs at 
the lowest concentration (0.1 mg/m3) were in the 
range of the limit of quantification, indicating 
possible imprecision in the t1/2 estimate at that 
concentration. In comparison, the retention t1/2 
for respirable particles in rats at non-overloading 
doses was approximately 60 days, indicating 
that the rat lung clearance rates of MWCNT 
(Baytubes) were reduced by several fold at all 
exposure concentrations.

Pauluhn (2010a) estimated the MWCNT 
particle volume lung dose as 107–325, 466–1413, 
1192–3917, and 3961–12 002 nL/g of lung in rats 
exposed to 0.1, 0.4, 1.5, and 6 mg/m3, respect-
ively (at a density of MWCNT of 0.1–0.3 g/cm3, 
“corrected for void space volume which is 1.43 
times greater than the volume of the MWCNT 
themselves” (Brown et al., 2005)). In comparison, 
Pauluhn (2010a) quoted Morrow (1988, 1994), 
who found no significant difference in retention 
half-times between the control (unexposed) rats 
and the rats that had a particle volume lung dose 
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of 100 nL/g of rat lung, and Oberdörster (1995), 
who observed a doubling of the retention half-
times in rats with a particle volume lung dose of 
1400 nL/g of lung. Pauluhn (2010a) interpreted 
these comparisons as indicating that overloading 
of lung clearance was “minimal to moderate” 
in rats at 0.1 and 0.4 mg/m3 of MWCNT while, 
at 1.5 and 6 mg/m3, clearance may have been 
completely impaired.

Mercer et al. (2010) reported the distribution 
of MWCNT-7 (Mitsui & Co.) (diameter, 49 nm; 
length, 3.9 µm) in the lungs of male C57BL/6J 
mice exposed by pharyngeal aspiration to 10, 
20, 40, and 80 µg of MWCNT or the vehicle. The 
distribution of MWCNT was determined in fixed 
lung sections using morphometric methods at 1, 
7, 28, and 56 days after exposure. Field-emission 
SEM was used to detect and count the number 
of MWCNT fibre penetrations of three biological 
tissue barriers: the alveolar epithelium (alveolar 
penetrations), the alveolar epithelium immedi-
ately adjacent to the pleura (subpleural tissue), 
and the visceral pleural surface (intrapleural 
space). The number of penetrations per lung (into 
the subpleural tissue and intrapleural space) 
increased with increasing dose administered. 
On day 1 after exposure to 80 µg, 18% of the 
MWCNT was observed in the airways, 81% in 
the alveolar region, and 0.6% in the subpleural 
tissue. Within the alveolar region, 62% of the dose 
was inside alveolar macrophages on day 1 after 
exposure. MWCNT penetrations were observed 
most frequently in the alveolar macrophages, 
followed by alveolar type I epithelial cells, and 
less frequently in alveolar interstitial cells (typi-
cally observed as fibres passing through adjacent 
epithelial cells). MWCNT inside the cells were not 
confined to phagolysosomes and were observed 
to extend from the cell surface through the nuclei 
and other organelles. Alveolar type II epithelial 
cells (2% of the normal epithelial surface) were 
rarely found to be penetrated by MWCNT. In the 
airways, MWCNT were observed in the mucous 
layer above airway epithelial cells and in airway 

macrophages contained in the cilia-mucous 
lining layer; penetrations by MWCNT in the 
airways were rare. At the 20-µg dose, a total of 
15  ×  106 MWCNT penetrations were observed 
in the 11 × 106 alveolar type I epithelial cells in 
mouse lungs (Mercer et al., 2010).

The time course of this MWCNT in the 
intrapleural space showed a decrease from day 1 
to day 7 after exposure (Mercer et al., 2010). This 
is consistent with a mechanism of shorter fibre 
clearance from the intrapleural space through 
the stomata (duct in the parietal pleura) to the 
lymphatic system (Donaldson et al., 2010; Murphy 
et al., 2011). However, the amount of MWCNT in 
the intrapleural space increased again at day 28 
after exposure and remained elevated at 56 days 
after exposure. The lung burden of MWCNT 
may act as a reservoir to replenish MWCNT 
in the intrapleural space or that even shorter 
fibres (length, 3.9 μm) could begin to clog the 
ducts if they reach a sufficient level within the 
intrapleural space (Mercer et al., 2010).

Mercer et al. (2013b) provided quantita-
tive data on the retention and distribution of 
MWCNT in the lung and associated tissues of 
male C57BL/6 mice after a 3-week exposure by 
inhalation for 5  hours per day for 12 days to 
5 mg/m3 of MWCNT (Mitsui-7; mean length, 
4.3 µm). The MWCNT lung burden was deter-
mined using a method reported by Elder et al. 
(2005). The lungs were removed after mice were 
killed on 1, 14, 28, 84, 168, or 336 days after expo-
sure. Lung tissue was processed by digestion (in 
25% potassium hydroxide/methanol (w/v)), 
centrifugation, and re-suspension of the pellet, 
and measurements of the optical density of the 
solution were compared with MWCNT stand-
ards that were processed in parallel with the 
lung samples. The mass of MWCNT in the lungs 
was determined from a standard curve. [Elder et 
al. (2005) reported that the limit of detection of 
this assay was 0.1 µg/mL of suspended solution.] 
Several imaging techniques (light microscopy, 
field emission SEM, and enhanced-darkfield 
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microscopy) were used to observe and quantify 
the distribution of the MWCNT fibres in tissue 
sections of the lungs. MWCNT were counted in 
lung tissue sections using an enhanced-darkfield 
optical system; eight animals were analysed per 
group and counting was accomplished using 
an 11  ×  11 (121 point) overlay grid pattern to 
ensure uniform sampling of the section. The 
number of fibres per MWCNT structure was also 
determined by enhanced-darkfield microscopy. 
MWCNT fibres were observed in the alveolar 
macrophages and alveolar interstitium, and pene-
trated the visceral pleura (Mercer et al., 2013b). 
On day 14 and later time-points after exposure, 
clusters of MWCNT were observed within the 
ridge of the first alveolar duct bifurcation [which 
is the primary site of particle deposition after 
inhalation exposures to particles and fibres, as 
reported previously by Brody & Roe (1983) and 
Chang et al. (1988)]. The MWCNT lung burden 
in mice measured on day 1 after exposure was 
28.1 µg (1321 × 109; total fibre number estimate 
based on 47 million MWCNT fibres/µg [conver-
sion reported in Chen et al. (2012)]) (Mercer et 
al., 2013b). Of this lung burden, 84% (23.6 μg) 
was found in the alveolar (pulmonary) region 
of the lungs and 16% (4.5 μg) in the airways. 
Similar distributions of MWCNT were observed 
in two previous studies of MWCNT by Porter et 
al. (2010, 2013) in mice exposed by pharyngeal 
aspiration or acute inhalation.

Within the alveolar region, 56% of 
the MWCNT lung burden was in alveolar 
macrophages on day 1 after exposure, 7% was in 
the alveolar airways, and 20% was in the alveolar 
tissue. These findings indicated a fairly rapid and 
substantial distribution of inhaled MWCNT to 
the lung interstitium. By day 1 after exposure, 
~1.2% (0.34 µg) of the MWCNT lung burden was 
observed as single fibres in the pleural compart-
ment (including the subpleural tissue and visceral 
pleura) (Mercer et al., 2013b).

At 336 days after exposure, 65% of the 
MWCNT lung burden (28.1 µg) on day 1 after 

exposure was retained in the lungs (18.2 µg), 
most of which (96%) was retained in the alveolar 
region (including 4.8% in subpleural tissue) and 
4% (0.73 µg) of which was retained in the airways. 
The distribution of MWCNT in the lungs shifted 
from alveolar macrophages (3 times more than 
in lung tissue on day 1 after exposure) to the 
alveolar tissue, where the dose increased from 
5.8 to 9.5 µg on days 1 and 168 after exposure, 
respectively. Thus, the alveolar interstitial lung 
burden increased as the MWCNT in the alveoli 
were cleared (Mercer et al., 2013b).

The number of larger or agglomerated 
MWCNT structures (>  4 fibres/MWCNT) 
decreased over time (from 53 to 25% of the lung 
burden on days 1 and 168 after exposure, respect-
ively). The number of structures with 2, 3, or 4 
fibres also decreased significantly. However, the 
percentage of single fibres in the MWCNT lung 
burden did not change significantly from days 1 
to 168 after exposure. Thus, the MWCNT struc-
tures decreased in size, resulting in a relatively 
constant number of single MWCNT fibres in the 
lungs over time (Mercer et al., 2013b).

The mouse lung response on day 1 of 
this study after exposure to a lung dose of 
28.1 µg MWCNT was an increase in the thick-
ness (fibrillar collagen) of the alveolar connective 
tissue over time, with a 70% increase on day 336 
after exposure (Mercer et al., 2013b). The trans-
location of MWCNT to extrapulmonary organs 
were described in Mercer et al. (2013a) (see also 
Section 4.1.2 (c)).

The lung burden of MWCNT (diameter, 
90.7  nm; length, 5.7 µm; MMAD (GSD), 
1.4–1.6 µm (2.3–3.0)) was measured in male and 
female Fischer 344 rats after 13 weeks of whole-
body inhalation exposure for 6 hours per day 
on 5 days per week to concentrations of 0, 0.2, 
1, and 5 mg/m3. Left lung tissues (0.18–0.36 g) 
were sampled from five rats in each MWCNT-
exposed group. MWCNT was quantified using a 
technique in which a specific polycyclic aromatic 
hydrocarbon (benzo[g,h,i]perylene) serves as a 
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marker of these MWCNT. The mass of MWCNT 
in the lungs of male and female rats increased in 
relation to the exposure concentration (Table 4.1) 
and was reported to be 1.4–1.6 times greater in 
the left lungs of males than in those of females 
(Kasai et al., 2015). [The Working Group noted 
that, when the measured MWCNT lung doses are 
normalized to the average control left lung weight 
(0.43 g, males; 0.32 g, females), the retained lung 
doses in males were similar (1.0–1.2 times the 
lung doses in females).]

In the study by Silva et al. (2014), the phys-
ico-chemical properties (metal content, hydro-
philicity, and carboxylic acid functionalization) 
or route of exposure did not significantly influ-
ence the retention of MWCNT in the lungs of 
male Sprague-Dawley rats (as measured in the 
right caudal lung lobe by programmed thermal 
analysis). However, the findings suggested that 
instilled F-MWCNT were retained in the lungs 
to a greater extent than the same instilled dose 
of O-MWCNT or P-MWCNT. The retention of 
instilled F-MWCNT in the lungs was also greater, 
although not significantly, than the retention of 
a similar deposited dose of inhaled F-MWCNT 
(Silva et al., 2014).

(e)	 Clearance

The mechanisms of clearance depend on 
the initial site of particle deposition within the 
respiratory tract and on the physico-chemical 
properties of the particle (e.g. solubility and func-
tionalization). Soluble particles can dissolve in 
alveolar lining fluid and then enter the blood or 
lymph (Dahl et al., 1991; ICRP, 1994; Schlesinger, 
1995). Dissolution rates do not vary widely across 
species, because they are primarily determined 
by the physico-chemical properties of the mate-
rial (Dahl et al., 1991). Clearance rates of poorly 
soluble particles, however, can fluctuate among 
species due to differences in the macrophage-me-
diated clearance from the alveolar region and the 
rates of mucociliary transport in the conducting 
airways (Snipes, 1989).

Inhaled CNT may be phagocytosed by 
macrophages and cleared from the lungs by the 
mucociliary escalator and swallowed (entering 
the gut). CNT that are not cleared from the lungs 
by macrophages may enter the epithelial cells that 
line the alveolar region of the lungs, where their 
fibres can be retained in the lung interstitium or 
pass into the lymph or blood circulation (Mercer 
et al., 2008; Ryman-Rasmussen et al., 2009a; 
Mercer et al., 2013a, b).

CNT that reach the blood circulation (either 
by translocation from the lungs or through direct 
intravenous administration) may be excreted 
from the body through either the renal (urine) 
or biliary pathway. Many SWCNT or MWCNT 
exceed the particle size threshold for renal excre-
tion, particularly if agglomerated (Liu et al., 
2008a), and thus accumulate in the liver where 
they undergo biliary excretion (Cherukuri et al., 
2006). The type of surface functionalization can 
also strongly influence the biodistribution and 
elimination pathways (see also Section 4.1.2 (g)).

In a study of male Wistar rats that inhaled 
0.37 mg/m3 of MWCNT for 6 hours per day on 
5 days per week for 4 weeks, lung clearance was 
reported to be proportional to the amount in the 
lungs. The retention half-time (t1/2), defined as the 
time for the retained dose to be reduced by half, 
was estimated to be 51 or 54 days (based on the 
lung dose measured by X-ray diffraction or EC 
analysis, respectively) (Oyabu et al., 2011). [These 
retention half-time estimates are consistent with 
normal rat clearance rates reported in other 
studies, indicating that no reduction in the 
clearance rate (due to overloading of clearance 
mechanisms) occurred at the concentration and 
duration of exposure used in this study.]

In a study of the intratracheal instillation of 10 
or 100 µg/mouse of pristine [as-produced] (mean 
length, 7.5 nm; mean diameter, 13.5 nm) or acid-
treated (mean length, 400 nm; mean diameter, 
15  µm) MWCNT in male C57BL/6 mice, both 
types of MWCNT were seen in the lymphatic 
system in the mediastinal lymph nodes. The 
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acid-treated MWCNT (that contained fewer 
metal contaminants and were more hydrophilic) 
induced less severe acute lung inflammation 
than the pristine MWCNT (Kim et al., 2010). 
[No quantitative data on the dose were provided.]

No significant lung clearance was observed 
from day 1 to day 21 after intratracheal adminis-
tration of O-, P-, or F-MWCNT to male Sprague-
Dawley rats. MWCNT structures were observed 
inside the alveolar macrophages and poly-
morphonuclear leukocytes in BALF and in the 
airway cilia, suggesting some, but insignificant, 
MWCNT clearance (Silva et al. 2014).

(f)	 Biodegradation

The size, structure (wall number), and func-
tionalization of CNT may influence their distri-
bution in the body and their ability to pass into 
cells through cell membranes (Bianco et al., 
2011). Much of the literature on the kinetics of 
CNT is motivated by the potential use of CNT 
as targeted medical delivery systems to specific 
tissues for therapeutic purposes (Ali-Boucetta & 
Kostarelos, 2013). SWCNT functionalized with 
polyethylene glycol (PEG) were more hydrophilic, 
had greater dispersibility in aqueous media than 
unfunctionalized SWCNT, and were excreted 
through biliary and renal pathways (Bhirde et 
al., 2010).

(i)	 In vitro and ex vivo
Pulmonary eosinophils from humans (in 

vitro) and mice (activated ex vivo) were shown to 
degrade SWCNT through an enzyme (eosinophil 
peroxidase, EPO) that is exocytosed when cells 
are activated (e.g. by the presence of CNT) and 
is one of the major oxidant-generating enzymes 
in the human lung. The EPO-catalysed oxidative 
biodegradation was assessed by TEM, ultravi-
olet-visible-near-infrared absorption spectros-
copy, and Raman spectroscopy and was found to 
occur extracellularly (Andón et al., 2013).

Another study by Kagan et al. (2010) showed 
that polymorphonuclear leukocyte (neutrophil) 

myeloperoxidase (MPO) also catalysed the 
biodegradation of SWCNT, although the 
SWCNT in this study were pre-opsonized with 
immunoglobulins to increase the internalization 
efficiency by neutrophils. The difference in the 
mechanisms of degradation of the two cell types 
is due to neutrophils using MPO to kill bacteria 
inside the phagolysosome, while eosinophils use 
secreted EPO to kill larger extracellular organ-
isms, such as parasites.

(ii)	 In vivo
The role of neutrophils or eosinophils in the 

biodegradation of CNT in vivo is unclear. In 
the lungs, CNT that are not cleared by alveolar 
macrophages may translocate into the lung inter-
stitium and stimulate the development of fibrosis 
or translocate to distant sites and elicit systemic 
inflammatory and/or immunological responses 
(Mercer et al., 2008; Ryman-Rasmussen et al., 
2009a).

Shvedova et al. (2012a) demonstrated the role 
of MPO, an abundant enzyme in inflammatory 
cells such as polymorphonuclear leukocytes (or 
neutrophils), in the clearance and retention of 
CNT in the lungs of mice by comparing the clear-
ance of SWCNT in wild-type and MPO-deficient 
(knockout) C57Bl/6 mice given 40 µg/mouse 
by pharyngeal aspiration. The MPO-mediated 
biodegradation of SWCNT occurs through 
the oxidative modification or “cutting” of the 
SWCNT (resulting in oxidative defects in CNT 
that are detectable by Raman spectroscopy). A 
significant difference was observed in the clear-
ance of SWCNT from the lungs in wild-type 
compared with MPO-knockout mice. The degra-
dation of SWCNT (assessed by Raman spectros-
copy) was significantly greater in wild-type mice 
and the volume of SWCNT aggregates per total 
lung volume (quantified in lung tissues by light 
microscopic imaging analysis) was significantly 
greater in MPO-knockout mice than in wild-
type mice 28 days after exposure. [The Working 
Group noted that, consistent with the higher dose 
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of SWCNT retained, the MPO-deficient mice 
showed a greater degree of fibrosis, as measured 
by higher collagen content, and a greater average 
thickness of the alveolar connective tissue in the 
lungs than wild-type mice; however, wild-type 
mice also showed significant fibrosis.]

(g)	 Biokinetics of bioengineered CNT 
administered by intravenous 
administration

Much of the literature on the biokinetics of 
CNT in the body involves studies on their poten-
tial use in biomedical applications. The route of 
exposure has been shown to influence the biodis-
tribution of CNT in the body (Ali-Boucetta & 
Kostarelos, 2013), with the highest initial dose 
observed at the site of administration. In medical 
imaging or therapeutical applications, the route 
of exposure is typically the intravenous injection.

CNT injected intravenously accumulate in 
the liver and spleen, while CNT administered 
orally are found primarily in the stomach and 
intestines (Ali-Boucetta & Kostarelos, 2013).

Well dispersed short MWCNT (length 
< 500 nm) injected intravenously into mice were 
excreted rapidly through the kidneys (no nephro-
toxicity observed), while longer MWCNT were 
retained in the spleen, lungs, and liver (resulting 
in hepatotoxicity) (Jain et al., 2011).

Surface modification was considered to be the 
most important factor influencing the biodistri-
bution of CNT (Ali-Boucetta & Kostarelos, 2013). 
The two main types of functionalization are the 
coating (i.e. non-covalent surface modification) 
of SWCNT and the covalent functionalization of 
SWCNT or MWCNT.

The coatings that have been studied include 
surfactant Pluronic F108, Tween 80, and PEG 
phospholipid. The blood clearance of Pluronic 
F108-coated CNT injected intravenously into 
rabbits was rapid (half-life t1/2 < 1 h), which was 
attributed to the formation of SWCNT–protein 
complexes or SWCNT aggregates that accumu-
lated primarily in the liver (Cherukuri et al., 

2006). Tween 80-coated SWCNT were retained 
(for up to 28 days) in the liver, lungs, and spleen 
in injected mice (the CNT had a 13C-enriched 
backbone) (Yang et al., 2007). The circulation of 
PEGylated CNT in the blood was longer (half-
life t1/2, 5 h) and was further extended (half-life 
t1/2, 12–22 hours) by increasing the branching of 
the PEG and liver uptake was reduced in injected 
mice (Liu et al., 2008a, 2011a; Prencipe et al., 
2009). PEGylated CNT were eliminated through 
biliary excretion (over 2  months). Pristine, 
non-covalently functionalized SWNCT mostly 
accumulated in the liver.

The covalent functional groups that have 
been studied include hydroxyl, ammonium, 
glucosamine, and taurine (Ali-Boucetta & 
Kostarelos, 2013). Many of these studies used 
radiolabelled CNT. Higher degrees of function-
alization facilitated the dispersion of individual 
CNT that led to predominantly urinary excre-
tion (Singh et al., 2006; Lacerda et al., 2008a, b, c). 
However, MWCNT–taurine accumulated in the 
liver, heart, and lung (Deng et al., 2007).

Many of these studies reported qualitative 
estimates of the amount of CNT in various 
organs (e.g. by whole-body imaging). The tech-
niques used showed the relative amount of CNT, 
although small amounts may have been missed 
due to limits of sensitivity. The most typically 
reported quantitative measure was the half-life 
t1/2 in blood circulation. While these studies 
provide valuable insights into the factors that 
influence the biodistribution of CNT, they 
focused on medical applications of CNT and thus 
have limited direct relevance to occupational or 
environmental exposures.

4.2	 Physico-chemical properties 
associated with toxicity

The physico-chemical properties of CNT 
may be modulated by varying the method of 
synthesis, by applying modification processes 
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after synthesis, and/or by the covalent func-
tionalization of their external surface. A large 
variety of CNT forms may thus be produced 
that exhibit different features that influence 
their pathogenicity. CNT cannot be considered 
as a single well defined substance but as families 
of different materials, the number of which is 
growing dramatically.

Evidence has been found that the responses 
of cells to CNT are modulated by their physi-
co-chemical properties. The variability of the 
CNT employed in different studies gives rise 
to the discrepancies observed in biological 
outcomes (Muller et al., 2005; Kagan et al., 2006; 
Elgrabli et al., 2008; Poland et al., 2008; Takagi et 
al., 2008; Ma-Hock et al., 2009; Sakamoto et al., 
2009; Fubini et al., 2010, 2011).

Major studies on the effects of relevant 
physico-chemical characteristics on the adverse 
responses to CNT in various experimental 
models are summarized in Table 4.2.

4.2.1	 Crystal structure and defects

Purification and functionalization can induce 
defects in CNT and may modify or increase their 
toxicity. Nitric acid, which is involved in purifi-
cation and functionalization, destroys SWCNT, 
resulting in the production of amorphous carbon 
and a reduction in the amount of the transition 
metal catalyst used in their production (Hu et al., 
2003). 

Perfectly crystalline CNT are formed only 
by hexagonal rings of sp2 hybridized carbons. 
However, the graphene layers contain a variable 
number and degree of defects that may arise 
directly from the process of synthesis or may be 
introduced or eliminated during treatments after 
synthesis (Galano et al., 2010). The CNT that are 
currently produced are far from perfect and may 
include various numbers and types of defect, 
such as non-hexagonal rings, atom vacancies 
(topological defects), carbon with sp3 hybrid-
ization, incomplete bonding, and oxygenated 

groups (Ebbesen & Takada, 1995; Charlier, 
2002; Galano, 2010). After systematic variation 
of the physical and chemical features of a given 
MWCNT specimen with or without defects, 
genotoxicity in vitro and inflammogenicity 
and fibrogenicity in vivo (Muller et al., 2008a), 
but not carcinogenicity (Muller et al., 2009; see 
Section 3), were correlated with the presence of 
defects. [The Working Group noted that only a 
single type of defect (i.e. broken C–C bonding 
generated by grinding) was evaluated in these 
studies.]

Defects impart the potential to quench free 
radicals to both MWCNT and SWCNT (Galano, 
2010). CNT retard the oxidation of polysty-
rene, polyethylene, polypropylene, and poly(vi-
nylidene) fluoride due to their strong ability 
to accept radicals, which may interrupt chain 
propagation, leading to antioxidant effects in 
polymeric material (Watts et al., 2003). Pristine 
SWCNT were demonstrated to be powerful 
antioxidants (Lucente-Schultz et al., 2009) and 
a variety of modified CNT exhibited different 
defective sites.

4.2.2	Form and size

A fibre shape associated with high dura-
bility has been proposed as a critical factor in 
CNT-induced pleural toxicity and carcino-
genicity (Donaldson et al., 2011 and references 
therein). Poland et al. (2008) reported an “asbes-
tos-like” pathogenicity of long, rigid CNT in the 
induction of inflammation while tangled CNT 
were less potent. Similarly to short amphibole 
asbestos fibres, shorter CNT induced less inflam-
mation. In addition to dimensions and shape, 
other physico-chemical features are involved 
in fibre toxicity, suggesting that the fibre para-
digm is not the only mechanism (Jaurand et al., 
2009; Sanchez et al., 2009; Fubini et al., 2011). 
The physico-chemical properties of asbestos 
fibres and CNT differ substantially, correlating 
with the marked differences in their chemical 
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composition and structure (Fubini et al., 2010, 
2011) which are illustrated in Table 4.3 (Fubini 
et al., 2011).

(a)	 Length

Schinwald et al. (2012) reported that CNT 
over 4 μm in length are pathogenic to the pleura 
in mice and proposed a threshold length value 
(4–5 μm) for the induction of an acute inflam-
matory response in a mouse model. Pleural 
inf lammation and fibrosis are induced only 
by long (>  10 μm) CNT after intraperitoneal 
(Kolosnjaj-Tabi et al., 2010) or intrapleural 
(Murphy et al., 2011) injection. The adverse 
effects of long (> 10 μm), rigid CNT were related 
to their physical interaction with cells resulting 
in incomplete internalization and “frustrated 
phagocytosis”, which activate an inf lamma-
tory response. Stomata (diameter, 3–10 μm) in 
the parietal pleura act as a “sieve” in drainage 
from the pleural space and fail to clear the long 
CNT (Murphy et al., 2011).

Manshian et al. (2013) investigated the 
role of the length of SWCNT in the induction 
of genotoxicity in human bronchial epithelial 
BEAS-2B and lymphoblastoid MCL-5 cells. 
SWCNT induced significant levels of chromo-
somal damage at subcytotoxic concentrations, 
the potency of which, according to the length 
of the SWCNT, was 400–800 nm >  5–30 μm 
> 1–3 μm. The authors hypothesized that surface 
area is an important determinant in cellular 
response, as well as the secondary structure 
of CNT under experimental conditions. In 
contrast, only SWCNT 1–3 μm in length were 
found to be mutagenic in mammalian cells (see 
Section 4.3).

(b)	 Thickness

A study of two MWCNT of similar length 
(<  5 μm) and surface reactivity but different 
diameter (9.4 and 70 nm) showed that thinner 
MWCNT appeared to be significantly more toxic 
than their thicker counterparts in vivo (rat lung) 

and in vitro (murine alveolar macrophages) 
(Fenoglio et al., 2012). Nagai et al. (2011) also 
reported an effect of the diameter of CNT on 
mesothelial toxicity and carcinogenicity in rats 
(see also Section 3). Short CNT with different 
diameters that had or had not been subjected to 
carboxyl surface functionalization were assessed 
for cytotoxicity in phagocytic and non-phago-
cytic cells. The role of oxidative stress was eval-
uated by assessing the intracellular glutathione 
(GSH) levels and protection by N-acetyl cysteine 
(NAC). CNT <  8 nm in diameter were more 
cytotoxic than CNT ≥  20 nm in diameter and 
carboxylated CNT were more toxic than as-pro-
duced CNT. Protection by NAC was maximal for 
larger-diameter as-produced CNT and minimal 
for small-diameter carboxylated CNT. Thinner 
(diameter <  8 nm) CNT acted mainly through 
the disruption of membrane integrity, and CNT 
with a larger diameter mainly induced apoptotic 
changes (Fröhlich et al., 2013).

4.2.3	Surface reactivity

The variability in the toxicity elicited by CNT 
can mostly be ascribed to both differences in 
shape and modifications to the chemical compo-
sition/structure of the CNT employed in the 
different studies (Fubini et al., 2011 and references 
therein). Differences in surface state between 
asbestos and CNT (in contrast to asbestos, CNT 
quench radicals, are hydrophobic, and may be 
fully freed from metal impurities) suggest that 
these two fibrous materials might induce toxicity 
by different mechanisms (Fubini et al., 2011)

Physical and chemical properties are gener-
ally accepted to modulate the cell responses to 
CNT. The introduction of surface oxygenated 
functionalities increased the toxicity of CNT 
in some models (Bottini et al., 2006; Vittorio 
et al., 2009; Pietroiusti et al., 2011). In contrast, 
Cheng et al. (2008) reported that purified 
PEGylated SWCNT, although reversibly inter-
nalized and translocated into the nucleus, were 
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non-genotoxic in mammalian cells in terms of 
cell-cycle distribution and mitosis after 5 days of 
continuous exposure, suggesting that intensive 
purification and functionalization improves the 
biocompatibility of CNT.

Li et al. (2013) reported the role of surface 
charge in determining the pulmonary fibrogenic 
effects of MWCNT. Anionic functionalization 
with carboxylate and PEG decreased pulmonary 
fibrogenic potential compared with as-prepared 
MWCNT; strong cationic functionalization 
with polyetherimide induced a greater degree 
of pulmonary fibrosis. Neutral and weakly 
cationic (sidewall amine) functionalized CNT 
had similar fibrogenic potential to as-produced 
CNT. The mechanism of these effects involves 
differences in the cellular uptake of MWCNT, 
lysosomal damage, and cathepsin B release in 
macrophages, associated with the activation 
of NOD-like receptor family, pyrin domain 
containing 3 (NLRP3) inflammasome (Li et al., 
2013).

Hamilton et al. (2013b) examined the conse-
quences of surface carboxylation of MWCNT 
on bioactivity. Hydrochloric acid refluxing was 
used to purify raw “as-received” MWCNT by 
removing the amorphous carbon layer on their 
surface and reducing the metal impurities (e.g. 
nickel). The sidewall of raw and hydrochloric 
acid-purified MWCNT was further functional-
ized with the carboxyl moiety using nitric acid 
oxidation, a common approach that imparts the 
carboxyl functional group to the MWCNT. No 
structural damage was observed. Four distinct 
MWCNT were compared for their bioactivity: 
raw “as-received”, purified, carboxyl-terminated 
raw MWCNT, and carboxyl-terminated puri-
fied MWCNT. Raw and hydrochloric acid-pu-
rified MWCNT are poorly soluble in water. 
In contrast, after nitric acid oxidation, both 
carboxylated forms of MWCNT showed very 
good water solubility. Freshly isolated alveolar 
macrophages from C57Bl/6 mice were exposed 
to these nanomaterials to determine the effects 

of these modifications on cell viability and 
inflammasome activation, which was confirmed 
using inhibitors of cathepsin B and caspase-1. 
Purification slightly reduced cell toxicity and 
inflammasome activation compared with raw 
MWCNT. In contrast, functionalization of 
MWCNT with carboxyl groups dramatically 
reduced cytotoxicity and inflammasome activa-
tion. Similar results were seen in human mono-
cytic THP-1 cells. All nanomaterials, regardless 
of modification, were taken up by alveolar 
macrophages. However, the manner in which 
the nanomaterials were processed within the 
cells differed. Purified MWCNT were taken up 
in large vacuoles or phagolysosomes and did not 
appear to be free in the cytoplasm. In contrast, 
the two functionalized MWCNT did not appear 
to be incorporated in large vacuoles, but were 
more evenly distributed in smaller phagolyso-
somal structures or free in the cytoplasm. The 
results confirmed that MWCNT activate NLRP3 
inflammasome through a process that involves 
phagolysosomal permeabilization, the release 
of cathepsin B, and the activation of caspase-1 
(Hamilton et al., 2013b).

Sager et al. (2014) investigated whether 
MWCNT (same nanomaterial as that used in 
Hamilton et al., 2013b) with different surface 
functionalities would exhibit different bioactivity 
profiles in vivo. Unmodified (bare) MWCNT and 
MWCNT that were surface functionalized with 
the carboxyl group (F-MWCNT) were instilled 
intratracheally into C57BL/6 mice. Mice were 
then examined for biomarkers of inflamma-
tion and injury, as well as histologically for the 
development of pulmonary disease as a function 
of dose and time. Biomarkers for pulmonary 
inflammation included cytokines (interleukin 
[IL]-1β, IL-18, and IL-33), profibrotic mediators, 
the presence of inflammatory cells (neutrophils), 
lysosomal release of cathepsin B, and markers 
of injury (albumin and lactate dehydrogenase 
[LDH]). The results showed that surface modi-
fication of the MWCNT by the addition of the 
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carboxyl group significantly reduced bioactivity 
and pathogenicity. Bare MWCNT were more 
bioactive, causing more inflammation, lung 
pathology, and fibrosis than the F-MWCNT. 
This difference in bioactivity correlated with the 
activation of NLRP3 inflammasome (Sager et al., 
2014).

(a)	 Generation of free radicals

Unlike other toxic particulates (e.g. asbestos), 
CNT modified by grinding to introduce struc-
tural defects have been reported not to generate 
but to quench free radicals in cell-free systems. 
This scavenging activity was eliminated in CNT 
that were fully divested of their defects (i.e. by 
heating at 2400 °C) (Fenoglio et al., 2008). CNT in 
composites (CNT-polymer) have been employed 
to preserve the polymeric matrix from oxidative 
degradation by their radical scavenging ability 
(Watts et al., 2003). The susceptibility of CNT to 
attack by radicals has been exploited to introduce 
functionalities at their surface (Ghiazza et al., 
2014 and references therein). However, SWCNT 
with different iron contents displayed different 
redox activity in a cell-free model system, as 
revealed by the formation of ascorbate radicals 
resulting from ascorbate oxidation detected by 
electron paramagnetic resonance (Kagan et al., 
2006). In the presence of zymosan-stimulated 
RAW 264.7 macrophages, non-purified iron-
rich SWCNT were more effective in generating 
hydroxyl radicals (documented by electron 
paramagnetic resonance spin-trapping with 
5,5-dimethyl-1-pyrroline-N-oxide) than purified 
SWCNT (Kagan et al., 2006). Exposure of immor-
talized human epidermal HaCaT keratinocytes 
to SWCNT induced oxidative stress, which 
was confirmed by the formation of free radical 
species, the accumulation of peroxidation prod-
ucts and thiobarbituric acid-reactive substances, 
the reduction of low-molecular-weight thiols and 
protein sulfhydryls, and a decrease in vitamin 
E and total antioxidant reserves in the cells. 
As-produced unrefined SWCNT contain up to 

30% iron, and the authors hypothesized a Fenton-
like reaction resulting in HO• generation, which 
increased in the presence of hydrogen peroxide 
and decreased in the presence of catalase (a 
hydrogen peroxide scavenger) or desferoxamine 
(a strong iron chelator) (Shvedova et al., 2003).

Whether CNT in cell-free media do not 
generate hydroxyl radicals and/or other reactive 
oxygen species (ROS) per se or whether what 
is hypothetically generated would immediately 
be quenched by defects is not clear (Fenoglio 
et al., 2006, 2008). Purified MWCNT scavenge 
hydroxyl radicals generated by different sources 
(Fenoglio et al., 2006). A local decrease in ROS 
was observed in vivo after intratracheal instilla-
tion of DWCNT in mice (Crouzier et al., 2010). 
However, CNT and other graphene materials 
have been reported to deplete the cellular antiox-
idant defences of cells by oxidizing GSH through 
a reaction with oxygen at the surface (Liu et al., 
2011b). Therefore, CNT interact with the cellular 
antioxidant defence system in several ways. [The 
overall effect of CNT on the homeostasis of ROS 
in cells still needs to be clarified.]

(b)	 Bioavailability and biodeposition of metals

After synthesis, CNT generally contain 
amorphous carbon and metals – iron and other 
different redox active metals (e.g. cobalt, nickel, 
and molybdenum) – as a residue of the catalyst 
employed in their synthesis. The amounts are 
highly variable and may reach 20% in unpurified, 
as-produced CNT (see also Section 1). Metals 
may be present in different oxidation states as 
ions, clusters, or even organized in metal nano-
particles. The iron in CNT has been reported to 
be a mixture of α-Fe0, γ-Fe0, and carbide phases; 
much of the metal appears by TEM to be at least 
superficially encapsulated by carbon (Guo et 
al., 2007). Most of the iron is located within the 
tube, and is thus not readily accessible to target 
cells. The metal residues may be extracted from 
the CNT, e.g. by acid treatment, but often a frac-
tion remains inside. Toxicologically significant 
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amounts of iron can be mobilized from a diverse 
set of commercial nanotube samples in the pres-
ence of ascorbate and the chelating agent, ferro-
zine. This mobilized iron is redox active and 
induces single-strand breaks in plasmid DNA 
in the presence of ascorbate. Iron bioavailability 
is not fully suppressed by vendor “purification” 
and is sensitive to partial oxidation, mechanical 
stress, sample ageing, and intentional chelation 
(Guo et al., 2007). Because iron sealed within the 
graphene layers cannot be released in physiolog-
ical media, the amount of bioavailable iron in 
CNT varies greatly from sample to sample and 
cannot be predicted from the total iron content 
(Guo et al., 2007, Fubini et al., 2011 and refer-
ences therein).

Redox active metals associated with CNT 
(e.g. iron) have been reported to induce oxidative 
stress and toxicity (Kagan et al., 2006; Pulskamp 
et al., 2007). Clear evidence on the role of iron in 
the toxicity of CNT was obtained by showing that 
simple removal of most of the iron residues caused 
a remarkable decrease in the toxicity of SWCNT 
(Kagan et al., 2006) and MWCNT (Aldieri et 
al., 2013). Iron-rich SWCNT caused a signifi-
cant loss of intracellular low-molecular-mass 
thiols (predominantly GSH) and accumulation 
of lipid hydroperoxides in both zymosan- and 
phorbol myristate acetate-stimulated RAW 264.7 
macrophages (Kagan et al., 2006). Two MWCNT 
differing only in the presence or absence of iron 
were compared at dose ranges of 25–100 μg/cm2. 
While iron-rich MWCNT (50 μg/cm2) were 
significantly cytotoxic and genotoxic and induced 
a potent cellular oxidative stress response, iron-
free MWCNT (50 μg/cm2) did not exert any of 
these adverse effects (Aldieri et al., 2013).

Complete elimination of any metal trace can 
be achieved only by heating CNT to a very high 
temperature (2400 °C) at which metal vapour-
izes. Lung toxicity in vivo but not genotoxicity 
in vitro induced by MWCNT was decreased, 
but not completely eliminated, by heating at 
600 °C, when metals are fully vapourized but 

defects remain (Fenoglio et al., 2008; Muller et 
al., 2008a).

4.2.4	Fibre durability (leaching, dissolution, 
and breakage)

CNT are highly insoluble due to their 
graphitic structure (Lam et al., 2004) and they 
have been suggested to be as biopersistent as 
amphiboles (Sanchez et al., 2009). However, 
several studies reported that the carbon struc-
ture may be attacked and degraded, mainly by 
endogenous oxidants in biological simulation 
fluids or in vivo (Kagan et al., 2010; Shvedova et 
al., 2012a, b).

(a)	 In vivo

Using MPO-deficient mice, Shvedova et al. 
(2012a) showed that MPO contributes to the 
pulmonary oxidative biodegradation of SWCNT 
in vivo (see also Section 4.1.2 (f)).

(b)	 In vitro

Two different routes of attack and degra-
dation of CNT by endogenous oxidants were 
reported in studies in vitro (see Section 4.1.2 (f)). 
One enzymatic route is through degradation by 
several peroxidases, such as MPO (Kagan et al., 
2010), lactoperoxidase, and EPO (Shvedova et al., 
2012b), while the second route follows non-en-
zymatic degradation when CNT are in contact 
with simulated phagolysosomal fluid (Liu et al., 
2010). Degradation of SWCNT after incubation 
with human EPO and hydrogen peroxide has 
been reported; the biodegradation was greater 
in the presence of sodium bromide. However, 
neither EPO nor hydrogen peroxide alone caused 
SWCNT degradation (Andón et al., 2013).

Surface functionalization affects the biodeg-
radability of CNT (Liu et al., 2010; Bianco et al., 
2011). The rate of degradation is associated with 
both the degree of surface functional groups and 
the type of CNT; MWCNT are more resistant 
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than SWCNT and thus require a longer time for 
degradation (Bianco et al., 2011).

4.2.5	Physico-chemical determinants of 
defined biological end-points

Because of the extreme variability of the 
features of CNT, the method to be adopted to 
associate a physico-chemical feature to a given 
effect in vivo is to modify one single property at 
a time of a well defined specimen of CNT and test 
all modified specimens using exactly the same 
procedure. Two typical examples of this type of 
procedure taken from Table 4.2 are highlighted 
below.

This approach showed clearly that a slight 
modification in cytotoxicity and inflammo-
genicity occurred after purification, while acute 
inflammogenicity (demonstrated by inflam-
masome activation in MWCNT in vitro and in 
vivo) was dramatically reduced, with a conse-
quent reduction in pathogenicity after function-
alization of the surface with carboxyl (Hamilton 
et al., 2013b; Sager et al., 2014).

Modification of MWCNT by progressive 
heating during which metals and defects are 
gradually eliminated (see Table 4.4) enabled an 
association of genotoxicity in vitro with defects 
and respiratory toxicity in vivo with both metals 
and defects (Fenoglio et al., 2008; Muller et al., 
2008a).

4.3	 Genetic and related effects

4.3.1	 Humans

(a)	 Exposed humans 

No data were available to the Working Group.

(b)	 Human cells in vitro 

See Section 4.3.2 (b)

4.3.2	Experimental systems

(a)	 In vivo 

(i)	 DNA damage
Investigations on the direct genotoxicity of 

CNT have focused on end-points measured by 
the comet assay and oxidatively generated DNA 
lesions. Table 4.5 lists the in-vivo studies that 
have assessed levels of DNA damage in rodent 
tissues after exposure to CNT.

Intratracheal instillation of SWCNT into 
mice (54 µg/animal) increased the levels of 
DNA strand breaks in BALF cells 3 hours after 
exposure (Jacobsen et al., 2009). Another study 
showed that a single intratracheal instillation of 
MWCNT (50 or 200 µg/mouse) was associated 
with increased levels of DNA strand breaks in 
lung tissues of mice 3 hours after exposure, and 
also documented increased levels of 8-oxodeoxy-
guanosine (8-oxodG) and lipid peroxidation-de-
rived DNA lesions in lung tissues of mice 3–168 
hours after exposure. However, the baseline 
level of 8-oxodG was 4.8 lesions/106 nucleotides 
(corresponding to 22 lesions/106 deoxyguanosine 
[dG]), indicating spurious oxidation of DNA 
during the processing or analysis of samples 
(Kato et al., 2013). Another study showed that 
pulmonary exposure to MWCNT once every 
2 weeks for 24 weeks was associated with an 
increased level of 8-oxodG in lung tissues of rats 
[the detection method was not described and the 
basal level of 8-oxodG was very high (1.3 ng/µg 
DNA, corresponding to 7600 lesions/106 dG)] 
(Xu et al., 2014).

Nose-only inhalation of 0.17–0.96 mg/m3 of 
MWCNT for 6 hours per day on 5 days per week 
for 28 days was associated with increased levels 
of DNA strand breaks in the lung tissues of rats 
(Kim et al., 2014). A similar study by the same 
authors in which rats were exposed by whole-
body inhalation of 0.16–0.94 mg/m3 of MWCNT 
for 6  hours per day for 5  days also showed 
increased levels of DNA strand breaks in lung 
tissues (Kim et al., 2012a). Weekly intratracheal 
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Table 4.4 Example of an experimental mechanistic approach to evaluate specific physico-
chemical determinants of biological activity for ground multiwalled carbon nanotubes

Multiwalled carbon nanotubes Defects Metals Quenching 
activity

In-vivo respiratory toxicity In-vitro 
genotoxicity

Lung 
response

Cytokines

Yes Yes (in oxidized 
form)

Positive Positive Positive Positive

Yes 
(less)

Yes (in reduced 
form)

Positive Reduced Negative Positive

No No Negative Negative Negative Negative

Yes No Positive Positive Negative Positive

Created by the Working Group with data from Fenoglio et al. (2008) and Muller et al. (2008a)
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instillations of 25.6 µg of MWCNT for 5 weeks 
were associated with elevated levels of DNA 
strand breaks in the lung tissues of mice, whereas 
unaltered levels of formamidopyrimidine glyco-
sylase (FPG)-sensitive sites were found in the 
same tissues (Cao et al., 2014). Two intratracheal 
instillations of 0.5 mg/kg bw of SWCNT at an 
interval of 24 hours did not increase the level 
of DNA strand breaks or FPG-sensitive sites in 
mice 2 hours after the last injection (Vesterdal 
et al., 2014a). No difference in the levels of DNA 
strand breaks was observed in the lung tissues 
of rats after intratracheal instillation of a single 
dose of 0.2 or 1 mg/kg bw or of 0.04 or 0.2 mg/kg 
bw once per week for 5 weeks of MWCNT (Ema 
et al., 2013a) or SWCNT (Naya et al., 2012). 
Increased immunostaining of 8-oxodG was seen 
in the lung tissues of mice exposed to SWCNT 
by intratracheal instillation of 50 µg/mouse per 
week for 6 weeks (Inoue et al., 2010).

Intraperitoneal injection of 0.25–0.75 mg/kg 
bw of MWCNT once per day for 5 days resulted 
in increased levels of DNA strand breaks in the 
peripheral blood leukocytes of mice 24 hours after 
the last exposure (Patlolla et al., 2010). A single 
intraperitoneal injection of 2–10 mg/kg bw of 
MWCNT was also associated with an increased 
level of DNA strand breaks in the bone marrow 
cells of mice 3  hours after exposure (Ghosh et 
al., 2011).

Gastrointestinal exposure by gavage to 0.064 
or 0.64 mg/kg bw of SWCNT in either saline 
suspension or corn oil was associated with 
increased levels of 8-oxodG in the liver and lung 
tissues of rats, whereas the same doses did not 
affect the level of 8-oxodG in colon mucosa cells 
(Folkmann et al., 2009).

(ii)	 Gene mutation

See Table 4.5
Inhalation exposure to 5 mg/m3 of SWCNT 

for 5 hours per day for 4 days enhanced muta-
tion of the proto-oncogene K-ras in the lung 

of C57BL/6 mice. Mutations were found 1  day 
after the end of inhalation and progressed at 28 
days (compared with sham-exposed controls, 
P = 0.045), but mutations were not increased after 
a single pharyngeal aspiration of 5–20 μg/mouse 
(Shvedova et al., 2008). One year after exposure, 
karyotypic changes were shown by micronuclei 
and multinucleated cells in type II pneumocytes 
(Shvedova et al., 2014). A study of the intratra-
cheal instillation of 0.2 mg/mouse of MWCNT 
once per week for 4 weeks showed enhanced 
guanine phosphoribosyltransferase Gpt gene 
mutation frequencies in the lungs (Kato et al., 
2013).

(iii)	 Chromosomal alterations

Table 4.6 lists the studies that have assessed 
chromosomal alterations (micronucleus forma-
tion and chromosomal aberration) in rodents 
after exposure to CNT.

Only one investigation examined CNT- 
induced chromosomal aberrations in rodents. 
In this study, Swiss-Webster mice (age, 6 weeks) 
received intraperitoneal injections of 0.25–0.75 mg/kg 
bw of native and acid-washed MWCNT (diameter, 
12 nm; length, < 12 µm) once per day for 5 days. The 
bone marrow cells were prepared for cytogenetic 
analysis 24 hours after the exposure, which was 
associated with a dose-dependent increase in the 
levels of chromosome gaps, chromatid and isoch-
romatid breaks, fragments, and structural rear-
rangements, including centromeric fusions and 
dicentric chromosomes (Patlolla et al., 2010).

Studies on the formation of micronuclei in 
experimental animals have mainly explored 
effects after non-pulmonary exposures, although 
one study in Wistar rats showed an increased 
frequency of micronuclei in type II pneumocytes 
isolated 3 days after intratracheal instillation of 
0.5–2 mg/rat of MWCNT (Muller et al., 2008b). 
Oral exposure to 60–200 or 5–20 mg/kg bw of 
SWCNT once per day for 2 days did not affect 
the frequency of micronucleated polychromatic 
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or immature erythrocytes in the bone marrow 
cells of ICR or CD-1 mice (Naya et al., 2011; 
Ema et al., 2013b). Intraperitoneal injection of 
0.25–0.75 mg/kg bw of MWCNT once per day 
for 5  days was associated with an increased 
frequency of micronuclei in bone marrow cells in 
one study in Swiss-Webster mice (Patlolla et al., 
2010). Intraperitoneal injection of 2–10 mg/kg 
bw of MWCNT in Swiss albino mice increased 
the frequency of micronuclei in bone marrow 
cells, whereas the percentage of polychro-
matic erythrocytes was unaltered (Ghosh et al., 
2011). Another study showed no increase in the 
frequency of micronuclei and no alteration in 
the frequency of polychromatic erythrocytes in 
the bone marrow cells of ICR mice after a single 
intraperitoneal injection of 12.5–50 mg/kg bw of 
MWCNT (Kim et al., 2011).

(b)	 In vitro 

(i)	 DNA damage
Studies that have assessed the levels of DNA 

damage in cell cultures after exposure to CNT 
are presented in Table  4.7. The neutral version 
of the comet assay showed unaltered levels of 
double-strand breaks in human alveolar basal 
epithelial adenocarcinoma A549 cells after expo-
sure to MWCNT (Ju et al., 2014).

Several studies have documented that expo-
sure to SWCNT or MWCNT increased the 
levels of DNA strand breaks in human colon 
carcinoma tissue HT29 cells (Pelka et al., 2013), 
bronchial epithelial BEAS-2B cells (Lindberg et 
al., 2009, 2013), lung adenocarcinoma A549 cells 
(Karlsson et al., 2008; Cavallo et al., 2012), meso-
thelial cells (Pacurari et al., 2008b; Lindberg et 
al., 2013), human gingival fibroblasts (Cicchetti 
et al., 2011), Chinese hamster V79 fibroblasts and 
primary mouse embryo fibroblasts (Kisin et al., 
2007, 2011; Yang et al., 2009), human lympho-
cytes (Ghosh et al., 2011), phytohaemaggluti-
nin-stimulated human lymphocytes (Kim & 
Yu, 2014), murine macrophages (Migliore et al., 

2010; Di Giorgio et al., 2011; Aldieri et al., 2013), 
human and rat kidney epithelial cells (Barillet et 
al., 2010; Kermanizadeh et al., 2013), and human 
hepatocytes (Kermanizadeh et al., 2012; Alarifi 
et al., 2014; Vesterdal et al., 2014b). Increased 
levels of DNA strand breaks were also observed 
in rat aortic endothelial and human lung adeno-
carcinoma A549 cells after exposure to CNT, 
but the statistical analysis appeared to have been 
based on the total number of comets from a 
single experiment rather than the mean values 
from independent experiments (Yamashita et 
al., 2010; Cheng et al., 2012). However, another 
study used all comets in the statistical analysis 
and showed no alteration in DNA strand breaks 
in human peripheral lymphocytes exposed to 
SWCNT (Zeni et al., 2008). [The Working Group 
noted the uncertainty that replicates were inde-
pendent experiments.] Other studies have shown 
no alterations in the levels of DNA strand breaks 
in human lung adenocarcinoma A549 cells and 
human HaCaT keratinocytes after exposure to 
MWCNT (Thurnherr et al., 2011; McShan & Yu, 
2014) or in FE1 MML mouse lung epithelial cells 
exposed to SWCNT (Jacobsen et al., 2008).

The protocol of the alkaline comet assay that 
measures DNA strand breaks can be extended 
using an additional DNA digestion step with DNA 
repair enzymes from bacterial or human cells. 
The bacterial enzymes include FPG and endo-
nuclease III (ENDOIII). The FPG enzyme also 
cleaves DNA at ring-opened formamidopyrimi-
dine lesions, including 2,6-diamino-4-hydroxy- 
5-formamidopyrimidine and 4,6-diamino-5- 
formamidopyrimidine. ENDOIII lesions 
comprise oxidized pyrimidines, such as 
uracil glycol, thymine glycol, 5-hydroxycyto-
sine, and 5-hydroxyuracil. Results from these 
enzyme-modified comet assay measurements 
have been reported either as total sites (DNA 
strand breaks plus extra breaks generated by the 
enzyme) or enzyme-sensitive sites (breaks gener-
ated by the enzyme minus the basal level of DNA 
strand breaks).
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Exposure to SWCNT increased the level of 
FPG-sensitive sites in FE1-MML mouse lung 
epithelial and human hepatoblastoma HepG2 
cells (Jacobsen et al., 2008; Vesterdal et al., 2014b). 
Both SWCNT and MWCNT increased the level 
of ENDOIII- and FPG-sensitive sites in rat RAW 
264.7 macrophages (Migliore et al., 2010), but 
the levels of FPG-sensitive sites in human lung 
adenocarcinoma A549 cells were unaltered after 
exposure to MWCNT, although the validity of 
this observation is questionable due to the lack of 
a positive control (Cavallo et al., 2012). Another 
study also found unaltered levels of FPG-sensitive 
sites in A549 cells after exposure to MWCNT 
(Karlsson et al., 2008). [The Working Group 
noted that the increased levels of FPG-sensitive 
sites were observed in cells after exposure to zinc 
oxide and copper oxide nanoparticles, indicating 
a reliable methodology for measuring oxidative 
damage to DNA.]

Exposure of human colon carcinoma cells 
to SWCNT did not increase the level of extra 
FPG sites (Pelka et al., 2013). Exposure to two 
different types of MWCNT increased the levels 
of total sites in human hepatoblastoma cells after 
treatment with FPG, whereas the FPG-modified 
assay generated fewer lesions compared with 
DNA strand breaks with one type of MWCNT 
(NM 402) but not with the other (NM 400) 
(Kermanizadeh et al., 2012). The same authors 
also showed increased levels of total sites in renal 
cells exposed to the same types of MWCNT, but 
the net level of FPG-sensitive sites did not appear 
to differ between exposed and unexposed cells 
(Kermanizadeh et al., 2013), indicating that the 
exposure to MWCNT was not associated with 
specific oxidative damage to DNA nucleobases 
but did seem to generate DNA strand breaks. 
Exposure of human HaCaT keratinocytes to 
MWCNT was associated with increased levels of 
total FPG sites (McShan & Yu, 2014).

Increased levels of lipid peroxidation product- 
derived 3-(2′-deoxy-β-D-erythropentofuranosyl)
pyrimido[1,2-α]-purin-10(3H)-one] adducts [M1dG 

or N1N2malondialdehyde-2′-deoxyguanosine] 
were detected by immunoblot in human bronchial 
epithelial BEAS-2B and human pleural mesothelial 
Met-5A cells, after 48 hours of exposure to SWCNT 
but decreased levels 72 hours after exposure 
(Lindberg et al., 2013). No increase in the levels of 
8-oxodG, measured by high-performance liquid 
chromatography with electrochemical detec-
tion, were observed in human pleural mesothe-
lial Met-5A cells after exposure to SWCNT or 
MWCNT (Ogasawara et al., 2012). [The Working 
Group noted the uncertainty that replicates were 
independent experiments.] However, the base-
line level of 8-oxodG (8 lesions/106 dG) was high, 
indicating spurious oxidation of DNA during the 
processing or analysis of samples (Ogasawara et 
al., 2012). [In keeping with the recommenda-
tions of the European Committee on Oxidative 
DNA Damage, reports with baseline levels of 
8-oxodG higher than 5 lesions/106 dG in unex-
posed cells or animals should be interpreted with 
caution because of the risk of flawed method-
ology (ESCODD, 2003).] One study investigated 
oxidative damage to DNA in cells using anti-
body-based techniques, and showed increased 
levels of 8-oxodG by immunostaining in chicken 
lymphoid cells after exposure to MWCNT 
(Mohiuddin et al., 2014).

(ii)	 Gene mutations
Exposure of mouse embryonic stem cells to 

MWCNT increased the mutation frequency in 
the adenine phosphoribosyltransferase (Aprt) 
gene (Zhu et al. 2007). However, mutation 
frequency in the hypoxanthine-guanine phos-
phoribosyltransferase (Hgprt) gene was unal-
tered after Chinese hamster lung cells were 
exposed to MWCNT (Asakura et al., 2010). 
Increased levels of mutations in the Hgprt gene 
were observed in human lymphoblastic MCL-5 
cells after exposure to SWCNT with a length of 
1–3 µm, whereas shorter (0.4–0.8 µm) and longer 
(5–30 µm) nanotubes were not associated with 
mutagenicity (Manshian et al., 2013). Long-term 
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exposure (24 days) of FE1-MutaTMMouse lung 
epithelial cells to SWCNT (length < 1 µm) did 
not increase the frequency of mutation in the cII 
gene (Jacobsen et al., 2008).

(iii)	 Micronucleus formation
The results on the induction of micronuclei in 

cultured cells after exposure to CNT have been 
conflicting. No difference between the distribu-
tion of studies showing an increased formation 
of micronuclei or a null effect was apparent, with 
regard to the use of the cytokinesis-block micro-
nucleus protocol or other protocols to score 
micronuclei. Specific assay protocols have there-
fore not been highlighted in the descriptions of 
the findings in cell cultures. Table  4.8 lists the 
studies that have assessed chromosomal altera-
tions in cell cultures after exposure to CNT. 

The assessment of micronucleus frequency 
in human lymphocytes after exposure to six 
different types of MWCNT did not show a 
monotonic concentration–response relationship, 
although one sample with a short fibre length 
(0.4 μm) gave statistically significant results at 
all concentrations tested and one other sample 
yielded increased micronucleus frequencies at a 
low concentration of 2.5 μg/mL. The diameter 
and length of the tubes could not explain the 
observed results and other structural differences, 
including surface area and transition metal 
content, might be implicated (Tavares et al., 2014). 
Observations from cultured lymphocytes indi-
cated no effect on micronucleus formation after 
exposure to MWCNT (Szendi & Varga, 2008), 
whereas both MWCNT and SWCNT increased 
the frequency of micronuclei in another study in 
lymphocytes (Cveticanin et al., 2010). Exposure 
to SWCNT was also associated with an increased 
frequency of micronuclei in phytohaemaggluti-
nin-stimulated human lymphocytes (Kim & 
Yu, 2014). Increased frequencies of micronuclei 
(Kato et al., 2013) or no increase in micronuclei 
(Thurnherr et al., 2011) were observed in human 
lung adenocarcinoma A549 cells after exposure 

to MWCNT. Exposure of human immortalized 
bronchial epithelial BEAS-2B cells to SWCNT 
yielded either a null effect (Lindberg et al., 2009, 
2013) or an increased frequency of micronuclei 
(Manshian et al., 2013). Similarly, hamster lung 
V79 fibroblasts responded with unaltered micro-
nucleus frequency (Kisin et al., 2007; Pelka et 
al., 2013) or increased micronucleus frequency 
(Asakura et al., 2010; Cicchetti et al., 2011; Kisin 
et al., 2011) after exposure to either SWCNT or 
MWCNT. Increased micronucleus frequencies 
were also observed in human breast epithelial 
MCF-7 and lung adenocarcinoma A549 cells, 
rat lung epithelial cells, mouse RAW 264.7 
macrophages, and human B-lymphoblastoid 
MCL-5 cells after exposure to either MWCNT 
or SWCNT (Muller et al., 2008b; Di Giorgio et 
al., 2011; Kato et al., 2013; Manshian et al., 2013). 
A sample of MWCNT with a relatively short fibre 
length (0.7 µm) and low transition metal content 
(iron, 0.48%; cobalt, 0.49%) was used to study the 
impact of structural defects and metals content 
on the formation of micronuclei in rat lung 
epithelial cells. Ground MWCNT (producing 
structural defects) increased the micronucleus 
frequency, whereas heated (2400 °C) ground 
MWCNT (which ablates the structural defects 
and eliminates metals) did not (Muller et al., 
2008a). 

[Collectively, cell culture studies document 
the ability of MWCNT and SWCNT to increase 
the frequency of micronuclei in proliferating 
cells, although substantial differences in effects 
were seen between studies, possibly originating 
from differences in cell types, characteristics 
of the CNT, dispersion protocols, and assay 
conditions.]

(iv)	 Chromosomal aberrations
Table 4.8 lists in-vitro investigations in which 

established cell lines were exposed to SWCNT 
and MWCNT. 

Increased chromosome breakage and 
aneuploid cells were demonstrated in mouse 
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macrophage RAW 264.7 cell lines, Chinese 
hamster lung (CHL/IU) cell lines, primary 
human respiratory epithelial SAEC cell lines, 
and human bronchial epithelial BEAS-2B cells 
(Sargent et al., 2009, 2012a; Asakura et al., 2010; 
Di Giorgio et al., 2011; Siegrist et al., 2014). Other 
investigations in immortalized Chinese hamster 
lung fibroblasts and Chinese hamster ovary cells 
did not show increased aneuploidy or chromo-
somal aberrations after exposure to SWCNT 
(Naya et al., 2011; Ema et al., 2013b) or MWCNT 
(Kim et al., 2011). Both SWCNT and MWCNT 
increased chromosome and chromatid breakage 
in phytohaemagglutinin-stimulated human 
lymphocytes (Catalán et al., 2012).

Chromosome breakage and translocations 
between chromosomes were observed in an 
immortalized mouse macrophage RAW 264.7 
cell line after exposure to 10 µg/mL of SWCNT or 
MWCNT. The modal number of the macrophage 
cell line karyotype was 40 chromosomes; however, 
the mean number of chromosomes per cell after 
exposure to either SWCNT or MWCNT was 
20–60 with no distinct modal number, indicating 
a high degree of aneuploidy in the original cell 
line (Di Giorgio et al., 2011). Asakura et al. (2010) 
demonstrated an 8–34-fold increase in poly-
ploidy in Chinese hamster lung cells treated with 
MWCNT (diameter, 88 nm; length, 5 µm). The 
authors of both studies attributed the increase in 
polyploid cells to a failure of cytokinesis (Asakura 
et al., 2010; Di Giorgio et al., 2011).

Chromosome breakage and errors in chro-
mosome number were observed in cultured 
primary human respiratory epithelial cells after 
exposure to either SWCNT or MWCNT deter-
mined by analysis of chromosomes spreads or 
fluorescence in situ hybridization. The analysis 
of cultured primary human respiratory cells 
exposed to SWCNT demonstrated significantly 
increased aneuploidy, which was due to an equal 
number of gains and losses of chromosomes, 
while MWCNT-exposed cells had a significantly 
greater number of chromosomal gains than 

losses, indicating polyploidy (Sargent et al., 2009, 
2012a, b; Siegrist et al., 2014).

[Collectively, in-vitro investigations in 
immortalized and primary cells documented 
the ability of CNT to increase the frequency of 
chromosomal damage and aneuploidy in prolif-
erating cells. Similar to the results from studies 
of micronucleus frequency after exposure to 
CNT, substantial effect differences between 
studies were found, possibly originating from 
differences in cell types, characteristics of CNT, 
dispersion protocols, and assay conditions.]

(v)	 Alterations in the mitotic spindle, cell cycle, 
and sister-chromatid exchange

The data that demonstrated chromosomal 
damage and errors in chromosomes after in-vitro 
exposure to either SWCNT or MWCNT (see 
Table 4.8) suggested an alteration in the integrity 
of the mitotic spindle, which was investigated 
by exposure to SWCNT (diameter, 1.0 nm) or 
MWCNT (diameter, 10–20 nm). The exposure 
to 1-nm SWCNT resulted in mitotic spindles 
with multiple poles (Sargent et al., 2009, 2012a), 
while cells treated with 10–20-nm MWCNT had 
mitotic spindles with one pole (Sargent et al., 
2012b; Siegrist et al., 2014). Three-dimensional 
reconstructions of 0.1-μm optical sections 
showed CNT integrated with microtubules, 
DNA and within the centrosome structure. 
Further analysis by confocal microscopy and 
TEM demonstrated fragmented centrosomes 
after exposure to either SWCNT or MWCNT 
(Sargent et al., 2009, 2012a, b; Siegrist et al., 2014). 
The mitotic disruption associated with SWCNT 
treatment resulted in a G2/M block in the cell 
cycle while MWCNT treatment was associated 
with a block in G1/S (Sargent et al., 2009, 2012b; 
Siegrist et al., 2014). [When mammalian cells 
are exposed to agents that cause a block in the 
S-phase, the DNA is repaired by homologous 
recombination. The increased recombination 
between sister chromatids can be observed by 
the incorporation of 5-bromodeoxyuridine. The 
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increase in sister chromatid exchange suggests 
genotoxicity (Pfuhler et al., 2013).] The observa-
tion of increased sister-chromatid exchange in 
Chinese hamster ovary AA8 cells after exposure 
to MWCNT 90 nm in diameter further suggests 
a block in the S-phase (Kato et al., 2013). 

[To date, four studies have shown 
CNT-induced mitotic spindle and cell-cycle 
disruption and three investigations demon-
strated CNT-mediated centrosome disruption. 
These investigations documented the ability of 
CNT to disrupt the mitotic spindle, fragment the 
centrosome, and cause a block in the cell cycle in 
cultured cells.]

(vi)	 Mutation in bacteria
See Table 4.9
The mutagenic effect of MWCNT was eval-

uated in the bacterial reverse mutation assay 
(Ames test) in Salmonella typhimurium TA98 
and TA100 and in Escherichia coli WP2uvrA 
in the presence and in absence of a metabolic 
activation system. MWCNT did not produce 
mutagenic effects at any concentration tested. 
In S. typhimurium TA98 in absence of meta-
bolic activation, a reduction in the number of 
spontaneous revertant colonies was observed at 
concentrations ranging from 0.13 to 9.0 μg/plate, 
which was not concentration-dependent. In this 
bacterial strain, spontaneous mutational DNA 
damage is reverted to wild-type by specific 
mechanisms of frameshift (Di Sotto et al., 2009).

Kim et al. (2011) studied high-aspect-ratio 
(diameter, 10–15 nm; length, ≈10 nm) and low-as-
pect-ratio (diameter, 10–15 nm; length, ≈150 
nm) MWCNT. Neither the high- nor the low-as-
pect-ratio MWCNT induced genotoxicity in the 
bacterial reverse mutation test in Salmonella 
typhimurium TA98, TA100, TA1535 and TA1537, 
and in Escherichia coli WP2uvrA in the presence 
and in absence of a metabolic activation system.

4.4	 Other mechanisms of 
carcinogenesis

No published studies concerning the health 
effects of CNT in exposed humans were avail-
able to the Working Group. The body of relevant 
literature primarily comprises in-vivo studies 
in experimental animals, in-vitro studies using 
human cell lines, and a limited number of 
studies of occupational exposure (see Section 1, 
Table 1.5).

There were no studies in humans exposed 
to CNT only. However, four studies have been 
published in which several biological end-points 
of an occupational cohort (in Taiwan, China) 
exposed to engineered nanomaterials (n = 241) 
were compared with those of an unexposed 
control group (n = 196). Among the population 
exposed to engineered nanomaterials, a subgroup 
of workers (n = 57) was exposed to CNT origi-
nating from three facilities that used CNT and 
one facility that used and produced CNT. [The 
Working Group noted that the number of subjects 
in each individual study varied, probably due to 
missing data on specific end-points or follow-up. 
With the exception of the study describing the 
results on fractional exhaled nitric oxide, the 
studies did not report results separately for the 
CNT-exposed population.] Wu et al. (2014) 
described an increase in fractional exhaled nitric 
oxide in workers exposed to nanomaterials, that 
was limited to the population exposed to tita-
nium dioxide (β = 0.351, SE = 0.166; P = 0.035). 
Results among CNT-exposed workers (n  =  57) 
were null (β  =  0.045, SE  =  0.124; P  =  0.715). 
Liou et al. (2012) studied approximately the 
same population and measured antioxidant 
enzyme activities, markers of inflammation and 
oxidative damage, cardiovascular biomarkers, 
genotoxicity, lung function, and neurobehav-
ioural functions. In a cross-sectional evalua-
tion, associations were found with significantly 
lower antioxidant enzyme activity (i.e. super-
oxide dismutase [SOD]), elevated markers of 
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cardiovascular disease (i.e. fibrinogen and 
intercellular adhesion molecule-1), and reduced 
neurobehavioural function. No specific analyses 
for the CNT-exposed population (n  =  52) were 
presented. In a longitudinal analysis of a subpop-
ulation of the same population with a follow-up 
of 6 months, Liao et al. (2014a) reported a signifi-
cant association between exposure to engineered 
nanomaterials and an increase in antioxidant 
enzymes (SOD and GSH peroxidase [GPx]) and 
cardiovascular markers (vascular cell adhesion 
molecule and paraoxonase) among exposed 
workers compared with control workers over the 
follow-up period. The results were not presented 
by subtype of engineered nanomaterials. Liao 
et al. (2014b) studied the same exposed popul-
ation for work-related symptoms and diseases 
and reported a significant worsening of allergic 
dermatitis among workers exposed to engineered 

nanomaterial. No specific results for workers 
exposed to CNT were presented.

[The Working Group noted that the expo-
sure assessments of Liao et al. (2014a, b), Liou 
et al. (2012), and Wu et al. (2014) were based 
on the control-banding approach of Paik et al. 
(2008). The exposure scores were based on both 
an estimate of nano-toxicity and the expected 
probability of exposure. The selection of controls 
for the above studies was not clearly described, 
although confounding factors did not seem 
to differ between the exposed and unexposed 
workers except for sex and level of education.]

Table 4.9 Studies of mutation in bacteria exposed to carbon nanotubes

Materiala Cells End-
point

Concentration 
(LEC or HIC)b

Resultsc Reference

Without 
metabolic 
activation 
system

With 
metabolic 
activation 
system

MWCNT (diameter, 110–170 nm; 
length, 5–9 µm)

Salmonella 
typhimurium TA98 
and TA100 and 
Escherichia coli WP2 
uvrA

Reverse 
mutation

9.0 µg/plate – – Di Sotto et 
al. (2009)

MWCNT (high-aspect-ratio: 
diameter, 10–15 nm; length,  
≈10 µm; low-aspect-ratio: 
diameter, 10–15 nm; length,  
≈150 nm)

Salmonella 
typhimurium TA98, 
TA100, TA1535, and 
TA1537

Reverse 
mutation

1000 µg/plate – – Kim et al. 
(2011)

MWCNT (diameter, 110–170 nm; 
length, 5–9 µm)

Escherichia coli WP2 
uvrA

Reverse 
mutation

9.0 µg/plate – – Di Sotto et 
al. (2009)

MWCNT (high-aspect-ratio: 
diameter, 10–15 nm; length,  
≈10 µm; low-aspect-ratio: 
diameter, 10–15 nm; length,  
≈150 nm)

Escherichia coli WP2 
uvrA

Reverse 
mutation

1000 µg/plate – – Kim et al. 
(2011)

a	 Nanomaterial characteristics include diameter and length
b	 LEC, lowest effective concentration; HIC, highest ineffective concentration
c	 +, positive; –, negative
MWCNT, multiwalled carbon nanotubes
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4.4.1	 Inflammasome activation

(a)	 Human cells in vitro

An interlaboratory validation study 
confirmed the extracellular release of IL-1β 
from the human THP-1 macrophage cell line 
exposed to as-produced MWCNT (Cheap 
Tubes Inc., Brattleboro, VT, USA) at non-cy-
totoxic doses (Xia et al., 2013). A comprehen-
sive analysis of surface functionalization of 
the as-produced MWCNT (Li et al., 2013), 
and the dispersion of MWCNT in bovine 
serum albumin or by the triblock copolymer 
Pluronic F108 (Wang et al., 2012a) showed that 
surface charge, chemical functionalization, and 
dispersal state were important determinants of 
inflammasome activation and release of IL-1β 
from THP-1 macrophages. Anionic functional-
ization (carboxylate or PEG) decreased, cationic 
functionalization (polyetherimide) increased 
(Li et al., 2013), and dispersion (using Pluronic 
F108) prevented (Wang et al., 2012a) the release 
of IL-1β from THP-1 macrophages .

Platelet-derived growth factor (PDGF), 
in combination with transforming growth 
factor (TGF)-β, activates the “epithelial-mesen-
chymal trophic unit” in the lungs resulting in 
collagen deposition and fibrosis (reviewed in 
Bonner et al., 2013). These reciprocal interac-
tions of cytokines and growth factors, initiated 
by inflammasome activation and the release of 
IL-1β from macrophages, were repeated in tran-
swell co-cultures of human THP-1 macrophages 
and immortalized human BEAS-2B lung epithe-
lial cells exposed to as-produced or cationic 
functionalized MWCNT (Wang et al., 2012a; Li 
et al., 2013).

Hamilton et al. (2013b) used the same as-pro-
duced MWCNT with variable diameters and 
lengths to assess the role of dimensions in the 
release of IL-1β from human THP-1 macrophages 
or murine primary alveolar macrophages. 
MWCNT with a greater diameter (30–50 nm) or 
length (10–30 μm) were more potent in inducing 

the release of IL-1β than shorter (length < 2 μm) 
or thinner (diameter, 10–20 nm) MWCNT. These 
investigators also studied a panel of nine MWCNT 
(including the as-produced sample from Cheap 
Tubes) and compared their potency for inflam-
masome activation and IL-1β and IL-18 release in 
primary murine alveolar macrophages co-stim-
ulated with 20  ng/mL of lipopolysaccharide 
(LPS). Linear regression analysis demonstrated 
a significant correlation between the nickel 
content of the MWCNT samples and the release 
of IL-1β (Hamilton et al., 2012). Removal of nickel 
contaminants from the as-produced MWCNT 
sample slightly decreased the release of IL-1β in 
this in-vitro assay (Hamilton et al., 2013a). Haniu 
et al. (2011) confirmed that another commercial 
MWCNT sample (VGCF; Showa Denko, Tokyo, 
Japan) also induced IL-1β as well as the release 
of tumour necrosis factor (TNF)-α from human 
THP-1 macrophages. Inflammasome activation 
and IL-1β and IL-18 release was also induced by 
CNT (80% DWCNT; DWCNT, 0.1–100 μm in 
length) synthesized by CVD in human periph-
eral blood monocytes primed with LPS (Meunier 
et al., 2012).

(b)	 Experimental systems in vivo

See Table 4.10

(i)	 Inhalation
Three 13-week studies of two MWCNT and 

one CNF in Wistar rats showed that exposure 
to MWCNT induced persistent inflammation. 
In the studies of Ma-Hock et al. (2009) and 
Pauluhn (2010b), these inflammatory responses 
to MWCNT were observed in the lungs of males 
and females. The response to CNF was observed 
at high concentration (Delorme et al., 2012). The 
minimum concentrations that induced persistent 
or moderate inflammation were 2.5 mg/m3 and 
1.5 mg/m3 of MWCNT and 25  mg/m3 of CNF 
(Ma-Hock et al., 2009; Pauluhn, 2010b).

Histopathological analysis of the 13-week 
inhalation study of MWCNT of Ma-Hock et al. 
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(2009) demonstrated focal granuloma forma-
tion and the accumulation of subpleural cells 
in a dose-dependent manner. Masson’s stain 
established the presence of collagen within the 
sites of granuloma formation, while a reticulin 
fibre index further confirmed a dose-dependent 
increase in collagen within the alveolar walls 
(Treumann et al., 2013).

Two 4-week studies of SWCNT and MWCNT 
in Wistar rats showed evidence of transient (not 
persistent) inflammation. The maximum concen-
tration that did not induce significant inflamma-
tion was 0.13 mg/m3 of SWCNT and 0.37 mg/m3 
of MWCNT (Morimoto et al., 2012a, b).

A 4-week study of MWCNT (length, 330.18 nm; 
diameter, 10–15 nm) in Sprague-Dawley rats with 
a 90-day recovery period showed no statistically 
significant difference in the levels of inflammatory 
cytokines, bronchoalveolar cell distribution, or 
markers in the BALF or in histopathology (Kim 
et al., 2014).

Exposure to MWCNT for 6 hours provided 
evidence of persistent inflammation at high 
concentrations in male rats (Ellinger-Ziegelbauer 
& Pauluhn, 2009).

Kasai et al. (2015) reported a dose-inde-
pendent increase in inflammatory parameters 
after exposure of male rats to a lower dose of 
MWCNT (0.2 mg/m3). In male mice, subpleural 
fibrosis increased 2 and 6 weeks after inhalation 
of MWCNT (Ryman-Rasmussen et al., 2009a).

(ii)	 Intratracheal instillation
Fifteen studies of intratracheal instillation in 

rats and pharyngeal aspiration in mice have been 
reported (Lam et al., 2004; Warheit et al., 2004; 
Muller et al., 2005, 2008b; Shvedova et al., 2005; 
Aiso et al., 2010; Cesta et al., 2010; Han et al., 
2010; Kobayashi et al., 2010, 2011; Mercer et al., 
2011; Porter et al., 2010; Morimoto et al., 2012b, c; 
Murray et al., 2012; Sager et al., 2013; Fujita et al., 
2015), most of which revealed that exposure to 
SWCNT and MWCNT led to persistent inflam-
mation in the lung. In contrast, several studies in 

rats and mice revealed that exposure to SWCNT 
and MWCNT led to transient responses in the 
lung. [From the above studies, the Working 
Group considered that the pulmonary responses 
of rats and mice to SWCNT and MWCNT did 
not differ significantly.]

(c)	 Experimental systems in vitro

CNT, as well as asbestos fibres and poorly 
soluble crystalline particles (IARC, 2012), have 
been shown to induce inflammation, as assessed 
by the release of pro-inflammatory mediators 
(reviewed in Boyles et al., 2014). Two hypoth-
eses have been proposed for the pro-inflamma-
tory effects of high-aspect-ratio nanoparticles, 
including CNT and asbestos fibres: (1) frustrated 
phagocytosis; and (2) inflammasome activation 
(see Fig. 4.1). Frustrated phagocytosis is elicited in 
response to high-aspect-ratio, fibrous nanoparti-
cles longer than ~15 μm that cannot be completely 
phagocytized by macrophages, resulting in their 
impaired clearance from the lungs and pleural 
linings and persistent inflammation accompa-
nied by the prolonged release of ROS, pro-in-
flammatory mediators, and proteases (Johnston 
et al., 2010). Inflammasome activation triggered 
by lysosomal damage after the phagocytosis of 
crystalline minerals (e.g. silica, asbestos fibres) or 
CNT is the second mechanism that leads to the 
secretion of the pro-inflammatory mediators, 
IL-1β and IL-18 (Biswas et al., 2011; Palomäki et 
al., 2011). These two mechanisms are not exclu-
sive and Hamilton et al. (2009) proposed that 
all high-aspect-ratio nanomaterials can induce 
frustrated phagocytosis and inflammasome 
activation similarly to asbestos fibres. The exper-
imental evidence for inflammasome activation 
and the release of pro-inflammatory mediators 
based on in-vivo and in-vitro studies is summa-
rized below.

Functionalized SWCNT produced by the 
HiPCO procedure (Unidym Inc., Sunnyvale, CA, 
USA) were evaluated for inflammasome acti-
vation and the release of IL-1β in LPS-primed, 
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immortalized, bone marrow-derived murine 
macrophages (Yang et al., 2013). Oxidized 
SWCNT increased the release of IL-1β while 
benzoic acid functionalization decreased the 
release of pro-inflammatory cytokines.

See also Hamilton et al. (2013a); discussed in 
Section 4.4.1 (b).

4.4.2	Release of cytokines, chemokines, and 
growth factors

(a)	 Exposed humans 

Markers of inflammation and oxidative 
stress were monitored among workers handling 
engineered nanomaterials (Liao et al., 2014a, b). 
No effects were reported for IL-6 and IL-6 recep-
tors, but depression of antioxidant enzymes was 
found among these workers (Liou et al., 2012).

Fig. 4.1 Inflammasome activation and inflammation induced by nanoparticles, including carbon 
nanotubes

Lysosome

Silica, asbestos, carbon nanotubesLPS

TLR

NF-κB

Nucleus

Pro IL-1β; IL-18

Cathepsin-B

NALP 3
ASC
Pro caspase-1

Caspase-1

Lysosomal membrane 
stabilization

Cathepsin-B inhibition

Inflammasome
assembly

Caspase-1 inhibition

IL-1 β; IL-18

Inflammation
Activation of fibroblasts
Epithelial mesenchymal transition

Abnormal tissue repair Pulmonary fibrosis

Adapted from Biswas et al. (2011). Copyright © 2011
ASC, apoptosis-associated specific-like protein containing a caspase recruitment domain (CARD); IL, interleukin; LPS, lipopolysaccharide; 
NALP3, a member of the NOD-like receptor family; NF-κB, nuclear factor-kappa B; TLR, toll-like receptor
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(b)	 Human cells in vitro

A panel of well-characterized MWCNT was 
investigated for their ability to stimulate cytokine 
release from human THP-1 macrophages and 
the immortalized human mesothelial Met-5A 
cell line. Only long CNT samples (mean length, 
13–36 µm) at a sublethal dose of 5 μg/mL 
induced the release of TNF-α, IL-1β, and IL-6 
from macrophages but not from mesothe-
lial cells after 24 hours (Murphy et al., 2012). 
Immortalized human lung epithelial BEAS-2B 
cells were exposed to 30 µg/mL of highly purified 
(10 minutes at 37 °C) MWCNT (HTT2800 (see 
Haniu et al., 2010); diameter, 100–150 nm; length, 
10–20 μm) and assessed for the release of TNF-α, 
IL-1β, IL-6, IL-8, IL-10, and IL-12 after 24 hours; 
only the release of IL-6 and IL-8 was detected 
(Tsukahara & Haniu, 2011). A dynamic cell 
growth model designed to mimic expansion and 
contraction during normal breathing was estab-
lished using human lung adenocarcinoma A549 
cells. Two samples of SWCNT (Cheap Tubes) 
were tested for the release of the cytokine, IL-8: a 
short CNT (diameter, 1–2 nm; length, 0.5–2 μm) 
and a long CNT (diameter, 1–2 nm; length, 5–30 
μm). Only the long CNT induced the release of 
IL-8 after 24–72 hours and the levels were signif-
icantly higher in the dynamic cell growth model 
compared with static growth conditions (Patel & 
Kwon, 2013). A triple co-culture model of human 
lung epithelial 16HBE14o cells, primary human 
blood-derived dendritic cells, and primary 
human blood-derived macrophages in tran-
swell cultures was used to evaluate the release 
of TNF-α and IL-8 after exposure to MWCNT 
(3 or 30 µg/mL) for 24 hours. As-produced and 
carboxylated MWCNT synthesized by CVD 
(Chengdu Carbon Nanomaterials R&D Center, 
Sichuan, China) were pre-coated with Curosurf 
120 (porcine lung surfactant). Pre-coated, 
as-produced, and carboxylated MWCNT elic-
ited the release of both TNF-α and IL-8 in this 
model system (Gasser et al., 2012). Transwell 

co-cultures of human THP-1 macrophages and 
immortalized human lung epithelial BEAS-2B 
cells exposed to MWCNT released the profi-
brotic mediators, TGF-β1 and PDGF (Wang et 
al., 2012a; Li et al., 2013).

[The use of in-vitro human or animal cell 
systems does not represent physiological routes 
of exposure for humans. The doses used in the 
in-vitro studies should be relevant to those to 
which humans are exposed, and the doses used 
in in-vitro studies may lead to mechanisms that 
differ from those that arise from the actual expo-
sure concentrations of humans. Thus, interpreta-
tion of the data, including those on cytotoxicity 
and mechanisms, obtained from in-vitro studies 
should be evaluated cautiously.]

(c)	 Experimental systems in vivo

Several studies have investigated the 
pulmonary effects of CNT after inhalation, 
intratracheal or intranasal instillation, and 
pharyngeal aspiration. The results of these studies 
are summarized and the characteristics of the 
CNT investigated are described in Table 4.11.

Inflammatory responses were assessed 
after the inhalation of MWCNT (Ma-Hock et 
al., 2009; Kim et al., 2014; Kasai et al., 2015). 
Ma-Hock et al. (2009) performed a 5-day range-
finding inhalation study to select test concen-
trations for a 90-day inhalation toxicity study 
with MWCNT (Nanocyl NC 7000). Groups of 
male Wistar rats were exposed by head/nose-
only inhalation to an aerosol of MWCNT dust 
for 6  hours per day on 5 consecutive days at 
target concentrations of 0, 2, 8, and 32 mg/m3. 
Treatment-related increases in BALF total cell 
counts (due to a significant increase in polymor-
phonuclear neutrophils), total protein content, 
and enzyme activities were observed in all 
treated groups 3  days after the last exposure. 
At the end of the 24-day recovery period, the 
same pattern of BALF findings was found. In the 
animals exposed to 2 mg/m3 (the lowest concen-
tration), slight recovery was observed; protein 
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content and N-acetyl glucosaminidase activity 
returned to control levels, but the other parame-
ters were still significantly increased. Kasai et al. 
(2015) conducted a 13-week study in male and 
female Fischer 344 rats exposed by whole-body 
inhalation to MWCNT (Hodogaya Chemical 
Co., Ltd, Tokyo, Japan) at concentrations of 0, 
0.2, 1, and 5 mg/m3 using a generation and expo-
sure system based on the cyclone sieve method. 
In the BALF analyses, inflammatory parameters 
were increased in a concentration-dependent 
manner in both sexes from the lowest dose 
upwards (Kasai et al., 2015). A 4-week inhalation 
study of MWCNT (length, 330.18 nm; diam-
eter, 10–15 nm) in Sprague-Dawley rats with a 
recovery period of up to 90 days showed that 
the levels of inflammatory cytokines (TNF-α, 
TGF-β, IL-1, IL-2, IL-4, IL-5, IL-10, IL-12, and 
interferon (IFN)-γ) and inflammatory proteins 
(albumin, total protein, and LDH) in the BALF 
did not differ significantly (Kim et al., 2014). 
No local pulmonary effects were observed in 
C57BL/6 mice exposed to a mixture of MWCNT 
and graphitic nanofibres (Mitchell et al., 2007).

Intratracheal or intranasal instillation and 
pharyngeal aspiration are not physiological 
routes of exposure for humans but have been 
used in mice and rats to investigate the potential 
pulmonary and systemic toxicity of high concen-
trations of CNT.

Biological responses to MWCNT (Mitsui & 
Co. Ltd) were assessed in male rats after a single 
intratracheal instillation (0.04–1  mg/kg bw) 
(Kobayashi et al., 2010). Transient pulmonary 
inflammatory responses were observed in the 
lungs of the rats exposed to 1  mg/kg bw of 
MWCNT. However, the levels of cytokines in 
BALF did not change significantly at any time-
point (3, 7, 28, or 91 days after exposure).

Pulmonary and systemic responses were 
assessed in male rats after the intratracheal instil-
lation of highly pure, well dispersed, and well- 
characterized SWCNT. The numbers of BALF 
inflammatory cells (neutrophils, macrophages, 

lymphocytes, and eosinophils) were increased 
in a dose-dependent manner. LDH values and 
the protein contents in BALF were signifi-
cantly greater in the groups exposed to doses of 
SWCNT of 0.2 mg/kg bw and higher compared 
with those in the control group up to 3 months 
after instillation. Only small differences were 
observed between the SWCNT-exposed groups 
and the control group for the cytokines IL-1α, 
IL-2, IL-4, IL-10, granulocyte macrophage colo-
ny-stimulating factor, IFN-γ, and TNF-α at any 
of the time-points, but significant increases were 
observed for IL-1β and IL-6 at several time-
points (Kobayashi et al., 2011).

Intratracheal instillation of 0.5 mg of 
SWCNT into male ICR mice induced alveolar 
macrophage activation, various chronic inflam-
matory responses, and severe pulmonary gran-
uloma formation. Affymetrix microarrays were 
used to investigate the molecular effects on the 
macrophages exposed to SWCNT. A biological 
pathway analysis, a literature survey, and exper-
imental validation suggested that the uptake 
of SWCNT into the macrophages can activate 
various transcription factors, such as nuclear 
factor kappa B (NF-κB) and activator protein 
1 (AP-1), and that this leads to oxidative stress, 
the release of pro-inflammatory cytokines, the 
recruitment of leukocytes, the induction of 
protective and anti-apoptotic gene expression, 
and the activation of T-cells. [The resulting innate 
and adaptive immune responses may explain the 
chronic pulmonary inflammation and granu-
loma formation in vivo caused by SWCNT (Chou 
et al., 2008).]

Pulmonary and systemic immune responses 
induced by intratracheal instillation of 5, 20, 
and 50 mg/kg bw of MWCNT (Sigma-Aldrich, 
St. Louis, MO, USA (Cat. No. 659258)) into male 
mice were investigated (Park et al., 2009). Total 
numbers of immune cells in BALF were signif-
icantly increased in the treated groups and the 
distribution of neutrophils was elevated on day 
1 after instillation. Pro-inflammatory cytokines 
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(IL-1, TNF-α, IL-6, IL-4, IL-5, IL-10, IL-12, and 
IFN-γ) were also increased in a dose-dependent 
manner in both BALF and blood. The highest 
levels of the cytokines were seen on day 1 after 
instillation and then decreased. The levels of 
T-helper (Th) 2-type cytokines (IL-4, IL-5, and 
IL-10) in the treated group were higher than those 
of the Th1-type cytokines (IL-12 and IFN-γ).

Male Swiss mice were intranasally instilled 
with 1.5 mg/kg bw of CNT (DWCNT, 80%; 
SWCNT, 20%). Local oxidative perturbations 
were investigated using electronic spin reso-
nance (ESR) spin trapping experiments, and 
systemic inflammation was assessed by meas-
uring the plasma concentrations of TNF-α, 
IL-1α, IL-1β, IL-6, insulin-like growth factor 1, 
leptin, granulocyte-colony stimulating factor, 
and vascular endothelial growth factor (Crouzier 
et al., 2010). Examination of the lungs and the 
elevation of pro-inflammatory cytokines in the 
plasma (leptin and IL-6 at 6  h) confirmed the 
induction of an inflammatory response, which 
was accompanied by a decrease in the local 
oxidative stress.

A dose–response and time-course study of 
MWCNT (Mitsui & Co. Ltd) was conducted in 
male mice exposed by pharyngeal aspiration. 
Examination of the BALF demonstrated that 
pulmonary inflammation and damage were 
dose-dependent and peaked at 7  days after 
exposure. By 56 days after exposure, markers 
of pulmonary inflammation and damage began 
returning to control levels, except in mice 
exposed to the 40-μg MWCNT dose which 
still had significantly higher levels than vehicle 
controls (Porter et al., 2010).

Pharyngeal aspiration of SWCNT (CNI, 
Inc.) by female C57BL/6 mice elicited unusual 
pulmonary effects that combined robust but 
acute inflammation with early-onset, progres-
sive fibrosis and granulomas. A dose-dependent 
increase in LDH and γ-glutamyl transferase 
activities was found in the BALF, together with 
an accumulation of 4-hydroxynonenal [an 

oxidative biomarker] and the depletion of GSH 
in the lungs. An early accumulation of neutro-
phils, followed by lymphocyte and macrophage 
influx, was accompanied by an early elevation of 
pro-inflammatory cytokines (TNF-α and IL-1β) 
followed by fibrogenic TGF-β1 (Shvedova et al., 
2005).

Female C57BL/6 mice were maintained 
on vitamin E-sufficient or vitamin E-deficient 
diets and were exposed by aspiration to 
SWCNT (CNI, Inc.) to explore and compare 
their pulmonary inflammatory reactions. The 
vitamin E-deficient diet caused a 90-fold deple-
tion of α-tocopherol in the lung tissue and 
resulted in a significant decline of other antioxi-
dants (reduced GSH and ascorbate) as well as an 
accumulation of lipid peroxidation products. A 
greater decrease in pulmonary antioxidants was 
detected in SWCNT-treated vitamin E-deficient 
mice compared with controls. The lower levels 
of antioxidants in vitamin E-deficient mice 
were associated with a higher sensitivity to 
SWCNT-induced acute inflammation (increases 
in the total number of inflammatory cells, the 
number of polymorphonuclear leukocytes, the 
release of LDH, total protein content, and the 
levels of pro-inflammatory cytokines, TNF-α 
and IL-6) and enhanced profibrotic responses 
(elevation of TGF-β and collagen deposition). 
Exposure to SWCNT also markedly shifted the 
ratio of cleaved to full-length extracellular SOD 
(Shvedova et al., 2007).

In female C57BL/6 mice, the inhalation of 
stable and uniform dispersions of 5 mg/m3 of 
unpurified SWCNT (CNI, Inc.; iron, 17.7% wt) 
for 5  hours per day for 4  days was compared 
with the pharyngeal aspiration of varying doses 
(5–20 g/mouse) of the same SWCNT. Overall, the 
outcomes of inhalation exposure to respirable 
SWCNT were very similar to those of pharyn-
geal exposure, both of which led to pulmonary 
toxicity. However, inhalation of SWCNT was 
more effective than aspiration in causing inflam-
matory response, oxidative stress, collagen 
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deposition, and fibrosis, as well as mutations at 
the K-ras gene locus in the lung (Shvedova et al., 
2008).

(d)	 Experimental systems in vitro

No data were available to the Working Group

4.4.3	 Immune effects

(a)	 Exposed humans 

No data were available to the Working Group.

(b)	 Human cells in vitro

In in-vitro test systems, macrophages and 
other relevant mammalian cells are frequently 
used as test cells for nanomaterials because 
they are primarily responsible for surveillance 
in the body. However, they are highly reactive 
with endotoxins and the distinction between the 
response to endotoxins and that to nanomate-
rials is difficult to make. Consequently, contam-
ination with endotoxins confounds the result 
of tests in vitro. A preliminary examination for 
endotoxins is therefore required to minimize 
contamination or confirm an insignificant level 
in the test sample. Their quantification is also 
important for an adequate interpretation of data 
obtained in in-vitro biological test systems (ISO, 
2010e).

Exposure to CNT may alter innate immune 
responses by triggering the complement system, 
the clearance of apoptotic cells by macrophages, 
and the induction of adaptive immune responses 
(reviewed by Andersen et al., 2012). Different 
responses have been reported for as-produced 
versus functionalized or coated CNT, and delib-
erate surface modifications have been attempted 
to enhance biocompatibility for drug delivery 
applications (Hamad et al., 2010; Moghimi et 
al., 2010). The complement system is present in 
the lining fluid of the lung, and inhaled particles 
and fibres have been shown to induce comple-
ment-generating chemotactic activity that corre-
lates with macrophage accumulation in vivo 

(Warheit et al., 1985, 1988). Direct binding of 
as-produced CNT to Clq protein, which leads to 
the classical pathway of complement activation, 
has been described in some studies while other 
investigators reported that complement proteins 
were bound to CNT but were not activated (Ling 
et al., 2011). The macrophage-mediated clearance 
of apoptotic cells is important for the regulation 
of immune responses and the suppression of 
macrophage function, and may lead to impaired 
clearance of particle-laden neutrophils from the 
lungs (Wiethoff et al., 2003) and chronic inflam-
mation (Witasp et al., 2008). Human peripheral 
blood monocyte-derived macrophages exposed 
to purified SWCNT (CNI, Inc.) at non-toxic 
doses impaired the chemotaxis and phagocy-
tosis of apoptotic target cells – human Jurkat 
T lymphoblastic leukaemia cells (Witasp et al., 
2009). In an in-vitro three-dimensional model of 
granuloma formation, three commercial samples 
of MWCNT (MWCNT-7, Mitsui & Co. Ltd; other 
MWCNT, MER Corp., AZ, USA) or crocidolite 
asbestos fibres (UICC) altered the phenotype 
with the co-expression of pro-inflammatory 
(M1) and profibrotic (M2) markers of murine 
bone marrow-derived macrophages after 7–14 
days (Sanchez et al., 2011).

Exposure of innate immune cells or lympho-
cytes to CNT in vitro may also impair the 
presentation of antigens and the activation of 
lymphocytes with variable results depending on 
the physical properties and surface functionali-
zation of the CNT tested (Andersen et al., 2012). 
For example, carboxylated MWCNT have been 
reported to enhance cytokine secretion by puri-
fied human peripheral blood lymphocytes and 
stimulate lymphocyte-mediated tumour cell 
cytotoxicity (Sun et al., 2011), while amino-func-
tionalized or oxidized MWCNT activated human 
monocytes and natural killer cells (Delogu et al., 
2012). Purified samples (SES Research) of short 
SWCNT (length, 1–5 μm) and short MWCNT 
(length, 1–2 μm) caused minimal activation of 
antigen-presenting cells in vitro in contrast to 
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titanium dioxide (rutile) or zinc nanoparticles 
(Palomäki et al., 2010).

(c)	 Experimental systems in vivo

See Table 4.11
[The Working Group noted that, as in the 

case of in-vitro experiments on immune effects, 
the number of published in-vivo studies on CNT 
is too limited to draw any general conclusions, 
and the wide variation in the CNT used impedes 
any comparison of the reports from different 
studies.]

The pulmonary and systemic immune 
responses of male C57BL/6 mice to the inhalation 
of MWCNT were assessed (Mitchell et al., 2007). 
Analysis by TEM revealed that the material 
used was a mixture of MWCNT and graphitic 
nanofibres (Lison & Muller, 2008; McDonald 
& Mitchell, 2008). After whole-body inhalation 
for 14 days, MWCNT were engulfed by alveolar 
macrophages and were distributed throughout 
the lung. However, no increases in inflammatory 
cell infiltration were found and no inflammation, 
granuloma formation, fibrosis, or tissue injury 
occurred up to the highest dose (5.3 mg/m3) 
tested. Despite the lack of local pulmonary effects, 
systemic immunity was affected at all concentra-
tions tested. The measurement of immune func-
tion in spleen-derived cells showed a suppressed 
T-cell-dependent antibody response, a decreased 
proliferation of T-cells after mitogen stimula-
tion, and altered natural killer cell killing. These 
results were accompanied by increased gene 
expression of indicators of oxidative stress and 
altered immune function [nicotinamide adenine 
dinucleotide phosphate (NADPH) dehydro-
genase quinone 1 and IL-10] in the spleen, but 
not in the lung. Immune suppression persisted 
for up to 30 days after exposure (Mitchell et 
al., 2007). A follow-up study investigated the 
mechanism of the suppressed systemic immune 
function. Mice exposed to a dose of 1 mg/m3 of 
MWCNT by whole-body inhalation presented 
suppressed immune function, which involved 

the activation of cyclooxygenase enzymes in 
the spleen in response to a signal from the lung. 
Inhaled MWCNT were shown to activate the 
release of TGF-β in the lung, which was postu-
lated to have a direct effect on prostaglandin 
production in spleen cells, leading to immune 
suppression. However, to induce this altered 
systemic immunity, an additional [yet unknown] 
signalling mechanism from the lung would be 
necessary because not all observed systemic 
effects could be explained by this pathway 
(Mitchell et al., 2009).

Based on the results from these two studies 
(Mitchell et al., 2007, 2009), Aschberger et al. 
(2010) concluded that systemic immune effects 
are related to relatively short-term exposures to 
MWCNT. [The Working Group noted that the 
translocation of CNT from the lung does not 
appear to be necessary for such effects, although 
further investigation is required to confirm this 
hypothesis.]

In the study conducted by Park et al. (2009), 
distributions of B-cells in the spleen and blood 
were significantly increased on day 1 after 
intratracheal instillation of MWCNT into ICR 
mice, indicating that Th2-type cytokines had 
activated B-cells and caused them to proliferate. 
Together with the increased number of B-cells, 
granuloma formation in the lung tissue and the 
production of immunoglobulin (Ig) E were also 
observed with an intensity that was dependent 
on the dose of MWCNT instilled. [The Working 
Group noted that this study suggested that 
MWCNT may induce allergic responses in mice 
through B-cell activation and the production of 
IgE.]

(d)	 Experimental systems in vitro

Murine bone marrow-derived dendritic cells 
exposed to purified SWCNT (CNI, Inc.) in vitro 
and co-cultured with splenic T lymphocytes 
suppressed T-cell proliferation (Tkach et al., 
2011). SWCNT (Chengdu Organic Chemicals Co., 
Ltd) also suppressed lymphocyte proliferation 
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in co-cultures of primary murine peritoneal 
macrophages and T lymphocytes activated by 
concanavalin A (Dong et al., 2012).

4.4.4	 Apoptosis

(a)	 Exposed humans

No data were available to the Working Group.

(b)	 Human cells in vitro

Several mechanisms have been shown to cause 
cell death in target cells exposed to engineered 
nanoparticles in vitro, including apoptosis, 
necrosis, and autophagic cell death (reviewed in 
Andón & Fadeel, 2013). In general, acute expo-
sure to high concentrations (~30–400 µg/mL) 
of engineered nanoparticles can cause mito-
chondrial injury, increased intracellular gener-
ation of ROS, impaired adenosine triphosphate 
synthesis, and lysosomal damage leading to cell 
death. Therefore, the selection of doses of CNT 
for short-term in-vitro toxicity testing is prob-
lematic. Ideally, the doses should reflect the 
mass dose retained in workers exposed to CNT 
expressed as dose per alveolar epithelial cell 
surface area (Gangwal et al., 2011).

For a lifetime exposure to an airborne 
concentration of 1 mg/m3 over 45 years, the 
relevant in-vitro dose would be ~50–70 μg/mL. 
However, short-term in-vitro toxicity testing is 
usually conducted after 24 hours of exposure and 
the equivalent dose for a 24-hour exposure of 
workers to an airborne concentration of 1 mg/m3 
would be ~0.2–0.6 μg/mL, which is two orders 
of magnitude lower, and doses > 50 μg/mL have 
been considered to be an “extraordinary high 
concentration” for use as a bolus dose in short-
term in-vitro toxicity assays (Oberdörster, 2012). 

The mechanistic pathways leading to cell 
death vary depending on the dose as well as the 
physical and chemical characteristics of the nano-
particles and the target cell type (see Section 4.2). 
Additional caveats in short-term in-vitro toxicity 
studies include other variables in experimental 

design (Table 4.12) and the variability and purity 
of the sample (Table 4.13).

Various mechanisms have been proposed for 
the induction of cell death by CNT, including 
direct membrane damage, intracellular gener-
ation of ROS, and destabilization of lysosomal 
membranes. Thin, rigid MWCNT (Mitsui & Co., 
Ltd) directly penetrated human mesothelial cells 
and induced the depletion of adenosine triphos-
phate and cell death at a dose of 5 μg/cm2 after 
4 days (Nagai et al., 2011). In normal and malig-
nant human mesothelial cell lines, exposure to 
MWCNT prepared by the CVD process (Mitsui 
& Co., Ltd) induced low levels of intracellular ROS 
and induced apoptosis at doses ≥ 50 μg/cm2 after 
24 hours (Pacurari et al., 2008a, b). A commercial 
sample of carboxylated SWCNT (Sigma-Aldrich) 
induced autophagic cell death in the human 
lung adenocarcinoma A549 cell line at a dose of 
1 mg/mL after 24 hours (Liu et al., 2011).

(c)	 Experimental systems in vivo

After the intratracheal instillation of 0, 1, 10, 
or 100 μg of MWCNT (dispersed with albumin) 
into rats, inflammation, apoptosis, fibrosis, 
respiratory function, and granuloma formation 
were assessed after 1, 7, 30, 90, and 180 days. The 
results were obtained by plethysmography, soluble 
collagen quantification, quantitative real-time 
polymerase chain reaction (qRT–PCR), luminex 
measurement of cytokine expression, and histo-
pathological examination. Only evidence of 
apoptosis of the alveolar macrophages was shown 
(Elgrabli et al., 2008).

(d)	 Experimental systems in vitro

High-aspect-ratio fibrous nanomaterials, 
including MWCNT, have been shown to cause 
direct plasma membrane penetration and 
increased permeability in the murine J774.1 
(Hirano et al., 2008) and RAW  264 (Shimizu et 
al., 2013) macrophage cell lines after exposure to 
~100 μg/mL. Acid-functionalized SWCNT synthe-
sized by the CVD process (Chengdu Organic 
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Chemicals Co.) induced autophagy and cell death 
in primary murine peritoneal macrophages at 
doses of 10–50 μg/mL after 24 hours (Wan et al., 
2013).

4.4.5	Activation of intracellular signalling 
pathways

(a)	 Exposed humans 

No data were available to the Working Group.

(b)	 Human cells in vitro

In addition to inflammasome activation, 
other intracellular signalling pathways have 
been shown to be activated by the exposure of 
macrophages in vitro to CNT.

In human THP-1 macrophages, MWCNT 
(XNRI, Bussan Nanotech Research, Ibaraki, 

Japan) at a dose of 10  μg/mL for 24 hours 
induced the release of IL-1β via the activation 
of the Rho-kinase pathway (Kanno et al., 2014). 
In human lung fibroblast (IMR-90 or CRL-1490) 
cell lines, exposure to MWCNT prepared by the 
CVD method or SWCNT (CNI, Inc.) prepared 
by the HiPCO method activated the mitogen-ac-
tivated protein kinase (MAPK)/p38 pathway at 
low doses ≤  5 μg/mL, leading to the upregula-
tion of pro-inflammatory gene expression and 
collagen deposition (Ding et al., 2005; Azad 
et al., 2013). In normal and malignant human 
mesothelial cell lines, MWCNT (Mitsui & Co., 
Ltd) induced the activation of the MAPK/p38 
pathway at a dose of 25 μg/cm2 after 30–120 
minutes (Pacurari et al., 2008a). Exposure of 
normal and malignant human mesothelial cell 
lines to unpurified SWCNT (National Institute 

Table 4.12 Limitations of in-vitro assays for nanoparticle-induced toxicity

Experimental design Examples and selected references

Target cells: primary, immortalized or malignant 
cell lines

Stress induced by isolation of primary cells (Stone et al., 2009)

Culture 
format:

monolayer, suspension, transwell, or 
three-dimensional (3-D) culture

Transwell models (Snyder-Talkington et al., 2012) 
3-D models (Movia et al., 2011; Sanchez et al., 2011)

  single-cell, multicellular Co-cultures more predictive for in-vivo end-points (Müller et al., 
2010; Clift et al., 2014)

Use of dispersants to prevent agglomeration in cell 
culture medium: influence on cell uptake

Inhibition of cell uptake after dispersal with pluronic F127 (Ali-
Boucetta et al., 2011) or pluronic F108 (Wang et al., 2012a) 

Secondary modification of nanoparticles during 
dispersion

Sonication-induced damage (Bussy et al., 2012)

Failure to confirm toxicity through morphology or 
different assays

Monteiro-Riviere et al. (2009)

Physical or chemical interference Examples and selected references

Physical adsorption to probes or reaction products Neutral red assay (Davoren et al., 2007)
  Formazan product of the MTT assay (Wörle-Knirsch et al., 2006)
Blocking or quenching of transmitted or emitted light Thiobarbituric acid assay (Fenoglio et al., 2006; Creighton et al., 2013)
Direct oxidation of probed or substrates by 
nanoparticles

Surface generation of radicals (Fenoglio et al., 2008; Tournebize et al., 
2013)

Adsorption or inactivation of cellular enzymes Inactivation of lactate dehydrogenase (Karajanagi et al., 2004; Zhang 
et al., 2011)

Adsorption of secreted cytokines Val et al. (2009), Horie et al. (2013)
Contamination with endotoxin Adsorption to carbon surfaces (Delogu et al., 2010)
Adsorption of micronutrients from cell culture media Medium depletion (Casey et al., 2008) 

Micronutrient depletion (Guo et al., 2012)
Compiled by the Working Group with data from Stone et al. (2009) and Tournebize et al. (2013)
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of Standards and Technology, Gaithersburg, 
MD, USA) induced the intracellular generation 
of ROS and activation of the AP-1 and NF-κB 
pathways at a dose of 25 μg/cm2 after 1–4 hours 
(Pacurari et al., 2008b).

(c)	 Experimental systems in vivo

Some studies revealed that a Th2-associated 
response to CNT is activated through both adap-
tive and innate immune responses. In studies 
of MWCNT (NanoTechLabs, Inc., Yadkinville, 
USA)-exposed mice, the expression of IL-33 
was accompanied by lung dysfunction and the 
upregulation of Th2-associated cytokines, such 
as IL-5 and eotaxin (Katwa et al., 2012; Beamer 
et al., 2013). The exposure of mice to SWCNT or 
MWCNT produced a dose-dependent increase 
in ovalbumin (OVA)-specific IgE and IgG1 in the 
serum (Nygaard et al., 2009).

With regard to signal transduction, the 
expression of four genes (coiled-coil domain 
containing-99, muscle segment homeobox gene-2, 
nitric oxide synthase-2, and wingless-type inhib-
itory factor-1) among 63 genes in the lung of 
mice exposed to MWCNT (Mitsui & Co. Ltd) 
was altered at two time-points, as determined by 
a quantitative PCR assay (Pacurari et al., 2011). 
In a study in mice, exposure to semi-SWCNT 
[semi-conductive components of SWCNT] (metal 

content approximately 10% wt, selectively sepa-
rated from a mixture of metallic and semi-metallic 
SWCNT) induced phosphorylation of the signal 
transducer and activator of transcription-3, which 
forms part of the Janus kinase/signal transducers 
and activators of transcription signalling cascade, 
at two time-points (Park et al., 2011a). With regard 
to transcription factors, cFos mRNA levels in 
whole blood were increased in SWCNT-exposed 
mice (Erdely et al., 2009). In another study in mice, 
although the dose used for intratracheal instilla-
tion was excessive (1 mg/mouse, 10 mg/kg bw), 
NF-κB and AP-1 transcription factors were acti-
vated in the lung after exposure to SWCNT (Chou 
et al., 2008; Zhang et al., 2013).

(d)	 Experimental systems in vitro

The MAPK/extracellular signal-regulated 
kinase 1,2 pathway was upregulated in the 
murine macrophage RAW 264.7 cell line exposed 
to MWCNT (Helix Material Solutions, Inc., 
Richardson, TX, USA) at doses ≥  50 μg/mL for 
24 hours, resulting in an increased expression 
of cyclooxygenase-2 and inducible nitric oxide 
synthase (Lee et al., 2012). The exposure of murine 
epidermal JB6P+ cells to partially purified SWCNT 
produced by the HiPCO process (CNI, Inc.) at 
doses > 60 μg/mL for 24 hours, activated the NF-κB 
pathway dose-dependently (Murray et al., 2009). 

Table 4.13 Minimal criteria required for the interpretation of in-vitro nanotoxicology assays

Criteria Selected references

Complete physico-chemical characterization of nanoparticles Warheit (2008)
Sample variability depending on batch, synthesis technique, and later 
processing

Fubini et al. (2011)

Consideration of contaminants (e.g. amorphous carbon) Wang et al. (2011c)
Bioavailability of metal catalyst residues Kagan et al. (2006), Pulskamp et al. (2007), Liu et 

al. (2008b), Aldieri et al. (2013)
Agglomeration state Wick et al. (2007), Murray et al. (2012)
Comparison with positive and negative reference particles Stone et al. (2009)
Positive controls for toxicity assays Stone et al. (2009)
Use of doses that reflect potential human inhalation exposures Oberdörster et al. (2013)
Consideration of dose-dependent mechanisms of adaptation and toxicity Slikker et al. (2004), Bhattacharya et al. (2011)
Compiled by the Working Group with data from Warheit (2008) and Stone et al. (2009)
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Exposure of Chinese hamster ovary K1 cells (trans-
fected with an NF-κB reporter gene construct) to 
MWCNT (XNRI, Bussan Nanotech Research) 
prepared by the CVD process at doses between 1 
and 10 μg/mL for 20 hours upregulated the NF-κB 
pathway (Hirano et al., 2010).

4.4.6	 Resistance to apoptosis

(a)	 Exposed humans 

No data were available to the Working Group.

(b)	 Human cells in vitro

No data were available to the Working Group.

(c)	 Experimental systems in vivo

The formation of large tumours from injected 
SWCNT-transformed cells (which were also 
reported to be resistant to apoptosis due to a low 
level of p53 phosphorylation in an in-vitro study) 
was observed in immunodeficient mice (Wang 
et al., 2011a). The expression of LC3B and the 
autophagy-related proteins p62 and Beclin-1 was 
upregulated and the expression of proliferating 
cell nuclear antigen was also elevated in mice 
exposed intratracheally to 100  µg of MWCNT 
(Yu et al., 2013). In another study, the expression 
of anti-apoptotic genes, such as cIAP2, SOD2, 
and A20, was induced in mouse lung by an 
[excessive] dose of SWCNT (1 mg/mouse) (Chou 
et al., 2008).

(d)	 Experimental systems in vitro

No data were available to the Working Group.

4.4.7	 Cell proliferation

(a)	 Exposed humans 

No data were available to the Working Group.

(b)	 Human cells in vitro

Human cell lines were exposed to titanium 
dioxide nanobelts or purified MWCNT (Cheap 
Tubes, Inc.) at doses of 10 or 100 μg/mL for 1 and 

24 hours. The target cell lines included human 
THP-1-derived macrophages and primary 
cultures of small airway epithelial cells. Total 
RNA was isolated and used for microarray anal-
ysis using Human Genome U133A 2.0 GeneChips 
(Affymetrix, Sana Clara, CA, USA). An analysis 
of the Global proteomics was conducted using 
liquid chromatography tandem mass spectrom-
etry on tryptic digested cell lysates. The short 
exposure elicited similar proteomic responses 
to titanium dioxide nanobelts and MWCNT 
with different patterns of expression in various 
cell types. THP-1 macrophages showed the most 
significant transcriptional responses in 272 
genes after 24 hours of exposure to MWCNT 
with unique patterns of gene expression in 
pathways related to cell-cycle regulation and 
cell proliferation (MYC and CDK1), as well as 
anti-apoptosis (survivin). Genes involved in the 
Sp1/AhR-dependent stress response were down-
regulated by exposure to MWCNT (Tilton et al., 
2014).

In a study in human lung small airway 
epithelial cells exposed to SWCNT or MWCNT, 
occupationally relevant concentrations of CNT 
produced a neoplastic-like transformation pheno-
type depicted by increased cell proliferation, 
anchorage-independent growth, invasion, and 
angiogenesis (Wang et al., 2014).

(c)	 Experimental systems in vivo

(i)	 Bronchiolar and alveolar epithelial cells
Some, but not all, studies provided evidence 

of the proliferation of bronchiolar and alveolar 
epithelial cells.

In a 13-week inhalation study, exposure to 
CNF (VGCF-H) induced cell proliferation in 
the terminal bronchioles, alveolar ducts, and 
subpleural region of the respiratory tract in the 
lungs of male and female rats; however, this 
proliferation was not persistent and was absent in 
the subpleural region in females 3 months after 
exposure (Delorme et al., 2012).
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Two studies of exposure by intratracheal 
instillation of rats to MWCNT (Roda et al., 
2011) and mice to SWCNT (Murray et al., 2012) 
were performed. Exposure to as-produced or 
functionalized MWCNT induced proliferation 
of the alveolar and bronchiolar epithelial cells 
and alveolar macrophages in rats (Roda et al., 
2011). Exposure to SWCNT decreased the prolif-
eration of splenic T cells in mice (Murray et al., 
2012). In another study in rats (Warheit et al., 
2004), intratracheal instillation of SWCNT did 
not induce the proliferation of lung parenchymal 
cells assessed by 5-bromo-2-deoxyuridine.

(ii)	 Other cells
The proliferation of T-cells was induced in 

mice exposed to MWCNT in one study (Grecco 
et al., 2011) but was decreased in another study 
(Murray et al., 2012).

Exposure of mice to SWCNT increased the 
occurrence of epithelial-derived fibroblasts. The 
aberrant activation of TGF-β/p-Smad2 or β-cat-
enin was postulated to induce epithelial–mesen-
chymal transition during SWCNT-induced 
fibrosis (Chang et al., 2012). In rats, MWCNT 
induced visceral mesothelial cell proliferation, 
(assessed by proliferating cell nuclear antigen 
immunostaining), accompanied by increases in 
the number of macrophages and of the concen-
tration of protein in the pleural lavage (Xu et al., 
2012).

(d)	 Experimental systems in vitro

Murine lung epithelial FE1 cells are a spon-
taneously immortalized cell line isolated from a 
MutaTM Mouse (Søs Poulsen et al., 2013). These 
cells were exposed to 12.5, 25, or 100 μg/mL 
of MWCNT (Mitsui-7; MWCNT-XNRI-7, lot 
05072001K28, Hadoga Chemical Industry, Japan) 
suspended by sonication in cell culture medium. 
After 24 hours, the cells were harvested and 
total RNA was extracted for microarray analysis 
(Agilent 8  ×  66K oligonucleotide microarrays); 
selected genes were verified using qRT–PCR. A 

total of 565 genes were differentially expressed 
at all concentrations. Classification of gene 
ontology revealed that most of the differentially 
expressed genes were involved in cell prolifer-
ation. At the highest exposure concentration, 
differentially expressed genes were related to cell 
death, cell-cycle arrest, oxidation reduction, and 
other metabolic pathways. Genes involved in 
fibrosis, cholesterol biosynthesis, GSH-mediated 
detoxification, and aryl hydrocarbon receptor 
signalling molecular canonical pathways were 
downregulated.

4.4.8	Granuloma formation and fibrosis

(a)	 Exposed humans 

No data were available to the Working Group.

(b)	 Human cells in vitro

No data were available to the Working Group.

(c)	 Experimental systems in vivo

See Table 4.10

(i)	 Inhalation
Two 13-week studies of MWCNT in Wistar 

rats provided evidence of granulomatous inflam-
mation and fibrosis in the lungs of male and 
female rats. The minimum concentrations of 
MWCNT that induced the persistent or slight 
fibrotic responses were 0.5 mg/m3 (Pauluhn, 
2010b) and 0.4 mg/m3 (Treumann et al., 2013), 
respectively.

Two 4-week studies of MWCNT and 
SWCNT in Wistar rats showed no evidence of 
fibrosis in the lung at maximal concentrations 
of 0.37 mg/m3 of MWCNT and 0.13 mg/m3 of 
SWCNT (Morimoto et al., 2012a, b).

Two 6-hour exposure studies to MWCNT 
provided evidence of persistent fibrosis at high 
concentrations (241 and 30 mg/m3) in male rats 
(Ellinger-Ziegelbauer & Pauluhn, 2009) and mice 
(Ryman-Rasmussen et al., 2009a).
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(ii)	 Intratracheal instillation
Fifteen studies of intratracheal instillation 

in rats and pharyngeal aspiration in mice have 
been reported (Lam et al., 2004; Muller et al., 
2005; Warheit et al., 2004; Shvedova et al., 2005; 
Aiso et al., 2010; Cesta et al., 2010; Han et al., 
2010; Kobayashi et al., 2010, 2011; Porter et al., 
2010; Mercer et al., 2011; Morimoto et al., 2012b, 
c; Murray et al., 2012; Sager et al., 2013; Fujita 
et al., 2015). Most of the studies revealed that 
exposure to SWCNT and MWCNT resulted 
in persistent or progressive fibrosis in the lung 
(Muller et al., 2005; Shvedova et al., 2005; Aiso 
et al., 2010; Cesta et al., 2010; Porter et al., 2010; 
Mercer et al., 2011; Murray et al., 2012; Sager et 
al., 2013), whereas some studies in rats and one 
study in mice demonstrated transient or minimal 
fibrosis in the lung (Kobayashi et al., 2010, 2011; 
Morimoto et al., 2012b, c). In a long-term study, 
the formation of granuloma in the lungs disap-
peared over time (Fujita et al., 2015). [No signif-
icant differences in pulmonary responses were 
observed between rats and mice.]

(iii)	 Intraperitoneal injection
Exposure to long MWCNT led to granuloma-

tous inflammation in the peritoneal cavity but 
exposure to tangled MWCNT induced weak or 
slight responses (Poland et al., 2008). In another 
study, MWCNT did not induce sustained inflam-
matory responses (Muller et al., 2009).

(d)	 Experimental systems in vitro

No data were available to the Working Group.

4.4.9	 Alterations in DNA damage-induced 
response pathways

(a)	 Exposed humans 

No data were available to the Working Group.

(b)	 Human cells in vitro

See Table 4.14

Human cells were used to study the effect 
of SWCNT on the expression of stress-response 
genes. The target cells included primary normal 
human bronchial epithelial cells, diseased 
human bronchial epithelial cells from asthma 
patients or from patients with chronic obstruc-
tive pulmonary disease, lung adenocarcinoma 
A549 cells and pharyngeal carcinoma FaDu 
cells. Cells were exposed to 0.1 or 1.0 mg/mL of 
SWCNT (Meijo Nano Carbon Co., Ltd, Nagoya, 
Japan) for 6 hours. A PCR array was conducted 
to examine 84 stress-response genes. Expression 
levels of 11 stress-response genes, including 
ERCC1 encoding a DNA repair enzyme, were 
downregulated more than twofold after expo-
sure to SWCNT. Other genes belonging to the 
inflammatory responses, IL-6 and TNF-α, were 
significantly downregulated in normal human 
bronchial epithelial cells indicating that inflam-
matory cytokines were not activated under these 
conditions (Hitoshi et al., 2012).

Protein expression was investigated in human 
monoblastic leukaemia U937 cells exposed to 
MWCNT (100 µg/mL) that had been thermally 
treated at 1800 °C or 2800 °C. An analysis of 
proteomics was performed after two-dimensional 
electrophoresis and protein identification by 
matrix-assisted laser desorption/ionization-time 
of flight mass spectrometry. The expression of 
proteins involved in stress responses and DNA 
repair (such as DNA mismatch repair protein 
Msh2 and DNA damage-binding protein 1) was 
enhanced, suggesting the induction of DNA 
repair; however, the efficiency of repair was not 
evaluated (Haniu et al., 2010).

Gene and protein expression was studied 
in three human cell lines exposed to two types 
of high-aspect-ratio nanoparticles: MWCNT 
and titanium dioxide nanobelts that are known 
to exert low and high toxicity, respectively, in 
other cell systems. The sizes of the MWCNT and 
titanium dioxide nanobelts were 375  ±  23  nm 
and 1590  ±  126  nm in RPMI medium and 
458 ± 16 nm and 634 ± 86 nm in DMEM medium, 
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respectively. The cell lines were human THP-1 
cells, primary small airway epithelial cells, and 
Caco-2/HT29-MTX co-cultures. The Caco-2 
is a malignant human intestinal epithelial cell 
line and HT29-MTX is a goblet cell line. This 
co-culture mimics the intestinal epithelium. 
The cells were exposed to 10 or 100  µg/mL for 
1 and 24 hours and 3 and 24 hours for tran-
scriptomic and proteomic analyses, respectively. 
Titanium dioxide nanobelts were more cytotoxic 
than MWCNT, but the toxicity was low at early 
time-points. THP-1 cells were the most respon-
sive and showed time-, concentration-, and 
particle type-dependent responses; the highest 
responses occurred at 100  µg/mL. Fewer genes 
were differentially expressed between untreated 
and treated cells in the other cell types. Cells 
responded to these nanoparticles by differen-
tially regulating both common and unique sets 
of biological processes. In this study, the results 
were analysed by a comparison of the changes 
in regulatory pathways. When comparing signa-
tures induced by titanium dioxide nanobelts and 
MWCNT in THP-1 cells, three pathways were 
upregulated specifically by MWCNT and not 
by titanium dioxide nanobelts: DNA damage 
checkpoint, DNA strand break repair, and 
cytoskeleton spindle microtubules. These results 
were consistent with others that demonstrated 
DNA damage and mitotic perturbations caused 
by MWCNT (Tilton et al., 2014). [Globally, these 
data showed common differential expression 
across the cell types and common pathways in 
response to exposure to titanium dioxide nano-
belts or MWCNT, possibly linked to a common 
mechanism. However, they also showed cell-spe-
cific responses and particle-specific effects, thus 
addressing the question of target cell specificity.]

(c)	 Experimental systems in vivo and in vitro

See Table 4.15
Female Fischer 344 rats received a single 

intragastric dose of SWCNT (Thomas Swan 
and Co. Ltd, Consett, United Kingdom) or C60 

fullerenes by gavage (0.064 or 0.64 mg/kg bw). 
Both C60 fullerenes (highest dose only) and 
SWCNT significantly enhanced the 8-oxodG 
level in the liver and lung tissues of rats in 
comparison with controls. SWCNT did not 
produce a significant increase in the gene 
expression of the DNA repair enzyme 8-oxog-
uanine DNA glycosylase in the liver. DNA 
repair activity was assessed in the liver using 
substrate nuclei containing 8-oxodG, and the 
level of 8-oxoguanine DNA glycosylase was not 
significantly altered (Folkmann et al., 2009).

In RAW 264.7 macrophages, SWCNT 
(Chengdu Organic Chemicals Co., Ltd) down-
regulated several genes involved in the DNA 
repair process (Dong et al., 2012).

The assessment of MWCNT genotoxicity in 
rats (Kim et al., 2012a, 2014) and mice (Ghosh et 
al., 2011) showed a persistence of DNA damage 
up to 90 days after exposure. [The findings may 
suggest a low or lack of DNA repair.]

Pregnant heterozygous p53 mice (p53+/−) 
received an intravenous injection of MWCNT 
(200 µL, 2 mg/kg bw). DNA integrity was assessed 
using a long PCR assay. In general, DNA damage 
was found in the fetuses and in placental cells, 
with an enhancement of the mRNA expression 
of bax and p21. Nonetheless, DNA damage was 
higher in p53−/− and p53+/− fetuses than in p53+/+ 
fetuses and neither Bax nor p21 expression levels 
were modified in p53−/− fetuses, in agreement 
with a defective DNA repair system in these 
mice cells due to the absence of p53 (Huang et 
al., 2014). [These results were consistent with the 
induction of p53-dependent apoptosis in this 
test system, and showed that the repair of DNA 
damage and apoptosis are dependent on the p53 
status resulting from the intravenous injection 
of MWCNT into mice. They did not directly 
demonstrate that DNA repair was impaired by 
MWCNT, but showed an impaired response in 
p53-deficient mice.]
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4.4.10	 Depletion of antioxidants

As described previously, CNT have been 
shown to generate (or catalyse the formation of) 
ROS directly; however, this does not exclude a 
secondary generation of ROS by target cells in 
vitro or in vivo after exposure to CNT (Stone et 
al., 2009; Fubini et al., 2010, 2011).

(a)	 Exposed humans 

No data were available to the Working Group.

(b)	 Human cells in vitro

See Table 4.16

(i)	 SWCNT
The effects of SWCNT (NASA-JSC, TX, USA) 

were determined in cell cultures of immortalized 
human epidermal HaCaT keratinocytes. The 
generation of HO• was observed in HaCaT kerat-
inocytes exposed to SWCNT at 0.24 mg/mL, 
using the ESR spin trapping technique. Both GSH 
and the antioxidant levels of the HaCaT kerati-
nocytes were decreased at doses of 0.06, 0.12, and 
0.24 mg/mL. In parallel, a significant increase in 
the accumulation of lipid peroxidation products 
(thiobarbituric acid-reactive substances) was 
seen in cells exposed to SWCNT (Shvedova et 
al., 2003).

Human BJ foreskin cells were exposed 
to SWCNT (Sigma) dispersed in dimethyl 
formamide. ROS production was determined 
using the 2,7-dichlorofluorescein diacetate assay, 
and was induced by exposure to SWCNT at doses 
of 6, 8, and 10 μg/mL after 3 hours of incubation. 
Antioxidant defences were assessed in BJ cells 
co-incubated with exogenous antioxidants, NAC 
and GSH, in the presence or absence of SWCNT 
(6 μg/mL). Exogenous NAC and GSH decreased 
the induction of ROS by SWCNT approximately 
two- and 2.5-fold, respectively (Sarkar et al., 
2007). [These results suggested that compromised 
cellular antioxidant defences may be responsible 

for the generation of excess ROS in response to 
SWCNT in BJ foreskin cells.]

The effects of SWCNT were investigated in 
human macrophage-like cells differentiated 
from a human monocytic leukaemia THP-1 cell 
line. Affymetrix microarrays were performed 
to investigate the changes in gene expression 
after exposure to SWCNT. Cells were exposed 
to 0.05 µg/mL of SWCNT for 24  hours, which 
resulted in an increased expression of SOD2; the 
levels of catalase, GPx1, GSH reductase, GSH 
synthetase, and NADPH-dependent oxidase 
were not altered (Chou et al., 2008).

Human hepatoma HepG2 cells were exposed 
to purified HiPCO SWCNT (Unidym) produced 
by the CVD process or to graphene. Proteins 
were extracted and their profile analysed using 
the iTRAQ-coupled two-dimensional liquid 
chromatography tandem mass spectrometry 
approach. Peptides and proteins were identified 
automatically using the Spectrum Proteomics 
Workbench software. Protein ratios were deter-
mined in treated and untreated control HepG2 
cells. Only quantification data on proteins with 
relative changes in expression of > 1.25 or < 0.8 
were considered. After exposure to 1 µg/mL for 
48  hours, 37 differentially expressed proteins 
were found in cells exposed to SWCNT or to 
graphene. Differentially expressed proteins 
involved in metabolic pathways, redox regula-
tion, and cytoskeletal dynamics were identified. 
The antioxidant protein SOD2 was downregu-
lated (Yuan et al., 2011).

Human colon adenocarcinoma Caco-2 
cells were exposed to 0, 5, 10, 50, 100, 500, and 
1000 µg/mL of F-SWCNT (Sigma-Aldrich, 
Madrid, Spain). The production of ROS and 
biomarkers of oxidation were quantified, 
including lipid peroxidation, generation of ROS, 
GSH levels, and SOD, GPx, GSH reductase, and 
catalase activities. ROS generation was increased 
at a dose of 100 µg/mL and lipid peroxidation at 
a dose of 50 µg/mL. Catalase activity increased 
at doses up to 500 µg/mL, then significantly 
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decreased at 1000 µg/mL. SOD activity was 
also increased at doses up to 100 µg/mL. GPx 
activity was enhanced at the highest doses and 
GSH reductase at a dose of 1000 µg/mL. GSH 
level was depleted at all doses tested (significant 
at 1000 μg/mL) (Pichardo et al., 2012). [These 
results showed the induction of antioxidant 
defences in response to exposure to F-SWCNT 
and an increase in lipid peroxidation products, 
possibly causing toxic effects.]

Intracellular generation of ROS and expres-
sion profiles of oxidative stress response genes 
were assessed in human bronchial epithe-
lial BEAS-2B cells exposed to SWCNT. Three 
SWCNT samples were tested (diameter, 1–2 nm 
; length, 400–800 nm, 1–3 µm or 5–30  µm). 
Crocidolite asbestos fibres were used as posi-
tive control. Gene expression profiles were 
studied using a pathway-specific RT-PCR array 
(SuperArray) comprising primers for 84 oxida-
tive stress and antioxidant defence pathway 
genes. All SWCNT samples and crocidolite 
asbestos fibres induced the formation of micro-
nuclei; the generation of ROS was detected 
in cells exposed to the two shortest SWCNT 
samples and crocidolite asbestos fibres. The 
1–3-µm SWCNT sample upregulated the 
expression of several genes: epoxide hydrolase 
2, surfactant protein D, and neutrophil cytosolic 
factor 1. Few genes showed differential expres-
sion with the other SWCNT samples; however, 
400–800-nm SWCNT induced the upregulation 
of three proteins: copper chaperone for SOD, 
metallothionein 3, and nitric oxide synthase 
2. Differentially expressed genes common to 
all SWCNT included the upregulation of titin 
and copper chaperone for SOD and downreg-
ulation of the GPxs, GPX4 and GPX7, and the 
peroxidase cytoglobin that may be involved in 
protection against oxidative stress; neutrophil 
cytosolic factor 1 (required for the activation of 
latent NADPH oxidase, which is necessary for 
superoxide anion production) was also upregu-
lated by all samples (Manshian et al., 2013).

The effects of SWCNT dispersed in sodium 
cholate on total GSH levels was evaluated in the 
human colon carcinoma HT29 cell line. Nine 
doses of SWCNT were tested (from 0.01 ng/mL 
to 0.2  µg/mL). Exposure to SWCNT in a dose 
range of 0.0001 µg/mL to 0.01 μg/mL increased 
the intracellular level of total GSH (significant at 
0.001 and 0.01 μg/mL) (Pelka et al., 2013).

(ii)	 MWCNT
Human epidermal keratinocytes were 

exposed to MWCNT manufactured using a 
microwave plasma-enhanced CVD system. 
After exposure to 0.4 mg/mL for 24 and 48 
hours, proteins were extracted and analysed by 
two-dimensional gel electrophoresis and mass 
spectrometry. Of these, 152 were observed to 
be differentially expressed and to be associ-
ated with several pathways: metabolism, cell 
signalling, stress, the expression of cytoskeletal 
components, and vesicular trafficking. Among 
them, SOD2 protein was decreased by 1.4- and 
1.9-fold at 24 and 48 hours, respectively, in 
comparison with untreated cells (Witzmann & 
Monteiro-Riviere, 2006).

MWCNT produced by an electric arc 
process using graphite as a source (MWCNT1) 
and by CVD using methane as the hydro-
carbon (MWCNT2) were obtained from the 
Centre for Environment, Institute of Science 
and Technology, JNTU, Hyderabad, India. 
Cytotoxicity and oxidative stress were studied 
in the human embryonic kidney HEK 293 cell 
line. Cellular levels of reduced GSH and MDA 
content were measured to assess lipid peroxi-
dation. Exposure of HEK 293 cells to MWCNT 
(10–100 µg/mL) for 48 hours resulted in concen-
tration-dependent cytotoxicity, increased levels 
of MDA, and decreased intracellular levels 
of GSH (Reddy et al., 2010b). [These findings 
suggested that MWCNT induced oxidative stress 
and cytotoxicity in these target cells.]

Oxidative stress was studied after expo-
sure to MWCNT of the human monocytic 
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THP-1 cell line differentiated into macrophages 
using phorbol myristate acetate. Three types of 
MWCNT were used: long straight MWCNT 
(length, approximately 50  µm; diameter, 
20–100  nm; NT1); micron-sized aggregated 
MWCNT (relatively straight MWCNT; diam-
eter, approximately 150 nm; NT2); and MWCNT 
with an aggregated entangled structure (indi-
vidual diameter, approximately 20 nm; NT3). 
Control particles were carbon black 260 nm in 
diameter, carbon black 14 nm in diameter and 
long fibre amosite asbestos (length >  5 μm; 
diameter < 200 nm). Investigations included the 
assessment of gene expression using RT-PCR 
(GSH S-transferase [GST]pi and haeme oxidase 
1[HO-1]), expression of HO-1 protein (enzyme-
linked immunosorbent assay) and GST activity. 
After exposure of THP-1 cells to 62.5 µg/mL of 
particles for 4 hours, GSTpi expression was not 
modified after any treatment; HO-1 expression 
was enhanced in cells exposed to NT1 (statis-
tically significant) and NT2 (not statistically 
significant), and reduced in cells exposed to NT3, 
260-nm carbon black and long fibre amosite 
asbestos. No significant difference from the 
control was observed with any of the treatments 
for either GST activity or HO-1 protein expres-
sion. However, an enhancement of the Nrf2 
protein expression was found in the nucleus of 
cells treated with NT1, which was eradicated by 
the addition of antioxidants (Brown et al., 2010). 
[This study suggested that the activation of the 
antioxidant response pathway is mediated by the 
antioxidant response element and Nrf2.]

Human umbilical vein endothelial cells were 
exposed for 2  hours to 0, 5, and 20 µg/mL of 
MWCNT (from Dr F. Chen, Lawrence Berkeley 
National Laboratory, Berkeley, CA) synthesized 
using a CVD method. Lipid peroxidation and 
antioxidant defences were determined by the 
quantification of MDA, and the activity of SOD 
and GPx. These cells were also incubated with 
the antioxidant NAC to explore the role of ROS 
in the induction of cell injury. Cellular ROS 

levels were significantly increased by exposure to 
20 µg/mL of MWCNT. The activities of SOD and 
GPx were enhanced at the lowest concentrations 
but reduced at 20 µg/mL. When human umbil-
ical vein endothelial cells were pretreated with 
NAC before exposure to MWCNT, ROS prod-
uction was reduced compared with the groups 
exposed to MWCNT only, and cytotoxicity and 
DNA damage (DNA breakage by quantification 
of γH2AX foci) were also reduced (Guo et al., 
2011). [These results showed that depletion of 
antioxidants was associated, at least partially, 
with cytotoxicity and DNA damage.]

Cellular levels of GSH were determined in 
the human embryonic kidney HEK 293 cell line 
exposed to four MWCNT with different dimen-
sions (CNM1, CNM2, CNM4, and CNM3; size: 
100–800, 200–500, 150–750, and 230–1700 nm, 
respectively) from the Centre for Environment 
(Institute of Science and Technology, JNTU, 
Hyderabad). In-vitro exposure of HEK 293 cells 
to 3–300 µg/mL of these MWCNT for 48 hours 
produced cytotoxicity and oxidative stress in a 
concentration-dependent manner. Increased 
lipid peroxidation (measured by MDA content) 
and decreased intracellular GSH levels were 
observed at concentrations of 30 and 100 µg/mL 
(Rama Narsimha Reddy et al., 2011).

Human lung adenocarcinoma epithelial 
A549 cells were exposed to MWCNT (provided 
by Professor D.G. Weiss, Department of Biological 
Sciences, Institute of Cell Biology and Biosystems 
Technology, Rostock University, Germany) at 
0.5–100  µg/mL for 6–72  hours. Apoptotic cells 
were detected after exposure to 50 µg/mL for 72 
hours. Significant ROS production was found at 
doses of 10 and 50 µg/mL, which was not due to 
mitochondrial activity. Lipid peroxidation was 
determined using a Lipid Peroxidation Assay Kit, 
and GSH levels determined using a colorimetric 
assay. Increased lipid peroxidation was significant 
at all concentrations of MWCNT after 24 hours 
of treatment, and both intracellular GSH levels 



Carbon nanotubes

153

and catalase activity were significantly reduced 
at a dose of 50 µg/mL (Srivastava et al., 2011).

The effects of two types of MWCNT – NM 
400 (Nanocyl; diameter, 30 nm; length, 5 μm) 
and NM 402 (Arkema Graphistrength C100  ; 
diameter, 30 nm; length, 20 μm) – were assessed 
in the human hepatoblastoma C3A cell line. 
Intracellular ROS generation was measured 
using the 2,7-dichlorofluorescein diacetate 
assay, and GSH was quantified by the reac-
tion of sulfhydryl groups with the fluorescent 
substrate ortho-phthalaldehyde. Both samples 
of MWCNT induced the generation of ROS and 
decreased total GSH and cellular GSH content 
after 24 hours. Pretreatment with the antioxi-
dant, Trolox, prevented MWCNT-induced prod-
uction of ROS. Cytotoxicity was also reduced in 
C3A cells pretreated with Trolox before expo-
sure to MWCNT (Kermanizadeh et al., 2012).

The intracellular level of GSH was quanti-
fied in telomerase-immortalized human kerat-
inocytes (N-hTERT) exposed to 100 µg/mL 
of MWCNT (NanocylTM NC7000 MWCNT 
from Nanocyl, produced by catalytic CVD) for 
30 minutes or 24  hours. Oxidative stress was 
assessed using 2,7-dichlorofluorescein oxida-
tion. MWCNT stirred or sonicated in water were 
marked by increased dichlorofluorescein fluo-
rescence, suggesting an increased intracellular 
generation of ROS. In contrast, MWCNT soni-
cated in dispersants (HPC, Fagron, or Pluronic 
F108) showed no significant effects. The addition 
of the antioxidant, Trolox, a hydrophilic analogue 
of the lipophilic antioxidant vitamin E, prevented 
2,7-dichlorofluorescein oxidation. Moreover, 
GSH was significantly decreased compared with 
untreated controls (Vankoningsloo et al., 2012).

(c)	 Experimental systems in vivo

See Table 4.17

(i)	 SWCNT
C57BL/6 mice were maintained on vitamin 

E-sufficient or vitamin E-deficient diets and were 
exposed to SWCNT (CNI, Inc.) by pharyngeal 
aspiration. Antioxidant levels were determined 
in lung homogenates 28 days after exposure to 
40 μg/mouse of SWCNT. Treatment with SWCNT 
induced greater increase in lipid peroxidation 
products and greater decrease in GSH levels in 
mice fed a vitamin E-deficient diet than in those 
fed basal diet, showing that SWCNT produced 
antioxidant depletion which was associated with 
a higher sensitivity to SWCNT-induced acute 
inflammation (Shvedova et al., 2007).

C57BL/6 mice were exposed to 5 mg/m3 of 
SWCNT in inhalation chambers for 5 hours per 
day for 4  days. The level of oxidative damage 
produced was measured in the lung homoge-
nates. GSH levels were significantly depleted, 
and the level of lipid peroxidation products – 
measured as malondialdehyde (MDA) – showed 
a significant accumulation compared with 
controls 7 and 28 days after exposure. Total anti-
oxidant capacity was reduced 1 and 7 days after 
treatment, but returned to the control level by 28 
days after exposure (Shvedova et al., 2008).

SKH-1 immune competent hairless mice were 
exposed to SWCNT (CNI, Inc.) by daily skin 
application at doses of 40, 80, or 160 µg/mouse 
for 5 days. A reduction in GSH levels was found 
in skin homogenates of mice treated with the 
highest dose, but no change was found with the 
other doses (Murray et al., 2009).

Male BALB/c mice were exposed to 5 µg/g 
bw of aerosolized SWCNT (diameter, 1–2 nm; 
length, 0.5–2.0 µm; from Aldrich) in PBS or to 
PBS only, for 20 minutes per day on 7 consec-
utive days in a nose-only exposure system. The 
animals were killed at the end of the exposure 
period and lung tissues were collected. The intra-
cellular levels of MDA and ROS, and the activ-
ities of SOD, catalase, and GPx were measured. 
Apoptosis was assessed by the measurement of 
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caspase-3 and -8 activities in lung homogen-
ates. MPO activity was measured in the BALF. 
MPO activity was higher in the BALF from 
SWCNT-exposed mice compared with controls. 
ROS and MDA levels were significantly higher 
in the lungs of SWCNT-exposed mice compared 
with controls, and SOD, catalase, and GPx were 
reduced. In parallel, apoptosis was demonstrated 
by the enhancement of caspase-3 and -8 activi-
ties (Ravichandran et al., 2011).

(ii)	 MWCNT
The antioxidant status of rat serum was 

evaluated after intratracheal instillation of 
MWCNT into male Wistar albino rats. Two 
MWCNT samples were used (from the Centre 
for Environment, Institute of Science and 
Technology, JNTU, Hyderabad), produced 
either by the electric arc process using graphite 
as a source or CVD using methane as the hydro-
carbon. The rats received a single dose of 0.2, 1, 
or 5 mg/kg bw of MWCNT or quartz-crystalline 
silica particles (positive control). Blood samples 
were collected at 1, 7, 30, and 90 days after the 
instillation. Antioxidant capacity was determined 
by the measurement of GSH, a lipid peroxidation 
product (MDA), and SOD and catalase activities. 
Both MWCNT induced a significant dose-de-
pendent depletion of GSH levels, decrease in SOD 
activity, and a transient dose-dependent decrease 
in catalase activity. Similarly, the amount of 
MDA was increased by both MWCNT in a 
dose-dependent manner 1 day after instillation 
and later decreased. Total antioxidant capacity, 
assessed by the ability to scavenge the free radical 
α,α-diphenyl-β-picryl hydrazyl, was decreased 
after exposure to MWCNT (Reddy et al., 2011). 
[These results indicated a reduction in antioxi-
dant defence mechanisms after an instillation of 
MWCNT.]

Wistar rats received a single intraperitoneal 
injection of 270 mg/L of MWCNT (exte-
rior diameter, 15–25  nm; interior diameter, 
10–15 nm; surface, 88 m2/g) synthesized by the 

CVD technique and functionalized with single-
strand DNA. The level of GSH was measured in 
the plasma and liver 1, 3, 6, 24, 48, and 144 hours 
later. A significant decrease in the level of GSH 
was observed in the plasma at all timepoints 
after exposure, and after 3 and 24 hours (but 
not after 48 or 144 hours) in the liver. This result 
was consistent with a depletion of antioxidants 
by this single-strand DNA–MWCNT sample. 
The GSH level returned to normal within 6 days. 
The activity of manganese SOD (SOD2) in the 
liver was decreased after 1, 24, and 48 hours, but 
not after 144 hours (Clichici et al., 2012). [These 
results could be consistent with a decrease in 
antioxidant defence after exposure to this single 
strand DNA–MWCNT sample.] 

In a transplacental study carried out on 
mouse embryo fibroblasts from fetuses of p53+/−

heterozygous mice, the treatment of dams with 
MWCNT and an antioxidant, NAC, abolished 
the MWCNT-only induced DNA breakage 
observed in these cells (Huang et al., 2014). [This 
result was consistent with the generation of ROS 
in cells exposed to MWCNT.]

Male BALB/c mice were exposed daily to 
5 µg/g bw of aerosolized MWCNT (diameter, 
20–50 nm; length, 6–13 nm; from Sigma) in PBS 
or to PBS only for 20 minutes on 7 consecutive 
days, in a nose-only exposure system. Animals 
were killed at the end of the exposure period 
and lung tissues were collected. The intracel-
lular levels of MDA and ROS, and the activi-
ties of SOD, catalase, and GPx were measured. 
Apoptosis was assessed by the measurement of 
caspase-3 and -8 activities in lung homogenates. 
MPO activity was measured in the BALF. MPO 
activity was higher in the BALF from MWCNT-
exposed mice compared with controls. ROS 
and MDA levels were significantly higher in 
the lungs of MWCNT-exposed mice compared 
with controls, and SOD, catalase, and GPx were 
reduced. In parallel, apoptosis was demon-
strated by the enhancement of caspase-3 and -8 
activities (Ravichandran et al., 2011).
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(c)	 Experimental systems in vitro

See Table 4.16

(i)	 SWCNT
Rat lung epithelial cell cultures were exposed 

to SWCNT (Sigma Chemical Co.). The levels of 
ROS (2,7-dichlorofluoroscein diacetate assay), 
GSH content, and the levels of SOD1 and SOD2 
antioxidant enzymes were quantified. The results 
showed the production of ROS in a concen-
tration-dependent manner. GSH levels were 
decreased in cells treated with 10 μg/mL for 
6 hours. Expression of SOD1 and SOD2 proteins 
was decreased after 24 hours in comparison with 
control cells (Sharma et al., 2007). [Globally, 
exposure to SWCNT induced oxidative stress 
and depletion of antioxidants.]

Rat adrenal gland pheochromocytoma PC12 
cells were exposed to SWCNT (diameter, 1–2 nm; 
length, ~20 µm) (Beijing Nachen Technology & 
Development Co. Ltd, Beijing, China) at concen-
trations of 5–600  µg/mL for 24 and 48 hours. 
Exposure to SWCNT induced mitochondrial 
membrane damage, the formation of ROS, and 
increased levels of the lipid peroxidation product 
MDA. GSH levels, and activities of SOD, GPx, 
and catalase were decreased at cytotoxic concen-
trations in a concentration-dependent manner 
(Wang et al., 2011b). [These findings revealed 
that SWCNT induced oxidative stress in these 
target cells.]

The effects of SWCNT (diameter, 1–2 nm; 
length, ~20 µm; Beijing Nachen Technology & 
Development Co. Ltd) were studied in rat adrenal 
gland pheochromocytoma PC12 cells. The activ-
ities of catalase, SOD, and GPx and the GSH 
content were determined 24 and 48 hours after 
exposure to 50 µg/mL. The generation of ROS 
was enhanced in SWCNT-treated PC12 cells, 
but the level of the lipid peroxidation product, 
MDA, did not appear to be elevated. The activi-
ties of SOD, catalase, and GPx were all decreased 
(Wang et al., 2012b).

Oxidative stress was assessed in RAW 264.7 
macrophages exposed to SWCNT produced by 
the HiPCO disproportionation technique, with 
iron carbonyl as the iron-containing catalyst 
precursor (CNI, Inc.). The SWCNT used were 
unpurified (iron, 26.0 wt%) or purified (iron, 0.23 
wt%) to determine the effects of iron. Specific free 
radical intermediates produced by RAW 264.7 
cells exposed to 0.12–0.5 mg/mL for 1–2 hours 
were determined using electron paramagnetic 
resonance spectroscopy. Neither purified nor 
unpurified SWCNT induced the intracellular 
production of superoxide radicals or nitric oxide 
in RAW 264.7 macrophages. The production of 
radicals was observed when RAW 264.7 cells 
were stimulated with zymosan (0.25 mg/mL), an 
agent known to activate the generation of ROS 
in macrophages. Under these conditions, HO• 
production was enhanced in zymosan-treated 
cells, and unpurified iron-rich SWCNT were 
more potent than purified SWCNT. Lipid peroxi-
dation assessed by MDA levels was enhanced and 
GSH content was decreased in zymosan-stimu-
lated RAW 264.7 macrophages. The addition of 
SWCNT lowered both lipid peroxidation and 
GSH content in comparison with zymosan-stim-
ulated macrophages (Kagan et al., 2006).

Murine epidermal JB6 P+ cells were exposed 
to SWCNT (CNI, Inc.) produced by the HiPCO 
disproportionation process. A significant 
concentration-dependent decrease in GSH 
content was observed after a 24-hour incubation 
of JB6 P+ cells with 0.06 mg/mL, 0.12 mg/mL, 
and 0.24 mg/mL of partially purified SWCNT. 
Exposure to unpurified (iron, 30 wt%) SWCNT 
induced a greater reduction in GSH than expo-
sure to partially purified (iron, 0.23 wt%) SWCNT 
(Murray et al., 2009).

Primary mouse embryo fibroblasts were 
exposed to various manufactured nanoparticles: 
SWCNT (diameter, 8 nm; length < 5 μm), carbon 
black, silicon dioxide, and zinc oxide. Intracellular 
generation of ROS, GSH and MDA levels, and 
SOD activity were determined after exposure to 
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particle suspensions at doses of 5, 10, 20, 50, and 
100 μg/mL for 24 hours. ROS production was 
enhanced by all particles in a concentration-de-
pendent manner up to 50 μg/mL. Intracellular 
GSH levels decreased dose-dependently and the 
activity of SOD was decreased in treated fibro-
blasts in comparison with untreated control cells. 
Lipid peroxidation was significantly enhanced in 
cells exposed to SWCNT at a dose of 100 μg/mL 
only. In this study, SWCNT exhibited greater 
genotoxicity than zinc oxide nanoparticles, 
although zinc oxide induced more oxidative 
stress (Yang et al., 2009).

(ii)	 MWCNT
Two types of MWCNT – MWCNT1 (diam-

eter, 10–20 nm; average length, 2 µm) and 
MWCNT2 (diameter, 40–100 nm; average length, 
10 µm) – were studied in the C6 rat glioma cell 
line with regard to effects on MDA levels and 
SOD activity. Exposure of C6 rat glioma cells to 
MWCNT (25–400 µg/mL) for 24 hours resulted 
in an increased level of oxidative stress, and 
MWCNT1 was more cytotoxic than MWCNT2. 
MDA levels increased significantly after treat-
ment with 100 µg/mL of both MWCNT1 and 
MWCNT2 compared with those in untreated 
controls. SOD activity was decreased by both 
MWCNTs (Han et al., 2012).

4.4.11	 Activation of oncogenes and 
inactivation of tumour-suppressor 
genes

The expression of an important number of 
oncogenes and tumour-suppressor genes has 
been analysed in CNT-exposed experimental 
animals. Overall, most of these genes had 
different expression levels compared with unex-
posed control animals.

Lists of oncogenes, tumour-suppressor genes 
and cancer genes are available in the supplemen-
tary tables in Vogelstein et al. (2013). 

(a)	 Exposed humans

No data were available to the Working Group.

(b)	 Human cells in vitro

See Table 4.18

(i)	 SWCNT
Cell-cycle regulation was investigated 

using microarray analysis in human embryo 
kidney HEK 293 cells exposed to 25  µg/mL of 
SWCNT (Carbon Nanotechnologies, Inc.) for 
48 hours. Under these experimental conditions, 
cell viability was approximately 84%. Exposure 
to SWCNT was associated with the induction 
of apoptosis and cell-cycle control genes, and 
several oncogenes or tumour-suppressor genes 
were either downregulated (e.g. CDK2, CDK4, 
CDK6), or upregulated (e.g. CDKN2A, TP53), 
consistent with the activation of an apoptotic 
response and cell-cycle arrest (Cui et al., 2005). 
[A discrepancy was noted by the Working Group 
between the text and Table 2 in Cui et al. (2005) 
regarding the up- or downregulation of TP53.] 

Human BJ foreskin CRL-2522 cells were 
exposed to 0 (control) or 6  μg/mL of SWCNT 
(Sigma) in dimethylformamide vehicle for 24 
hours. Gene expression was assessed using 
a Stress and Toxicity Array (Super Array, 
Frederick, MD, USA) and was altered in 96 
genes in SWCNT-treated cells compared with 
controls; 28 of these genes showed significant 
upregulation, with a ratio ranging from 1.5 to 3. 
The altered genes were involved in several path-
ways – apoptosis, xenobiotic metabolism, DNA 
repair, and oxidative stress – and may repre-
sent potential oncogenes or tumour-suppressor 
genes (i.e. DNAJB4, ATM, CCNC) (Sarkar et al., 
2007). [These genes play a role in the response 
to stress, DNA repair and apoptosis, and cell-
cycle progression. Their activation in SWCNT-
exposed cells was not indicative of damage to 
these cells but signified the activation of defence 
mechanisms by BJ cells.] 
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The effects of SWCNT (CNI, Inc.) produced 
by the HiPCO technique were evaluated in 
human bronchial BEAS-2B cells using the 
Human Apoptosis Array (R&D Biosystems) 
which detects the 35 most common apopto-
sis-regulatory proteins by immunoblotting. The 
cells were continuously exposed to a subcyto-
toxic concentration (0.02 μg/cm2) of SWCNT 
in culture and were passaged weekly. After 24 
weeks of exposure, SWCNT-treated cells showed 
the morphological features of malignant trans-
formation. Transformed SWCNT-exposed cells 
exhibited differential expression of apoptosis-re-
lated proteins compared with controls. A differ-
ential expression of the phosphorylated forms of 
p53 was observed which was lower in SWCNT-
treated cells than in untreated cells. [Because 
the phosphorylation of p53 is an indicator of the 
activation of the p53 tumour suppressor, these 
results suggested a loss of p53 activity.] (Wang et 
al., 2011a). [This SWCNT sample can be assumed 
to have impaired the apoptotic potential of p53. 
However, these results should be interpreted 
with caution because BEAS-2B cells are immor-
talized with SV40 viral oncoproteins and express 
large SV40 T-antigen, a protein that binds to and 
inactivates p53 protein.]

Toxicity (cell growth, ROS production, 
DNA damage assessed by the comet and micro-
nucleus assays, and p53 induction) of SWCNT 
dispersed in sodium cholate was studied in the 
human colon carcinoma HT29 cell line. Eight 
doses from 0.05 ng/mL to 0.2 µg/mL were tested. 
Phosphorylation of the tumour-suppressor 
protein p53 was investigated in exposed and 
untreated control cells using Western blot anal-
ysis. After 3 and 24 hours of exposure, the phos-
pho-p53 protein was induced at concentrations 
≥  5  ng/mL. A decline was observed at higher 
concentrations (0.1 and 0.2 µg/mL) (Pelka et al., 
2013). [These results are consistent with the acti-
vation of DNA repair at subcytotoxic doses.] 

Human mesothelial cells were continuously 
exposed to SWCNT synthesized by HiPCO (CNI, 

Inc.) at concentrations of 0.02, 0.06, or 0.2 μg/cm2 
for 2 months. Expression of the HRAS oncogene 
was assessed using HRAS protein analysis by 
Western blot and the activation of downstream 
signalling of the HRAS pathway. In parallel, 
phenotypical changes characteristic of neoplastic 
transformation were studied (cell growth in soft 
agar and invasion capability). Increased HRAS 
protein expression and activation of the ERK1/2 
pathway were found to be associated with more 
neoplastic phenotypes. SWCNT enhanced the 
expression of a potential oncogenic protein 
(AKT) and downregulated expression of genes 
(TWIST and SNAI1) known to be involved in 
the epithelial–mesenchymal transition process 
(Lohcharoenkal et al., 2014).

(ii)	 MWCNT
A whole genome expression array (GeneChip® 

assay) was performed using human skin HSF42 
fibroblasts and human embryonic lung IMR-90 
fibroblasts exposed for 48 hours to 0.6 and 
6  µg/mL of multiwalled carbon nano-onions 
and 0.06 and 0.6 µg/mL of MWCNT synthesized 
by the CVD method. Numerous genes showed 
changes in expression after treatment with the 
different particles. Similar to multiwalled carbon 
nano-onions, exposure to MWCNT upregulated 
the expression of genes involved in pathways 
related to cellular transport, metabolism, cell-
cycle regulation, and stress response, but no 
evidence of oncogene activation or tumour-sup-
pressor gene inactivation was found (Ding et al., 
2005).

Human lung adenocarcinoma A549 cells 
were exposed to 1–50 µg/mL of MWCNT 
(provided by Professor D.G. Weiss, Department 
of Biological Sciences, Institute of Cell Biology 
and Biosystems Technology, Rostock University, 
Germany) for 3, 6, 12, 24, and 48 hours. Gene 
expression was analysed using semiquantita-
tive PCR (RT-PCR). mRNA expression of TP53 
and CDKN1A (that encode p53 and p21Cip1/Waf1, 
respectively) and the apoptotic gene BAX, was 
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increased in comparison with untreated cells at 
doses of 10 and 50 µg/mL, and the expression of 
the anti-apoptotic and potential oncogene BCL2 
was decreased. Protein levels were determined 
using Western blot analysis and confirmed differ-
ential mRNA expression. Apoptotic cells were 
detected after exposure to a dose of 50 µg/mL of 
MWCNT for 72 hours (Srivastava et al., 2011). 
[These results were consistent with a change 
in the expression of tumour-suppressor genes/
oncogenes related to the induction of apoptosis.]

Normal human bronchial epithelial cells 
were exposed to MWCNT or crocidolite asbestos 
fibres at doses of 0.01–0.1% for 24 or 48 hours. 
Gene expression was investigated using the 
Whole Human Genome Microarray (44 K) 
(Agilent Technology). A total of 1201 and 1252 
genes were upregulated and 1977 and 1542 
genes were downregulated by both asbestos 
and MWCNT after 6 and 24 hours of exposure, 
respectively. These lists were compared with a 
list of genes known to be deregulated in human 
malignant mesothelioma or human lung cancers, 
using a data mining database (GeneCards). 
The authors found 12 and 22 genes modulated 
by exposure to both MWCNT and crocidolite 
in malignant mesothelioma and lung cancers, 
respectively, some of which were oncogenes and 
known or potential tumour-suppressor genes. 
One tumour-suppressor gene – CDKN2A – was 
downregulated 24 hours after exposure to each 
of the particles; and CTGF was upregulated simi-
larly to human lung cancers. In addition, the 
expression of the BCL2 oncogene was enhanced 
in comparison with control cells, similarly to 
both malignant mesothelioma and lung cancers 
(Kim et al., 2012b). [These results demonstrated 
that exposure to MWCNT in vitro (i) downreg-
ulated or upregulated some tumour-suppressor 
genes and oncogenes, respectively, and (ii) modi-
fied the expression of cancer genes also found 
to be deregulated in human lung cancers and 
malignant mesotheliomas with similar effects 
produced by exposure to crocidolite asbestos.]

A transcriptomic analysis was performed in 
telomerase-immortalized human keratinocytes 
(N-hTERT) exposed to MWCNT (NanocylTM 
NC7000 MWCNT; from Nanocyl) produced by 
catalytic CVD. Cells were exposed to a dose of 
100 µg/mL for 24 hours and mRNA expression 
was investigated using small-scale transcrip-
tomic TaqMan low density array profiling (TLDA, 
Applied Biosystems). The relative expression 
levels of 46 mRNAs in treated cells compared 
with untreated cells were reported. Expression of 
the BCL2 oncogene was increased after exposure 
to water-sonicated MWCNT (Vankoningsloo et 
al., 2012). [The authors did not discuss the statis-
tical analysis of these results.]

Carboxylated MWCNT were studied in 
human embryonic kidney epithelial HEK 293 
cells, mouse mesenchymal stem C2C12 cells, 
and human neuroblastoma NB1691 cells. The 
expression of cell-cycle regulatory proteins 
was analysed using Western blot and mRNA 
expression was assessed using RT-PCR after 
exposure to 100 μg/mL of MWCNT for 24 
hours. Expression of the protein p21, encoded by 
CDKN1A (a potential tumour-suppressor gene), 
was enhanced in MWCNT-exposed prolifer-
ating C2C12, HEK 293, and NB1691 cells. This 
was associated with an increased expression of 
the unphosphorylated form of pRb, concordant 
with cell-cycle downregulation. The expression 
of CDKN1A (an inhibitor of cell-cycle progres-
sion) was also enhanced at the transcriptional 
level as assessed using RT-PCR. Interestingly, 
expression of the p53 protein was not found 
to be enhanced, consistent with the absence of 
apoptosis (Zhang & Yan, 2012). [These results 
suggested the p53-independent induction of p21 
in this experimental model.]

(c)	 Experimental systems in vivo

See Table 4.19
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(i)	 SWCNT
C57BL/6 mice were exposed to 5 mg/m3 

of SWCNT by inhalation for 5  hours per day 
for 4 days, or to 10 µg of SWCNT delivered by 
pharyngeal aspiration, after which DNA was 
isolated from lung sections. Three different types 
of mutation were detected in the K-ras gene after 
inhalation; two at codon 12, one of the most 
common mutation sites in human lung cancer, 
and one double mutation at codons 12 and 8. 
Pharyngeal aspiration did not significantly 
enhance K-ras gene mutations (Shvedova et al., 
2008).

ICR mice were exposed to 100 µg/kg bw of 
SWCNT (ASP-100F from Hanhwa Nanotech, 
Republic of Korea) delivered by intratracheal 
instillation. The lungs were harvested 1, 7, 14, 
and 28 days after injection, and proteins were 
extracted from the lung tissue and analysed using 
Western blots. The expression of p53 protein was 
enhanced as early as 1 day after exposure (Park 
et al., 2011a). [The authors did not discuss the 
origin of the cell or the mechanism responsible 
for increased p53 protein expression.]

Exposure of male ICR mice to 100 µg/kg bw 
of SWCNT (metal content, approximately 10% 
wt; diameter, 1.2 nm; length, 2–10 µm; ASP-100F, 
Hanhwa Nanotech) by intratracheal instillation 
resulted in the modification of the expression of 
several proteins assessed by Western blot. One, 
7, and 14 days after exposure, the expression of 
p53, cyclooxygenase 2, and caspase-3 proteins 
was increased in the lungs of exposed mice in 
comparison with controls, then decreased after 
28 days (Park et al., 2011b). [These findings were 
consistent with an increase in the expression of 
the p53 tumour-suppressor gene that is related to 
the induction of apoptosis.]

The effects of SWCNT (diameter, 1.2 nm; 
length, 2–10 µm; ASP-100 F, Hanhwa Nanotech) 
were studied in CCR5+/+ (wild-type) and CCR5−/− 
(knockout) mice exposed to a dose of 100 µg/kg 
bw delivered by intratracheal instillation. CCR5 

is a chemokine receptor that plays a role in inflam-
matory responses. The cell cycle was analysed to 
determine the expression of apoptosis-related 
proteins, and p21Cip1/Waf1, cyclin D1 (ccd1), and 
TGF-β in the lungs 7  days after instillation. 
The expression of apoptosis-related proteins – 
caspase-9, caspase-3, and cleaved poly(ADP-ri-
bose) polymerase – and phospho-p53 protein 
was more markedly increased in the lung tissue 
of knockout mice than in that of wild-type mice. 
The expression of other proteins – p21Cip1/Waf1 
and ccd1 (both potential oncogenes) – was also 
increased in knockout mice (Park et al., 2013). 
[These results were consistent with SWCNT-
induced apoptosis, but also showed that the 
expression of some known or potential onco-
genes (Cdkn1a and Ccnd1 encoding p21Cip1/Waf1 
and ccd1, respectively) can be altered in the lungs 
of mice exposed to SWCNT.]

(ii)	 MWCNT
Male C57BL/6J mice were exposed to 10, 

20, 40, or 80 μg of MWCNT (MWCNT-7, lot # 
05072001K28, from Mitsui & Co.) or vehicle by 
pharyngeal aspiration for 7 or 56 days. Total 
RNA was extracted from frozen lung and quan-
tified using qRT-PCR. A total of 63 genes were 
investigated, 47 of which were selected from 
previous studies that had identified gene expres-
sion signatures of human non-small cell lung 
cancers, determined using genome-wide DNA 
microarray analyses as being potentially associ-
ated with lung cancer risk, and 16 of which were 
hallmarks of cancer signalling pathways. At 7 
and 56 days after exposure, a set of seven and 11 
genes, respectively, showed differential expres-
sion in the lungs of mice exposed to MWCNT 
compared with the vehicle-treated control group. 
Among these, Wif1 (a gene functioning as a 
tumour-suppression gene that has been found 
to be epigenetically silenced in various cancers) 
was downregulated and an oncogene, Bcl-2, was 
also downregulated. Four genes from these two 
subsets of genes showing significant differential 
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mRNA expression at both time-points were 
either upregulated (Ccdc99, Ms×2, and Nos2) 
or downregulated (Wif1) (Pacurari et al., 2011). 
[These results demonstrated that exposure 
to this sample of MWCNT could modify the 
expression of genes that have been shown to be 
prognostic biomarkers in human lung cancers, 
including persistent downregulation of a puta-
tive tumour-suppressor gene.]

C57BL/6J mice were exposed to 0 (vehicle 
control), 10, 20, 40, or 80 μg of MWCNT 
(MWCNT-7, lot # 05072001K28; from Mitsui & 
Co.) by pharyngeal aspiration. RNA extracted 1, 
7, 28, and 56 days after exposure was analysed for 
gene expression profiling using Agilent Mouse 
Whole Genome Arrays (Agilent, Santa Clara, 
CA). Selected genes showed significant changes 
at a minimum of two time-points and with a 
more than 1.5-fold change at all doses, and were 
significant in the linear model for dose or inter-
action of time and dose. The authors compared 
the list of differentially expressed genes from 
the microarray gene expression data with two 
published studies on microarray profiles in 
human lung carcinomas. In treated mice, 24 
genes were consistently differentially expressed. 
From data at 56 days after exposure, 38 genes 
were selected as being associated with cancer. 
When matched in human genomes using gene 
symbols, 16 and 35 genes were found to predict 
the risk and prognosis of human lung cancer 
from data obtained at all time-points and at 56 
days, respectively. Among the proteins encoded 
by the list of 35 genes with differential expres-
sion induced by exposure to MWCNT, several 
were implicated in lung cancer development, 
including two potential oncogenes – BCL3 and 
EGFR. However, both genes were downregulated 
after exposure to MWCNT (Guo et al., 2012).

Microarray gene expression profiling was 
investigated using RNA isolated from the lungs 
of male C57BL/6J mice exposed to 0 (vehicle 
control), 10, 20, 40, or 80 μg of MWCNT 
(MWCNT-7, lot #05072001K28; from Mitsui & 

Co.) delivered by pharyngeal aspiration for 1, 
7, 28, or 56 days. The authors applied a novel 
computational model to generate genome-wide 
mRNA expression profiles that correlated with 
histopathological analysis of mouse lungs, 
focusing on inflammatory and fibrosis path-
ways identified using Ingenuity Pathway iden-
tification. Twenty-three genes were found to 
be involved in both MWCNT-induced inflam-
mation and fibrosis – 67 in inflammation and 
69 in fibrosis. Two of these genes are potential 
oncogenes; egfr was downregulated and junb 
was overexpressed across all days at most doses, 
possibly in relation to persistent inflammation 
(Snyder-Talkington et al., 2013a).

The expression of Tgfβ1 was measured in 
spontaneously hypertensive male rats exposed to 
PBS (control) or 0.6 mg/rat of short (0.5–2 μm) or 
long (20–50 μm) unpurified MWCNT (Nanotech 
Port, Chengdu, China) suspended in PBS by 
non-surgical intratracheal instillation once per 
day for two consecutive days. Tgfβ1 expression 
was evaluated by immunohistochemistry on 
the lung tissue sections and by qRT-PCR anal-
ysis. mRNA expression of other genes involved 
in the TGF-β Smad signalling pathway was also 
measured. [Several genes – Tgfbr2, Smad2, and 
Smad3 – are potential tumour-suppressor genes.] 
TGF-β1 protein expression was detected in lung 
macrophages and near the bronchiolar epithe-
lium in response to MWCNT; the expression 
of both Tgfβ1 and Tgfbr2 genes was increased 
after 7  days of exposure (other times tested: 1 
and 30 days). Additional results suggested that 
the TGF-β/Smad signalling pathway was upreg-
ulated only in rats exposed to long MWCNT 
(Wang et al., 2013).

Pregnant heterozygous p53+/− mice received 
an intravenous injection of 2  mg/kg bw of 
MWCNT. Exposure to MWCNT induced 
mRNA expression of two tumour-suppressor 
genes – Cdkn1a (encoding p21Cip1) and Bax – in 
p53+/+ fetuses, but to a lesser extent in p53+/− and 
p53−/− mice (Huang et al., 2014). [These results 
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suggested that exposure to MWCNT triggers 
apoptosis in mice, a process decreased or inacti-
vated in p53-deficient mice, depending on their 
p53 status.]

Pulmonary responses of C57BL/6 mice after 
exposure to MWCNT (Mitsui 7) were compared 
with in-vitro studies using cultured lung epithe-
lial FE1 cells at the global transcriptomic level. 
Mice were exposed by intratracheal instillation 
to doses of 18, 54, and 162 μg/mouse of MWCNT, 
and lung samples were collected 24 hours after 
exposure. Microarray analyses were performed 
using Agilent 8 × 66K oligonucleotide microar-
rays, and gene expression was analysed using the 
gene ontology classifications of all of the differ-
entially expressed genes. After in-vivo expo-
sure, several pathways were commonly (more 
than one dose) or uniquely (one dose) affected. 
Referring to human orthologous genes, expres-
sion of some oncogenes was upregulated (Aurka 
and Bcl3). Downregulated genes also included 
known or potential oncogenes (Wnt1, Myb, 
and Dnaja4) (Søs Poulsen et al., 2013). [When 
comparing in-vivo and in-vitro models, most of 
the genes associated with exposure to MWCNT 
involved the same pathways, but the number of 
differentially expressed genes, in comparison 
with untreated mice, was higher in vivo than 
in vitro, which was at least partly linked to the 
multicellular versus unicellular nature of these 
model systems.]

(d)	 Experimental systems in vitro

See Table 4.18

(i)	 SWCNT
Murine monocytic RAW 264.7 cells were 

exposed to 0, 1, 10 or 50 µg/mL of acid-function-
alized SWCNT (AF-SWCNT) for 24 hours. Gene 
expression profiles were analysed using cDNA 
microarrays. Based on the criteria of signifi-
cance (P < 0.001 and fold change > 2), differen-
tially expressed genes were identified at a dose of 
10 µg/mL. A total of 130 genes were differentially 

expressed: 126 were underexpressed and four 
were overexpressed. Among these genes, MYC 
(oncogene) mRNA expression was upregulated in 
AF-SWCNT-treated RAW 264.7 cells in compar-
ison with controls, confirmed using RT-PCR 
analyses. Several genes involved in DNA repair 
were downregulated, including XPA, XRCC1, 
XRCC4, and CHEK1 (potential tumour-sup-
pressor genes). Globally, AF-SWCNT altered the 
expression of genes related to ribosome function, 
mitochondrial function, inflammatory response, 
cell cycle/apoptosis, and the proteasome pathway 
(Dong et al., 2012). [These results showed that 
AF-SWCNT may downregulate tumour-sup-
pressor genes involved in the repair of DNA 
damage and stimulate the expression of onco-
genes in RAW 264.7 cells.]

(ii)	 MWCNT
Rat lung epithelial RL 65 cells exposed to 

MWCNT (diameter, 6–13 nm; length, 2.5–20 
µm; Sigma-Aldrich) showed increased levels of 
p53, p21Cip1/Waf1, and bax protein expression after 
12 hours of exposure to 5 µg/mL, probably related 
to the induction of apoptosis (Ravichandran et 
al., 2010).

SWCNT (outside diameter, 1–2 nm; 
length, ~20 µm; Beijing Nachen Technology 
& Development Co. Ltd) were studied in rat 
adrenal gland pheochromocytoma PC12 cells. 
After 24 and 48 hours of exposure to 50 µg/mL 
of SWCNT, the expression of proteins involved 
in apoptosis – Bcl-2, an oncogenic protein, and 
bax – was determined using flow cytometry. 
Bcl-2 expression was decreased and bax protein 
and caspase-3 activity were increased in compar-
ison with control cells, consistent with the induc-
tion of apoptosis in SWCNT-treated PC12 cells 
(Wang et al., 2012b).

Mouse embryonic J11 stem cells were exposed 
to MWCNT (Tsinghua and Nanfeng Chemical 
Group Cooperation, China) and the DNA damage 
response induced was analysed by measuring 
p53 protein expression levels. The expression 
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of p53 protein was observed within 2  hours of 
exposure, and increased proportionally with the 
dose (5 and 100 µg/mL). Phosphorylation of p53 
protein was assessed using the phospho-spe-
cific antibody to p53-Ser-23 and confirmed the 
activation of the p53 DNA damage-induced 
response pathway (Zhu et al., 2007). [Increased 
p53 protein expression suggests that MWCNT 
could cause DNA damage.] 

The expression of TGFβ1, a tumour-sup-
pressor gene that might also be an oncogene, was 
assessed in a co-culture of the mouse leukaemic 
monocyte macrophage RAW 264.7 cell line and 
the mouse embryonic fibroblast NIH 3T3 cell 
line, using RT-PCR analysis. RAW 264.7 cells 
seeded in the bottom well were first exposed 
to short (length, 0.5–2 µm) or long (20–50 µm) 
MWCNT (15  μg/mL) for 24 hours, and then 
NIH 3T3 cells that had attached on the top of the 
insert for 24 hours were co-cultured with RAW 
264.7 for another 24 hours. mRNA expression of 
TGF-β1 was more upregulated by exposure to long 
MWCNT in comparison with short MWCNT. In 
parallel, more TGF-β1 protein was expressed in 
co-cultures exposed to long MWCNT than those 
exposed to short MWCNT (Wang et al., 2013).

A comparison of the in-vivo pulmonary 
responses of C57BL/6 mice to MWCNT (Mitsui 
7) with the in-vitro response of lung epithe-
lial FE1 cells (a spontaneously immortalized 
lung epithelial cell line derived from a normal 
healthy MutaTM Mouse) was made at the global 
transcriptomic level (Søs Poulsen et al., 2013). 
This cell line retains key endogenous metabolic 
capacity and intact p53 signalling pathways, 
and expresses both type I and type II alveolar 
phenotypes (Berndt-Weis et al., 2009). FE1 
cells were exposed to 12.5, 25, or 100 μg/mL 
of MWCNT for 24 hours. Microarray analyses 
were performed using Agilent 8 × 66K oligonu-
cleotide microarrays and gene expression was 
analysed using the gene ontology classification 
of differentially expressed genes. After in-vivo 
exposure, several pathways were commonly 

(several doses) or uniquely (one dose) affected. 
In FE1 cells in vitro, genes commonly affected 
included pathways involving aryl hydrocarbon 
receptor signalling, GSH-mediated detoxifi-
cation, acute phase response signalling, and 
the nuclear factor (erythroid-derived 2)-like 
2-mediated oxidative stress response. Among 
the upregulated genes, several were known or 
potential oncogenes or genes involved in cancer, 
including Jun, Ddit3, Hmga2, Ctgf, Runx1, and 
Fosl1, some of which may also have tumour-sup-
pressor functions in specific models. Among the 
downregulated genes, several were also known 
or potential tumour-suppressor genes or genes 
involved in cancer, such as Pdgfrl, Id4, Cdkn2c, 
Cdkn2d (p19), Tgfβ2, Gstm2, and Gstt1, some 
of which may also have oncogenic functions in 
specific systems (Pdgfra and Cdkn2d). In-vitro 
data showed a high degree of overlap across the 
exposure groups, with some exceptions at the 
highest concentration (Søs Poulsen et al., 2013). 
[When comparing the two in-vitro and in-vivo 
models after exposure to MWCNT, most of the 
genes were associated with the same pathways, 
but the number of differentially expressed genes 
was lower in vitro and in vivo in comparison with 
untreated mice, which was at least partly linked 
to the multicellular versus unicellular nature of 
the systems.]

(e)	 Acellular systems in vitro

The generation of radicals by MWCNT was 
studied in an acellular system. MWCNT were 
synthesized by the decomposition of ethylene 
on an alumina support doped with a cobalt–
iron catalyst mixture and purified by subse-
quent treatment with sodium hydroxide. The 
potential of MWCNT to release free radicals 
in aqueous suspensions was thus monitored by 
ESR spectroscopy, using 5,5-dimethyl-1-pyrro-
line-N-oxide as a trapping agent. A suspension 
of 5 mg of MWCNT did not generate oxygen or 
carbon-centred free radicals in the presence of 
hydrogen peroxide or formate, respectively. In 
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contrast, MWCNT were able to scavenge radicals 
in the presence of an external source of hydoxyl 
radicals, •OH, or superoxide radicals, O2•- 
(Fenoglio et al., 2006). [Although not formally 
demonstrated, it is possible that MWCNT might 
protect against antioxidant depletion.]

The ability of various types of MWCNT to 
generate/scavenge radical formation was studied 
in both cell-free systems and human bronchial 
BEAS-2B cells. Printex 90 carbon black, croci-
dolite asbestos, and glass wool were also used. 
Hydrogen peroxide-induced free radical forma-
tion was determined by ESR. All CNM were 
found to scavenge the induction of •OH, but the 
presence of bovine serum albumin abolished 
•OH production in some samples. In addition to 
a scavenging effect, two types of long, needle-like 
MWCNT (average diameter, > 74 and 64.2 nm; 
average length, 5.7 and 4.0 μm, respectively) 
induced the dose-dependent formation of a 
unique, as yet unidentified radical in both the 
absence and presence of cells, which also coin-
cided with cytotoxicity. The ability of MWCNT to 
protect against oxidant formation also depended 
on the composition of the medium (Nymark et 
al., 2014).

4.5	 Susceptible populations

See Table 4.20
No data on human populations were available 

to the Working Group. One study was carried 
out in transgenic animals with increased suscep-
tibility to carcinogenic substances (Takanashi et 
al., 2012). Several experimental studies focused 
on the possible aggravation of airway disease and 
the effects of CNT on pulmonary vessels using 
models of asthma in mice. 

Studies of genes related to inflammation in 
genetically deficient mice are also reported below. 
Although not related to cancer, these studies are 
summarized in relation to their pertinence to 
inflammatory processes.

4.5.1	 Modification of risks for cancer of the 
lung

(a)	 MWCNT

The effects of MWCNT on allergic airway 
inflammation were studied in four groups of 
ICR mice that received intratracheal injections 
of vehicle, MWCNT (50 μg/animal; one of two 
types: Bussan Nanotech Research and SES 
Research), OVA, and OVA+MWCNT. Biological 
parameters were measured in the BALF (cellu-
larity), lungs (histology, protein levels of 
cytokines related to allergic inflammation in 
lung homogenates and BALF), and serum (Ig 
levels). MWCNT exacerbated murine allergic 
airway inflammation, as demonstrated by an 
aggravation of allergen-induced airway inflam-
mation and an increased number of goblet cells 
in the bronchial epithelium, and exhibited 
adjuvant activity for allergen-specific IgG1 and 
IgE. OVA+MWCNT amplified the lung levels of 
Th2 cytokines (e.g. IL-4, IL-5, and IL-13) and 
chemokines (e.g. thymus- and activation-reg-
ulated chemokine and macrophage-derived 
chemokine) compared with OVA (Inoue et al., 
2009).

The effects of the inhalation of MWCNT 
on airway fibrosis were investigated in normal 
and OVA-sensitized mice with allergic asthma. 
Quantitative morphometry showed signifi-
cant airway fibrosis in OVA-sensitized mice 
14 days after exposure to MWCNT but not in 
mice treated with OVA or MWCNT alone. The 
levels of inflammatory factors in the BALF 
differed according to the exposure: IL-13 and 
TGF-β1 were elevated in OVA-sensitized mice 
while PDGF-AA was elevated in MWCNT-
treated mice, suggesting that the airway fibrosis 
resulting from the combined effect of OVA and 
MWCNT required PDGF (a fibroblast mitogen) 
and TGF-β1 that stimulates collagen production 
(Ryman-Rasmussen et al., 2009b). [These find-
ings indicated that individuals with pre-existing 
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allergic inflammation may be susceptible to 
airway fibrosis from inhaled MWCNT.] 

Whether sensitization by MWCNT (30 μL 
of 0.01, 0.1, or 1 mg/mL) and OVA (30 μL of 
2.5 mg/mL) (combined) promotes an allergic 
asthmatic response was examined in mice. An 
increase in airway resistance was observed in 
the groups treated with OVA + 0.1 or 1 mg/mL 
of MWCNT compared with controls and those 
treated with OVA or MWCNT alone. In OVA 
+ 1-mg/mL MWCNT-treated mice, the concen-
tration of pro-inflammatory cytokines (IL-4, 
IL-5, IL-13, and IL-17) was increased in lung 
tissues and that of the anaphylatoxin C3a in the 
BALF. OVA-specific IgE, IgG1, and IgG2a were 
increased in the serum of mice sensitized with 
OVA and MWCNT (Mizutani et al., 2012).

The effects of MWCNT on the systemic 
immune response, airway inflammation, and 
remodelling induced by house dust mites (HDM) 
was investigated in BALB/cByJ mice. MWCNT 
increased the systemic immune response (signif-
icantly enhanced levels of specific and total 
IgG1 in the serum of HDM+MWCNT-treated 
mice compared with control mice and mice 
treated with the highest dose of HDM), airway 
inflammation (significantly enhanced number of 
eosinophils, neutrophils, and lymphocytes in the 
BALF of HDM+MWCNT-treated mice compared 
with control mice and mice treated with the 
highest dose of HDM), mucus production, and 
fibrotic response in a dose-dependent manner, 
as demonstrated by histological analyses of the 
lungs (Ronzani et al., 2014). [HDM are the most 
frequent allergens associated with asthma to 
date; using this model of asthma in mice, expo-
sure to MWCNT was found to aggravate aller-
gen-induced systemic immune responses, as well 
as airway inflammation and remodelling.]

The instillation of CNT has been shown to 
induce granulomatous changes and a study was 
performed to determine whether peroxisome 
proliferator-activated receptor gamma (PPARγ) 
deficiency would enhance granuloma formation 

after exposure to MWCNT (Huizar et al., 2013). 
PPARγ is a transcription factor that acts as aneg-
ative regulator of genes linked to inflammatory 
events. The alveolar macrophages of healthy 
individuals constitutively express PPARγ but 
PPARγ is deficient in the alveolar macrophages of 
patients with severe sarcoidosis, a granulomatous 
disease. PPARγ was therefore hypothesized to 
play a role in the formation of MWCNT-induced 
granulomas. Wild-type and macrophage-spe-
cific PPARγ knockout C57BL/6 mice received 
oropharyngeal instillations of 100 μg of MWCNT. 
The expression and activity of PPARγ by alve-
olar macrophages were significantly reduced in 
MWCNT-treated wild-type mice bearing gran-
ulomas. Granuloma formation was more exten-
sive in MWCNT-treated macrophage-specific 
PPARγ knockout mice than in wild-type mice. 
PPARγ knockout mice exposed to MWCNT 
also demonstrated an elevated expression of 
pro-inflammatory cytokines in the lung tissues, 
laser-microdissected lung granulomas, and 
BALF cells. [These data suggested that PPARγ 
deficiency may promote inflammation and gran-
uloma formation.]

Wild-type or cyclooxygenase 2 knockout 
mice were sensitized to OVA to induce allergic 
airway inflammation before exposure to 4 mg/kg 
bw of MWCNT by oropharyngeal aspiration. 
Exposure to MWCNT significantly increased 
OVA-induced lung inflammation and mucus-
cell metaplasia in knockout mice compared with 
wild-type mice. Allergen-induced cytokines 
involved in Th2, Th1, and Th17 inflamma-
tory responses were significantly enhanced in 
MWCNT-treated knockout but not in wild-type 
mice (Sayers et al., 2013).

MWCNT were implanted subcutaneously 
into transgenic rasH2 mice that overexpress 
the c-Ha-ras oncogene and are highly sensitive 
to carcinogens. Carbon black and N-methyl-N-
nitrosourea were used as controls. No tumour 
developed in MWCNT-treated mice. In the 
carbon black-treated group, one mouse had a 
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haemangioma in the spleen and another had an 
adenoma in the lung. Neoplasms developed in 
all mice in the N-methyl-N-nitrosourea-treated 
group but in none of the solvent-treated group 
(Takanashi et al., 2012). [These results showed 
that carcinogen-sensitive rasH2 mice did not 
develop neoplasms after subcutaneous implan-
tation of MWCNT under these experimental 
conditions.]

(b)	 SWCNT

OVA-sensitized rats were exposed to SWCNT 
by intratracheal instillation. SWCNT exacer-
bated OVA-induced allergic asthma and this 
exacerbation was counteracted by the concurrent 
administration of vitamin E (Li et al., 2014).

The effects of SWCNT on allergic airway 
inflammation was studied in four groups of 
ICR mice that received intratracheal instilla-
tions of vehicle, SWCNT (50 μg/animal), OVA, 
and OVA+SWCNT. Two types of SWCNT 
were administered: one type ranged from 0.8 
to 1.2  nm in diameter and 100 to 1000 nm in 
length and contained < 35% (by weight) iron; the 
other type (SES Research) was formed in the arc 
process and ranged from 1.2 to 2 nm in diameter 
and 1 to 15 μm in length. Both types of SWCNT 
contained up to 75% nanotubes (the remaining 
material consisted of amorphous carbon and 
other carbon nanoparticles) and were auto-
claved at 250 °C for 2 hours before use. SWCNT 
aggravated allergen-induced pulmonary inflam-
mation with mucus hyperplasia. OVA+SWCNT 
enhanced the protein levels of Th cytokines and 
chemokines related to allergy in the lung and 
exhibited adjuvant activity for allergen-spe-
cific IgG1 and IgE compared with OVA alone. 
OVA+SWCNT-treated mice also had enhanced 
oxidative stress-related biomarkers in the airways 
(Inoue et al., 2010). [These results were consistent 
with an exacerbation of allergic airway inflam-
mation in mice via the enhanced activation of Th 
immunity and increased oxidative stress.]

The effects of SWCNT were investigated 
in wild-type and Ccr5 (a C-C chemokine 
receptor predominantly expressed on T-cells, 
macrophages, dendritic cells, and microglia, 
which plays an important role in inflamma-
tory responses to infections) knockout mice. A 
comparison of wild-type and knockout mice 
exposed to SWCNT showed a significant decrease 
in the levels of neutrophils and an increase in 
the expression of apoptosis-related proteins, 
TGF-βl, and mesothelin in knockout mice. 
Histopathological lesions were also observed 
more frequently in knockout mice. The concen-
trations of the pro-inflammatory cytokines 
IL-6, IL-13, and IL-17 in BALF were significantly 
higher in knockout than in wild-type mice, but 
the levels of IL-1β, IL-10, and IFN-γ were similar 
in both models. Ccr5 deficiency may delay the 
resolution of inflammatory responses trig-
gered by SWCNT and shifts the inflammatory 
response for SWCNT clearance from a Th1-type 
to a Th2-type (Park et al., 2013).

Nanoparticles have been reported to produce 
respiratory damage associated with adverse 
cardiovascular effects. To evaluate the effects of 
SWCNT on the progression of atherosclerosis, 
apolipoprotein E knockout (ApoE–/–) C57BL/6 
mice were fed normal or atherogenic diets and 
were exposed by intrapharyngeal instillation to 
SWCNT. ApoE–/– mice lack ApoE, a high-affinity 
ligand for lipoprotein receptors, and conse-
quently have elevated plasma levels of cholesterol 
and triglycerides and develop atherosclerotic 
plaques. Exposure to SWCNT did not modify the 
lipid profiles of ApoE–/– mice but induced accel-
erated plaque formation in mice fed an athero-
genic diet. This response was accompanied by 
increased mitochondrial DNA damage but not 
inflammation (Li et al., 2007b). [These findings 
suggested that ApoE deficiency may enhance 
sensitivity to SWCNT.]
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4.6	 Mechanistic considerations

4.6.1	 Physical and chemical properties 
associated with biological activity

See Fig. 4.2
The physico-chemical properties of CNT 

may be modulated by their production method, 
by applying post-synthesis modification (puri-
fication), and/or by covalent functionalization 
of their external surface. The resulting large 
variety of CNT, their different features and their 
impact on biological activity and pathogenicity 
are reviewed in Section 4.2 and summarized in 
Table 4.2 and Fig. 4.2.

4.6.2	Deposition, biopersistence, 
translocation, and associated end-
points

See Table 4.21
The lung interstitium and pleura were the 

target tissues for the carcinogenic (see Section 
3), inflammogenic, and fibrotic effects that have 
been reported to be associated with exposure to 
MWCNT in rats and mice.

The biokinetic factors that relate to the 
mechanisms of carcinogenicity are those that 
influence the dose to the target tissue. These 
factors include the particle characteristics that 
determine the efficiency of their deposition in 
the respiratory tract, their clearance or retention, 
and their potential for translocation to distal 
sites. Airborne CNT include inhalable (capable 
of depositing in any region of the respiratory 
tract; 50% cut size, 10 µm) or respirable size parti-
cles (capable of depositing in the pulmonary or 
alveolar region of the lungs where gas exchange 
occurs; 3 and 5 µm for adults and children, 
respectively) (Brown et al., 2013). Particles that 
are deposited in the pulmonary region can be 
cleared from the lungs by alveolar macrophages, 
and those that are not cleared have the potential 
to translocate beyond the lungs.

CNT of respirable size have been shown to be 
deposited in the lungs of rats and mice exposed 
by inhalation, with estimated pulmonary 
deposition fractions of approximately 1–4% for 
SWCNT or MWCNT in mice (Shvedova et al., 
2008; Mercer et al., 2013a) and approximately 
5–20% for MWCNT in rats (Pauluhn, 2010b; 
Oyabu et al., 2011). Estimated human pulmonary 
deposition fractions for MWCNT or SWCNT 
studied in rodents were approximately 8 to 10% 
(NIOSH, 2013).

CNT can enter cells by passive internalization 
(diffusion or penetration of the cell membrane) 
or active internalization (phagocytosis or other 
types of endocytosis) (Kunzmann et al., 2011; 
Ye et al., 2013). The mechanisms of cell uptake 
depend on the surface properties of the CNT, 
the cell type encountered and its activation state. 
SWCNT uptake into alveolar macrophages was 
low (10% of alveolar burden in mice) (Shvedova 
et al., 2005) and 90% of dispersed SWCNT struc-
tures were observed in the lung interstitium 
(Mercer et al., 2008). More effective uptake of 
MWCNT has been observed (Mercer et al., 2010, 
2011; Treumann et al., 2013). F-MWCNT signifi-
cantly increased the alveolar macrophage uptake 
in comparison with O- or P-MWCNT (Silva et 
al., 2014).

CNT translocated from the lungs of mice 
and were observed in blood samples (Ingle et 
al., 2013). Two sizes of MWCNT (diameter, 
60–80 nm or 90–150 nm) were observed as black 
pigments in liver tissue 1 day after intratracheal 
administration; dose-dependent toxicity and 
necrosis were observed in the liver and kidney 
(Reddy et al., 2010a). MWCNT seen by TEM 
were located in alveolar macrophages in the 
subpleural region, where focal subpleural fibrosis 
was also observed 2 weeks after inhalation expo-
sure of 30 mg/m3 in mice (Ryman-Rasmussen 
et al., 2009a). MWCNT administered to rats 
by intrapulmonary spraying were observed to 
penetrate directly from the lungs to the pleural 
cavity through the visceral pleura, where visceral 
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Fig. 4.2 Physical and chemical properties of carbon nanotubes associated with biological activity
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a CNTs do not generate radicals/reactive oxygen species (ROS) per se, but act as quenchers of radicals/ROS. When in contact with cells, an 
oxidative stress response may take place, but the radicals/ROS generated by cells may be totally or partially quenched by CNT. A balance 
between radicals/ROS generated or quenched depends on cell activity and the quenching potential of CNT, and is strictly related to defects
b Tangled or less dense material may lead to volumetric overload mechanism. Reagglomeration may occur dur to hydrophobic interaction
c Nitric acid purification may also lead to defects
CNT, carbon nanotube; MWCNT, multiwalled carbon nanotube; SWCNT, single-walled carbon nanotube
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pleural cell proliferation was apparent at the end 
of the 9-day exposure (Xu et al., 2012). MWCNT 
(as-produced, CM-100; diameter, ~10–15 nm; 
length, ~20 µm) were observed in the pleura 
28 days after a 90-day exposure by inhalation 
in rats, and DNA damage was observed (by the 
comet assay) up to 90 days after exposure (Kim 
et al., 2014). [The Working Group noted the short 
length of the aerosol generated.]

The numbers of MWCNT in the lungs and 
other organs were quantified after a 12-day expo-
sure of mice to 5 mg/m3 for 5 hours per day; most 
of the MWCNT in the lungs were agglomerated, 
but only singlet MWCNT structures (average 
length, 6.9 µm) were observed in the liver, kidney, 
heart, brain, chest wall, and diaphragm (Mercer 
et al., 2013a, b). Rapid translocation of MWCNT 
occurred and 0.6% of the dose administered by 
pharyngeal aspiration was seen in the subpleura 
of mice 1  day after exposure (Mercer et al., 
2010). 14C-Radiolabelled MWCNT administered 
to mice by pharyngeal aspiration was detected 
in the spleen and liver 1  day after exposure, 
increasing to 0.1–1% of the administered dose by 
6–12 months after exposure, while the lung dose 
decreased to 10–20% of the administered dose 
over that time (Czarny et al., 2014).

The length and rigidity of the MWCNT 
influenced their clearance from the pleura after 
intrapleural injection; mice given the longer 
structures (mean length, 13 µm) developed 
significant inflammation and fibrosis of the 
parietal pleura compared with those given the 
shorter MWCNT (length, 0.5–5 µm) (Murphy et 
al., 2011).

The rat lung retention rate of short MWCNT 
(geometric mean length, 1.1 µm; GSD, 2.7) was 
similar to that for respirable poorly soluble 
spherical particles, with a retention half-time of 
approximately 50 days after inhalation exposure 
to 0.37 mg/m3 of MWCNT (Oyabu et al., 2011). 
The rat lung retention half-times were greater for 
another MWCNT (Baytubes; MMAD, ~3 µm; 
GSD, ~2), ranging from 151 to 375 days in rats 

exposed to inhalation concentrations ranging 
from 0.1 to 6 mg/ mg/m3 (Pauluhn, 2010a). 

4.6.3	Persistent inflammation, granuloma 
formation, fibrosis, and pleural end-
points

The studies on the toxicity of CNT in vivo 
are summarized in Table 4.22, in which the types 
of CNT and biological end-points are identified. 
Acute or persistent pulmonary inflammation 
(Fig.  4.3), pulmonary granuloma, fibrosis, and 
pleural end-points with well-defined effects were 
observed in the studies of MWCNT, SWCNT, 
and other CNT. Regardless of the number of 
walls or extent of purification, significant dose–
response relationships were observed for these 
pulmonary end-points. 

Occupational exposures to CNT may be to 
various types and forms of CNT that vary with 
respect to purity, especially in the content and 
bioavailability of metal catalyst residues. In 
general, MWCNT and SWCNT used in their 
“as-produced” or pure or purified forms produce 
a marked acute inflammatory response in the 
lungs after inhalation/aspiration. There is some 
evidence that “fully purified” MWCNT showed 
less severe responses than “as-produced” or 
partially purified MWCNT. Repeated expo-
sure to CNT by inhalation/aspiration induces a 
persistent inflammatory response with concom-
itant focal granuloma formation and co-locali-
zation of fibrosis in a dose-dependent fashion. 
Even acute exposure to MWCNT can lead to 
their translocation to the pleura with subpleural 
cellular infiltration, collagen deposition, and 
pleural (mesothelial) cell hyperplasia.

4.6.4	Genotoxicity

See Table 4.23, Table 4.24, and Table 4.25
[The Working Group recognized the difficul-

ties in evaluating the results of studies of geno-
toxicity due to the lack of standardized methods 



IARC MONOGRAPHS – 111

182

Ta
bl

e 
4.

22
 S

um
m

ar
y 

of
 re

su
lt

s 
fo

r e
nd

-p
oi

nt
s 

re
la

te
d 

to
 p

er
si

st
en

t i
nfl

am
m

at
io

n,
 g

ra
nu

lo
m

a 
fo

rm
at

io
n,

 fi
br

os
is

, a
nd

 p
le

ur
al

 
en

d-
po

in
ts

 a
ft

er
 e

xp
os

ur
e 

to
 c

ar
bo

n 
na

no
tu

be
s 

in
 v

iv
o 

En
d-

po
in

t
M

W
C

N
T

SW
C

N
T

O
th

er
 C

N
T

A
s-

pr
od

uc
ed

Pu
re

 o
r p

ur
ifi

ed
Fu

lly
 p

ur
ifi

ed
a

A
s-

pr
od

uc
ed

Pu
re

 o
r p

ur
ifi

ed

A
cu

te
 

pu
lm

on
ar

y 
in

fla
m

m
at

io
n

(+
) M

ul
le

r e
t a

l. 
(2

00
8a

) 
(+

D
) M

a-
H

oc
k 

et
 a

l. 
(2

00
9)

 
(+

D
) P

ar
k 

et
 a

l. 
(2

00
9)

 
(–

) M
itc

he
ll 

et
 a

l. 
(2

00
7)

 
(–

) E
lg

ra
bl

i e
t a

l. 
(2

00
8)

 
(–

) M
itc

he
ll 

et
 a

l. 
(2

00
9)

(+
D

) M
ul

le
r e

t a
l. 

(2
00

5)
 

(+
) H

an
 e

t a
l. 

(2
01

0)
 

(+
D

) K
as

ai
 e

t a
l. 

(2
01

5)
 

(+
) M

ul
le

r e
t a

l. 
(2

00
8a

) 
(–

) M
or

im
ot

o 
et

 a
l. 

(2
01

2b
) 

(in
ha

la
tio

n 
ex

po
su

re
)

(–
) M

ul
le

r e
t 

al
. (

20
08

a)
(+

) W
ar

he
it 

et
 a

l. 
(2

00
4)

(–
) M

or
im

ot
o 

et
 a

l. 
(2

01
2a

)
(+

D
) C

ro
uz

ie
r 

et
 a

l. 
(2

01
0)

 
(8

0%
 

D
W

C
N

T/
20

%
 

SW
C

N
T)

Pe
rs

is
te

nt
 

pu
lm

on
ar

y 
in

fla
m

m
at

io
n

(+
D

) M
a-

H
oc

k 
et

 a
l. 

(2
00

9)
 

(+
D

) E
lli

ng
er

-Z
ie

ge
lb

au
er

 &
 

Pa
ul

uh
n 

(2
00

9)
 

(+
D

) A
is

o 
et

 a
l. 

(2
01

0)
(+

D
) T

re
um

an
n 

et
 a

l. 
(2

01
3)

 
(+

) M
er

ce
r e

t a
l. 

(2
01

3a
) 

(–
) E

lg
ra

bl
i e

t a
l. 

(2
00

8)

(+
D

) E
lli

ng
er

-Z
ie

ge
lb

au
er

 &
 

Pa
ul

uh
n 

(2
00

9)
 

(+
D

) K
ob

ay
as

hi
 e

t a
l. 

(2
01

0)
 

(+
D

) P
or

te
r e

t a
l. 

(2
01

0)
 

(+
D

) M
er

ce
r e

t a
l. 

(2
01

1)
(+

D
) M

or
im

ot
o 

et
 a

l. 
(2

01
2b

) 
(in

tr
at

ra
ch

ea
l i

ns
til

la
tio

n)
 

(+
D

) K
as

ai
 e

t a
l. 

(2
01

5)
 

(–
) M

or
im

ot
o 

et
 a

l. 
(2

01
2b

) 
(in

ha
la

tio
n 

ex
po

su
re

)

(+
D

) S
hv

ed
ov

a 
et

 a
l. 

(2
00

8)
(+

D
) S

hv
ed

ov
a 

et
 a

l. 
(2

00
5)

 
(+

D
) S

hv
ed

ov
a 

et
 a

l. 
(2

00
7)

(+
D

) K
ob

ay
as

hi
 e

t a
l. 

(2
01

1)
 

(+
D

) M
or

im
ot

o 
et

 a
l. 

(2
01

2c
) 

(+
) M

ur
ra

y 
et

 a
l. 

(2
01

2)
 

(–
) M

or
im

ot
o 

et
 a

l. 
(2

01
2a

)

(+
D

) D
el

or
m

e 
et

 a
l. 

(2
01

2)
 

(C
N

F)
 

(+
) M

ur
ra

y 
et

 
al

. (
20

12
) (

C
N

F)
 

(+
D

) S
ag

er
 

et
 a

l. 
(2

01
3)

 
(D

W
C

N
T)

Pu
lm

on
ar

y 
gr

an
ul

om
a 

or
 

fib
ro

si
s

(+
) M

ul
le

r e
t a

l. 
(2

00
8a

) 
(+

D
) M

a-
H

oc
k 

et
 a

l. 
(2

00
9)

 
(+

D
) R

ym
an

-R
as

m
us

se
n 

et
 a

l. 
(2

00
9a

) 
(+

D
) A

is
o 

et
 a

l. 
(2

01
0)

(+
) C

es
ta

 e
t a

l. 
(2

01
0)

 
(+

D
) P

au
lu

hn
 (2

01
0b

) 
(+

D
) T

re
um

an
n 

et
 a

l. 
(2

01
3)

 
(+

) M
er

ce
r e

t a
l. 

(2
01

3a
)

(+
D

) M
ul

le
r e

t a
l. 

(2
00

5)
 

(+
D

) E
lli

ng
er

-Z
ie

ge
lb

au
er

 &
 

Pa
ul

uh
n 

(2
00

9)
 

(+
D

) P
or

te
r e

t a
l. 

(2
01

0)
 

(+
D

) M
er

ce
r e

t a
l. 

(2
01

1)
 

(+
D

) M
or

im
ot

o 
et

 a
l. 

(2
01

2b
) 

(in
tr

at
ra

ch
ea

l 
in

st
ill

at
io

n;
 b

ol
us

) 
(+

D
) K

as
ai

 e
t a

l. 
(2

01
5)

 
(+

) M
ul

le
r e

t a
l. 

(2
00

8a
) 

(–
) M

or
im

ot
o 

et
 a

l. 
(2

01
2b

) 
(in

ha
la

tio
n 

ex
po

su
re

)

(±
 ) 

M
ul

le
r e

t 
al

. (
20

08
a)

(+
D

) S
hv

ed
ov

a 
et

 a
l. 

(2
00

5)
 

(+
D

) K
ob

ay
as

hi
 e

t a
l. 

(2
01

1)
 

(+
D

) M
or

im
ot

o 
et

 a
l. 

(2
01

2c
)

(+
) M

ur
ra

y 
et

 a
l. 

(2
01

2)
 

(–
) M

or
im

ot
o 

et
 a

l. 
(2

01
2a

) 
(–

) F
uj

ita
 e

t a
l. 

(2
01

5)
 

(+
D

) D
el

or
m

e 
et

 a
l. 

(2
01

2)
 

(C
N

F)
 

(+
D

) S
ag

er
 

et
 a

l. 
(2

01
3)

 
(D

W
C

N
T)

O
th

er
 

bi
ol

og
ic

al
 

eff
ec

ts

(+
) P

ol
an

d 
et

 a
l. 

(2
00

8)
 

(p
er

ito
ne

al
 g

ra
nu

lo
m

a)
 

(+
) M

ur
ph

y 
et

 a
l. 

(2
01

1)
 

(p
le

ur
al

 in
fla

m
m

at
io

n)
 

(+
) S

ch
in

w
al

d 
et

 a
l. 

(2
01

2)
 

(p
le

ur
al

 in
fla

m
m

at
io

n)

(–
) M

ul
le

r e
t a

l. 
(2

00
9)

(–
) M

ul
le

r e
t 

al
. (

20
09

)

a 	
M

et
al

 im
pu

ri
tie

s a
nd

 d
ef

ec
ts

 w
er

e 
el

im
in

at
ed

 b
y 

he
at

in
g 

at
 h

ig
h 

te
m

pe
ra

tu
re

s (
24

00
 °C

)
(+

) p
os

iti
ve

 fi
nd

in
gs

 w
er

e 
ob

se
rv

ed
 a

t a
ny

 te
st

ed
 d

os
e;

 (±
 ) 

eq
ui

vo
ca

l fi
nd

in
gs

 w
er

e 
ob

se
rv

ed
 a

t t
he

 h
ig

he
st

 d
os

e;
 (–

) n
o 

po
sit

iv
e 

fin
di

ng
s w

er
e 

ob
se

rv
ed

 a
t t

he
 h

ig
he

st
 d

os
e;

 (+
D

), 
po

sit
iv

e 
do

se
–r

es
po

ns
e 

re
la

tio
ns

hi
p 

w
as

 o
bs

er
ve

d;
 C

N
F,

 c
ar

bo
n 

na
no

fib
re

s; 
C

N
T,

 c
ar

bo
n 

na
no

tu
be

s; 
D

W
C

N
T,

 d
ou

bl
e-

w
al

le
d 

ca
rb

on
 n

an
ot

ub
es

; M
W

C
N

T,
 m

ul
tiw

al
le

d 
ca

rb
on

 n
an

ot
ub

es
; 

SW
C

N
T,

 si
ng

le
-w

al
le

d 
ca

rb
on

 n
an

ot
ub

es



Carbon nanotubes

183

for genotoxicity testing, and variations in sample 
preparations and characterization of CNT.]

The Working Group did not identify any 
studies on genotoxicity end-points in presumed 
target tissues, surrogate cells (peripheral blood 
leukocytes), or matrices (e.g. urine) in humans 
with well-defined exposure to CNT and there-
fore regarded the observations in cultured 
human cells as being the most relevant with 
regard to supporting mechanistic evidence for 
carcinogenicity. In particular, both MWCNT 
and SWCNT induced aneuploidy in primary 
or immortalized human airway epithelial cells 
(Sargent et al., 2009, 2012a). This mechanism, 
which is described as a physical interference 
between CNT and the mitotic apparatus or frag-
mentation of the centrosome, is considered to be 
relevant for (airway) exposure of humans in vivo. 
These observations of chromosomal damage are 
supported by positive findings for SWCNT in 
cultured primary human lymphocytes (Catalán 
et al., 2012) and for MWCNT in the bronchial 

epithelial BEAS-2B cell line (Siegrist et al., 
2014). Further supporting evidence in six out of 
eight studies showed an increased frequency of 
micronuclei in human cell lines after exposure 
to either SWCNT or MWCNT (Muller et al., 
2008b; Cveticanin et al., 2010; Cicchetti et al., 
2011; Thurnherr et al., 2011; Lindberg et al., 2013; 
Manshian et al., 2013; Kim & Yu, 2014; Tavares et 
al., 2014). Studies that gave negative results inves-
tigated the effects of pure MWCNT (length, 2–5 
μm; diameter, 6–26 nm; 0.4% iron) (Thurnherr 
et al., 2011) and SWCNT (length, 1–5 µm; diam-
eter, < 2 nm; impurities not reported) (Lindberg 
et al., 2013) that did not appear to differ from 
samples that caused the formation of micronu-
clei. In addition, one study showed that only two 
out of six MWCNT samples generated micronu-
clei, although they did not have overtly different 
physico-chemical characteristics compared with 
non-genotoxic samples (Tavares et al., 2014).

The strongest evidence of mutagenesis derives 
from animal studies that showed increased 

Fig. 4.3 Persistent inflammation and exposure to carbon nanotubes

Pulmonary inflammation

Fibrosis (irreversible)
(One phenotype of persistent

inflammation?)
Epithelial proliferation*
Genotoxicity in epithelial cells*
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Compiled by the Working Group with data from Morimoto et al. (2014)
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levels of guanine phosphoribosyltransferase 
(Gpt) mutations in the lung tissues of mice after 
intratracheal exposure to MWCNT (Kato et al., 
2013) and of K-Ras mutations after inhalation 
exposure to SWCNT (Shvedova et al., 2008, 
2014). The results for mutagenesis in cultured 
cells have been negative, including one study in 
human lymphoblastoid MCL-5 cells (Manshian 
et al., 2013). Genotoxicity studies have provided 
information on the mechanisms of genomic 
instability generated by CNT (Fig. 4.4). Studies 
of DNA damage – essentially DNA strand breaks 
and oxidatively damaged DNA measured by the 
comet assay – in cultured human cells have shown 
genotoxicity after exposure to either MWCNT or 
SWCNT. Increased levels of DNA strand breaks 

in the lungs of rodents after pulmonary exposure 
to either MWCNT or SWCNT were found in four 
studies (Kim et al., 2012a; Kato et al., 2013; Cao et 
al., 2014; Kim et al., 2014) while no increase was 
found in three studies (Naya et al., 2012; Ema et 
al., 2013a; Vesterdal et al., 2014a); intraperitoneal 
injection of MWCNT yielded positive results in 
two studies (Patlolla et al., 2010; Ghosh et al., 
2011). No data were available regarding the rela-
tionship between the characteristics of CNT and 
their ability to generate DNA damage in human 
cultured cells and organs of exposed animals. 
[These observations indicate that the mechan-
isms of genotoxicity involve chromosomal aber-
rations and oxidative stress, although a formal 
assessment of the inhibition of DNA damage 

Fig. 4.4 Mechanisms of genomic instability generated by carbon nanotubes

CNT

Inflammation

Cytokines
Growth factors

ROS

S, G2, M-phase

Lung 
Translocation

Targeted and/or
CNT-loaded cell

Genomic insult
growth
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uptake
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Structural 
defects 

Mitosis 
stress

Mutations

Chromosome 
defects

Genomically
unstable cell 

ssDNA 
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DSBs

Replication 
stress

Recombination Aneuploidy

Healthy cell

Lung cancer
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Repair processes

CNT, carbon nanotubes; ssDNA, single-strand DNA; DSB, double-strand break; ROS, reactive oxygen species
Cancer arises from genomic instability (GIN), and the genotoxic effects of carbon nanotubes (CNT) are consistent with an ability to generate 
GIN. Inhaled CNT may induce local inflammation associated with the production of cytokines, growth factors, and reactive oxygen species, 
which can induce genomic insult and stimulate cell growth. Alternatively, fibres can be internalized by many cell types, resulting in a physical 
insult due to fibre load. In these “targeted and/or fibre-loaded” cells, DNA lesions produce defects in DNA structure. DNA breakage is generated 
by replication stress, and mitosis stress generates both DNA breaks and chromosome defects. Various repair mechanisms and cell-cycle 
checkpoints are then activated to control genome integrity. Unrepaired or error-prone repair processes can entail mutations, chromosomal 
rearrangements and variations in chromosome number or morphology, which are the causes of GIN. Selection and amplification of genomically 
unstable cells can progress to lung cancer and mesothelioma.
Compiled by the Working Group
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through supplementation with antioxidants in 
CNT-exposed cells has not been pursued.] This 
mechanism of DNA damage is known to occur 
in human cells after exposure to particulate 
matter. Two human mesothelial (pleural Met-5A 
and peritoneal LP-9) cell lines showed features 
of morphological transformation and H-RAS 
expression after continuous exposure to SWCNT 
(Lohcharoenkal et al., 2014).

Pulmonary exposure to MWCNT and 
SWCNT had no effect on oxidative DNA damage 
(i.e. FPG-sensitive sites) in studies that mainly 
focused on cardiovascular effects in atheroscle-
rosis-prone (ApoE−/− knockout) mice, but the 
administered doses were low (maximal dose of 
1 mg/kg bw as two intratracheal instillations 
(Vesterdal et al., 2014a) and 25.6 µg/mouse per 
week (Cao et al., 2014)). [Therefore, these studies 
cannot rule out the possibility that DNA damage 
is generated by oxidative stress in pulmonary 
tissues after airway exposure to MWCNT and 
SWCNT.] One study showed increased levels 
of pro-mutagenic 8-oxodG lesions in both lung 
and liver tissues after gastrointestinal adminis-
tration of low doses (0.064 and 0.64 mg/kg bw) 
of SWCNT (Folkmann et al., 2009). [This study 
suggests the involvement of a genotoxic mecha-
nism arising as a consequence of oxidative stress, 
although it is impossible to distinguish between 
direct and indirect genotoxic mechanisms.]

The MWCNT and SWCNT investigated orig-
inated from different manufacturing processes, 
leading to substantial differences in dimensions 
and residual transition metal content. The avail-
able literature supports the conclusion that expo-
sure to a range of different MWCNT (including 
Mitsui-7) and SWCNT can generate DNA strand 
breaks, oxidized DNA nucleobases, micronu-
clei, and chromosomal aberrations in animal 
and human cells through various mechanisms 
according to the type of CNT material. Overall, 
there is strong evidence that a genotoxic mecha-
nism in human cells leads to carcinogenesis after 
exposure to both MWCNT and SWCNT.

5.	 Summary of Data Reported

5.1	 Exposure data

Carbon nanotubes (CNT) are comprised of 
graphene sheets rolled into cylinders, some of 
which may be hundreds of micrometres in length 
and be composed of either a single graphene 
cylinder (single-walled carbon nanotube; 
SWCNT) or many graphene cylinders inside 
one another in concentric layers (multiwalled 
carbon nanotubes; MWCNT). The outer diam-
eter of SWCNT is generally 1–3 nm and that of 
MWCNT is 10–200 nm. The thickness of CNT 
mainly depends on the number of graphene 
layers contained therein and on the chirality of 
the tubes. The length of a typical CNT is a few 
micrometres, but their length can vary from only 
a few hundreds of nanometres to several tens of 
micrometres.

The production of CNT involves the use of a 
carbon source at a high temperature and/or pres-
sure in the presence of transition metals. Both 
SWCNT and MWCNT are normally produced 
by one of three principal techniques: chemical 
vapour deposition, arc discharge, or laser abla-
tion. Chemical vapour deposition is the most 
common production method. Depending on the 
production technique, the physical and chem-
ical characteristics (e.g. diameter, length, atomic 
structure, surface chemistry, and defects) and 
the levels of impurities (such as metal catalysts, 
amorphous carbon, carbon black, fibres, soot, 
graphite, and non-tubular fullerenes) present in 
the final preparation may vary greatly.

Industrial-scale commercial production of 
CNT began in the twenty-first century. In 2006, 
global production of MWCNT and SWCNT 
was estimated at 300 and 7 tonnes, respectively. 
Because the industrial production and use of 
CNT material are relatively recent and the size 
of the workforce in CNT is still small, currently 
available data on occupational exposure are 
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limited. The main route of exposure in occupa-
tional settings is anticipated to be inhalation.

Due to the limitations of exposure assess-
ment methods and the lack of a consensus on 
the most relevant exposure metrics, the available 
data do not allow complete characterization of 
occupational exposure to SWCNT and MWCNT 
and only permit a limited description of some 
occupational exposure situations. The opera-
tions that yield the highest release of CNT mate-
rial include production, blending, transferral, 
sieving, pouring, weighing, and cleaning. CNT 
were more frequently found in the form of large 
entangled agglomerates; individual CNT were 
rarely observed and may be dependent on the 
work process or task.

CNT have a wide variety of applications, 
including incorporation into fabrics, plastics, 
rubbers, electronics, reinforced structures, 
composite materials, and other household prod-
ucts to improve their strength and water- and 
wear-resistance and reduce their weight. No 
quantitative data on consumer exposure to CNT 
have been identified, but exposure can occur in 
principle at all phases of the life-cycle of CNT, 
ranging from production to waste treatment. 
Several studies describing the release of CNT 
from consumer products have been conducted 
to estimate exposures from abrasion and weath-
ering, but quantitative values of CNT or CNT 
composites released from the products have not 
been specified.

5.2	 Human carcinogenicity data

No relevant data were available to the 
Working Group.

5.3	 Animal carcinogenicity data

MWCNT-7 significantly increased the 
incidence of peritoneal mesothelioma in one 
study by intrascrotal injection in male rats, of 

mesothelioma in one study by intraperitoneal 
injection in male and female rats (combined), 
and of peritoneal mesothelioma in two studies 
by intraperitoneal administration in male p53+/− 
mice. In one inhalation study in male mice, 
MWCNT-7 was a promoter of 3-methylcholan-
threne-initiated bronchiolo-alveolar adenoma 
and carcinoma.

In one study, intraperitoneal administration 
of two types of MWCNT with physical dimen-
sions similar to those of MWCNT-7 (length, 
1–19 µm; diameter, 40–170 nm) significantly 
increased the incidence of mesothelioma in male 
and female rats (combined).

One study of intraperitoneal administra-
tion of MWCNT in male rats and one study of 
subcutaneous administration of MWCNT in 
male mice gave negative results. One study of 
intratracheal instillation of MWCNT in male 
mice and one study of intraperitoneal implanta-
tion of MWCNT in rats were inadequate for an 
evaluation.

One study of intratracheal instillation and one 
study of intraperitoneal implantation of SWCNT 
in rats were inadequate for an evaluation.

5.4	 Mechanistic and other relevant 
data

5.4.1	 Biopersistence, pleural translocation, 
and injury

MWCNT have been associated with increased 
retention half-times in rat lungs at lower mass 
doses than those observed for other poorly 
soluble, respirable particles. MWCNT and 
SWCNT enter the lung interstitium in rodents 
exposed by inhalation.

In rodents, three types of long, rigid MWCNT 
(MWCNT-7, MWCNT-N, and Helix) reached 
the subpleural tissues after inhalation, and one 
of these (Helix) induced subpleural fibrosis in 
mice. The three types of MWCNT also translo-
cated to lung-associated lymph nodes and distal 
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organs at increasing concentrations after inhal-
ation or intrapulmonary spraying into the lungs. 
MWCNT-7 rapidly translocated to the pleura 
and intrapleural space in mice (small percentage 
of the dose within 1 day of administration).

No studies evaluated the pleural penetration, 
translocation, or injury of other types of CNT 
administered by lung instillation or inhalation.

5.4.2	Lung inflammation and fibrosis

Acute exposure to CNT was associated with 
transient inflammation that resolved over time, 
although CNT were able to persist in the tissues. 
Long-term exposure to CNT induced a sustained 
inflammatory response associated with gran-
uloma formation, fibrosis, and subpleural 
thickening. Acute or persistent pulmonary 
inflammation, pulmonary granuloma or fibrosis, 
and bronchiolar or bronchoalveolar hyper-
plasia were observed in most of the studies with 
MWCNT, SWCNT, and other CNT. Regardless 
of the number of walls or extent of purification, 
statistically significant dose–response rela-
tionships were observed for these pulmonary 
end-points. 

Lung epithelial cell proliferation was 
observed in one study in rats exposed to as-pro-
duced or functionalized MWCNT by pharyngeal 
aspiration. 

5.4.3	Genotoxicity in vivo and in vitro

SWCNT and MWCNT induced genetic 
lesions in experimental animals and similar 
genetic injuries (end-points) in cultured human 
and animal cells. Positive and negative results 
were observed in human primary and immor-
talized lung and mesothelial cells in short-term 
assays in vitro. DNA strand breaks, oxidized 
DNA bases, mutations, micronucleus formation, 
and numerical and structural chromosomal 
abnormalities have been reported. SWCNT and 
MWCNT interacted with and perturbed the 

cellular mitotic apparatus, including microtu-
bules and centrosomes, in human lung epithe-
lial cells. K-Ras point mutations were observed 
in the lung tissues of mice 1 and 28 days and 
1 year after a 4-day inhalation exposure to one 
type of SWCNT; 1  year after exposure, karyo-
typic changes were shown by micronuclei and 
multinucleated cells in type II pneumocytes. 
In two studies, MWCNT was genotoxic (by the 
comet assay) in rats after inhalation exposure. 
Overall, experimental studies are too limited to 
link the specific physical and chemical proper-
ties of SWCNT or MWCNT with genotoxicity. 
Consistent evidence indicated that SWCNT 
and MWCNT are genotoxic in vitro to relevant 
human target cells in the lungs and pleura.

5.4.4	 Conclusion

The results of studies of genotoxicity in 
vivo and in vitro were positive for SWCNT 
and MWCNT. Lung inflammation, granuloma 
formation, and fibrosis were observed in rats 
and mice exposed by inhalation, intratracheal 
instillation, or pharyngeal aspiration to SWCNT, 
double-walled CNT, or MWCNT. Pleural inflam-
mation or proliferation was observed in mice or 
rats exposed by inhalation or intrapulmonary 
spraying to three types of MWCNT (MWCNT-7, 
MWCNT-N, and Helix).

For end-points related to mesothelioma, the 
mechanistic evidence is moderate for MWCNT 
and is weak for SWCNT due to the lack of data.

For end-points related to cancer of the 
lung, the mechanistic evidence is moderate for 
MWCNT and equivocal for SWCNT.

The mechanistic evidence for other CNT is 
weak due to limited data.

The mechanistic events relevant to genotox-
icity, lung inflammation, and fibrosis as well as 
translocation to the pleura, are liable to occur in 
humans exposed to CNT by inhalation.

Due to the heterogeneity of CNT and the 
limited long-term studies, significant data 
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gaps remain with regard to understanding the 
mechanisms of carcinogenicity.

6.	 Evaluation

6.1	 Cancer in humans

There is inadequate evidence in humans for 
the carcinogenicity of carbon nanotubes.

6.2	 Cancer in experimental animals

There is sufficient evidence in experimental 
animals for the carcinogenicity of MWCNT-7 
multiwalled carbon nanotubes.

There is limited evidence in experimental 
animals for the carcinogenicity of two types of 
multiwalled carbon nanotube with dimensions 
similar to MWCNT-7.

There is inadequate evidence in experimental 
animals for the carcinogenicity of multiwalled 
carbon nanotubes other than MWCNT-7.

There is inadequate evidence in experimental 
animals for the carcinogenicity of single-walled 
carbon nanotubes.

6.3	 Overall evaluation

MWCNT-7 multiwalled carbon nanotubes 
are possibly carcinogenic to humans (Group 2B).

Multiwalled carbon nanotubes other than 
MWCNT-7 are not classifiable as to their carcino-
genicity to humans (Group 3).

Single-walled carbon nanotubes are not clas-
sifiable as to their carcinogenicity to humans 
(Group 3).
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1.	 Exposure Data

1.1	 Chemical and physical 
properties

1.1.1	 Nomenclature

Mineral name: Fluoro-edenite [in allusion to 
its composition with dominant fluorine and 
its relationship with edenite] (Mindat, 2014)
Agreed name: Fluoro-edenite fibrous amphi-
bole, with compositional variability appearing 
to be similar to that of calcic amphiboles such 
as tremolite, winchite, and richterite
Synonyms: Fluor edenite; fluoredenite; 
IMA1994-059; IMA2000-049 (Jambor et al., 
1999; Mindat, 2014)
Chemical formula: NaCa2Mg5Si7AlO22(F,OH)2 
(INS-Europa, 2014)
Empirical formula: 
Na0.9K0.2Ca1.6Mg4.7Fe2+

0.2Fe3+
0.1Si7.4Al0.6O22F2 

(INS-Europa, 2014)
Relative molecular mass: 837.63 (INS-Europa, 
2014)

1.1.2	 General description

Fluoro-edenite occurs in the volcanic prod-
ucts of the Monte Calvario locality of Biancavilla 
on the flanks of Mount Etna, Sicily, Italy, and is 
found in the cavities of benmoreitic lava metaso-
matized by hot fluids rich in fluorine. The “Monte 

Calvario” quarry has been mined extensively for 
a sandy volcanic material that is used in the local 
building industry. This geological area is made 
up of domes and dikes associated with “auto-
clastic breccia,” a fine-grained material in which 
fluoro-edenite has been found that was initially 
classified as intermediate phases between tremo-
lite and actinolite (Comba et al., 2003; Mazziotti-
Tagliani et al., 2009). Fluoro-edenite is found 
as both prismatic and acicular millimetre-scale 
crystals and asbestiform (fibrous) fibres that are 
present as loose materials in rock cavities. The 
National Institute for Occupational Safety and 
Health (NIOSH) of the USA provided defini-
tions for the morphology of elongated mineral 
particles: acicular – a mineral comprised of fine 
needle-like crystals; prismatic – a crystal with 
one dimension markedly longer than the other 
two; asbestiform – a mineral that is fibrous and 
composed of separable fibres (NIOSH, 2011).

Fluoro-edenite is generally associated with 
potassium feldspars and plagioclase, quartz, 
clino- and orthopyroxenes, fluoro-apatite, 
ilmenite, and abundant haematite (Gianfagna & 
Oberti, 2001). Due to its high content of fluorine 
and sodium, in comparison with that of tremo-
lite and actinolite fibres, a new end-member 
of the amphibole calcic group of the edenite → 
fluoro-edenite series has been approved by the 
Commission on New Minerals and Mineral 
Names of the International Mineralogical 
Association (IMA, code 2000-049) (Gianfagna 
& Oberti, 2001; Comba et al., 2003). The 

FLUORO-EDENITE
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mineralization process of fluoro-edenite has 
been suggested to have occurred elsewhere in 
other volcanic areas (Comba et al., 2003).

Fluoro-edenite is found in materials 
extracted from the Il Calvario quarry that 
are used in the local building industry (walls, 
plaster, mortar, and concrete) and in soil used 
to pave roads, plazas, and other areas (Paoletti 
et al., 2000; Burragato et al., 2005). The quarry 
has been mined since at least the 1950s, with a 
peak in production around the 1960s and 1970s 
(Gianfagna et al., 2003; Bruno et al., 2006), and 
fibrous amphiboles have also been found outside 
the quarry around Biancavilla (Bruni et al., 2014).

Biancavilla is the first area in which the occur-
rence of amphiboles fibres in a volcanic envi-
ronment was reported (Burragato et al., 2005). 
However, a “fluor-edenite” compound was also 
found in the cavities of the Ishigamiyama lava 
dome of the Kimpo volcano, Kumamoto, south-
western Japan, as acicular crystals several milli-
metres in length and associated with tridymite 
and magnetite (Tomita et al., 1994; Makino et al., 
1996; Jambor et al., 1999).

1.1.3	 Chemical and physical properties

Density (specific gravity): Dcal = 3.09 g/cm3

Hardness (Mohs’ scale): 5–6 (between apatite 
and orthoclase)
Cleavage: perfect on {110}
Fracture: conchoidal
Lustre: vitreous to resinous
Diaphaneity (transparency): transparent
Colour: yellow to intense yellow (prismatic); 
yellowish and grey-whitish (fibrous)
Streak: grey-white, yellowish white, parallel 
to the c-axis
Tenacity: brittle
Refractive index: 1.60–1.63
From Mindat (2014)

(a)	 Chemical properties

(i)	 Chemical composition
The chemical composition of fluoro-

edenite crystals from Biancavilla is variable, 
as shown by scanning electron microscopy 
(SEM)-X-ray microanalysis in several different 
studies (see Table  1.1). The chemical composi-
tion of “fluor-edenite” acicular crystals from 
Kumamoto which differs to a certain extent from 
that of Biancavilla is (wt%): SiO2, 48.92; TiO2, 
1.32; Al2O3, 5.43; FeO, 7.17; MnO, 0.18; MgO, 
19.14; CaO, 11.01; Na2O, 2.77; K2O, 1.03; F, 3.19; 
and Cl, 0.12 (Makino et al., 1996; Jambor et al., 
1999). The chemical formula of the Kumamoto 
fluor-edenite is K0.190 Na0.776 Ca1.704 Mg4.121 Fe2+

0.866 
Ti0.143 Mn0.022 Al0.924 Si7.066 O22 F1.455 OH0.545 (Tomita 
et al., 1994) and the crystal-chemical formula of 
the fluoro-edenite from Biancavilla is A(Na0.56 
K0.15) B(Na0.30 Ca1.62 Mg0.03 Mn0.05) C(Mg4.68 Fe2+

0.19 
Fe3+

0.10 Ti4+
0.03) T(Si7.42 Al0.58) O22 O3(F1.98 Cl0.02)2 

(Gianfagna & Oberti, 2001). Although fibrous 
and prismatic fluoro-edenite have similar chem-
ical compositions, some compositional differ-
ences exist between prismatic fluoro-edenite and 
fibres with regard to their contents of magnesium 
and calcium (higher in the prismatic variety) and 
silica and iron (higher in fibres), and the varia-
bility in composition is greater in fibrous species 
(Gianfagna et al., 2007). Despite these differences, 
optical, chemical, and X-ray analyses of the fibres 
confirm their similarity to the yellow prismatic 
fluoro-edenite. According to the Leake amphibole 
classification (Leake et al., 1997), the composition 
of the fibres ranged from fluoro-edenite (60%) to 
a lower proportion of winchite (24%), tremolite 
(12%), and richterite (4%) (Fig. 1.1). The variable 
chemical composition of fluoro-edenite and the 
presence of different components complicate the 
classification of the fibres and the definition of 
their mineral species (Andreozzi et al., 2009), 
similarly to the amphiboles observed in Montana 
(USA) and Libby amphiboles (winchite, ~84%; 
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richterite, ~11%; and tremolite, ~6%) (Meeker 
et al., 2003).

The Fe3+/Fetotal ratios evaluated by Mössbauer 
spectroscopy reflect the different iron oxidation 
states, with a greater prevalence of Fe3+ than Fe2+ 
(Mazziotti-Tagliani et al., 2009). The reactivity of 
the fibrous samples, measured by the production 
of the [DMPO, HO]· radical adduct in electron 
paramagnetic resonance spectroscopy, was lower 
than that of UICC crocidolite (highly reactive) 
but comparable with that of fibrous tremolite 
(Fantauzzi et al., 2012).

(ii)	 Crystal structure
Relevant mineralogical data (unit-cell param-

eters) for prismatic and fibrous fluoro-edenite 
described in various studies are presented in 
Table  1.2. Fluoro-edenite is monoclinic, with 

space group C2/m and a space group number 
of 12. In plane-polarized light, fluoro-edenite 
is birefringent (first order), biaxial negative, 
α  =  1.6058(5), β  =  1.6170(5), γ  =  1.6245(5), 
2Vcalc  =  78.09°, with no visible pleochroism 
(Gianfagna & Oberti, 2001), and refractive 
indices vary from 1.60 to 1.63. Fibrous and pris-
matic fluoro-edenite are quite similar according 
to optical, chemical, and Rietveld analyses 
(Burragato et al., 2005).

(b)	 Physical properties

Different morphologies that have been 
found for fluoro-edenite are shown in Fig.  1.2. 
Biancavilla fluoro-edenite is transparent, deep 
yellow with prismatic to acicular properties. 
Fibrous and asbestiform fluoro-edenite amphi-
bole fibres are also found in abundance as loose 

Table 1.1 Chemical composition of samples of fluoro-edenite from Biancavilla, Sicily, Italy (wt%)

Component Sample 1 Sample 2 Sample 3 Fa Sample 3 Pb Sample 4c Sample 5 Fa,d Sample 5 Pb,e

SiO2 52.92 53.08 54–56 52.31 52.66–54.12 53.85 52.83
TiO2 0.29 NR ND 0.28 ND–0.06, 0.02–0.03 0.59 0.55
Al2O3 3.53 3.65 3.8–4.2 3.87 1.95–2.91 3.55 3.81
FeOt 2.60 2.67f 2.6–3.2 2.65 3.59–5.98g 4.25h 2.25i

MnO 0.46 NR ND 0.40 0.44–0.56 0.53 0.46
MgO 22.65 22.62 19–23 22.78 20.50–22.63 20.44 23.60
CaO 10.83 10.71 7–8 10.86 8.48–10.20 10.06 10.73
Na2O 3.20 3.33 4.2–5 3.10 2.29–3.10 2.96 3.04
K2O 0.84 1.12 1.2–1.4 0.89 0.52–0.54 0.88 0.82
F 4.35 4.54 4.2–4.7 4.47 4.40 4.46 4.11
Cl 0.07 NR  ND 0.08 0.06 0.08 0.05

a	 F, amphibole fibres
b	 P, prismatic fluoro-edenite
c	  Range of average chemical composition of four samples of fibrous amphiboles corresponding to 52 (1st sample), 40 (2nd sample), 42 (3rd 
sample), and 58 (4th sample) analyses
d	  Average chemical composition derived from 25 analyses of the fibrous amphibole
e	  Average chemical composition from three analyses of the prismatic fluoro-edenite crystal
f	  FeO, 1.71%; Fe2O3, 0.95%
g	  FeO, 0.29–2.50%; Fe2O3, 3.26–5.25
h	  FeO, 1.39%; Fe2O3, 3.17%
i	  FeO, 0.19%; Fe2O3, 2.29%
Al2O3, aluminium oxide; CaO, calcium oxide; Cl, chlorine; F, fluorine; FeO, ferrous oxide; FeOt, iron oxides; Fe2O3, ferric oxide; K2O, potassium 
oxide; MgO, magnesium oxide; MnO, manganese oxide; Na2O, sodium oxide; ND, not detected; NR, not reported; SiO2, silicon dioxide; TiO2, 
titanium dioxide; wt, weight
Sample 1, From Gianfagna & Oberti (2001); Sample 2, From INS-Europa (2014); Sample 3, From Gianfagna et al. (2003); Sample 4, From Pacella 
(2009), Mazziotti-Tagliani et al. (2009); Sample 5, From Gianfagna et al. (2007)
Compiled by the Working Group
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Fig. 1.1 Composition of four samples of fluoro-edenite fibrous amphibole from Biancavilla, 
plotted against A(Na+K)/BNa, according to the classification of Leake et al. (1997)

From Mazziotti-Tagliani et al. (2009) © Mazziotti-Tagliani et al. 2009. License: CC BY 4.0
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fibres with variable lengths of up to 100–150 µm 
and a thickness or width < 1 µm (200–600 nm) 
in the pores of grey-red altered benmoreitic lavas 
(Gianfagna et al., 2003; Mazziotti-Tagliani et al., 
2009).

Fluoro-edenite fibres are highly asymmetrical 
(thickness, < 1 µm; length, > 10 µm); the shorter 
fibres are rigid and hard, whereas longer fibres 
are tensile, elastic, and flexible. The dimensions 
of the fibres are micrometric to submicrometric 
and correspond to respirable fibres (Mazziotti-
Tagliani et al., 2009).

1.2	 Sampling and analytical 
methods

See Table 1.3
The sampling and analytical methods for 

fluoro-edenite are identical to those for conven-
tional asbestos. Bulk samples are prepared by 
removing the debris and grinding the remainder 
in an agate mortar to produce fine particles, 
followed by further processing with a mesh 
or gravimetric sedimentation in water. The 
resulting suspension is filtered and then mounted 
for observation using an appropriate analytical 
device. Air samples are obtained using a vacuum 

pump equipped with a membrane filter to obtain 
a representative air volume, and the filter is then 
processed according to the analytical method. 
Biological specimens, such as lung tissues, 
lymph nodes, and sputum, are digested with 
sodium hypochlorite or hydrogen peroxide or 
a combination thereof, and the mineral compo-
nents are recovered on a filter for analysis. The 
tissue samples are ashed using a low-temperature 
plasma and then filtered before analysis.

All processed samples on filters can be 
analysed using a phase-contrast microscope to 
count the fibres, according to WHO (1997) or 
NIOSH method 7402 (NIOSH, 1994a).

The sample-loaded filters can also be mounted 
on a stub and analysed using SEM-energy disper-
sive X-ray analyser (EDX) (Bruni et al., 2006; 
Putzu et al., 2006) or mounted on a transmission 
electron microscopy (TEM) grid and analysed 
using TEM-EDX according to NIOSH method 
7402 (NIOSH, 1994a). TEM allows the analysis 
of crystal structure and the identification of 
mineral fibres using electron diffraction and a 
comparison with reference minerals.

Powdered bulk samples can be analysed using 
X-ray diffraction based on NIOSH method 9000 
(NIOSH, 1994b). To obtain the weight percentage 

Table 1.2 Unit-cell parameters for fluoro-edenite

Lattice parameters (Å) Crystallographic 
axe β

Volume 
(Å3) 

Morphology  References

a b c

9.847(2) 18.017(3) 5.268(2) 104.84(2)° 903.45 Prismatic Gianfagna & Oberti (2001)
9.8445(3) 18.0091(6) 5.2772(2) 104.813(2)° 904.5(6) Prismatic Gianfagna et al. (2003)
9.815(1) 17.992(3) 5.2733(6) 104.547(9)° 901.4(3) Fibrous Gianfagna et al. (2003)
9.8125(3) 18.0188(6) 5.2781(2) 104.620(2)° 903.00(5) Fibrous Gianfagna et al. (2007)
9.8056(4) 18.0105(7) 5.2725(2) 104.406(3)° 901.86(6) Fibrous Andreozzi et al. (2009)
9.8112(3) 18.0162(6) 5.2774(2) 104.624(2)° 902.61(5) Fibrous Andreozzi et al. (2009)
9.8272(1) 17.9899(2) 5.2756(1) 104.596(1)° 902.57(2) Fibrous Andreozzi et al. (2009)
9.7935(3) 17.9728(5) 5.2746(1) 104.403(2)° 899.23(5) Fibrous Andreozzi et al. (2009)
9.861(4) 18.05(1) 5.282(1) 104.841(1)° 908.9(6) Acicular Tomita et al. (1994), Jambor et al. (1999)
Å, 0.1 mm
Compiled by the Working Group
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of fluoro-edenite or other amphiboles, standard 
fluoro-edenite or amphiboles should be prepared.

1.3	 Production and use

Fluoro-edenite only occurs naturally. It is a 
contaminant of an ore that is extensively used in 
the building industry in Sicily, Italy (see Section 
1.1.2).

1.4	 Environmental occurrence

1.4.1	 Natural occurrence

Fluoro-edenite is a newly defined mineral 
species (Gianfagna & Oberti, 2001; Comba et al., 
2003; Gianfagna et al., 2003) that is found near 
Biancavilla in eastern Sicily, Italy, located in a 
volcanic area near Mount Etna. Early environ-
mental investigations of the area in and around 

Biancavilla identified local quarries in a nearby 
area called Monte Calvario as the primary 
source of fluoro-edenite in the locality (Paoletti 
et al., 2000). Fluoro-edenite fibres have also been 
identified occurring naturally in and around 
the larger Biancavilla area (Bruni et al., 2006). 
According to Comba et al. (2003), the complex 
volcanic processes that produced the fluoro-
edenite near Biancavilla may not be unique and 
may have occurred elsewhere.

1.4.2	 Air

Fluoro-edenite fibres have been found in 
air samples in Biancavilla (Famoso et al., 2012; 
Bruni et al., 2014) and are considered to origi-
nate from the local quarry products (Manna & 
Comba, 2001) that have been used in building 
materials for local structures since at least the 
1950s (Bruni et al., 2006). Unpaved roads made 

Fig. 1.2 Morphology of fluoro-edenite crystals: (a) prismatic; (b) acicular; (c) fibrous

a

c b

From Gianfagna et al. (2003)
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from local quarry products have also been a 
primary source of airborne fluoro-edenite fibres 
(Manna & Comba, 2001). Bruni et al. (2014) 
described three environmental sampling surveys 
that were conducted in Biancavilla, in 2000, 
2004–05, and 2009–13 and limited the analyses 
to those with data obtained by SEM. Outdoor 
samples taken in 2000 (before mitigation efforts) 
showed amphibole concentrations (of unknown 
average age) ranging from 0.4 to 8.2 fibres/L, 
with a mean of 1.76 fibres/L. Peak concentrations 
were associated with the use of unpaved roads 
by heavy traffic with concentrations as high as 
93–183 fibres/L. Indoor sampling during the 
same period identified concentrations ranging 
from < 0.4 fibres/L to 4.8 fibres/L, with a mean 
of 1.18 fibres/L. The outdoor sampling conducted 
in 2004–05 demonstrated amphibole concentra-
tions ranging from 0.01 fibres/L to 4.19 fibres/L, 
with a mean of 0.35 fibres/L, and more recent 

samplings yielded mean concentrations of 0.46 
fibres/L in 2009 and 0.1 fibres/L in 2013.

Although the sampling period was not noted, 
and therefore these sample may not be inde-
pendent of those mentioned by Bruni et al. (2014), 
Famoso et al. (2012) reported the results obtained 
from 860 air samples collected in a 3.3-km2 area 
of Biancavilla and analysed by phase-contrast 
optical microscopy and SEM-EDX; in 21% of 
samples, concentrations greater than 0.4 fibres/L 
were detected while 6% of samples contained 
concentrations greater than 0.8 fibres/L.

1.4.3	 Water

Water flow is undoubtedly important to the 
fate and transport of fibres from the quarries 
near the Monte Calvario locality of Biancavilla, 
and from the anthropogenic use and dispersion 
of these materials over decades of construction 
activities and road building. However, few data 

Table 1.3 Selected methods of analysis of fluoro-edenite in various matrices

Sample matrix Sample preparation Assay 
method

Reference

Bulk sample      
Volcanic 
materials

Suspension filtered on polycarbonate filter 25 mm (0.4 μm pore), 
mounted on SEM-stub

SEM-EDX Bruni et al. (2006)

Plasters and 
mortar

Suspension filtered on polycarbonate filter 25 mm (0.4 μm pore), 
mounted on SEM-stub

SEM-EDX Bruni et al. (2006)

Air sample      
  Polycarbonate filter 25 mm (0.8 μm pore), mounted on SEM-stub SEM-EDX Bruni et al. (2006), 

Famoso et al. (2012)
  Acetone–triacetin-treated filter PCOM Famoso et al. (2012)
Biological sample      
Human lung Digestion of lung tissue; filtration on polycarbonate filter 25 mm 

(0.45 μm pore), mounted on SEM-stub
SEM-EDX Bruni et al. (2006)

Sputum Digestion of sputum; filtration through mixed cellulose ester filter 
(25 mm, 0.45 μm pore), mounted on SEM-stub or slide

PCOM Putzu et al. (2006)
SEM-EDX Putzu et al. (2006)

Sheep lung 
sample

Chopped with scissors and lancet; lipid dissolution by acetone; 
filtration through polycarbonate filter 25 mm (0.8 μm pore), 
washed in pure water

SEM-EDX DeNardo et al. (2004)

Sheep lung lymph 
nodes

SEM-stub SEM-EDX Rapisarda et al. (2005)

EDX, energy dispersive X-ray analyser; PCOM, phase contrast optical microscopy; SEM, scanning electron microscopy
Compiled by the Working Group
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are available that describe the detection of fluoro-
edenite fibres in and around Biancavilla. In one 
report, all of 10 samples from five water sources 
in Biancavilla, including two springs and three 
wells, contained fluoro-edenite fibres (Famoso 
et al., 2012).

1.4.4	 Soil

As mentioned above, environmental investi-
gations have identified the quarries near Monte 
Calvario as a primary source of fluoro-edenite 
fibres (Paoletti et al., 2000; Bruni et al., 2006). 
Analysis of 840 samples of top soil and 90 
samples of roadside dust in Biancavilla showed 
that approximately 90% contained fluoro-edenite 
(Famoso et al., 2012).

1.5	 Exposure of the general 
population

Exposure to fluoro-edenite mainly occurs 
via inhalation and ingestion. Inhalation is the 
primary route of exposure for the general 
population in Biancavilla, where outdoor 
air is contaminated with fluoro-edenite fibres 
(Famoso et al., 2012). Indoor air may also be 
contaminated from the use of contaminated local 
quarry products in plaster and mortar. Bruni 
et al. (2006) took friable plaster samples from 38 
local buildings known to have been constructed 
using materials from the Monte Calvario quar-
ries and found that 71% of these buildings were 
contaminated. Although the local quarries that 
are thought to be the primary source of fluoro-
edenite were closed in 2001, historical exposures 
could also include those of family members of 
quarry and construction workers exposed to 
dust from working clothes.

Of 12 long-term residents of Biancavilla who 
were at least 45 years of age and had been hospi-
talized for exacerbation of their symptoms of 
chronic obstructive pulmonary disease, six had 
detectable fluoro-edenite fibres in their sputum 

samples (Putzu et al., 2006). Of these, four were 
women who were all housewives, one was a man 
who was a farmer and the other was a man who 
was a mason. The fibre concentrations found in 
the sputum ranged from 0.04 to 10 fibres/g, with 
a length of 20–40 µm and a diameter of < 0.5 µm 
(Putzu et al., 2006).

Several mineral fibres identified as the tremo-
lite/actinolite amphibole fibres found in the quar-
ries and building materials in Biancavilla were 
also detected in the lung tissue of a woman aged 
86 years who died from mesothelioma and was 
a housewife who had always lived in Biancavilla 
(Paoletti et al., 2000).

2.	 Cancer in Humans

2.1	 Introduction

The available epidemiological evidence on 
the risk of cancer in humans associated with 
exposure to fibres composed of fluoro-edenite 
resulted from a sequence of community studies 
of the mortality from and incidence of pleural 
mesothelioma, and from two case series of indi-
vidual patients with mesothelioma, all of which 
were conducted and reported in the same loca-
tion – Biancavilla, a municipality of about 20 000 
inhabitants situated in a rural setting on the 
slopes of the Mount Etna volcano in Sicily, Italy.

After the publication of several reports on 
pleural mesothelioma in Biancavilla, a few 
studies also investigated the occurrence of other 
asbestos-related diseases, namely lung cancer, 
in the same community, but no case–control or 
cohort studies have been conducted to date.

2.2	 Mesothelioma

The first indication of an excess of meso-
thelioma in Biancavilla was given in a 1996 report 
of the national programme of epidemiological 
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surveillance of mesothelioma mortality in Italy 
for the period 1988–92 (Di Paola et al., 1996); 
the programme examined mortality from 
malignant pleural neoplasms in all 8000 Italian 
municipalities to detect cases with ascertained 
or suspected exposure to asbestos. The excess of 
mesothelioma in Biancavilla was based on four 
observed deaths versus 0.96 expected [standard-
ized mortality ratio (SMR), 4.17; 95% confidence 
interval (CI), 1.13–10.67] using the Sicilian region 
as a reference population. Subsequent reports of 
this programme confirmed the original findings. 
Mastrantonio et al. (2002) reported an SMR of 
5.80 (95% CI, 2.99–10.13) based on 12 observed 
deaths for the period 1988–97, and Fazzo et al. 
(2012) reported SMRs of 4.39 (90% CI, 1.91–8.67 
[95% CI, 1.61–9.55]) based on six observed 
deaths in men and 6.12 (90% CI, 2.09–14.01 
[95% CI, 1.67–15.66]) based on four observed 
cases in women, for the period 1995–2002. All 
of these studies used the Ninth Revision of the 
International Classification of Diseases that has 
a category of “malignant pleural neoplasms” 
(code 163). Subsequently, Italy began to use the 
10th Revision, which includes a more specific 
code for pleural mesothelioma (code 45.1). 
Thus, for the time window of 2003–09, Fazzo 
et al. (2012) reported the mortality from pleural 
mesothelioma and found SMRs of 6.54 (90% 
CI, 2.58–13.75 [95% CI, 1.61–9.55]) in men and 
22.93 (90% CI, 9.04–48.22 [95% CI, 2.72–15.70]) 
in women based on five cases in each sex.

As a consequence of the first report on 
mortality from pleural mesothelioma (Di Paola 
et al., 1996), Biancavilla was included in the list 
of Italian municipalities at risk for mesothelioma, 
for which an assessment of exposure to asbestos 
was recommended. Pending this assessment, 
the occurrence of additional cases that died in 
1993–97 was examined and their pathological 
diagnoses were reviewed.

In a report of a case series of mesothelioma, 
Paoletti et al. (2000) emphasized that the process 
of case ascertainment might not have been 

exhaustive due to the absence (before 1998) of 
a validated system of mesothelioma surveil-
lance in Sicily. The source of the cases included 
the mortality records of the municipality of 
Biancavilla, family doctors, and hospital records; 
histological specimens, where available, were 
reviewed by an expert pathologist; and infor-
mation on the occupation and residence of the 
cases was collected by physicians in the local 
health unit through interviews with the cases 
(when alive) or, more frequently, with closest 
relatives. The case series included 10 men and 
seven women; histology slides were available 
for nine of the 17 cases, and all diagnoses were 
confirmed by the pathologist. One case was diag-
nosed at the age of 29 years, four cases were aged 
between 40 and 50 years, and the remaining 12 
cases were aged over 50 years. All cases except 
one were long-term residents in Biancavilla. 
Information on occupation was available for all 
cases; none had confirmed occupational expo-
sure to asbestos, but two had been employed in 
industries where exposure was considered to be 
probable. Asbestiform fibres were detected at a 
large stone quarry located close to the urbanized 
area of Biancavilla, from which materials used in 
the local building industry and road paving were 
extracted. Several mineral fibres were detected in 
the lung autopsy samples from a woman aged 86 
years who died from pleural mesothelioma and 
was a resident in Biancavilla, and were identified 
as the fibrous amphiboles found in the quarries 
and building materials used in Biancavilla. The 
patient was a housewife who had been married 
to a farmer. No chrysotile, crocidolite, or amosite 
fibres were found in her lung tissue. The fibres were 
regarded as mineralogical phase intermediates 
between sodium- and fluorine-rich tremolites 
and actinolites (Paoletti et al., 2000). This mate-
rial was subsequently identified as a new mineral 
species that was called fluoro-edenite (Gianfagna 
& Oberti, 2001). Further analyses of the mineral 
material demonstrated that amphibole fibres 
from Biancavilla had a dominant fluoro-edenite 
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component with significant tremolite and minor 
winchite components (Bruni et al., 2014).

Since 1998, the surveillance of meso-
thelioma in Sicily has been conducted by the 
Sicilian Operative Regional Centre of the Italian 
National Mesothelioma Registry; the procedures 
used by the centre for case ascertainment have 
been discussed extensively elsewhere (INAIL, 
2010). A total of 28 cases were detected during 
the period 1998–2011 (Bruno et al., 2014). Two of 
these were not resident in Biancavilla at the time 
of diagnosis, and thus did not meet the criterion 
to be included in the case series of Biancavilla 
residents reported by the centre or in the subse-
quent computation of incidence rates; one had 
lived in Biancavilla from birth until the age of 
53 years and the other from birth until the age 
of 28 years. Of the remaining 26 cases, two were 
peritoneal (one man and one woman) and 24 
were pleural (12 men and 12 women). One case 
was diagnosed at the age of 27 years, one at the 
age of 33 years, one at the age of 39 years, two 
cases between the ages of 40 and 50 years, and 
the remaining cases after 50 years of age. Only 
environmental exposure to Biancavilla fibres was 
established for eight subjects. None of the cases 
had definite occupational exposure to asbestos, 
but one had worked in an industrial sector where 
asbestos had been used and three had been 
employed in industries where exposure could 
occur. Occupational information was insuffi-
cient for two cases, although there was an indi-
cation that one had worked temporarily in the 
Biancavilla quarry. No information about past 
exposures could be obtained for the remaining 
12 cases. [Although observations in case series 
generally provide weak evidence of causality, 
the young ages of the cases, the equal numbers 
of men and women, and the lack of documented 
history of exposure to asbestos for most cases are 
consistent with an environmental cause.]

The incidence of mesothelioma in Biancavilla 
was computed and compared with that of the 
Sicilian region by estimating standardized 

incidence ratios (SIRs) with their 95% CIs. 
Table 2.1 shows a large excess of both pleural (SIR, 
5.65; 95% CI, 3.62–8.41) and peritoneal (SIR, 7.92; 
95% CI, 0.96–20.0) mesothelioma, although the 
latter was based on only two cases and had a wide 
confidence interval (Bruno et al., 2014). SIRs for 
pleural mesothelioma were particularly elevated 
in women and were highest in the younger 
age groups: 21.34 (95% CI, 6.93–50.00; 5 cases) 
and 62.88 (95% CI, 13.00–180.00; 3 cases) for 
women under the ages of 50 years and 40 years, 
respectively.

[No data on individual exposures were avail-
able for the population of Biancavilla. However, 
the high incidence of mesothelioma in younger 
age groups and women is suggestive of environ-
mental exposure. The consistently larger rate 
ratios for mesothelioma in women than those 
in men could most probably be explained by the 
much higher background rate of mesothelioma 
in men than in women; thus relative rates 
would be higher in women than in men even 
if the absolute excess rates were the same. This 
explanation is strongly supported by the obser-
vation of the same number of cases of meso-
thelioma in men and women in the reports of the 
Epidemiological Study of Residents in National 
Priority Contaminated Sites (SENTIERI). These 
findings are also unlikely to be explained by a 
greater susceptibility of women than that of men 
to the effects of exposure, which has not been 
observed in studies of populations exposed to 
asbestos.]

2.3	 Cancer of the lung

The occurrence of cancer of the lung in the 
municipality of Biancavilla, where exposure to 
fibres composed of fluoro-edenite can occur, 
has been the object of geographical studies of 
mortality, cancer incidence, and hospitalization 
(Table 2.1).

Mortality from lung cancer in Biancavilla 
during the periods 1995–2002 and 2003–10 was 
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investigated as a part of the SENTIERI project 
(Pirastu et al., 2011, 2014). Sicilian regional 
mortality rates were used as the reference popul-
ation and SMRs were adjusted for socioeco-
nomic status. In 1995–2002, a deficit in mortality 
from lung cancer in men (SMR, 0.80; 90% CI, 
0.60–1.04 [95% CI, 0.59–1.09]; 40 cases) and an 
excess in women (SMR, 1.33; 90% CI, 0.72–2.26 
[95% CI, 0.72–2.47]; 10 cases) were observed. 
A more detailed report based on data from the 
2003–10 SENTIERI project (Conti et al., 2014) 
showed moderate but imprecise increases in 
mortality from lung cancer (SMR, 1.28; 90% 
CI, 0.72–2.12 [95% CI, 0.70–2.31]) and hospital-
ization (standardized hospitalization ratio, 1.16; 
90% CI, 0.68–1.84 [95% CI, 0.67–2.00]) in women 
and a deficit in mortality (SMR, 0.86; 90% CI, 
0.63–1.14 [95% CI, 0.62–1.20]) and a small excess 
of hospitalization (standardized hospitalization 
ratio, 1.10; 90% CI, 0.87–1.39 [95% CI, 0.84–1.44]) 
in men. [The Working Group calculated that 
the pooled SMRs for lung cancer for the entire 
1995–2010 period were 0.83 (95% CI, 0.66–1.03) 
in men and 1.30 (95% CI, 0.85–1.60) in women.]

A recent report by the Sicilian Region 
Department of Health (Cernigliaro et al., 2013) 
showed that mortality from lung cancer (2004–
11) in Biancavilla was lower than that expected 
from local reference populations in men (SMR, 
0.91; 95% CI, 0.69–1.18) but was higher than that 
expected compared with a local reference popul-
ation in women (SMR, 1.77; 95% CI, 1.10–2.71).

The incidence of lung cancer (2003–05) 
was also examined in the SENTIERI project 
and showed a moderate excess in women (SIR, 
1.67; 90% CI, 0.91–2.84 [95% CI, 0.90–3.10]) and 
a deficit in men (SIR, 0.72; 90% CI, 0.48–1.03 
[95% CI, 0.47–1.10]) (Pirastu et al., 2014). [The 
only statistically significant finding for lung 
cancer was in women when local reference 
rates were used. An apparent deficit in lung 
cancer was observed among men when regional 
reference rates were used, but this was largely 
removed when local reference rates were used. 

Significantly, an excess of lung cancer has not 
been consistently observed in other community 
studies of exposure to asbestos. The possible 
role of smoking as a confounder or effect modi-
fier in these studies cannot be assessed directly 
because no data were available on smoking habits 
in Biancavilla. However, available reports have 
indicated that the proportion of current smokers 
in Catania Province, which includes Biancavilla, 
corresponded with the regional average in Sicily 
(Regione Sicilia, 2014).]

2.4	 Other neoplasms

A non-significant deficit in hospitalization 
for laryngeal cancer based on seven observed 
cases in men was reported by Conti et al. (2014) 
(Table 2.1). Data on hospitalizations for women 
and mortality data for both sexes were not avail-
able because the observations were based on 
fewer than three cases and thus could not be 
published due to privacy regulations. No figures 
on mortality from laryngeal cancer were available 
in the previous edition of the SENTIERI project 
report for 1995–2002 (Pirastu et al., 2011). The 
incidence of laryngeal cancer was investigated in 
the most recent SENTIERI report for 2003–05 
(Pirastu et al., 2014), but fewer than three cases 
per sex were observed, thus precluding publica-
tion of the data on this cancer.

A deficit in ovarian cancer based on four 
observed deaths (SMR, 0.77; 90% CI, 0.26–1.77) 
and 11 observed cases of hospitalization (stand-
ardized hospitalization ratio, 0.80; 90% CI, 
0.45–1.32) was reported by Conti et al. (2014) for 
the period 2005–10 (Table 2.1). In the previous 
SENTIERI project report relative to 1995–2002, 
a deficit in mortality from ovarian cancer based 
on five cases was reported (Pirastu et al., 2011); 
a deficit in the incidence of ovarian cancer 
based on three observed cases (SIR, 0.65; 90% 
CI, 0.18–1.67) was reported in the last edition 
of the SENTIERI project that included data for 
the years 2003–05 (Pirastu et al., 2014; Table 2.1). 
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[Potential confounding by tobacco smoking and 
alcohol consumption is a concern for laryngeal 
cancer, but data on these risk factors were not 
available for the study population. Although 
based on small numbers and statistically non-sig-
nificant, the deficit in ovarian cancer appeared to 
be consistent.]

[The Working Group noted that 90% CIs 
rather than the more commonly adopted 95% 
CIs were used in the Biancavilla epidemiolog-
ical studies that were included in the SENTIERI 
project. This choice was motivated by the focus 
on sites where specific, exposure-related condi-
tions were expected to be in excess; the rationale 
was further elaborated by Pirastu et al. (2014). 
The Working Group computed 95% CIs for the 
associations that were reported to be statistically 
significant on the basis of 90% CIs, and all of 
them excluded unity.]

3.	 Cancer in Experimental Animals

See Table 3.1 and Table 3.2

Rat

Only one study, described in two reports, 
was conducted to examine the potential carcino-
genicity of fluoro-edenite in rats (Soffritti et al., 
2004; Belpoggi et al., 2011).

One group of 40 male and 40 female Sprague-
Dawley rats (age, 8 weeks) received a single 
intraperitoneal injection of 25 mg of fibrous 
fluoro-edenite (the fibrous sample contained 
25–30% of fluoro-edenite fibres [diameter, 
0.5–1 µm; length > 10 µm] in addition to feld-
spars, haematite, and pyroxenes; in 1 mL of 
water) sampled from a quarry in Biancavilla, 
Sicily, Italy; a second group of 40 males and 40 
females received a single intrapleural injection 
of 25 mg of fibrous fluoro-edenite (in 1 mL of 
water) through the chest wall into the pleural 

cavity; a third group of 15 male and 15 female 
rats received a single intraperitoneal injection 
of 25 mg of powdered prismatic fluoro-edenite; 
and a fourth group of 40 males and 40 females 
received a single intraperitoneal injection of 1 
mL of water only and served as vehicle controls. 
[No vehicle control group for intrapleural injec-
tion was provided.] The animals were observed 
until all those in group 1 that were treated with 
fibrous fluoro-edenite by intraperitoneal injec-
tion had died (109 weeks). At 109 weeks, 70 of the 
80 rats treated by intrapleural injection (group 2) 
had died. The average time to the appearance of 
tumours in group 1 was 61.6 weeks for males and 
66.4 weeks for females (see Table 3.1); a total of 
37 out of 40 (92.5%) [P < 0.0001, Fisher exact test] 
males and 29 out of 40 (72.5%) [P < 0.0001, Fisher 
exact test] females developed mesothelioma. The 
average latency for the group that received an 
intrapleural injection of fibrous fluoro-edenite 
was 71.0 weeks in males and 72.8 weeks in 
females; 4 out of 37 (10.8%) males and 6 out of 33 
(18.2%) females developed mesothelioma. None 
of the rats given water or powdered prismatic 
fluoro-edenite intraperitoneally had developed 
mesothelioma at 109 weeks (Soffritti et al., 2004).

The rats in group 2 (intrapleural injection of 
fluoro-edenite), group 3 (intraperitoneal injec-
tion of powdered prismatic fluoro-edenite), and 
group 4 (intraperitoneal injection of water) were 
further followed for a total of 122 weeks, at which 
time all of the rats had died or were killed (see 
Table 3.2). At 122 weeks, only 1 (female) out of 
80 rats that received a single intraperitoneal 
injection of water alone had developed meso-
thelioma. None of the males or females exposed 
to powdered prismatic fluoro-edenite developed 
mesothelioma, but 6 out of 40 (15%) males and 7 
out of 40 (17.5%) females in group 3 (intrapleural 
injection of fibrous fluoro-edenite) were found 
to have mesothelioma (Belpoggi et al., 2011). 
As reported in Soffritti et al. (2004), the inci-
dence of mesothelioma was increased in males 
(37 out of 40) and females (29 out of 40) that 
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Table 3.1 Induction of mesotheliomas by fluoro-edenite in Sprague-Dawley rats followed for up 
to 109 weeks

Material Route of administration 
(dose)

No. of rats 
(sex)

No. of 
deceased rats 
at 109 wk

Incidence of 
mesotheliomas 
(%)

Significancea Mean 
latency 
(wk)

Fibrous fluoro-edenite Intraperitoneal injection 
(25 mg/rat)

40 (M) 40 92.5 (37/40) [P < 0.0001] 61.6

Fibrous fluoro-edenite Intraperitoneal injection 
(25 mg/rat)

40 (F) 40 72.5 (29/40) [P < 0.0001] 66.4

Fibrous fluoro-edenite Intrapleural injection 
(25 mg/rat)

40 (M) 37 10.8 (4/37) NA 71.0

Fibrous fluoro-edenite Intrapleural injection 
(25 mg/rat)

40 (F) 33 18.2 (6/33) NA 72.8

Powdered prismatic 
fluoro-edenite

Intraperitoneal injection 
(25 mg/rat)

15 (M) 13 0 (0/13) [NS] NA

Powdered prismatic 
fluoro-edenite

Intraperitoneal injection 
(25 mg/rat)

15 (F) 13 0 (0/13) [NS] NA

Water (control) Intraperitoneal injection 
(1 mL)

40 (M) 33 0 (0/33) – NA

Water (control) Intraperitoneal injection 
(1 mL)

40 (F) 32 0 (0/32) – NA

a	  Calculated by the Working Group, Fisher exact test
F, female; M, male; NA, not applicable; NS, not significant; wk, week
From Soffritti et al. (2004)

Table 3.2 Induction of mesotheliomas by fluoro-edenite in Sprague-Dawley rats followed for up 
to 122 weeks

Material Route of 
administration 
(dose)

Total No. 
of rats 
(sex)

No. of rats 
deceased or 
killed at 122 
weeks

Incidence of 
mesotheliomas 
(%)

Significancea Mean 
latency 
(wk)

Fibrous fluoro-edenite Intrapleural injection 
(25 mg/rat)

40 (M) 40 15 (6/40) NAb 82.3

Fibrous fluoro-edenite Intrapleural injection 
(25 mg/rat)

40 (F) 40 17.5 (7/40) NAc 77.4

Powdered prismatic 
fluoro-edenite

Intraperitoneal 
injection (25 mg/rat)

15 (M) 15 0 (0/15) [NS] NA

Powdered prismatic 
fluoro-edenite

Intraperitoneal 
injection (25 mg/rat)

15 (F) 15 0 (0/15) [NS] NA

Water (control) Intraperitoneal 
injection (1 mL)

40 (M) 40 0 (0/40) – NA

Water (control) Intraperitoneal 
injection (1 mL)

40 (F) 40 2.5 (1/40) – 122

a	  Calculated by the Working Group, Fisher exact test
b	  Historical incidence in vehicle controls: 0/20 male Sprague-Dawley rats (Maltoni & Minardi, 1989)
c	  Historical incidence in vehicle controls: 0/20 female Sprague-Dawley rats (Maltoni & Minardi, 1989)
F, female; M, male; NA, not applicable; NS, not significant; wk, week
From Belpoggi et al. (2011)
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received an intraperitoneal injection of fibrous 
fluoro-edenite. The authors characterized 
the fluoro-edenite-induced mesotheliomas as 
epithelial, mixed, or sarcomatous. Rats given 
fibrous fluoro-edenite by intraperitoneal injec-
tion developed mesotheliomas of predomi-
nantly sarcomatous or mixed histology. In 
contrast, half of the mesotheliomas that resulted 
from pleural administration in males were 
morphologically epithelial. Many of the meso-
theliomas had metastasized into the lung, lymph 
nodes, and throughout the abdomen. The inci-
dence and latency were comparable with those of 
many types of fibre that have been demonstrated 
to cause mesothelioma (e.g. crocidolite and 
amosite) in Sprague-Dawley rats in that labo-
ratory (Maltoni & Minardi, 1989). [The study 
described by Soffritti et al. (2004) and Belpoggi 
et al. (2011) was limited by the lack of statis-
tical analysis and an appropriate control for the 
intrapleural injection experiment. However, the 
authors presented the mesothelioma response as 
a simple description to demonstrate the extent of 
an obvious effect. The Working Group also noted 
that 20 male and 20 female Sprague-Dawley 
rats that served as controls in a lifetime study 
conducted in the same laboratory (Maltoni & 
Minardi, 1989) did not develop mesotheliomas 
after a single intrapleural injection of water.]

4.	 Mechanistic and Other 
Relevant Data

4.1	 Deposition, phagocytosis, 
retention, translocation, and 
clearance

4.1.1	 Humans

Paoletti et al. (2000) reported fluoro-edenite 
fibrous amphiboles (i.e. intermediate phases 
between tremolite and actinolite) in 71–72% of 

the samples of sand and other building materials 
in Biancavilla, Sicily, Italy, that had the same 
type of amphibole phases observed in the local 
quarries. Similar fibrous amphiboles were also 
observed in the lung tissue from the autopsy 
of a woman aged 86 years who had been diag-
nosed with pleural mesothelioma, had lived in 
Biancavilla for her entire life, and did not have 
any reported occupational exposure to fibrous 
amphiboles. The fibre dimensions observed in 
the lung tissue were similar to those reported 
in sheep (Rapisarda et al., 2005), with diame-
ters ranging from 0.4 µm to 1 µm and lengths 
ranging from 12 µm to 40 µm (Paoletti et al., 
2000; Rapisarda et al., 2005).

4.1.2	 Experimental animals

Limited data are available on the mechan-
isms related to the deposition or disposition of 
inhaled fluoro-edenite in experimental animals. 
DeNardo et al. (2004) and Rapisarda et al. 
(2005) measured the burden of fluoro-edenite 
fibres in the lungs of sheep (Table  4.1) because 
of their anatomical and physiological similarity 
to human lungs (Bégin et al., 1981), and because 
the animals had potentially been exposed envi-
ronmentally to fluoro-edenite amphibole fibres 
from a stone quarry near the town of Biancavilla.

DeNardo et al. (2004) studied the lung 
burden of fibres in 27 sheep (age, 3  years or 
older) that lived and grazed near (1–3 km) the 
Monte Calvario stone quarries to the south 
east of Biancavilla. The sheep (all ewes) were 
selected on the basis of age and the longest 
air exposure in a flock of approximately 200 
animals. Tissue samples from the lung tracheal 
lobes were analysed by SEM-EDX and the fibres 
were identified as fluoro-edenite by their chem-
ical composition and the presence of fluorine, 
magnesium, and calcium. A positive iden-
tification of fluoro-edenite was based on an 
observed ratio of 2 ≤  magnesium/calcium ≤  3, 
and a probable identification based on a ratio of 
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1.5 ≤  magnesium/calcium ≤  2. Tissue analyses 
revealed the presence of 14 mineral species in 
the recovered particulate matter, and most of the 
minerals isolated from the lungs corresponded 
to those occurring geologically in the area; 5% 
of the total mineral species identified from the 
sheep were from exogenous materials, including 
man-made mineral fibres, and fluoro-edenite 
content was identified as 7.5% (2.7% confirmed 
and 4.8% probable).

Rapisarda et al. (2005) measured the concen-
tration of fluoro-edenite in the lymph nodes 
because they considered that this site provided 
a better indication of previous exposure to 
asbestos than lung parenchymal tissues (Dodson 
et al., 2000). [Inhaled fibres may be cleared from 
the lungs by various processes, whereas the fibres 
that enter the lymph system would be retained 
and persist in the lymph nodes.] The lymph 

nodes examined were from the tracheobronchial 
area and one from the middle mediastinum 
that drains the lung lobes. Sixty healthy sheep 
from six flocks that commonly grazed 3  km 
from the town of Biancavilla were randomly 
selected together with 10 unexposed (control) 
sheep. Using light microscopy, SEM, and EDX, 
the lymph nodes of all of the exposed sheep were 
found to contain fibres, while none were found 
in those of the control (unexposed) sheep. Some 
fibres were identified as fluoro-edenite by their 
crystallo-chemical characteristics, the dimen-
sions of which were reported as 0.4–1.39 µm in 
width and 8–41 µm in length; the mean number 
of fibres was 0.08  ±  0.04  ×  106 fibres/g of dry 
tissue.

Table 4.1 Toxicokinetics of fluoro-edenite fibres in sheep

Particle dimensions 
and surface area

Species 
(age and 
sex), 
number of 
animals

Route of 
exposure and 
dose/exposure 
concentration

Duration of 
study

Findings Comments Reference

NR 
Fluoro-edenite: 
confirmed, identified 
if ratio of 2 ≤ Mg/Ca  
≤ 3; probable, 
identified if 1.5  
≤ Mg/Ca ≤ 2

Sheep 
(≥ 3 yr, F), 
27 exposed

Inhalation 
(environmental)

Sheep had lived 
and grazed near 
(1–3 km) the 
Monte Calvario 
stone quarries to 
the South-eastern 
of Biancavilla

Fluoro-edenite 
content was 
identified as 7.5% 
of the mineral 
species (2.7% 
confirmed and 
4.8% probable)

Mineral 
species in lung 
tracheal lobe 
tissue samples 
(approximately 
50 g) from each 
of 27 animals 
obtained from 
slaughterhouse

DeNardo 
et al. 
(2004)

Fluoro-edenite: fibre 
length, 8–41 µm; fibre 
width: 0.4–1.39 µm

Sheep (NR), 
60 exposed 
and 10 
controls

Inhalation 
(environmental)

Exposed sheep 
randomly 
selected from 
six flocks that 
regularly grazed 
3 km from 
the town of 
Biancavilla

Lymph nodes of 
all the exposed 
sheep contained 
fibres; no fibres 
found in lymph 
nodes of the 
controls 
Mean fibre 
number: 
0.08 ± 0.04 × 106 
fibres/g of dry 
tissue

  Rapisarda 
et al. 
(2005)

F, female; NR, not reported; yr, year
Compiled by the Working Group
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4.2	 Physico-chemical properties 
associated with toxicity

Because of the similarity between asbestos, 
fluoro-edenite, and some asbestiform minerals, 
the physico-chemical properties of mineral fibres 
associated with toxicity are briefly summarized 
below, but were reported in detail for asbestos in 
Volume 100C of the IARC Monographs (IARC, 
2012).

4.2.1	 Crystal structure and chemical 
composition

Fluoro-edenite exhibits considerable 
compositional variability, ranging from 
edenite [NaCa2Mg5Si7AlO22F2] to winchite 
[NaCaMg4(Al,Fe3+)Si8O22(OH)2], with a variable 
content of tremolite [Ca2(Mg,Fe2+)5Si8O22(OH)2] 
(Andreozzi et al., 2009). The variability, which 
may influence pathogenic potency, has been 
ascribed to small differences in ambient condi-
tions during the crystallization of the fluorine 
fibrous amphiboles (Mazziotti-Tagliani et al., 
2009).

A set of three fibrous samples (Biancavilla) 
with variable compositions was tested to assess 
cytotoxicity using the MTT assay on human lung 
adenocarcinoma (A549) and human mesothelial 
(MeT-5A) cells (Pacella, 2009). Both cell lines 
were cultured in the presence of fibres (50 µg/mL) 
for 24 and 48 hours. On the basis of the average 
chemical formula, the three samples were identi-
fied as 25% tremolite and 30% winchite (a), 25% 
tremolite and 20% winchite (b), and 30% tremo-
lite and 30% winchite (c). The iron content ranged 
from 3.6 to 6.0 wt% as ferrous oxide and the 
Fe3+/Fetotal ratio was 92, 54, and 94% in the three 
samples, respectively. Despite the differences in 
composition, the three samples exhibited similar 
cytotoxic potency towards both cell lines.

Two specimens (length, 30 µm; average diam-
eter, 5 µm) of fluoro-edenite fibres (Biancavilla) 
with a low (Fe3+, 50%) and a high (Fe3+,70%) 

total content of iron were tested using Met-5A 
and monocyte-macrophage J774 cells (Cardile 
et al., 2007). Reduction in cell viability (lactate 
dehydrogenase release and MTT assay) were 
investigated together with the induction of the 
heat shock protein 70, stimulation of reactive 
oxygen species (ROS) (dichloro-dihydro-fluores-
cein diacetate fluorescence assay) and nitrogen 
monoxide formation (analysis of nitrite release). 
Cells were exposed to 5, 50, or 100 μg of fibres/
mL for 72 hours. An iron-free fibrous tremolite 
was used as a reference sample. High-iron fibres 
were more potent than low-iron fibres in stim-
ulating ROS release; conversely, the low-iron 
sample had a remarkably stronger effect on 
nitrogen monoxide formation. Such differences 
were more pronounced in J774 macrophages 
than in Met-5A mesothelial cells. Low-iron 
fluoro-edenite was slightly more effective than 
high-iron fluoro-edenite in eliciting an increase 
in heat shock protein 70 expression in both 
cell lines and in reducing viability of Met-5A 
mesothelial cells. Both forms of fluoro-edenite 
were more potent than tremolite in eliciting all 
adverse cell responses. The authors inferred that 
the observed effects were mainly related to the 
differences in iron content.

Both low- and high-iron fluoro-edenite 
increased phospholipase C (PLC)β1 and PLCγ1 
expression in A549 cells after exposure to 
50 μg/mL for 48 hours; low-iron fluoro-edenite 
was more active than high-iron fluoro-edenite, 
crocidolite, and tremolite in the induction of 
PLCγ1 expression (Loreto et al., 2009). PLC 
expression did not depend on the total iron 
content of each fibre, but the increased level of 
PLCβ1 was associated with the highest content 
of ferrous ions. Both samples also induced the 
release of tumour necrosis factor (TNF)-α, 
interleukin (IL)-1β, and IL-6. The induction of 
cytokines was positively correlated with the total 
iron content of the fibres in the following order: 
crocidolite > high-iron fluoro-edenite > low-iron 
fluoro-edenite > tremolite.
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Edenite and fluoro-edenite fibres induced 
functional modifications (cell motility and 
distribution of polymerized actin) and the 
synthesis of vascular endothelial growth factor 
(VEGF) and β-catenin in A549 and MeT-5A 
cells. The level of cyclooxygenase (COX-2) and 
prostaglandin (PGE2) was examined in J774 
cells (Pugnaloni et al., 2007). The fibre width 
ranged from about 1 μm (mostly 0.5 μm) to 
2–3  μm (edenite) up to several millimetres 
(fluoro-edenite), and the length ranged from 
about 6–80  μm (edenite) up to some hundred 
micrometres (fluoro-edenite). Differential altera-
tion of cytoplasmic actin networks, cell motility, 
and the expression of VEGF and β-catenin was 
observed in treated A549 and MeT-5A cells, 
according to the different sensitivity of the two 
cell lines. Exposed J774 cells exhibited a signifi-
cantly increased expression of COX-2 and PGE2 
concentrations. [No information on the role of 
the two minerals (edenite/fluoro-edenite) was 
provided.]

4.2.2	Form and size

Fluoro-edenite may have prismatic, acicular, 
or fibrous properties.

A pilot study (Putzu et al., 2006) on spon-
taneous sputum as an indicator of exposure 
to fluoro-edenite fibres was carried out on 12 
subjects (age, > 45 years) who had been resident 
in Biancavilla for at least 30 years. In six subjects, 
fluoro-edenite fibres ranging between 20 and 
40 µm in length, and < 0.5 µm in diameter were 
observed. Fibres of similar length (8–41 µm) and 
width (0.4–1.4 µm) were detected in sheep lymph 
nodes (Rapisarda et al., 2005). Fibres > 5 µm in 
length were also detected in the lung and pleural 
tissues of residents of Biancavilla who died from 
pleural mesothelioma (Paoletti & Bruni, 2009); 
95% and 98% of the fibres found in the lung and 
pleura were > 5 μm in length, respectively.

Travaglione et al. (2006) showed that fibrous 
fluoro-edenite (average length, 15.5 µm; average 

diameter, 0.45 µm) can induce multinucleation 
and spreading, which are common features 
related to cellular transformation, in A549 cells 
in contrast with prismatic (length, 20 µm; diam-
eter, nearly 3 µm) fluoro-edenite (Travaglione 
et al., 2003).

Both prismatic fluoro-edenite and fibrous 
fluoro-edenite were cytotoxic. The cytotox-
icity induced by prismatic fluoro-edenite was 
not accompanied by changes in morphology 
(Travaglione et al., 2003); in contrast, fibrous 
fluoro-edenite produced dramatic changes in cell 
morphology, similar to those caused by crocido-
lite (Travaglione et al., 2006).

Both prismatic and fibrous fluoro-edenite 
promoted the secretion of IL-6 [a multifunc-
tional cytokine with immuno-regulatory and 
pro-inflammatory effects], within 48 hours 
of exposure; the fibrous form showed greater 
potency (Travaglione et al., 2003, 2006).

Fibrous, but not prismatic, fluoro-edenite 
induced mesotheliomas in Sprague-Dawley rats 
after intraperitoneal administration (Soffritti 
et al., 2004). The fibrous sample contained 
25–30% of fluoro-edenite fibres [diameter, 
0.5–1 μm; length > 10 μm] in addition to feld-
spars, haematite, and pyroxenes. [No informa-
tion on the features of the prismatic sample was 
provided.]

The cytotoxicity of two samples of fluoro-
edenite with a diameter of < 1 µm (200–600 nm) 
and acicular-fibrous morphology, with an average 
length of ~50 µm, or filamentous-asbestiform 
morphology, with a length of up to 150 µm, was 
compared in A549 and in MeT-5A cells. Both 
cell lines were cultured in presence of 50 µg/mL 
of fibres for 24 and 48 hours, and cell viability 
was evaluated using the MTT assay. All samples 
reduced the time-dependent loss of cell viability, 
but no significant differences in potency were 
noted (Pacella, 2009).
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4.2.3	Surface reactivity

Fantauzzi et al. (2012) compared samples 
of fibres from Biancavilla and Libby, MT, USA. 
Comparison of the oxidation state (X-ray photo-
electron spectroscopy) of surface iron with 
that of bulk iron revealed that the sample with 
the lowest bulk iron oxidation state was the 
most affected by surface oxidation. Biancavilla 
samples were highly heterogeneous (tremolite 
and winchite; see Section 4.2.1 samples (a) and 
(c); Pacella, 2009). Both samples had comparable 
iron content but with different oxidation states 
at the surface. Sample (a) had both ferrous and 
ferric ions (Fe2+/Fetotal = 0.13) and sample (c) had 
only fully oxidized iron. On both surfaces, ferric 
ions were predominantly in the form of oxyhy-
droxide (Fe3+

hydr), formed by weathering of the 
silicate surface: Fe3+

ox/Fetotal  =  0.33 and Fe3+
hydr/

Fetotal = 0.54 for sample (a), and Fe3+
ox/Fetotal = 0.13 

and Fe3+
hydr/Fetotal = 0.87 for sample (c).

(a)	 Generation of free radicals

Surface reactivity was investigated by the 
production of hydroxyl (HO•) radicals released 
in the presence of hydrogen peroxide using the 
spin trapping technique (Fantauzzi et al., 2012). 
The two specimens from Biancavilla showed no 
significant difference in the production of HO• 
radicals, but produced less HO• than the Libby 
amphibole; crocidolite asbestos was used as a 
positive control. [The Working Group noted that 
HO• release was evaluated at equal mass, but no 
data on the surface area of fluoro-edenite were 
provided.]

A quarry rock dust (Brunauer–Emmett–
Teller area = 0.5 m2/g) and a house plaster dust 
(Brunauer–Emmett–Teller area  =  4.4 m2/g) 
from Biancavilla were tested for their ability to 
generate HO• radicals using the deoxyribose assay 
(Rapisarda et al., 2003). Both samples contained 
fluoro-edenite fibres and other minerals, 
including feldspar, quartz, haematite, ilmenite, 
and fluoro-apatite. The content of fluoro-edenite 

was not quantified but the authors noted that the 
quarry rock dust was richer in fluoro-edenite 
than the house plaster dust. The two samples, 
tested at an equal surface area (doses ranging 
from 2.5 cm2/mL to 60 cm2/mL), generated HO• 
and the quarry rock dust was more reactive than 
the house dust.

(b)	 Bioavailability and biodeposition of metals

No data were available to the Working Group.

4.2.4	Fibre durability

No data on fibre durability (leaching, phago-
cytosis, dissolution, or breakage) were available 
to the Working Group.

4.3	 Genetic and related effects

DNA strand breaks (assessed using the 
alkaline comet assay) were elevated in primary 
human lung fibroblasts, immortalized human 
lung adenocarcinoma (A549) cells, and mouse 
monocyte-macrophage (J774) cells exposed to 
5–100 µg/mL of fluoro-edenite (Biancavilla) for 
72 hours (Cardile et al., 2004b).

4.4	 Other mechanistic data relevant 
to carcinogenesis

4.4.1	 Release of cytokines, chemokines, and 
growth factors

(a)	 Experimental animals

Apoptosis was investigated in the lungs of 
healthy sheep grazing near Biancavilla through 
the detection of TNF-related apoptosis-inducing 
ligand (TRAIL) and its death receptor, DR5, and 
through the expression and localization of colla-
genases-3 (matrix metalloproteinase, MMP-13) 
[MMP-13 is an extracellular matrix component 
that plays an important role in the remodelling 
of the lung in inflammatory diseases]. The results 
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showed that MMP-13 was overexpressed, mainly 
in fibroblasts and epithelial cells, while positivity 
for TRAIL and DR5 was detected on alveolar cell 
surfaces and in the vascular stroma. In the lungs 
of sheep exposed to fluoro-edenite, the expression 
of the TRAIL receptor was most pronounced in 
areas of inflammatory cell infiltration and active 
fibrosis, revealed by the expression of MMP-13. 
These changes may reflect the activation of 
apoptotic processes through exposure to fluoro-
edenite (Martinez et al., 2006). [TRAIL selec-
tively induces apoptosis in a variety of tumour 
and transformed cells, but not in most normal 
cells (Wang & El-Deiry, 2003).]

(b)	 Experimental systems in vitro

Using the mouse monocyte-macrophage 
J774 cell line, Pugnaloni et al. (2007) found 
time-dependent increased expression of COX-2 
and release of PGE2 after exposure to fluoro-
edenite fibres (Monte Calvario) and edenite 
fibres with a wide range of diameters (from 0.5 
μm to several micrometres) and lengths (6  μm 
to several hundred micrometres). Exposure to 
fluoro-edenite also increased the expression of 
VEGF in human lung adenocarcinoma A549 
cells and in the immortalized human mesothe-
lial Met-5A cell line, as assessed by immunocyto-
chemistry (Pugnaloni et al., 2007). Exposure of 
J774 macrophages or Met-5A cells to two types of 
fluoro-edenite fibre from Biancavilla (sample 19, 
low-iron (50% Fe3+) or sample 27, high-iron (about 
70% Fe3+); length, 30 μm; diameter, ~ 5 μm) also 
induced the generation of ROS as indicated by 
dichlorofluorescein fluorescence and extracel-
lular release of nitrite (Cardile et al., 2007). In 
J774 macrophages, exposure to fluoro-edenite 
(Biancavilla) in combination with lipopoly-
saccharide significantly enhanced the release of 
nitrite and increased the expression of inducible 
nitric oxide synthase (Cardile et al., 2004a).

Travaglione et al. (2003, 2006) compared the 
response of the human lung adenocarcinoma 
(A549) cell line to prismatic or fibrous forms 

of fluoro-edenite (Monte Calvario) compared 
with crocidolite asbestos fluoro-edenite fibres. 
Prismatic fibres (length, 20 μm; diameter, ~3 μm) 
were taken up by the cells and induced the cellular 
release of the cytokine IL-6 after 24–72 hours [no 
reference particles were included in this study] 
(Travaglione et al., 2003). Fibrous fluoro-edenite 
(length, 15.5 μm; diameter, 0.45 μm), as well as 
standard crocidolite asbestos fibres (NIOSH, 
USA) as a positive reference, at equivalent toxic 
doses were taken up by the cells resulting in a 
time-dependent release of the cytokines IL-6 and 
IL-8 (Travaglione et al., 2006). Loreto et al. (2009) 
confirmed the release of cytokines (IL-1β, TNF-α, 
and IL-6) from A549 cells after exposure to two 
samples of fluoro-edenite (sample 19, low-iron, or 
sample 27, high-iron) from Biancavilla, tremolite, 
or crocidolite asbestos fibres (OSHA standard) at 
a dose of 50 μg/mL for 48 hours.

4.4.2	Apoptosis

(a)	 Experimental animals

Programmed cell death in vivo was investi-
gated by analysing the immuno-expression of 
bax protein and bcl-2 oncoprotein (which are 
involved in the early stages of apoptosis), caspase 
3, poly (ADP-ribose) polymerase, and DNA frag-
mentation in lung tissues from sheep grazing 
near Biancavilla (Loreto et al., 2008). The results 
showed epithelial and interstitial overexpres-
sion of bax, especially in cells that were directly 
in contact with the fibres, and negative bcl-2 
immuno-expression. Terminal deoxynucleotidyl 
transferase dUTP nick end labelling-positive 
cells characteristic of apoptosis were detected in 
the alveoli and in areas of fibrosis. [These data 
suggested an increase in the concentration of 
bax homodimers that enable apoptosis and were 
in agreement with the findings of Narasimhan 
et al. (1998), who documented nearly absent bcl-2 
expression and uniform bax expression in malig-
nant pleural mesothelioma cell lines. Plataki 
et al. (2005) found an increased expression 
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of pro-apoptotic and a reduced expression of 
anti-apoptotic molecules in epithelial cells from 
diseased lungs that may be responsible for inad-
equate and delayed re-epithelialization, which 
in turn contributes to fibroblast proliferation. 
Some evidence has also suggested that apoptosis 
is directly involved in the loss of alveolar epithe-
lial cells (Yokohori et al., 2004). Recent studies 
indicated that epithelial apoptosis could be a key 
profibrotic event in lung fibrogenesis (Li et al., 
2004), and that tumour growth is a result of cell 
resistance to apoptotic death (Niehans et al., 
1997).]

[These results support the hypothesis that 
apoptosis is an important mechanism for 
removing cells with irreparable fluoro-ede-
nite-induced genetic changes that may result in a 
predisposition to the development of neoplasia.]

(b)	 Experimental systems in vitro

The exposure of several lung target cells 
(primary human fibroblasts, human lung adeno-
carcinoma A549 cells, murine monocyte-mac-
rophage J774 cells, or Met-5A mesothelial cells) 
to fibrous fluoro-edenite from Monte Calvario 
(Travaglione et al., 2006), or Biancavilla (Cardile 
et al., 2004b), decreased cell viability, increased 
the intracellular generation of ROS, as indicated 
by dichlorofluorescein fluorescence, decreased 
mitochondrial activity, as indicated by the MTT 
assay, and induced plasma membrane damage, 
as indicated by the extracellular release of lactate 
dehydrogenase.

When compared on a mass basis, croci-
dolite asbestos fibres (OSHA standard) were 
more toxic at doses between 5 and 100 μg/mL 
after 24–72 hours (Cardile et al., 2007). Fluoro-
edenite fibres (sample 19, low-iron, or sample 
27, high-iron; Biancavilla) were more potent 
than fibrous tremolite (Val di Susa, Piemonte, 
Italy) in inducing the generation of ROS and 
mitochondrial and plasma membrane damage; 
fluoro-edenite sample 19 was more potent than 
fluoro-edenite sample 27 in inducing plasma 

membrane damage in mesothelial Met-5A cells. 
All of the fibrous minerals induced the expression 
of heat shock protein 70 as a marker of a gener-
alized stress-response pathway (Cardile et al., 
2007). Exposure of A549 cells to fibrous fluoro-
edenite (Monte Calvario) or standard crocidolite 
asbestos fibres (NIOSH, USA) induced time-de-
pendent decreases in viability assessed by trypan 
blue exclusion, but no induction of apoptosis or 
altered expression of the pro-apoptotic protein, 
Bax, or the anti-apoptotic proteins, Bcl-2 or 
Bcl-XL, were detected (Travaglione et al., 2006).

4.4.3	Activation of intracellular signalling 
pathways

Human cells in vitro

Loreto et al. (2009) demonstrated that expo-
sure to fluoro-edenite samples 19 and 27 (low- 
and high-iron, respectively) from Biancavilla, 
tremolite, or crocidolite asbestos fibres induced 
PLCγ1 and -β1 protein expression in lung adeno-
carcinoma A549 cells; [this enzyme activates the 
signalling pathway that leads to the mobilization 
of intracellular calcium and activation of protein 
kinase C].

4.4.4	 Cell proliferation

Human cells in vitro

Exposure of human lung adenocarcinoma 
A549 cells to the prismatic (Travaglione et al., 
2003) or fibrous (Travaglione et al., 2006) forms 
of fluoro-edenite (Monte Calvario) reduced cell 
proliferation for up to 72 hours with no disrup-
tion in cell-cycle progression, as assessed by flow 
cytometry. Neither fibrous fluoro-edenite nor 
standard crocidolite asbestos fibres (NIOSH, 
USA) altered the expression of p53, p21, or cyclin 
D1, as assessed by Western blot (Travaglione 
et al., 2006).
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4.4.5	Formation of granulomas and fibrosis

Experimental animals

Histopathological examination of the lung 
tissues collected from healthy sheep grazing 
near a town in the eastern region of Sicily where 
environmental exposure to fluoro-edenite was 
reported to occur revealed fibrosis, including the 
loss of alveolar architecture with honeycombing 
that are characteristic of the final stage of fibrosis 
(Martinez et al., 2006).

4.4.6	 Activation of oncogenes and 
inactivation of tumour-suppressor 
genes

(a)	 Experimental animals

The lungs of 10 ewes grazing 3 km from 
Biancavilla and 10 ewes grazing approximately 
30 km from the local stone quarry were exam-
ined for apoptotic cell death in situ and the 
expression of Bax. Microscopic analyses detected 
the presence of fluoro-edenite fibres in the lungs 
of the exposed sheep. Focal Bax overexpression 
was observed in the alveolar epithelium and 
interstitium, particularly in alveolar epithelial 
cells in close contact with the fibres, and in the 
mucosal epithelium lining the terminal bronchi-
oles. Increased expression of tumour-suppressor 
genes and Bax are consistent with increased 
apoptosis, as confirmed by the increased expres-
sion of caspase 3 and poly (ADP-ribose) poly-
merase immunoreactivity (Loreto et al., 2008).

The lungs of 10 sheep grazing 3 km from 
Biancavilla and 10 ewes grazing approximately 
30 km from the local stone quarry were exam-
ined immunohistochemically for the expression 
of unphosphorylated (Rb) and phosphorylated 
(pRb) proteins. Microscopic analyses detected 
the presence of fibres in the lungs of exposed 
animals and pRb was overexpressed in the 
lungs of exposed sheep, especially in the cyto-
plasm of fibroblasts and epithelial cells, in 
comparison with those of control animals. pRb 

overexpression was also detected in the alveolar 
epithelium and in the interstitium, especially 
in proximity to the fluoro-edenite fibres in the 
tissues, whereas Rb immunostaining was faint 
or absent (Musumeci et al., 2010). [These data 
suggested that the altered balance between pRb 
and Rb expression could favour the upregulation 
of the RB tumour-suppressor gene.]

(b)	 Human cells in vitro

The expression of several oncogenes and 
tumour-suppressor genes (cyclin D1, p21WAF1/CIP1, 
and p53) and pro- and anti-apoptotic genes was 
studied immunohistochemically in human lung 
carcinoma A549 cells exposed to fluoro-edenite 
or to NIOSH crocidolite fibres (Travaglione et al., 
2006). No change in the levels of expression of 
p53, p21WAF1/CIP1, or cyclin D1 was found. The 
number of viable epithelial cells was decreased, 
but the loss of cell viability was not associated 
with apoptosis, as demonstrated by flow cytom-
etry and the absence of changes in the expression 
of Bax, Bcl-2, and Bcl-XL. [These results demon-
strated no alterations in the expression of onco-
genes and tumour-suppressor genes under these 
experimental conditions.]

Human immortalized mesothelial MeT-5A 
and human lung adenocarcinoma A549 cells 
were incubated with fluoro-edenite at concen-
trations of 10, 50, and 100 μg/mL (2.12, 10.6, 
and 21.2 μg/cm2) and the expression of several 
proteins involved in cell-cycle regulation (Rb 
[unphosphorylated Rb], pRb [phosphorylated 
Rb], p27, and cyclin D1) was studied by Western 
blot analysis. In A549 cells, the two higher 
concentrations induced greater pRb expression 
in comparison with control cultures. In Met-5A 
cells, increased pRb expression was induced at 
the highest concentration only. The expression of 
cyclin D1, the product of the oncogene CCND1, 
was significantly increased in both A549 and 
Met-5A cells exposed to 50 and 100 μg/mL. 
Fluoro-edenite reduced the expression of p27Kip1, 
a negative regulator of cell-cycle progression 



IARC MONOGRAPHS – 111

238

at G1 (Musumeci et al., 2011). [These results 
suggested that Rb phosphorylation could be 
upregulated to counteract the stimulation of cell-
cycle progression.]

4.4.7	 Other mechanisms lacking evidence

No data on inflammasome activation, persis-
tent inflammation, resistance to apoptosis, or 
depletion of antioxidants were available to the 
Working Group.

4.5	 Susceptible populations

No data were available to the Working Group.

4.6	 Mechanistic considerations

The environmental exposure of sheep to 
fluoro-edenite leads to the deposition and reten-
tion of these fibres in the lungs. Fluoro-edenite 
samples from Biancavilla can generate hydroxyl 
radicals directly in acellular assays. In-vitro 
exposure to fluoro-edenite induces DNA breaks 
and is associated with cytokine release in human 
epithelial cells and fibroblasts, and murine mono-
cyte-macrophages. Overall, there is a paucity 
of mechanistic data for the carcinogenicity of 
fluoro-edenite.

5.	 Summary of Data Reported

5.1	 Exposure data

Fluoro-edenite fibrous amphiboles – a new 
end-member of the calcic amphibole group 
composed of most fluoro-edenite – have been 
identified in the volcanic products of Mount Etna 
near Biancavilla in Sicily, Italy, and represent the 
first occurrence of amphibole fibres in a volcanic 
environment; a “fluoro-edenite” compound was 
also found in the lava dome of the Kimpo volcano, 
Kumamoto, Japan. Fluoro-edenite is found as 

prismatic or acicular crystals or as asbestiform 
(fibrous) fibres.

The composition of samples of the amphibole 
fibres from Biancavilla included fluoro-edenite 
(60%), winchite (24%), tremolite (12%), and rich-
terite (4%). The variable chemical composition 
of fluoro-edenite and the presence of different 
components complicate the classification of these 
fibres and the definition of their mineral species.

Fluoro-edenite and the associated fibrous 
amphiboles from Biancavilla occur naturally, 
and early environmental investigations identi-
fied the source as local quarry products that had 
been used in building materials for local struc-
tures since at least the 1950s. Unpaved roads 
made from the local quarry products have also 
been recognized as a primary source for airborne 
fluoro-edenite fibres.

Comparison of outdoor air samples taken 
before mitigation efforts were begun in 2000 
with those taken in 2013 showed that mean 
amphibole concentrations have diminished from 
1.76 fibres/L to 0.1 fibres/L. Indoor air may also 
be contaminated from the use of local quarry 
products in plaster and mortar. Few data are 
available to determine the occurrence of fluoro-
edenite fibres in water supplies in and around 
Biancavilla other than one study, in which all 10 
samples taken from several local wells and springs 
were reported to contain fluoro-edenite fibres. 
Analysis of samples of top soil and roadside dust 
in Biancavilla showed that approximately 90% of 
samples contained fluoro-edenite fibres.

5.2	 Human carcinogenicity data

An excess of mortality from and incidence of 
mesothelioma has been documented in several 
surveillance studies in the Biancavilla munici-
pality of Sicily, Italy, where exposure to fluoro-
edenite from naturally occurring sources has 
been found. Although the exposure assessments 
were essentially ecological in nature, these 
studies provided strong evidence for a causal 
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association for several reasons. First, the magni-
tude of the rate ratios for mesothelioma was 
large and statistically stable, and thus chance is 
unlikely to explain these findings. Second, most 
of these cases did not have any history of occu-
pational or environmental exposure to asbestos. 
Approximately 70–90% of cases of mesothelioma 
in the general population are believed to be attrib-
utable to exposure to asbestos; therefore, the fact 
that the majority of the cases in Biancavilla had 
no known exposure to asbestos strongly suggests 
another local exposure. The excess observed 
was similar in both sexes and was most prom-
inent in young adults, which strongly indicates 
an environmental rather than an occupational 
cause. Finally, the cases were identified through 
a national surveillance programme using 
standardized procedures and their diagnoses 
were based on extensive pathological review; 
thus biases of ascertainment and diagnosis are 
unlikely to explain the findings.

The findings for cancer of the lung were much 
weaker than those for mesothelioma. A modest 
excess of mortality from cancer of the lung was 
observed in women and a modest deficit was 
observed in men, both with wide confidence 
intervals. The lack of any strong evidence of an 
effect on cancer of the lung may reflect that, in 
contrast to mesothelioma, the background rate 
of lung cancer is high and its causes are multiple. 
Furthermore, several studies of environmental 
exposure to asbestos in other countries have also 
failed to demonstrate an excess of lung cancer. 
The Working Group considered that the evidence 
for carcinogenicity in the lung was inadequate 
because of the small number of studies, the weak 
indication of an association, and the lack of 
controls for potential confounding.

5.3	 Animal carcinogenicity data

The carcinogenicity of fluoro-edenite fibrous 
amphibole has been investigated in only one 
study in experimental animals. Intraperitoneal 

injection of fibrous fluoro-edenite caused a 
significant increase in the incidence of meso-
thelioma in male and female rats. In the same 
study, intrapleural injection of fluoro-edenite 
resulted in a high incidence of mesotheliomas 
in male and female rats relative to historical 
controls from that laboratory.

5.4	 Mechanistic and other relevant 
data

Fluoro-edenite is biopersistent in the lungs of 
sheep and is detected in the sputum of exposed 
humans. In-vitro exposure to fluoro-edenite 
induces DNA breaks and is associated with the 
release of cytokines in human epithelial cells and 
fibroblasts, and murine monocyte-macrophages. 
The available studies are consistent with the 
mechanisms proposed for fibre carcinogenicity 
(see IARC, 2012). Overall, the mechanistic data 
for the carcinogenicity of fluoro-edenite are 
moderate.

6.	 Evaluation

6.1	 Cancer in humans

There is sufficient evidence in humans for the 
carcinogenicity of fluoro-edenite fibrous amphi-
bole. Fluoro-edenite fibrous amphibole causes 
mesothelioma.

6.2	 Cancer in experimental animals

There is sufficient evidence in experimental 
animals for the carcinogenicity of fluoro-edenite 
fibrous amphibole.

6.3	 Overall evaluation

Fluoro-edenite fibrous amphibole is carcino-
genic to humans (Group 1).
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1.	 Exposure Data

1.1	 Chemical and physical 
properties

1.1.1	 Nomenclature

(a)	 Silicon carbide fibres

Chem. Abst. Serv. Reg. No.: 308076-74-6
Chemical name: Synthetic fibres, silicon 
carbide
Synonyms: Ceramic fibres, silicon carbide; 
silicon carbide ceramic; silicon carbide 
ceramic synthetic fibres; silicon carbide 
fibres; silicon carbide synthetic fibres
Trade names: Dow X; Enhanced Nicalon; 
Hi-Nicalon; Nicalon NP 1616; SCS 6; SM; 
Sigma; Sylramic; Textron SCS 6; Tokamax; 
Tokawhisker S200; Tyranno ZX (Chemical 
Book, 2014).

(b)	 Non-fibrous silicon carbide

Chem. Abst. Serv. Reg. No.: 409-21-2
EINECS: 206-991-8
Chemical name: Silicon carbide
IUPAC systematic name: Silicon carbide
Chemical formula: SiC (ACGIH, 2003)
Molecular formula:
Si+ C-

Relative molecular mass: 40.097
Synonyms: Carbon silicide; carborundum, a 
commercial name for silicon carbide abra-
sives, is sometimes used as a common name 
for silicon carbide dust; silicon monocarbide
Trade names: Annanox, Betarundum, 
Carbofrax, Carbogran, Carbolon, Crystar, 
Crystolon, Densic, DU-A, Ekasic, Green 
densic, Halsik, Hexoloy, Hitaceram, Ibiden, 
Lonza, Norton, Polisher, Shinano Rundum, 
Sika, Silundum, Sixcy, Supersic, Tokawhisker, 
Ultrafine (carbide) (CAMEO Chemicals, 
2014) [this list is not intended to be exhaustive].

1.1.2	 General description

Silicon carbide appears in two different crys-
talline forms: hexagonal α-silicon carbide is the 
main product, while cubic β-silicon carbide is 
formed at lower temperatures (Føreland et al., 
2008). Silicon carbide occurs in several forms: as 
“non-fibrous,” as “polycrystalline fibres,” or as one 
of more than 150 different single-crystal modi-
fications (or polytypes) of “whiskers” (Health 
Council of the Netherlands, 2012). A “whisker” 
is a type of single-crystal fibre, whereas a “fibre” 
may be single- or polycrystalline, or non-crystal-
line (ASTM, 2011).

Non-fibrous silicon carbide or the particulate 
material – also called silicon carbide dust, silicon 
carbide particles, or granular silicon carbide – 
has an average particle size of 1–20 μm. Exposure 
to silicon carbide dust can occur during the 

SILICON CARBIDE



IARC MONOGRAPHS – 111

244

manufacture or use of synthetic abrasive mate-
rials (Health Council of the Netherlands, 2012).

Silicon carbide fibres – also known as silicon 
carbide continuous fibres or silicon carbide 
ceramic fibres, which are mostly polycrystalline 
materials (ASTM, 2011) – are unwanted by-prod-
ucts of silicon carbide particle production and 
are considered to be pollutants (Bye et al., 1985; 
Dufresne et al., 1987a, b; Bégin et al., 1989; 
Scansetti et al., 1992; Dufresne et al., 1993, 1995; 
Dion et al., 2005; Gunnæs et al., 2005; Skogstad 
et al., 2006; Føreland et al., 2008; Bye et al., 2009; 
Føreland et al., 2013). The length and diameter of 
these fibres are variable, but fulfil the definition 
of WHO fibres (particles > 5 μm with a width of 
< 3 μm and an aspect ratio of > 3) (Rödelsperger 
& Brückel, 2006).

Fibrous silicon carbide may exist as whiskers 
or continuous fibres (Bye et al., 1985). Silicon 
carbide whiskers often have a diameter < 5 μm 
and a length >  20  μm and are thus respirable 
fibres similar to amphibole asbestos. Silicon 
carbide whiskers are single-crystal structures 
that are cylindrical in shape (ACGIH, 2003).

Silicon carbide fibres are unwanted by-prod-
ucts from the Acheson process and are morpho-
logically heterogeneous, whereas silicon carbide 
whiskers are intentionally produced and have 
homogeneous morphology. Skogstad et al. (2006) 
reported the close resemblance of the morphology 
and size distribution of silicon carbide whiskers 
to those of the Norwegian airborne industrial 
by-product fibres used by Stanton & Layard 
(1978), Stanton et al. (1981) and Johnson et al. 
(1992) to carry out in-vivo and in-vitro tests.

1.1.3	 Chemical and physical properties

From ASTM (1998), ACGIH (2003), Health 
Council of the Netherlands (2012), Chemical 
Book (2014)
Density (specific gravity): 3.22 g/mL at 25 °C
Crystalline form: Hexagonal or cubic

Refractive index: 2.650
Oxidation: Occurs above 700 °C
Sublimes and then decomposes: 2700 °C
Solubility: Insoluble in water, alcohol, and acid; 
soluble in molten alkalis (sodium hydroxide 
or potassium hydroxide) and molten iron
Reactivity: Chemical reactions do not take 
place at ordinary temperatures
Appearance: Variable, exceedingly hard, green 
to bluish-black, iridescent, sharp crystals
Odour: None
Conversion factor: 1 mg/m3 = 0.5990 ppm at 
20 °C.

(a)	 Chemical properties

Silicon carbide is a crystalline material, the 
colour of which is determined by the level of 
impurities. Pure silicon carbide is colourless 
and transparent. The green to black colour of 
the industrial product results from impurities, 
mostly iron. The green specimen is a somewhat 
purer, slightly harder, but more friable form 
(Wright, 2006).

Although silicon carbide has a very simple 
chemical formula, it can exist as numerous 
different structures (polytypes) (Shaffer, 1969). 
These structures are composed of a single basic 
unit, a tetrahedral (SiC4 or CSi4) layer, with 
different stacking arrangements for silicon and 
carbon atoms (Kordina & Saddow, 2006; Oliveros 
et al., 2013). The distance between the carbon 
and silicon atom is 0.189 nm, and the distance 
between the carbon atoms is 0.308 nm (Fig. 1.1; 
Kordina & Saddow, 2006).

The polytypes are represented by a number 
showing how many tetrahedra are stacked along 
a specific direction in the unit cell and by a 
letter for the crystal symmetry: cubic (C) and 
hexagonal (H) (Fig. 1.2). The polytypes of silicon 
carbide are defined by the stacking order of the 
double layers of silicon and carbon atoms. The 
polytypes 3C-, 4H-, and 6H-silicon carbide are 
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Fig. 1.1 Silicon carbide tetrahedron formed by covalently bonded carbon and silicon

SiSi

C C

1.89Å

3.08Å

The characteristic tetrahedron building block of all silicon carbide crystals. Four carbon atoms are covalently bonded with a silicon atom in the 
centre. Two types exist. One is rotated 180 ° around the c-axis with respect to the other, as shown.
From Kordina & Saddow (2006). Reproduced with permission from Saddow SE and Agarwal A, Advances in Silicon Carbide Processing and 
Applications, Norwood, MA: Artech House, Inc., 2003. © 2003 by Artech House, Inc.

Fig. 1.2 Atomic stacking for silicon carbide polytypes

The three most common polytypes in silicon carbide viewed in the [1120] plane. From left to right: 4H-silicon carbide, 6H-silicon carbide, and 
3C-silicon carbide; k and h denote crystal symmetry points that are cubic and hexagonal, respectively.
From Kordina & Saddow (2006). Reproduced with permission from Saddow, Stephen E, and Agarwal, Anant, Advances in Silicon Carbide 
Processing and Applications, Norwood, MA: Artech House, Inc., 2003. © 2003 by Artech House, Inc.
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the most frequent. The simplest cubic structure 
is referred to as β-silicon carbide, whereas the 
hexagonal structure is referred to as α-silicon 
carbide (Gunnæs et al., 2005). All polytypes have 
equal proportions of silicon and carbon atoms 
but, because the stacking sequences between the 
planes differ, their electronic and optical prop-
erties differ (Kordina & Saddow, 2006; Wright, 
2006).

Silicon carbide is very stable, but can never-
theless react violently when heated with a mixture 
of potassium dichromate and lead chromate. 
Chemical reactions between silicon carbide 
and oxygen as well as a variety of compounds 
(e.g. sodium silicate, calcium, and magnesium 
oxides) are possible at relatively high tempera-
tures. Indeed, silicon carbide undergoes active 
or passive oxidation depending on the ambient 
oxygen potential. Passive oxidation occurs under 
conditions of high partial pressure of oxygen, 
producing a protective layer of silicon dioxide on 
the surface:

2SiC (s) + 3O2 (g) → 2SiO2 (s) + 2CO (g)
[where s = solid and g = gaseous]
Accordingly, silicon carbide crystals take the 

form of a rainbow-like cluster caused by the layer 
of silicon dioxide produced by passive oxidation, 
which is determined primarily by the nature and 
concentration of impurities.

Active oxidation takes place under condi-
tions of low partial pressure (30 Pa) of oxygen 
at 1400  °C and gaseous oxidation products are 
formed:

SiC (s) + O2 (g) → SiO (g) + CO (g)
SiC (s) + 2SiO2 (s) → 3SiO (g) + CO (g)
[where s = solid and g = gaseous]
Fresh surfaces of silicon carbide are thus 

exposed to the oxidizing atmosphere (Wright, 
2006), and can be covered largely by silicon 
dioxide film or islets, heterogeneously distributed 
at the surface (Dufresne et al., 1987b; Boudard 
et al., 2014).

(b)	 Physical properties

The physical parameters of fibres (density, 
length, and diameter) as well as their aerody-
namic behaviour are important factors that affect 
their respirability, deposition, and clearance in 
the respiratory tract (Cheng et al., 1995).

(i)	 By-product fibres from the Acheson process 
and cleavage fragments

The generation of fibres as a by-product 
has been demonstrated during the industrial 
production of silicon carbide in a Norwegian 
plant (Bye et al., 1985). Characterization of the 
airborne fibres from the furnace department in 
the silicon carbide industry showed that more 
than 93% of fibres consisted of silicon carbide 
fibres which were divided into eight categories 
based on their morphology. In addition, less 
than 2% of the fibres constituted silicon carbide 
fragments probably resulting from the cleavage 
of non-fibrous silicon carbide crystals and corre-
sponding to WHO fibres; these fragments were 
mostly found during sorting operations. In the 
processing department, 25% of fibres consisted 
of silicon carbide fibres and 57% of cleavage 
fragments. The geometric mean (GM) length of 
all fibres > 5 µm was 9.5 µm (range, 5–900 µm) 
and the GM diameter of all fibres was 0.39 µm 
(range, 0.07–2.90 µm); 33% of the fibres had a 
diameter between 0.07 and 0.25 µm, and 15% 
corresponded to Stanton fibres (length, 8  µm; 
diameter ≤ 0.25 µm) (Skogstad et al., 2006). The 
occurrence of silicon carbide fibres was also 
confirmed in a Canadian silicon-carbide prod-
uction factory (Dufresne et al., 1987b; Dion et al., 
2005).

Silicon carbide cleavage fragments are elon-
gated particles produced by the splintering of 
larger crystals during the grinding and classifying 
of silicon carbide. They can be distinguished from 
fibrous particles, such as asbestos, glass fibres, 
and whiskers, by their irregular shape. Typically 
they fulfil the WHO criteria for respirable fibres. 
Even granular or powdered silicon carbide may 
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contain traces of cleavage fragments that fulfil 
the definition of WHO fibres (Rödelsperger & 
Brückel, 2006).

(ii)	 Synthetic silicon carbide whiskers
Exposure to silicon carbide whiskers may 

occur during the manufacture of the whiskers or 
during the production, machining, and finishing 
of composite materials (Beaumont, 1991).

Silicon carbide whiskers have diameters of a 
few micrometres (average, 0.5 µm) and lengths 
of up to 5 cm (average, 10 µm) and occur mostly 
as hair- or ribbon-like crystals (Wright, 2006). 
Because whiskers are single crystals, they frac-
ture across and not along the long dimension. 
They meet the dimensional criteria for a fibre 
(length:diameter (aspect) ratio, > 3) (Beaumont, 
1991) but can exceed an aspect ratio of 10:1 
(Rödelsperger & Brückel, 2006). Several types 
of silicon carbide whisker exist, some of which 
have been well characterized, and their typical 
parameters are presented in Table 1.1.

During the manufacture of discontinuously 
reinforced composites, silicon carbide whiskers 
are combined with metal or ceramic powders 
and formed into the desired shape. The metal 
composites can be extruded, forged, rolled, bent, 
and machined in a fashion similar to the base 
alloy. The ceramic composites can be machined 
on lathes, drill presses, and milling machines 
and finished by abrasive grinding in a manner 
similar to that of common metals. Some whiskers 

are released during the machining of ceramic 
and metal matrix composites (Beaumont, 1991).

(iii)	 Polycrystalline silicon carbide fibres
Polycrystalline silicon carbide fibres (diam-

eter, generally < 2 µm; length, generally ≤ 30 µm) 
can also be manufactured for commercial 
purposes by various methods (i.e. polymer pyrol-
ysis, chemical vapour deposition, or sintering) 
(Wright, 2006).

1.2	 Sampling and analytical 
methods

The sampling and analytical methods for 
silicon carbide fibres are very similar to those 
for asbestos and man-made mineral fibres. Bulk 
samples are prepared and ground in an agate 
mortar to produce fine particles, and further 
processed using a mesh or gravimetric sedimen-
tation in water. This suspension is then filtered 
and mounted for observation using appropriate 
analytical devices. Air samples are obtained using 
a vacuum pump equipped with a membrane 
filter to obtain a representative air volume, and 
the filters are then processed for the analytical 
methods. Biological specimens, such as lung 
tissues, lymph nodes, sputum, and bronchoal-
veolar lavage fluid (BALF), are digested using 
sodium hypochlorite or hydrogen peroxide or 
a combination thereof, and the mineral compo-
nents are recovered on a filter for analysis. Tissue 

Table 1.1 Typical parameters of three characterized types of silicon carbide whisker

Type Fibre (total/μg) Percentage of fibres with length 
> 5 μm

Percentage of fibres with  
diameter < 0.3 μm and  
length > 8.0 μm

SiC-W 1 7.6 × 106 31.0 3.8
SiC-W 2 1.61 × 105 93.7 6.9
SiC-W 3 1.05 × 107 30.8 10.8

SiC-W, silicon carbide whisker
Adapted from Johnson et al. (1992), by permission of John Wiley & Sons



IARC MONOGRAPHS – 111

248

samples can be ashed using a low-temperature 
plasma asher, and the ashed solutions are then 
filtered for further analysis.

All the processed samples on the filters 
can be analysed using a phase-contrast optical 
microscope (PCOM) to count the fibres 
according to WHO (1997) or National Institute 
for Occupational Safety and Health (NIOSH) 
method 7400 (NIOSH, 1994a). The sample-
loaded filters can also be mounted on a stub and 
analysed using scanning electron microscopy 
with an energy dispersive X-ray analyser (SEM-
EDX) (Funahashi et al., 1984; Bye et al., 1985) 
or mounted on a transmission electron micros-
copy (TEM) grid and analysed using TEM-EDX 
according to NIOSH method 7402 (NIOSH, 
1994b). TEM allows analysis of the crystal 
structures and identification of the mineral 
fibres using electron diffraction and comparing 
them with reference minerals (Bye et al., 1985). 
Powdered bulk samples can be analysed using 
X-ray diffraction to observe the different crystal-
line compounds, based on NIOSH method 9000 
(NIOSH, 1994c). To obtain the weight percentage 
of silicon carbide or other amphiboles, standards 
for silicon carbide should be prepared. Selected 
methods for the analysis of silicon carbide fibres 
in various matrices are presented in Table 1.2.

1.3	 Production and use

1.3.1	 History

Silicon carbide was first created syntheti-
cally by Edward Acheson in 1891 by heating 
quartz sand and carbon in a large electric 
furnace. Acheson called the new compound 
“carborundum”, which became a trademark 
for a silicon carbide abrasive (Encyclopaedia 
Britannica, 2014). Subsequently, in 1905, silicon 
carbide was observed in its natural form by 
the chemist Henri Moissan, in a meteor crater 
located in Canyon Diablo, Arizona, USA. 
Moissanite, named in honour of its discoverer, 

is a transparent mineral that is as brilliant and 
almost as hard as diamond. Only synthetically 
produced silicon carbide is used for commercial 
applications because natural moissanite is very 
scarce (Wright, 2006).

The available information on history and 
production levels mostly concerns the Acheson 
production industry, involving mainly powdered 
and granular silicon carbide particulates. Thus 
data on the history and production levels of 
silicon carbide fibres and whiskers are limited.

1.3.2	 Production levels

The world production capacity of silicon 
carbide was 1 010 000 tonnes in 2013. Of these, the 
Norwegian plants produced 8%, Japan produced 
6%, Brazil produced approximately 4%, the 
USA and Canada produced 4%, and China was 
the world’s leading producer of abrasive silicon 
carbide, accounting for 45% of the production 
capacity (Table 1.3).

Production and salient statistics for abra-
sive silicon carbide in the USA and Canada for 
2013 are shown in Table 1.4. Silicon carbide was 
produced by two companies at two plants in the 
USA, and bonded and coated abrasive prod-
ucts accounted for most abrasive uses of silicon 
carbide (USGS, 2014). [These data were not avail-
able for other countries.]

During 2009–12, the USA imported 72% of 
the silicon carbide demand mainly from China 
(58%), South Africa (17%), the Netherlands (7%), 
Romania (7%), and others (11%) for crude prod-
ucts, and China (44%), Brazil (24%), the Russian 
Federation (8%), Norway (7%), and others (17%) 
for grains. About 5% of silicon carbide is recycled 
(USGS, 2014).
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1.3.3	 Production methods

Silicon carbide is intentionally manufactured 
by several processes depending on the levels of 
purity, crystal structure, particle size, and shape 
required.

(a)	 Acheson process

The Acheson process is most frequently 
used for the production of silicon carbide by the 
carbothermal reaction of a mixture of petroleum 
coke (carbon) and high purity crystalline silica 
(quartz) in an open electrical resistance furnace 
(Gunnæs et al., 2005). A silicon carbide plant 
can be divided into four different departments: 
material storage, preparation areas, the furnace 
department where the crude silicon carbide is 
produced, and the processing department where 
the silicon carbide grits are manufactured, as 
presented in Fig. 1.3 (Føreland et al., 2008).

Sawdust is occasionally added to the mixture 
to reduce its density, to facilitate the escape 
of evolved gaseous carbon monoxide, and to 
improve the porosity of the furnace mix (Smith 
et al., 1984; Føreland et al., 2008). Silica reacts 
with carbon to produce silicon carbide and 

carbon monoxide according to the following 
overall reaction:

SiO2 + 3C → SiC + 2CO (Føreland et al., 2008)
The Acheson furnace is heated by a direct 

current passing through powdered graphite 
within the charge mixture (Fig. 1.4). The furnace 
is fired for 40–48 hours, during which temper-
atures in the core vary from > 1700 to 2700 °C, 
and is < 140 °C at the outer edge. Silicon carbide 
develops as a cylindrical ingot around the core, 
with radial layers growing from graphite in the 
inside (which can be recycled to the next furnace) 
to hexagonal α-silicon carbide (the highest grade 
material with a coarse crystalline structure, 98% 
silicon carbide), cubic β-silicon carbide (metal-
lurgical grade, 90% silicon carbide), firesand (80% 
silicon carbide, recycled to the next furnace), the 
crust (a condensation layer of silicon dioxide 
and other oxide impurities), and finally partly 
and unreacted material (sand and coke) on the 
outside (Saint-Gobain, 2014).

After the heating cycle, the furnace is disas-
sembled and the side walls are removed to allow 
cooling (up to 2 weeks). A cross-sectional view 
of the resistor furnace after cooling is given in 
Fig. 1.5 (Indian Institute of Science, 2014).

The outer layer of non-reacted mixture is 
removed from the crude and returned to the mix 
area, exposing the core of green or black silicon 
carbide crystals. The crude silicon carbide is 
transported to the sorting area where β-silicon 
carbide is removed from α-silicon carbide. The 
final α-silicon carbide product is an aggregate of 

Table 1.3 World production capacity for 
silicon carbide in 2013

Country Production capacity (tonnes)

China 455 000
Norway 80 000
Japan 60 000
Mexico 45 000
Brazil 43 000
USA and Canada 42 600
Germany 36 000
Venezuela 30 000
France 16 000
Argentina 5 000
India 5 000
Other countries 190 000
World total (rounded) 1 010 000
Compiled by the Working Group with data from USGS (2014)

Table 1.4 Production volume and salient 
statistics for abrasive silicon carbide in the 
USA and Canada, 2013

Salient statistic Amount (tonnes)

Production, USA and Canada (crude) 35 000
Imports for consumption (USA) 108 000
Exports (USA) 17 700
Consumption, apparent (USA) 125 000
Compiled by the Working Group with data from USGS (2014)
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Fig. 1.3 Flow diagram depicting production of silicon carbide by the Acheson process

SiC, silicon carbide
Reproduced from Føreland et al. (2008). Føreland S, Bye E, Bakke B, Eduard W, Exposure to fibres, crystalline silica, silicon carbide and sulfur 
dioxide in the Norwegian silicon carbide industry, Annals of Occupational Hygiene, 2008, volume 52, issue 5, pages 317–336, by permission of 
Oxford University Press
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iridescent crystals, due to a thin layer of silica 
from superficial oxidation of the carbide, which 
is transported to the processing department for 
crushing, grounding, magnetic and chemical 
treatments to remove impurities, and screening 
into the size required for the end-use (Wright, 
2006; Føreland et al., 2008). Two different types 
of silicon carbide crystal may be obtained: green 
silicon carbide is the purest material with > 99% 
silicon carbide, while the black material contains 
~98% silicon carbide (Bye et al., 2009).

Formation of silicon carbide fibres
Silicon carbide fibres are formed during the 

Acheson process in the intermediate region, 
where the partly reacted material is found (Bye 
et al., 1985). The fibres are believed to be formed 

when a blow of gas escapes the baking lump of 
silicon dioxide–petroleum coke in the electric 
furnace (Bégin et al., 1989). Different morphol-
ogies of fibrous silicon carbide in this layer have 
been observed by SEM and TEM (Gunnæs et al., 
2005; Skogstad et al., 2006). The high concen-
tration of fibres during the handling of the raw 
material is consistent with the fibres encountered 
in recycled material. Silicon carbide fibres have 
not been observed in the final abrasive products, 
but have been observed in products for refractory 
and metallurgical purposes (firesand) (Føreland 
et al., 2008; Bye et al., 2009; Bruch et al., 2014).

In addition to silicon carbide fibres (including 
whiskers), the production of silicon carbide 
generates many airborne contaminants including 

Fig. 1.4 The Acheson furnace and the crude silicon carbide product

SiC, silicon carbide; CO, carbon monoxide
Reproduced from Føreland (2012), with permission of the author
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quartz, cristobalite, graphite, and non-fibrous 
silicon carbide dust (Bye et al., 2009). Sulfur 
dioxide (from the oxidation of sulfur contained 
in the petroleum coke) and polycyclic aromatic 
hydrocarbons are also found in the environment 
of the Acheson furnace (Bye et al., 1985; Dufresne 
et al., 1987a; Føreland et al., 2008).

(b)	 Synthesis of silicon carbide powder and 
whiskers from rice hulls

The conversion of silicon dioxide particles in 
plant material (as rice hulls) to silicon carbide is 
carried out by heating in the excess carbon from 
the organic material. Rice hulls contain 16–26% 
by weight of silica. The silica is amorphous and 

is transformed into β-silicon carbide by pyrol-
ysis. High quality silicon carbide powder and 
whiskers are produced from rice hulls without 
catalysts using an inexpensive method. The rice 
hulls are preheated at 750–850 °C in the absence 
of air for 3 hours. The temperature is gradually 
increased to 1300 and 1400 °C over 12 hours 
in an argon atmosphere. Different structures 
are found: needles with a diameter of 0.25 µm; 
fibres of about 0.16 µm in diameter; spherical 
particles of 1 µm in diameter; and structures 
with the original morphology. Excess carbon is 
eliminated by burning in an air atmosphere at 
850 °C for 6 hours and residual silicon oxide is 

Fig. 1.5 Cross-sectional view of the Acheson furnace after cooling

Republished with permission of John Wiley and Sons Inc., from Steel Research International: a journal for steel and related materials, Study 
of formation of silicon carbide in the Acheson Process, Kumar & Gupta (2002), volume 73, issue 2, permission conveyed through Copyright 
Clearance Center, Inc.
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removed by washing with a solution of fluoric 
acid (Rodriguez-Lugo et al., 2002).

(c)	 Synthesis of silicon carbide whiskers from 
waste serpentine

Serpentine rock can be used as a raw mate-
rial for the production of a high-reactivity amor-
phous silica powder, which can then be used for 
the synthesis of silicon carbide. Amorphous silica 
is obtained by the extraction of waste serpentine 
at 80 °C in 5M sulfuric acid for 48 hours. The 
amorphous silica powder is then reacted with 
carbon black at 1550  °C for 5  hours to obtain 
β-silicon carbide whiskers for use as a raw mate-
rial in industry (Cheng & Hsu, 2006).

(d)	 Other production methods

Silicon carbide is also produced, for special 
applications, by other advanced processes 
(Wright, 2006).

(i)	 Physical vapour transport (or modified Lely 
process)

Large single crystals of silicon carbide are 
produced from a form of physical vapour trans-
port growth in which silicon and carbon are 
transported at high temperatures through a 
reactor to a growing seed crystal. The silicon 
carbide crystals can then be sliced into wafers up 
to 100 mm in diameter (Wright, 2006).

(ii)	 Chemical vapour deposition
Wear-resistant layers of silicon carbide as 

well as silicon carbide fibres or whiskers for rein-
forcing metals or other ceramics can be formed 
by chemical vapour deposition, a process in 
which volatile compounds containing carbon 
and silicon are reacted at high temperatures in 
the presence of hydrogen. The silicon carbide 
whiskers produced by chemical vapour depos-
ition with silicon oxide and carbon monoxide 
as the primary reactants are similar to those 
produced by pyrolysis or the thermal decompo-
sition of rice hulls (Sharma et al., 1984).

(iii)	 Vapour–liquid–solid process
Silicon carbide whiskers of high purity are 

produced by this process, in which the crystal 
growth occurs by precipitation from the super-
saturated liquid at the solid–liquid surface. The 
vapour contains a carbon-bearing gas (methane) 
and silicon monoxide (Milewski et al., 1985).

1.3.4	 Use

Silicon carbide has been produced on a 
large scale since 1893 for use as an abrasive. 
This was followed by electronic applications, 
in light-emitting diodes and detectors in early 
radios (Wright, 2006).

Most of the silicon carbide produced world-
wide today is in the form of grains or powder 
for use as an abrasive. Additional silicon carbide 
applications are: refractories, electrical devices, 
electronics (semiconductor), diesel particles 
filters, ceramics, industrial furnaces, structural 
materials, and metallurgy (Wright, 2006). Silicon 
carbide is also used by the aerospace, automo-
tive, and power generation industries as a rein-
forcing material in advanced ceramic composites 
(ACGIH, 2003; USGS, 2014). Although no appli-
cation has been found for the unwanted fibres 
from the Acheson process, metallurgical grade 
silicon carbide that contains silicon carbide fibres 
may be sold to the industry.

Silicon carbide whiskers have a wide range of 
industrial uses related to its high tensile strength, 
weight advantage over metals, and stability at 
high temperatures. They are used for ceramic 
seals, sandblast nozzles, and structural mate-
rials for applications at high temperatures, as 
durable asbestos substitutes (Health Council of 
the Netherlands, 2012).

1.4	 Natural occurrence

Only minute quantities of silicon carbide 
exist in nature.
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1.5	 Exposure

1.5.1	 Exposure of the general population

No data have been reported on the levels of 
silicon carbide fibres in non-occupational envi-
ronmental matrices such as air, water, and soil.

1.5.2	 Occupational exposure

Silicon carbide in fibrous and non-fibrous 
forms has been detected in occupational envi-
ronments. Various forms of silicon carbide can 
comply with the WHO definition of a fibre (i.e. 
a particle longer than 5  µm with a diameter 
of less than 3  µm and an aspect ratio of more 
than 3), including intentionally manufactured 
monocrystalline silicon carbide whiskers, inten-
tionally manufactured polycrystalline silicon 
carbide fibres, unwanted silicon carbide fibres 
resulting as by-products of the manufacture 
of silicon carbide (partially reacted materials), 
and cleavage fragments of crude silicon carbide 
(Lockey, 1996; Rödelsperger & Brückel, 2006; 
Wright, 2006).

Inhalation is the primary route of expo-
sure to fibrous silicon carbide in occupational 
settings, but data on the number of workers 
occupationally exposed to silicon carbide fibres 
are lacking. However, the United States National 
Occupational Exposure Survey (1981–83) estim-
ated that about 250  900 workers were exposed 
to silicon carbide. The industries with the largest 
number of exposed workers included machinery 
(except for electrical), and electric and elec-
tronic equipment. The United States National 
Occupational Exposure Survey also estimated 
that about 17 500 and 8700 workers were exposed 
to silicon carbide powder and silicon carbide 
dust, respectively (NIOSH, 2014).

(a)	 Manufactured silicon carbide fibres

The term “silicon carbide whiskers” specifi-
cally refers to monocrystalline forms produced 
at high cost for targeted high technology use, 

such as in the aerospace industry (Wright, 
2006). To characterize silicon carbide whiskers, 
Cheng et al. (1995) aerosolized them and took 
samples from a filter. The count median length 
of the aerosol samples was 3.43  µm and the 
count median diameter was 0.198  µm. Thus, 
only a fraction of the aerosol could be defined as 
WHO fibres. According to the aerodynamic size, 
65% (cascade impactor) to 76% (aerosol centri-
fuge) of the silicon carbide aerosol particles were 
respirable.

Exposures to both these respirable manu-
factured silicon carbide whiskers and silicon 
carbide fibres may occur during their production 
and the manufacturing/machining/finishing/
use of composite materials (Johnson et al., 1992; 
Lockey, 1996; Cook, 2006; Wright, 2006; Malard 
& Binet, 2012). However, limited information on 
the quantification of such exposures has been 
reported in the literature.

Beaumont (1991) monitored total fibre 
occurrence during the machining of silicon 
carbide whisker-reinforced metals and ceramics. 
Calculated 8-hour time-weighted average 
(TWA) exposures ranged from 0.031 fibres/mL 
to 0.76 fibres/mL, depending on the processes 
used. Control improvements to optimize the 
local exhaust ventilation and/or cleaning coolant 
provided a substantial reduction in the exposure 
to fibres (see Table 1.5).

Possible airborne fibre release from silicon 
carbide cutting tips used on some machine tools 
was investigated by on-site monitoring and 
during simulated work activities in a laboratory 
(Revell & Bard, 2005). All airborne fibre concen-
trations for each sample were below the limit of 
quantification during on-site monitoring. SEM 
analysis of a fractured surface silicon carbide 
ceramic tip showed a large number of fibres, typi-
cally about 2 µm in length and 0.5 µm in diam-
eter. Using fractured tips could lead to exposures 
to fibres because protruding fibres could feasibly 
be broken off easily. However, laboratory tests to 
simulate a cutting action using silicon carbide 
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whisker ceramic tips indicated that very few 
fibres were released; concentrations were below 
the limit of quantification of 0.04 fibres/mL.

Several other forms of silicon carbide are 
used in industries. Nixdorf (2008) indicated 
that new non-respirable silicon carbide (diam-
eter, 5–10  µm) can be used as a substitute for 
other respirable silicon carbide particles. Malard 
& Binet (2012) reported the use of the silicon 
carbide Nicalon® (diameter, typically 14 µm) in 
reinforced composite materials. However, these 
silicon carbide forms do not comply with the 
WHO definition of a fibre. The possibility of 
releases of submicron airborne particles could 
be investigated during machining operations on 
these reinforced materials.

(b)	 By-products of silicon carbide production

(i)	 Studies of exposed workers
Silicon carbide fibres also appear and were 

mainly investigated as unwanted by-products 
generated during the production of silicon 
carbide crystals through the Acheson furnace 
process (Lockey, 1996). Results from field studies 
are summarized in Table 1.6.

Quantification of these undesired airborne 
silicon carbide fibres was first reported in three 
Norwegian silicon carbide production plants by 

Bye et al. (1985). Short-term (15–50 minutes) 
personal or stationary samples were collected 
at various workplaces and fibres were counted 
using PCOM. The concentrations of silicon 
carbide fibres reported in the three plants were 
0.1–4.9 fibres/mL during the mixing of raw 
material, 0–3.6 fibres/mL during furnace oper-
ations, 0.2–2.7 fibres/mL during the separation 
of raw products, and 0–0.2 fibres/mL during the 
preparation of final products. The analysis of an 
airborne dust sample (100 fibres evaluated) by 
SEM showed fibres with diameters and lengths 
ranging from 0.5 µm to 2.5 µm and from 1 µm to 
50 µm, respectively. The presence of long (length, 
up to 20  µm) and thin (diameter, 0.2–0.5  µm) 
airborne fibres in the silicon carbide industries 
was later confirmed (but not quantified) by 
Dufresne et al. (1987b) using SEM.

Scansetti et al. (1992) measured fibre concen-
trations by PCOM or SEM in samples obtained 
by static sampling in an Italian plant oper-
ating 24 Acheson furnaces. GMs of respirable 
fibre concentrations determined by PCOM for 
the different working operations are given in 
Table 1.6. GMs of respirable fibre concentrations 
were also determined by SEM and the ratios of 
SEM to PCOM ranged from 1.15 to 2.02 indi-
cating the presence of thin fibres below the 
PCOM limit of detection. High variability in 

Table 1.5 Calculated 8-hour time-weighted average exposures to fibres during machining of 
silicon carbide whisker-reinforced composite materials before and after control improvements

Description  Concentration (fibres/mL) 

Before After

Machining of metal matrix composites 0.031 NAa

Lathe machining of green ceramic composites 0.26 0.034
Lathe machining of pre-sintered ceramic composites 0.76 0.038
Cutting pre-sintered ceramic composites with tool post grinder NCb 0.031
Surface grinding of fired ceramic 0.21 0.0062
Inside/outside grinding of fired ceramic 0.075 0.016

a	  NA, not applicable because no changes were made in the metal machining area
b	  NC, this value could not be calculated from the data collected
Adapted from: Reduction in airborne silicon carbide whiskers by process improvements, Beaumont (1991), Journal of Occupational and 
Environmental Hygiene, reprinted by permission of the publisher (Taylor & Francis Ltd, http://www.tandfonline.com)

http://www.tandfonline.com
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the workplace environment was reported in the 
majority of the working operations studied.

To study cancer incidence among 2620 men 
employed in all three Norwegian silicon carbide 
plants, Romundstad et al. (2001, 2002) estimated 
exposures to silicon carbide fibres for different 
occupations from 1912 to 1996 for plant A, from 
1965 to 1996 for plant B, and from 1963 to 1996 
for plant C. Estimated exposures, presented in 
Table 1.6, were based on industrial hygiene meas-
urements carried out between 1982 and 1988 and 
on descriptions of changes in the process tech-
nology and work practices over time. Arithmetic 
means of silicon carbide fibre concentrations 
calculated by job over the whole sampling period 
are presented in Table 1.7. The highest levels were 
reached during mixing raw materials, oven work, 
and sorting. Estimated exposures indicated a 
continual decrease in workplace levels of silicon 
carbide fibres from the 1910s to the 1990s in plant 
A.

Gunnæs et al. (2005) investigated the chem-
ical composition, structure, surface properties, 
and morphology of clustered silicon carbide 
fibres in one of the three industrial silicon 
carbide plants in Norway. Fibres were collected 
both by personal sampling in the furnace hall 
and by collecting material containing fibres from 
the zone between the silicon carbide crust and 
the outer firesand layer. A large variety of silicon 
carbide fibres was found both in the air samples 
and in the samples taken from the furnace. The 
authors described a complex morphology of 
needles with branches based on a face-centred 
cubic structure and covered by a thin amorphous 
layer of carbon.

Additional investigations in the three 
Norwegian plants by Skogstad et al. (2006) 
provided a detailed description of the morpho-
logical variation of the fibres by classifying 
their types by shape, chemical composition, and 
dimensions and exploring possible determinants 
of the occurrence of these various types. A total 
of 32 short-term (0.5–2 hours) personal samples 

were analysed by SEM The authors classified the 
silicon carbide fibres into categories (K1–K8 and 
CF) according to their morphologies, including 
a category for fibres that could not easily be 
assigned to one of the seven previous groups (K8) 
and one for those that satisfied the fibre counting 
criteria (CF). The category K4 comprises around 
50% of all fibres identified. These thin fibres were 
“rectilinear but often tapered along the fibre 
axis.” In addition, approximately 15% and 10% of 
the fibres counted were classified as K1 (“straight 
fibres [that] looked like a staple of discs perpen-
dicular to the fibre axis”) and K2 (“straight fibres 
with variable diameter along the fibre axis”) cate-
gories, respectively. Fewer than 10% of the fibres 
counted were not silicon carbide fibres, but were 
carbon fibres, silicon oxide fibres, silicon fibres, 
vanadium-rich fibres, and man-made vitreous 
fibres. The proportions of the various silicon 
carbide categories were shown to differ between 
plants, jobs, and production parameters. For all 
categories, the arithmetic means of the diameter, 
length, and aspect ratio of counted fibres were 
0.51 µm, 12 µm, and 36, respectively.

Dion et al. (2005) examined nearly 100 
measurements of silicon carbide fibre concentra-
tions in one Canadian factory producing silicon 
carbide abrasive material (grains or particles). 
Fibres were counted from personal samples 
following the WHO method (using PCOM) and 
the 8-hour TWA concentrations were calculated 
for six groups of workers: assistant operators of 
station 01, Acheson furnace attendants (loading 
mix into the furnace), subproduct attendants, 
crusher and backhoe operators, carboselectors, 
and millwrights. The 8-hour TWA concentrations 
ranged from 0.03 fibres/mL (for assistant opera-
tors at station 01) to 0.89 fibres/mL (for carbose-
lectors breaking up and sorting silicon carbide 
lumps). Crushers, who also screen all grades of 
the silicon carbide produced into several sizes, 
had the second highest exposure (8-hour TWA 
of between 0.42 and 0.77 fibres/mL).
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Table 1.7 Comparison of estimated retrospective exposure assessment to silicon carbide fibres 
for selected job groups and study periods from the studies of Romundstad et al. (2001) and 
Føreland et al. (2012) 

Job group Study period Fibre concentrations (fibres/mL), arithmetic mean

Romundstad et al. (2001) Føreland et al. (2012)

Plant A      
Mix 1912–36 4.4 0.37
  1936–52 2.2 0.29
  1953–79 1.6 0.23
  1980–96 0.9a 0.15
Charger 1915–38 3.3 0.89
  1939–52 2.8 0.67
  1953–59 2.1 0.55
  1960–79 1.2 0.49
  1980–96 0.3a 0.36
Crane 1938–52 2.8 0.33
  1953–58 1.3 0.22
  1959–96 0.3 0.15
Sorter 1913–33 3.2 1.0
  1934–52 2.4 0.76
  1953–96 0.8a 0.26
Refinery 1914–43 0.06 0.06
  1947–96 0.04a 0.05
Fines 1931–43 0 0.02
  1947–96 0 0.02
Packer 1914–43 0.06 0.25
  1947–96 0.04 0.20
Plant B      
Mix 1965–81 2.8 0.13
  1982–96 1.1a 0.1
Crane 1965–81 0.2 0.12
  1982–96 0.2 0.09
Sorter 1965–81 1.1 0.65
  1982–96 1.1a 0.46
Refinery 1965–96 0.06 0.05
Fines 1965–96 0 0.03
Plant C      
Mix 1963–96b or 1964–96c 0.6 0.07
Charger 1963–96b or 1964–96c 0.4a 0.47
Payloader 1963–96b or 1964–96c 0.9a 0.39
Crane 1963–79b or 1964–96c 0.4 0.10
Sorter 1963–96b or 1964–96c 1.8a 0.67
Refinery 1963–96 0.05 0.03
Fines 1963–96 0 0.02

a	  Measured data
b	 Romundstad et al. (2001)
c	 Føreland et al. (2012)
Adapted from Føreland et al. (2012)
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In the three Norwegian plants producing 
silicon carbide, Føreland et al. (2008) assessed 
personal exposure to silicon carbide fibres for 13 
different job groups classified in three depart-
ments (furnace, processing, and maintenance). 
Approximately 720 new short-term (0.5–3.5 
hours) personal measurements were taken during 
the period 2002–03 and counted according to the 
WHO counting criteria (WHO, 1997). GMs of 
fibre levels were in the range 0.007–2.7 fibres/mL 
for all jobs and plants. The highest exposures 
were monitored in the furnace department. The 
Norwegian exposure limit for fibres (0.1 fibres/mL) 
was exceeded by 53%, 17%, and 0.2% of the samples 
from the furnace, maintenance, and processing 
departments, respectively. The authors reported 
that 78% of the workers in the furnace depart-
ment used respirators.

To construct a retrospective job–exposure 
matrix (JEM) for the Norwegian silicon carbide 
industry, Føreland et al. (2012) combined histor-
ical exposure data from company records, the 
Norwegian Labour Inspectorate records, and 
studies performed by the National Institute of 
Occupational Health (NIOH). Mixed-effect models 
were used to estimate the exposure to silicon 
carbide fibres for each plant which is expected 
to give more accurate assessments. Arithmetic 
means of exposures were estimated for several 
job groups depending on the plant: mix, charger, 
payloader, crane, sorter, refinery, fines, and packer 
(see Table 1.7). The new estimated exposure data 
were compared with the original JEM developed 
by Romundstad et al. (2001). The fibre exposure 
estimates using the novel method (Føreland et al., 
2012) were 3.2 times lower on average than those 
in the previous JEM, and this method was used 
by Bugge et al. (2011, 2012) to update previous 
Norwegian epidemiological investigations.

To identify the determinants of exposure to 
dust and dust constituents in the Norwegian 
silicon carbide industry, Føreland et al. (2013) 
assessed exposures to silicon carbide fibres in 
the three Norwegian plants, and data formerly 

presented in Føreland et al. (2008) for each plant 
were grouped for the three plants. As previously 
reported, work in the furnace department was 
associated with the highest exposure and that 
in the processing department with the lowest 
exposure to fibres. Job group was an important 
predictor of exposure to silicon carbide fibres and 
accounted for up to 82% of the between-worker 
variance. For maintenance workers, increased 
exposure to fibres was also associated with work 
in the furnace department.

(ii)	 Studies with biological samples from 
exposed workers

Some case studies have evaluated biological 
samples from workers and the studies of Dufresne 
et al. (1993, 1995) are particularly relevant 
regarding exposures to silicon carbide fibres in the 
Canadian silicon carbide industry. Dufresne et al. 
(1993) reported a concentration of 39 300 fibres/
mg of dry lung tissue for fibres longer than 5 µm 
(mean diameter, 0.49 µm; mean length, 11 µm) 
and a concentration of 105 243 fibres/mg of dry 
lung tissue for fibres shorter than 5  µm (mean 
diameter,  0.22  µm; mean length,  2.86  µm) in 
the lung parenchyma of a retired silicon-carbide 
plant worker (see Table 1.8). The worker was diag-
nosed with pneumoconiosis and lung cancer and 
had been exposed for 42 years near an Acheson 
furnace. The authors noted that the concen-
tration of total pulmonary fibres in this study 
greatly exceeded (approximately by a factor of 10) 
the fibre concentrations reported in the lungs of 
subjects exposed to asbestos in mining activities 
(Case & Sebastien, 1987). In a subsequent study, 
Dufresne et al. (1995) examined post-mortem 
lung material from 15 deceased men who had 
worked for between 15 and 42 years in the silicon 
carbide industry. The GM concentrations of 
fibres shorter than 5 µm were 48 529 fibres/mg of 
dry lung tissue in workers without lung fibrosis 
and lung cancer, and up to 147 911 fibres/mg in 
workers with lung fibrosis but no lung cancer. 
GM concentrations of fibres longer than 5 µm 
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were up to 53  951 fibres/mg of dry lung tissue 
in workers with lung fibrosis but no lung cancer 
(see Table  1.8). No statistical differences were 
observed in the dimensions of silicon carbide 
fibres between each group. Fibres <  5 µm long 
were approximately 2 µm in length and 0.2 µm in 
diameter with an aspect ratio of approximately 
10. Fibres ≥ 5 µm long were approximately 8 µm 
in length and 0.3 µm in diameter with an aspect 
ratio of approximately 25. Ferruginous bodies 
were also counted in this study. Other types of 
particle and fibre were also reported, including 
mica, clays, amosite, and cleavage fragments of 
tremolite.

(iii)	 Co-exposures
As shown in the Norwegian silicon carbide 

industry, workers are also co-exposed to total 
dust (GM range, < 0.29–21 µg/m3), respirable dust 
(GM range, < 0.12–1.3 µg/m3), respirable quartz 
(GM range, <  0.44–20 µg/m3), and respirable 

cristobalite (GM range, < 0.33– 35 µg/m3). Some 
other low-level contaminants, such as sulfur 
dioxide and polycyclic aromatic hydrocarbons, 
have also been reported (Føreland et al., 2008). 
The highest levels of fibres were reached for 
workers in the furnace department where high 
exposure to respirable dust also occurs (Føreland 
et al., 2012).

1.6	 Regulations and guidelines

TWA values, short-term exposure limits, and 
other regulations or guidelines worldwide are 
summarized in Table 1.9.

Table 1.8 Biological levels of fibres in the lung parenchyma of workers in the silicon carbide 
industry in Canada

Reference
 

Subjects
 

Geometric mean (± geometric standard deviation) 

Silicon carbide fibres 
(length, < 5µm) per 
mg of dry lung

Silicon carbide fibres 
(length, ≥ 5µm) per 
mg of dry lung

Ferruginous 
bodies per g of 
dry lung

Dufresne 
et al. (1993)

1 male worker with silicon carbide 
pneumoconiosis and lung cancer, exposed 
for 42 yrs, retired for 2 yrs, and smoked 
1.5 packs of cigarettes per day for > 40 yrs

105 243 39 300 800 000

Dufresne 
et al. (1995)

5 male workers with no lung fibrosis or 
lung cancer exposed for 23.4 ± 6.9 yrs, no 
longer exposed for the past 7.9 ± 7.1 yrs, 
and smoked 50.6 ± 30 cigarette pack–yrs

48 529 (± 3.5) 7 586 (± 3.9) 39 903 (± 4.0)

  6 male workers with lung fibrosis but no 
lung cancer, exposed for 28.8 ± 5.5 yrs, no 
longer exposed for the past 7.0 ± 1.6 yrs, 
and smoked 59.8 ± 32.2 cigarette pack–yrs

147 911 (± 2.5) 53 951 (± 3.5) 305 492 (± 3.8)

  4 male workers with lung fibrosis and 
lung cancer, exposed for 32.3 ± 9.0 yrs, no 
longer exposed for the past 5.0 ± 3.5 yrs, 
and smoked 39.2 ± 25.8 cigarette pack–yrs

100 925 (± 1.8) 27 353 (± 1.8) 583 445 (± 2.4)

yr, year
Compiled by the Working Group
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2.	 Cancer in Humans

2.1	 Introduction

Only a few studies that refer directly to expo-
sure to silicon carbide fibres have been published 
(see Table  2.1) and concerned workers were 
engaged in the production of silicon carbide, 
using the Acheson production process, where 
exposure to silicon carbide fibres was combined 
with exposure to a range of other dusts and 
gases, including non-fibrous silicon carbide. 
The Acheson process remains the dominant 
method of producing silicon carbide; the process 

and related exposure conditions are described 
in Section 1. No studies were found of workers 
engaged in the production of silicon carbide 
whiskers. Other studies of workers exposed to 
silicon carbide include cohort studies of down-
stream users of the product, especially of workers 
in the abrasives industry. These studies were 
reviewed but were regarded as uninformative 
with respect to silicon carbide fibres because the 
Working Group had no evidence that workers 
producing or using abrasive materials were 
exposed to the fibres.

Table 1.9 Regulations and guidelines for silicon carbide worldwide

Type of silicon carbide Country or region Concentration Interpretation Carcinogenicity

Non-fibrous silicon carbide  (mg/m3)    
  USA      
  OSHA (PEL)      
        Total dust 15 TWA  
        Respirable fraction 5 TWA  
  ACGIH (TLV)      
        Inhalable fractiona 10 TWA  
        Respirable fractiona 3 TWA  
  NIOSH (REL)      
        Total dust 10 10-h TWA  
        Respirable fraction 5 10-h TWA  
  United Kingdom      
        Total inhalable 10 TWA  
        Respirable fraction 4 TWA  
Fibrous silicon carbide   (fibres/cm3)    
  USA      
  ACGIH (TLV)b 0.1 TWA A2
  Europe      
  SCOEL (OEL)c 1 TWA  
  Sweden      
  LLV 0.2   C

a	  Particulate matter containing no asbestos and < 1% crystalline silica
b	  Including whiskers: respirable fibres (length, > 5 µm; aspect ratio, ≥ 3:1) as determined by the membrane filter method at  
400–450 × magnification (4 mm objective), using phase-contrast illumination
c	  Refractory ceramic fibres, including fibres of silicon carbide
A2, suspected human carcinogen; ACGIH, American Conference of Governmental Industrial Hygienists; C, carcinogenic; LLV, level limited 
value; NIOSH, National Institute for Occupational Safety and Health; OEL, occupational exposure limit; OSHA, Occupational Safety and 
Health Administration; PEL, permissible exposure limit; REL, recommended exposure limit; SCOEL, Scientific Committee on Occupational 
Exposure Limits; TLV, threshold limit value; TWA, 8-hour time-weighted average (unless otherwise specified)
From HSE (2011), NIOSH (2011), Swedish Work Environment Authority (2011), SCOEL (2012), OSHA (2015)
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2.2	 Silicon-carbide production 
industry

The first study to be published on a cohort 
from the silicon-carbide production industry 
was conducted in Canada by Infante-Rivard et al. 
(1994). A cohort of silicon-carbide production 
workers was subsequently studied in Norway 
by Romundstad et al. (2001) with updates and 
exposure–response analyses of lung cancer 
carried out by Bugge et al. (2010, 2012). Due to 
the similarities between silicon carbide fibres 
and asbestos, and also due to the observed induc-
tion of mesothelioma by silicon carbide whiskers 
in experimental animals, whether an increased 
incidence of mesothelioma was observed in the 
cohort studies was of special interest. Only the 
two Norwegian studies reported the incidence 
of pleural cancer or results for cancer sites other 
than lung and stomach.

In the Canadian study by Infante-Rivard 
et al. (1994), 585 silicon carbide industry workers 
employed for more than 2 years during 1950–80 
were identified and their vital status, job history, 
and smoking histories were ascertained until 
1989. A JEM on total dust was developed. No 
information on exposure to silicon carbide fibres 
specifically was available. Mortality from total 
and site-specific cancer was compared with 
that of the general population of the Province 
of Québec, and also related to cumulative expo-
sure to total dust. The standardized mortality 
ratio (SMR) for lung cancer was 1.69 (95% confi-
dence interval [CI], 1.09–2.52). Mortality from 
lung cancer showed a moderate increase with 
increasing cumulative exposure to total dust (see 
Table  2.1). Increased mortality from stomach 
cancer (SMR, 2.18; 95% CI, 0.88–4.51) was also 
observed. Data for other cancer sites were not 
presented. [One strength of this study was the 
collection of information concerning job history 
and smoking, either from the worker personally 
or from relatives. Weaknesses were mainly that 
the cohort was small and that only total dust 

estimates were available. In addition, the method 
used to account for a minimum latency period 
(ignoring both years at risk and deaths during the 
first 15 years of employment) may have reduced 
the power of the study.]

A cohort of 2620 male workers employed 
for more than 6  months in 1913–96 in the 
Norwegian silicon carbide industry was estab-
lished by Romundstad et al. (2001) and followed 
up from 1953 to 1996. Data on cancer incidence 
were obtained from the Norwegian Cancer 
Registry and comparisons were made with the 
general Norwegian population. A JEM on total 
dust, crystalline silica, silicon carbide fibres, and 
inorganic dust other than quartz and cristobalite, 
and potentially including silicon carbide parti-
cles and cleavage fragments, was constructed. 
Exposure assessments were mainly based on total 
dust measurements. An estimation of exposures 
other than those to total dust was based on a few 
measurements of these factors, and an estima-
tion of the relative content of these factors in total 
dust was also made. [Uncertainties regarding 
exposure assessment due to the strong correl-
ation between the different exposure factors and 
the small number of measurements precluded 
any firm conclusions based on the available data.]

Bugge et al. (2010) performed an update of 
the Norwegian cohort study (Romundstad et al., 
2001), with the addition of employment informa-
tion until 2003 and a further 9 years of cancer 
incidence follow-up (until 2005). A full report of 
cancer incidence in the silicon carbide industry 
was given in the study, but no exposure–effect 
analyses were performed. In a second study of 
the Norwegian cohort by Bugge et al. (2012), 
which included data on cancer incidence until 
2008, a detailed JEM was constructed, based on 
new exposure measurements and mathematical 
modelling of historical exposure levels of total and 
respirable dust, non-fibrous and fibrous silicon 
carbide, quartz, and cristobalite (Føreland et al., 
2012). In this last study (Bugge et al., 2012), the 
relative influence of different exposure factors 
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(including silicon carbide fibres) was estimated, 
but only for lung cancer incidence.

In Bugge et al. (2012), the standardized inci-
dence ratio (SIR) for lung cancer in long-term 
workers (≥ 3 years of employment) was 1.6 (95% 
CI, 1.3–2.1). The results from the two earlier 
studies from this cohort showed similar SIRs of 
1.9 (95% CI, 1.5–2.3; Romundstad et al., 2001) and 
2.0 (95% CI, 1.6–2.4; Bugge et al., 2010) for lung 
cancer in the entire cohort. The highest incidence 
of lung cancer was observed among workers 
in the furnace department (SIR, 2.3; 95% CI, 
1.5–3.5) and among workers with employment 
in more than one department (including furnace 
work) (SIR, 1.9; 95% CI, 1.3–2.9). Among workers 
in the processing and maintenance departments 
the SIR was 1.4 for both groups (95% CI, 0.7–2.7 
and 0.7–2.6, respectively). Similar patterns of 
relative risks were observed in analyses using 
workers with low exposure as the referent group 
(Table  2.1). The SIR for lung cancer increased 
with increasing cumulative exposure to silicon 
carbide fibres, but also with indicators of other 
exposures, including cristobalite. Due to a high 
correlation between the different exposure 
factors, especially in the furnace halls, Poisson 
regression models were built to estimate the rela-
tive effect of the different exposure factors. The 
incidence of lung cancer was most strongly asso-
ciated with exposure to cristobalite (incidence 
rate ratio, 1.9; 95% CI, 1.2–2.9 per log mg–years/
m3 unadjusted; and 1.6; 95% CI, 0.8–3.3 per log 
mg–years/m3 adjusted for silicon carbide fibres 
and non-fibrous silicon carbide). The unadjusted 
incidence rate ratio with silicon carbide fibres was 
1.9 (95% CI, 1.2–2.9 per log fibre–years/mL), but 
when adjusted for cristobalite and non-fibrous 
silicon carbide showed a weaker non-significant 
association (incidence rate ratio, 1.3; 95% CI, 
0.7–2.6 per log fibre–years/mL).

Data for all other cancer sites were reported 
by Bugge et al. (2010). Only one case of cancer 
of the pleura (ICD-9 163) was reported among 
long-term workers, resulting in an SIR of 0.8 

(95% CI, 0.1–6.0), but two cases were observed 
among the short-term workers (SIR, 3.7; 95% CI, 
0.9–14.7). [The Working Group noted that the 
report did not provide information on the time 
elapsed between exposures in the silicon carbide 
industry and the diagnosis of mesothelioma.] 
The SIR for stomach cancer was 1.3 (95% CI, 
0.9–1.9), while that for larynx cancer was 0.9 (95% 
CI, 0.3–2.8). An increased incidence of cancer of 
the oral cavity and pharynx (SIR, 2.1; 95% CI, 
1.1–3.9; 10 cases), lip cancer (SIR, 2.4; 95% CI, 
1.2–5.1; 7 cases), prostate cancer (SIR, 1.2; 95% CI, 
1.0–1.5; 77 cases), and leukaemia (SIR, 2.8; 95% 
CI, 1.2–6.1; 6 cases) was also observed among 
the long-term workers. SIRs did not differ signif-
icantly from unity for other cancer sites in this 
group (Bugge et al., 2010). [Although elevated 
SIRs were observed for several cancers other 
than the lung, the confidence intervals were wide, 
the cancer sites are not known to be specific for 
exposure to fibres, and numerous comparisons 
were made. In light of these considerations, the 
Working Group concluded that a causal inter-
pretation was not possible.]

[The strengths of this study were the access to 
a detailed JEM, based on a large number of new 
parallel measurements of total dust, respirable 
dust, respirable quartz, cristobalite, and non-fi-
brous silicon carbide, and fibrous silicon carbide. 
Mathematical modelling of historical exposure 
to several agents present in the industry allowed 
analyses of the exposures that were most strongly 
associated with cancer incidence. However, 
uncertainties still existed because historical total 
dust exposures before the late 1960s were estim-
ated based only on knowledge about changes 
in the work organization and working hours. 
Correlations between estimated exposures to 
several agents, including silicon carbide particles 
and crystalline silica, challenged the interpreta-
tion of associations with silicon carbide fibres.]
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2.3	 Silicon-carbide user industry

Five studies on the incidence of or mortality 
from cancer with data from industries that use 
silicon carbide were found, two of which were 
carried out in the abrasives producing industries. 
Wegman & Eisen (1981) conducted a propor-
tionate mortality study of abrasives manufac-
turers in Massachusetts, USA, and Edling et al. 
(1987) studied cancer incidence among Swedish 
workers manufacturing abrasives. The other 
three studies were performed in industries using 
abrasives for polishing. Sparks & Wegman (1980) 
studied proportionate mortality among jewel-
lery polishers in Massachusetts, USA, Järvholm 
et al. (1982) studied cancer incidence among steel 
polishers in Sweden, and Jakobsson et al. (1997) 
studied cancer incidence among workers in a 
Swedish stainless steel factory.

[These studies contained very little informa-
tion on levels of exposure to dust in general and 
no information on exposure to silicon carbide 
fibres specifically. Because the Working Group 
had no evidence that workers producing or using 
abrasive silicon carbide products have signif-
icant exposure to silicon carbide fibres, these 
studies were not considered to be relevant for the 
evaluation.]

3.	 Cancer in Experimental Animals

Studies of fibrous silicon carbide in exper-
imental animals were available only for silicon 
carbide whiskers and only in rats.

3.1	 Inhalation

See Table 3.1
Two groups of 40 AF/Han specific path-

ogen-free rats [sex and age unspecified] were 
exposed by inhalation for 7  hours per day on 
5  days a week for approximately 12 months to 
silicon carbide whiskers (Advanced Composite 

Materials Corporation (ACMC), Greer, SC, USA; 
mean diameter, 0.45 μm; 984 whiskers/mL,  
> 5 μm in length in airborne dust clouds). After 
exposure, the rats were allowed to live their full 
life-span, although the study was terminated 
when the number of survivors in each group 
decreased to 6. Moribund animals and those 
surviving to the end of the study were killed 
and the lungs were examined microscopically 
for tumours. In the silicon carbide whisker-ex-
posed rats, pulmonary carcinomas were present 
in 5 out of 42 (12%) [not significant] animals, 
pulmonary adenomas in 5 out of 42 (12%) [not 
significant] animals, and pleural mesotheliomas 
in 10 out of 42 (24%) [P = 0.0003] animals (Davis 
et al., 1996). A concurrent control group was not 
included in the study; however, the authors stated 
that in a group of control rats of the same strain 
and maintained in the same laboratory from a 
previous study with a similar study design, the 
incidence of pulmonary adenoma was 1 out of 47 
(2%), that of pulmonary carcinoma was 1 out of 
47 (2%), and that of mesothelioma was 0 out of 47 
(Davis et al., 1991). [The Working Group noted the 
absence of a concurrent control group. Statistical 
analysis was not performed by the authors, but 
statistics were calculated by the Working Group 
based on the incidence of tumours reported for 
the control group of the previous study.]

Two groups of 42 male Wistar rats (age, 4 
weeks) were exposed by inhalation for 6  hours 
per day on 5  days a week for 12 months to 
silicon carbide whiskers (GM length, 2.8 μm; 
GM diameter, 0.5 μm; mass median aerody-
namic diameter [MMAD], 2.4 μm; daily average 
fibre count, 98  ±  19 whiskers/mL) or clean air 
(control) and were killed 6  days, or 3, 6, or 12 
months after exposure. No lung tumours were 
reported. However, 12 months after exposure, 
fibrotic changes were present in the lungs and 
bronchiolo-alveolar hyperplasia was observed 
in two exposed animals (Akiyama et al., 2007). 
[The Working Group noted that this study was 
designed to evaluate the biopersistence of silicon 
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carbide whiskers and not as a carcinogenicity 
study.]

3.2	 Intratracheal instillation

Groups of female Fischer 344/NTacfBR rats 
(age, 9 weeks) received a single intratracheal instil-
lation of one of two samples of silicon carbide 
whiskers: SiC-W-1 (GM diameter, 0.8  μm; GM 
length, 18.1 μm; Tateho, Inc., Japan) and SiC-W-2 
(GM diameter, 1.5 μm; GM length, 19.0  μm; 
American Matrix, Knoxville, KY, USA). The 
minute respiratory volume (MRV) was estim-
ated for each animal, and the test materials were 
suspended in phosphate buffered saline (PBS) 
and diluted to 1.0 mg/100 mL MRV (low dose) 
and 5.0 mg/100 mL MRV (high dose). Each of 
the two samples was administered to a minimum 
of 50 rats, half of which received the low dose 
and half received the high dose. A group of 
control animals of similar size received the PBS 
vehicle. The animals were killed 18 months after 
treatment, and the lungs, liver, spleen, kidneys, 
heart, and incidental tumours were collected 
for histopathological evaluation. Exposure to 
SiC-W-1 and SiC-W-2 induced the develop-
ment of pulmonary granulomas, and exposure 
to SiC-W-1 also produced bronchiolar mucosal 
hyperplasia. However, no mesotheliomas or other 
malignant tumours that could be attributed to 
treatment were observed (Vaughan et al., 1993). 
[The Working Group noted the limited reporting 
of the study, the low dose used, and the duration 
of the study that was probably too short for an 
evaluation of carcinogenicity.]

3.3	 Intrapleural implantation

In a study to evaluate the relationship 
between fibre dimension and carcinogenicity, 
groups of 30–50 female Osborne-Mendel rats 
(age, 12–20 weeks) were implanted with a hard-
ened gelatin pellet containing 40 mg of one of 72 

uniformly distributed mineral fibres, including 
silicon carbide whiskers [fibre dimensions 
unspecified], into the left pleura after thoracotomy 
and were followed for 2 years, at which time the 
survivors were killed and necropsied. Three 
groups of controls from numerous experiments 
from the same laboratory were also available: 
untreated rats, sham controls that underwent 
thoracotomy but no fibre implant, and rats that 
received implants of non-fibrous materials. 
Fibrosarcomas of the left mammary gland and 
subcutaneous fibrosarcomas were considered 
to be spontaneous tumours or to be induced by 
the suture material. At 2 years, pleural sarcomas 
[sarcomatoid mesotheliomas] were present in 25 
out of 1077 (2.3%) animals of the three control 
groups (combined). The incidence of pleural 
sarcomas in silicon carbide whisker-treated rats 
was 17 out of 26 (65%) [P = 0.0001] (Stanton et al., 
1981). [Statistical analysis was not reported by 
the authors, but statistics were calculated by the 
Working Group, based on the combination of 
controls from numerous experiments from the 
same laboratory.]

Another study was conducted to deter-
mine the potential of three samples of silicon 
carbide whiskers to induce mesothelioma after 
intrapleural injection. Groups of female Fischer 
344/N rats (age, 6–8 weeks) were given a single 
intrapleural injection of either 4 mL saline 
(vehicle controls; 50 rats), 20 mg of SiC-W-1 
(length, 4.5 μm; diameter, 0.42 μm; 30 rats) in 
4 mL saline, SiC-W-2 (length,  20.1 μm; diam-
eter, 0.75 μm; 30 rats) in 4 mL saline, or SiC-W-3 
(length, 6.6 μm; diameter, 0.32 μm; 30 rats) in 
4 mL saline. The rats were killed when moribund 
or after 28 months. Animals were necropsied 
and the incidence of pleural mesotheliomas was 
determined after microscopical examination. 
The survival of rats treated with SiC-W-1 or 
SiC-W-2 was significantly shorter than that of 
saline controls (P < 0.05). The incidence of pleural 
mesothelioma in rats treated with SiC-W-1 or 
SiC-W-2 was 27 out of 30 [P  =  0.0001] and 26 
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out of 30 [P  =  0.0001], respectively. SiC-W-3 
caused pleural mesotheliomas in 7 out of 30 rats 
[P  =  0.0006]. No pleural mesotheliomas were 
identified in the 50 saline controls (Johnson & 
Hahn, 1996).

3.4	 Intraperitoneal injection

Groups of female Wistar rats [age not 
reported] (weight, 160 g) were given a single 
intraperitoneal injection of 0.05 (36 rats), 0.25 (36 
rats), 1.25 (36 rats), 6.25 (36 rats) or 25 (48 rats) 
mg of silicon carbide whiskers (length, 3.1  μm; 
diameter, 0.31  μm) in 2  mL saline. A control 
group of 72 rats received weekly intraperitoneal 
injections of 2 mL of saline for 5 weeks. Animals 
surviving until termination of the experiment 
were observed for up to 130 weeks. The number 
of rats with mesothelioma or sarcoma in the 
abdominal cavity relative to the number of rats 
examined that survived at least 56 weeks or died 
earlier with tumours was: control, 2 out of 50 
(4%); 0.05 mg, 2 out of 16 (12.5%) [not significant]; 
0.25 mg, 5 out of 23 (21.7%) [P = 0.0285]; 1.25 mg, 
13 out of 21 (61.9%) [P = 0.0001]; 6.25 mg, 23 out 
of 30 (76.7%) [P = 0.0001]; and 25 mg, 36 out of 
37 (97.3%) [P  =  0.0001] (Pott et al., 1991). [The 
study was compromised by an infectious disease 
of the lung that occurred during experimental 
months 12 and 13 and significantly reduced the 
mean lifespan. The Working Group judged that 
this did not influence the induction of abdom-
inal cavity tumours. Statistical analyses were not 
reported by the authors.]

Groups of 20 female Fischer F344/NTacfBR 
rats (age, 9 weeks) received a single intra-
peritoneal injection of 0 or 20 mg of silicon 
carbide whiskers (SiC-W-2; GM diameter, 
1.5 μm; GM length, 19.0 μm; American Matrix) 
in 1 mL of PBS and were killed 18 months later, 
at which time the lungs, liver, spleen, kidneys, 
heart, and incidental tumours were collected 
for histopathological evaluation. Peritoneal 
fibrosis occurred in 90% of the silicon carbide 

whisker-treated animals; however, no malignant 
mesotheliomas were found. No treatment-related 
tumours were reported at other sites (Vaughan 
et al., 1993).

A study was conducted to assess the ability 
of SiC-W to produce mesotheliomas. Groups 
of 24 AF/Han rats [sex and age unspecified] 
received a single intraperitoneal injection of 109 
fibres (length, > 5 μm) of silicon carbide whiskers 
(ACMC) or glass microfibres (C100/475) 
suspended in 2 mL PBS. The incidence of meso-
theliomas was 22 out of 24 (92%) for silicon 
carbide whiskers and 8 out of 24 (33%) for glass 
microfibres. Mesotheliomas appeared more 
rapidly in silicon carbide whisker-treated rats. 
The time at which 50% survival was achieved 
was 257 days for silicon carbide whiskers and 679 
days for glass microfibres (Davis et al., 1996). [A 
vehicle control group was not included in this 
study and statistical analysis was not performed. 
The Working Group also noted the limited 
reporting of the study.]

Groups of 13–14 female Fischer 344/Nslc rats 
(age, 5 weeks) received intraperitoneal injections 
of 5 or 10 mg of silicon carbide whiskers (length, 
(mean ± standard deviation [SD]), 6.40 ± 2.45 μm; 
diameter (mean ± SD), 0.30 ± 1.58 μm (reported 
by Kohyama et al., 1997); 414 × 103 whiskers/μg) 
suspended in saline (1 mg/mL). A third group of 
rats was injected with 10 mg of UICC chrysotile 
B as a positive control. The greatest volume 
administered to rats in a week was 5 mL. The 
animals were observed for up to 2 years. Dead 
and moribund animals were necropsied and 
fixed tissues were examined microscopically for 
peritoneal mesothelioma. All rats given 10 mg of 
silicon carbide whiskers and 70% of rats injected 
with 5 mg of silicon carbide whiskers devel-
oped peritoneal mesotheliomas within 1  year. 
Microscopically, the tumour cells exhibited a 
variety of characteristics including epithelial 
or sarcomatous structures. UICC chrysotile 
B produced peritoneal mesotheliomas in 85% 
of treated rats by the end of the study (2 years) 
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(Adachi et al., 2001). [The Working Group noted 
the limited reporting of the study. The authors 
stated that 330 rats were divided into 24 groups, 
but the exact number of rats per treatment group 
was not reported and was assumed to be 13–14 
per group. No vehicle controls were available 
and statistical analyses could therefore not be 
performed.]

4.	 Mechanistic and Other 
Relevant Data

4.1	 Deposition, phagocytosis, 
retention, translocation, and 
clearance

The characteristics of the silicon carbide 
forms employed in experimental studies are 
reported in Table 4.1.

4.1.1	 Humans

Several studies have been published con- 
cerning the occupational exposure of humans 
to silicon carbide (see Table 4.2). In the human 
setting, very little is known regarding the specific 
deposition, phagocytosis, and translocation of 
silicon carbide fibres in the lungs, with the excep-
tion of studies of silicon carbide in human mono-
cytes in vitro (Nordsletten et al., 1996). However, 
it is clear that silicon carbide fibres are highly 
respirable (Funahashi et al., 1984; Dufresne et al., 
1993, 1995).

4.1.2	 Experimental animals

See Table 4.3

(a)	 Deposition

The deposition fraction of silicon carbide 
whiskers (TWS-100; 98% silicon carbide; CAS 
No. 409-21-2) was estimated in the lungs of male 
Wistar rats exposed by whole-body inhalation for 

6 hours per day on 5 days per week for 4 weeks to 
10.4 (± 0.5) mg/m3 (214 ± 31 fibres/mL). The GM 
fibre length was 2.2 µm (GSD, 1.9), indicating that 
> 90% of fibres were less than 10 µm in length, 
the GM fibre diameter was 0.4 µm (GSD, 1.6), 
and the MMAD was 2.5 µm (GSD, 2.7). A total of 
77 rats (42 exposed, 35 unexposed controls) were 
studied, and groups of 5 or 12 rats were killed 
3 days, 2 weeks, and 1, 2, 3, 6, and 12 months after 
exposure. The average lung burdens of silicon 
carbide measured at each time-point after expo-
sure were: 0.60, 0.52, 0.44, 0.36, 0.34, 0.19, and 
0.07 mg, respectively. The deposition fraction of 
silicon carbide whiskers in the lungs was estim-
ated by calculating the ratio of the measured 
mass of silicon carbide in the lungs divided by the 
mass of silicon carbide whiskers inhaled during 
the exposure. The mass of inhaled silicon carbide 
was calculated by multiplying the average expo-
sure concentration by the total exposure time by 
the respiratory volume. The estimated average 
total mass inhaled was reported as 12.5 mg, and 
the apparent deposition fraction (as a percentage) 
was reported as 4.8%. [These reported values can 
be calculated as follows: total mass inhaled – 
12.5 mg = 10.4 mg/m3 × (6 h/day × 5 days/week × 4 
weeks × 60 min/h) × 0.167 L/min × (1 m3/1000 L); 
deposition fraction – 4.8% = (0.6 mg (silicon carbide 
lung burden on day 3 after exposure)/12.5 mg) × 100.] 
The minute ventilation of 0.167 L/min used in the 
calculations herein was estimated to obtain the 
reported total inhaled mass of silicon carbide (i.e. 
12.5 mg) (Akiyama et al., 2003). This was lower 
by a factor of 4 than the value of 0.037 L/min for 
mice reported by the Environmental Protection 
Agency (EPA, 1988, 2006), but was very similar 
to the value of 0.165 L/min (165 cm3/min) for 
mice reported by Shvedova et al. (2008).

In a 1-year whole-body inhalation study (with 
exposure conditions similar to those in Akiyama 
et al. (2003)), the mass of silicon carbide whiskers 
deposited in each rat lung 6 days after exposure 
(measured by X-ray diffraction) was 5.3 ± 1.4 mg. 
The lung deposition fraction (as a percentage) 
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was estimated to be 12.9% (calculated as in 
Akiyama et al. (2003)), which was higher than 
the estimated 4.8% deposition estimated after 4 
weeks of inhalation exposure (Akiyama et al., 
2007). [In the calculation of deposition frac-
tions in Akiyama et al. (2003, 2007), the use of 
the measured lung dose at the end of the 4-week 
or 12-month exposure period would not have 
accounted for the portion of deposited silicon 
carbide whiskers that were cleared from the lungs 
during the exposure period. Thus, the deposition 
fraction would be underestimated by the amount 
that was cleared during the exposure period (and 
therefore not measured in the lungs at the end of 
the exposure).]

See Sections 4.1.2 (d) and 4.1.2 (e) for more 
information on the retention and clearance of 
silicon carbide in the 4-week and 1-year inhal-
ation studies (Akiyama et al., 2003, 2007), each 
with follow-up examinations at up to 12 months 
after exposure.

(b)	 Phagocytosis

Inhaled fibres can be deposited in the 
pulmonary (alveolar) region of the lungs, 
depending on their aerodynamic or diffusion 
diameter, their shape, and orientation in the 
air stream (Asgharian & Yu, 1989a, b). Alveolar 
macrophages can phagocytize shorter fibres (e.g. 
< 5 µm) and clear them from the lungs via the 

mucociliary escalator. However, fibres that are 
physically longer than macrophages cannot be 
fully engulfed or effectively cleared (Lippmann, 
1993; Oberdörster, 1994). Rat macrophages are 
approximately 10–13 µm long (human alve-
olar macrophages are approximately 14–21 µm 
long) (Stone et al., 1992; Oberdörster, 2000). 
Fibres that are not cleared by macrophages 
could undergo dissolution and breakage over 
time (depending on their solubility in biological 
fluids) or enter the lymphatic system if shorter 
(e.g. < 5 µm in length) (Oberdörster et al., 1988; 
Murphy et al., 2011). Fibres may also be actively 
transported to the lymphatic system by alveolar 
macrophages, as was shown for particles in dogs, 
in which macrophages carried red fluorescent 
microspheres (diameter, 1.3 µm; 5 × 1010 parti-
cles instilled per lung) to the regional tracheo-
bronchial lymph nodes (Harmsen et al., 1985).

Studies of silicon carbide have reported that 
most structures are < 10 µm in length and insol-
uble (Dufresne et al., 1992; Searl et al., 1999; 
Akiyama et al., 2003). Thus, macrophage-me-
diated clearance of these structures would be 
expected at lung doses that do not cause over-
loading (e.g. 0.6 mg in rats) (Akiyama et al., 
2003). However, a proportion of silicon carbide 
fibres may be longer; Akiyama et al. (2003) 
reported that approximately 10% of silicon 
carbide whiskers were >  10 µm in length and 
Miller et al. (1999) estimated that approximately 
30% of silicon carbide whiskers were > 10 µm in 
length. Longer insoluble fibres that are inhaled 
and deposited in the alveolar region would be 
unlikely to be cleared by macrophages or to 
dissolve, and would therefore have long retention 
half-times in the lungs.

A study in Syrian golden hamsters showed 
that silicon carbide whiskers were taken up 
by primary alveolar macrophages obtained 
from the BALF. SEM showed that some of the 
macrophages were penetrated by fibres that 
were longer than the cells. A dose-dependent 
effect of the silicon carbide whiskers on the cell 

Table 4.1 Main characteristics of the forms 
of silicon carbide employed in experimental 
studies

Silicon carbide form Particle/fibre type Purity

Abrasive dust from 
the Acheson processa

Mixture of particles, 
fibres and fibre 
fragments

High 
level of 
impurities

Whiskers Needle-like single 
crystals

Pure

Nanoparticles Isometric 
nanoparticles

Pure

a	  In one study (Dufresne et al., 1992), the angular fragments and 
fibres isolated from the Acheson process were studied separately



IARC MONOGRAPHS – 111

274

Ta
bl

e 
4.

2 
St

ud
ie

s 
of

 o
cc

up
at

io
na

l e
xp

os
ur

e 
to

 s
ili

co
n 

ca
rb

id
e

Se
tt

in
g

A
ct

iv
it

y
Sa

m
pl

in
g 

ev
en

t p
ar

am
et

er
s

C
on

ce
nt

ra
ti

on
 o

f s
ili

co
n 

ca
rb

id
e

R
ef

er
en

ce

Tw
o 

w
or

ke
rs

 
in

 a
 fa

ct
or

y 
us

in
g 

si
lic

on
 

ca
rb

id
e

M
an

uf
ac

tu
ri

ng
 

re
fr

ac
to

ry
 b

ri
ck

s
Pe

rs
on

al
 e

xp
os

ur
e 

ov
er

 m
an

y 
ye

ar
s; 

bi
la

te
ra

l 
re

tic
ul

on
od

ul
ar

 d
en

sit
ie

s o
n 

ch
es

t r
ad

io
gr

am
s; 

bi
op

sy
 

fr
om

 o
ne

 p
at

ie
nt

 re
ve

al
ed

 fi
br

os
ed

 a
lv

eo
la

r s
ep

tu
m

s; 
X-

ra
y 

po
w

de
r d

iff
ra

ct
io

n 
an

al
ys

is
 o

f t
he

 lu
ng

 ti
ss

ue
 

re
ve

al
ed

 a
t l

ea
st

 6
 d

iff
er

en
t t

yp
es

 o
f s

ili
co

n 
ca

rb
id

es
, 

tr
ac

es
 o

f t
un

gs
te

n 
ca

rb
id

e,
 a

nd
 a

n 
in

sig
ni

fic
an

t 
am

ou
nt

 o
f q

ua
rt

z

N
R

Fu
na

ha
sh

i 
et

 a
l. 

(1
98

4)

Si
lic

on
-

ca
rb

id
e 

fa
ct

or
y 

w
or

ke
rs

 w
ith

 
lo

w
 le

ve
ls 

of
 

ex
po

su
re

 to
 

su
lfu

r d
io

xi
de

14
5 

pr
od

uc
tio

n 
w

or
ke

rs
 w

ith
 a

n 
av

er
ag

e 
of

 1
3.

9 
(r

an
ge

, 3
–4

1)
 y

r o
f 

em
pl

oy
m

en
t i

n 
th

is 
in

du
st

ry

Re
sp

ir
at

or
y 

sy
m

pt
om

s (
ph

le
gm

, w
he

ez
e,

 a
nd

 m
ild

 
ex

er
tio

na
l d

ys
pn

ea
) w

er
e 

m
or

e 
cl

os
el

y 
as

so
ci

at
ed

 w
ith

 
ex

po
su

re
 to

 su
lfu

r d
io

xi
de

 th
an

 e
xp

os
ur

e 
to

 si
lic

on
 

ca
rb

id
e

C
um

ul
at

iv
e 

ex
po

su
re

 to
 su

lfu
r d

io
xi

de
 a

ve
ra

ge
d 

1.
94

 (r
an

ge
, 0

.0
2–

19
.5

) p
pm

–y
ea

rs
; l

ow
-le

ve
l 

ex
po

su
re

s t
o 

re
sp

ir
ab

le
 d

us
t a

ls
o 

oc
cu

rr
ed

 
(0

.6
3 

± 
0.

26
 m

g/
m

3 );
 c

um
ul

at
iv

e 
ex

po
su

re
 to

 d
us

t 
w

as
 si

gn
ifi

ca
nt

ly
 a

ss
oc

ia
te

d 
w

ith
 c

hr
on

ic
 w

he
ez

e 
in

 
th

e 
10

–2
0 

m
g-

yr
s/

m
3  e

xp
os

ur
e 

ca
te

go
ry

 (o
dd

s r
at

io
, 

3.
45

; P
 <

 0
.0

5,
 c

hi
-s

qu
ar

ed
 st

at
is

tic
s)

O
st

er
m

an
 

et
 a

l. 
(1

98
9)

26
7 

si
lic

on
 

ca
rb

id
e 

fa
ct

or
y 

w
or

ke
rs

Pr
od

uc
tio

n 
of

 si
lic

on
 

ca
rb

id
e 

ab
ra

siv
e 

(c
ar

bo
ru

nd
um

)

C
he

st
 o

pa
ci

tie
s (

pr
of

us
io

n 
q1

/0
 a

nd
 q

2/
1)

 o
n 

X-
ra

y 
fil

m
 w

er
e 

co
rr

el
at

ed
 w

ith
 c

um
ul

at
iv

e 
ex

po
su

re
 to

 
du

st
; p

ul
m

on
ar

y 
fu

nc
tio

n 
w

as
 a

ffe
ct

ed
 b

y 
cu

m
ul

at
iv

e 
du

st
 e

xp
os

ur
e,

 p
ro

fu
sio

n 
of

 o
pa

ci
tie

s, 
an

d 
sm

ok
in

g

N
o 

ex
po

su
re

 c
on

ce
nt

ra
tio

ns
 e

xc
ee

de
d 

th
e 

pe
rm

is
sib

le
 li

m
its

 d
ur

in
g 

th
e 

st
ud

y 
pe

ri
od

. 
(0

.3
0–

1.
0 

m
g/

m
3 )

M
ar

ce
r e

t a
l. 

(1
99

2)

Si
lic

on
 

ca
rb

id
e 

fa
ct

or
y 

w
or

ke
r

W
or

ki
ng

 n
ea

r a
 

A
ch

es
on

 fu
rn

ac
e 

of
 a

 si
lic

on
 c

ar
bi

de
 

pl
an

t f
or

 4
2 

yr

A
t a

ut
op

sy
, t

he
 c

on
ce

nt
ra

tio
n 

of
 si

lic
on

 c
ar

bi
de

 fi
br

es
 

lo
ng

er
 th

an
 5

 µ
m

 w
as

 3
9 

30
0 

fib
re

s/
m

g 
dr

y 
lu

ng
; t

he
 

fib
re

s h
ad

 a
 si

m
ila

r m
or

ph
ol

og
y 

to
 th

os
e 

ob
se

rv
ed

 in
 

th
e 

w
or

ki
ng

 e
nv

ir
on

m
en

t

N
R

D
uf

re
sn

e 
et

 a
l. 

(1
99

3)

Si
lic

on
 

ca
rb

id
e 

fa
ct

or
y 

w
or

ke
rs

15
 C

an
ad

ia
n 

m
en

 
w

ho
 w

or
ke

d 
in

 th
e 

pr
im

ar
y 

si
lic

on
 

ca
rb

id
e 

in
du

st
ry

Fi
ve

 m
en

 h
ad

 n
ei

th
er

 lu
ng

 fi
br

os
is

 n
or

 lu
ng

 c
an

ce
r 

(N
FN

C
), 

6 
ha

d 
lu

ng
 fi

br
os

is
 (L

F)
, a

nd
 4

 h
ad

 lu
ng

 
fib

ro
si

s a
nd

 lu
ng

 c
an

ce
r (

LF
LC

); 
th

e 
w

or
ke

rs
 h

ad
 

23
–3

2 
yr

 o
f e

xp
os

ur
e,

 w
ith

 m
ea

ns
 o

f 2
3.

4 
(S

D
, 6

.9
) y

r 
in

 th
e 

N
FN

C
 g

ro
up

, 2
8.

8 
(S

D
, 5

.5
) y

r i
n 

th
e 

LF
, a

nd
 

32
.3

 (S
D

, 9
.0

) y
r i

n 
th

e 
LF

LC
 g

ro
up

Ex
ce

ss
 p

ul
m

on
ar

y 
re

te
nt

io
n 

of
 si

lic
on

 c
ar

bi
de

 fi
br

es
 

≥ 
5 

µm
 in

 L
F 

an
d 

LF
LC

 c
as

es
D

uf
re

sn
e 

et
 a

l. 
(1

99
5)

Th
re

e 
N

or
w

eg
ia

n 
si

lic
on

 c
ar

bi
de

 
pl

an
ts

Id
en

tifi
ca

tio
n 

an
d 

qu
an

tifi
ca

tio
n 

of
 

ai
rb

or
ne

 fi
br

ou
s 

pa
rt

ic
le

s i
n 

th
e 

pl
an

ts

Si
lic

on
 c

ar
bi

de
 fi

br
es

 g
en

er
at

ed
 d

ur
in

g 
th

e 
in

du
st

ri
al

 
pr

od
uc

tio
n 

of
 si

lic
on

 c
ar

bi
de

; m
os

t fi
br

es
 fo

un
d 

du
ri

ng
 th

e 
m

ix
in

g 
of

 th
e 

ra
w

 m
at

er
ia

l; 
47

 d
iff

er
en

t 
du

st
 sa

m
pl

es
 e

xa
m

in
ed

; s
ev

er
al

 α
-s

ili
co

n 
ca

rb
id

e 
po

ly
ty

pe
s w

er
e 

pr
es

en
t a

lo
ng

 th
e 

ax
is

 in
 e

ac
h 

si
ng

le
 

fib
re

 p
ar

tic
le

; n
o 

fib
ro

us
 p

ar
tic

le
s w

er
e 

ob
se

rv
ed

 in
 th

e 
fin

al
 a

br
as

iv
e 

pr
od

uc
ts

Fi
br

e 
co

nc
en

tr
at

io
n 

(1
06  fi

br
es

/m
3 ) 

du
ri

ng
 m

ix
in

g 
of

 ra
w

 m
at

er
ia

l (
0.

3 
in

 p
la

nt
 A

; 0
.1

–1
.9

 in
 p

la
nt

 B
; 

1.
8–

4.
9 

in
 p

la
nt

 C
)a

By
e 

et
 a

l. 
(1

98
5)



Silicon carbide

275

Se
tt

in
g

A
ct

iv
it

y
Sa

m
pl

in
g 

ev
en

t p
ar

am
et

er
s

C
on

ce
nt

ra
ti

on
 o

f s
ili

co
n 

ca
rb

id
e

R
ef

er
en

ce

C
an

ad
ia

n 
si

lic
on

-
ca

rb
id

e 
pr

od
uc

tio
n 

pl
an

ts

Re
po

rt
 o

n 
th

e 
co

nc
en

tr
at

io
n 

of
 

si
lic

on
 c

ar
bi

de
 

fib
re

s, 
cr

ys
ta

lli
ne

 
si

lic
a,

 a
nd

 re
sp

ir
ab

le
 

du
st

 in
 th

e 
pl

an
ts

In
 th

e 
C

an
ad

ia
n 

si
lic

on
-c

ar
bi

de
 p

ro
du

ct
io

n 
pl

an
ts

, 
tw

o 
si

lic
a 

po
ly

m
or

ph
s, 

qu
ar

tz
, a

nd
 c

ri
st

ob
al

ite
, w

er
e 

pr
es

en
t a

s r
es

pi
ra

bl
e 

pa
rt

ic
ul

at
es

; r
es

pi
ra

bl
e 

si
lic

on
 

ca
rb

id
e 

fib
re

s w
er

e 
pr

es
en

t i
n 

N
or

w
eg

ia
n 

an
d 

It
al

ia
n 

oc
cu

pa
tio

na
l s

et
tin

gs
 a

t a
 h

ig
he

r c
on

ce
nt

ra
tio

n 
th

an
 

in
 th

e 
C

an
ad

ia
n 

in
du

st
ri

es

H
ig

he
st

 8
-h

 ti
m

e-
w

ei
gh

te
d 

av
er

ag
e 

co
nc

en
tr

at
io

ns
 

of
 fi

br
es

 w
er

e 
fo

un
d 

am
on

g 
cr

us
he

r a
nd

 b
ac

kh
oe

 
at

te
nd

an
ts

 a
nd

 c
ar

bo
se

le
ct

or
s (

ar
ith

m
et

ic
 m

ea
ns

 o
f 

0.
63

 fi
br

es
/m

L 
an

d 
0.

51
 fi

br
es

/m
L,

 re
sp

ec
tiv

el
y)

D
io

n 
et

 a
l. 

(2
00

5)

N
or

w
eg

ia
n 

si
lic

on
 c

ar
bi

de
 

in
du

st
ry

16
87

 lo
ng

-t
er

m
 

N
or

w
eg

ia
n 

si
lic

on
 

ca
rb

id
e 

w
or

ke
rs

 
em

pl
oy

ed
 fr

om
 1

91
3 

to
 2

00
3

Li
fe

tim
e 

oc
cu

pa
tio

na
l e

xp
os

ur
e 

of
 w

or
ke

rs
 b

as
ed

 
on

 to
ta

l d
us

t, 
si

lic
on

 c
ar

bi
de

, a
nd

 c
ry

st
al

lin
e 

si
lic

a 
co

nc
en

tr
at

io
ns

 fo
un

d 
in

 th
e 

si
lic

on
 c

ar
bi

de
 in

du
st

ry
 

as
so

ci
at

ed
 w

ith
 in

cr
ea

se
d 

m
or

ta
lit

y 
fr

om
 n

on
-

m
al

ig
na

nt
 re

sp
ir

at
or

y 
di

se
as

es
 (o

bs
tr

uc
tiv

e 
lu

ng
 

di
se

as
e)

; e
xp

os
ur

e–
re

sp
on

se
 re

la
tio

ns
hi

ps
 w

er
e 

fo
un

d 
fo

r b
ot

h 
si

lic
on

 c
ar

bi
de

 a
nd

 c
ry

st
al

lin
e 

si
lic

a 
(tw

of
ol

d 
ri

sk
)

To
ta

l d
us

t: 
lo

w,
 0

–2
8.

6 
m

g–
yr

s/
m

3 ; 
m

ed
iu

m
, 

28
.7

–8
6.

1 
m

g–
yr

s/
m

3 ; 
hi

gh
, >

 8
6.

2 
m

g–
yr

s/
m

3  
Si

lic
on

 c
ar

bi
de

 d
us

t: 
lo

w,
 0

–0
.7

 m
g–

yr
s/

m
3 ; 

m
ed

iu
m

, 0
.8

–2
.6

 m
g–

yr
s/

m
3 ; 

hi
gh

, >
 2

.7
 m

g–
yr

s/
m

3

Bu
gg

e 
et

 a
l. 

(2
01

1)

N
or

w
eg

ia
n 

si
lic

on
 c

ar
bi

de
 

in
du

st
ry

Si
lic

on
 c

ar
bi

de
 

w
or

ke
rs

 (s
ee

 B
ug

ge
 

et
 a

l.,
 2

01
1)

C
um

ul
at

iv
e 

ex
po

su
re

 to
 to

ta
l a

nd
 re

sp
ir

ab
le

 d
us

t, 
re

sp
ir

ab
le

 q
ua

rt
z,

 c
ri

st
ob

al
ite

, a
nd

 si
lic

on
 c

ar
bi

de
 

pa
rt

ic
le

s a
nd

 si
lic

on
 c

ar
bi

de
 fi

br
es

 w
as

 a
ss

es
se

d

Ex
po

su
re

 le
ve

l a
nd

 lu
ng

 c
an

ce
r r

is
k 

m
os

t s
ig

ni
fic

an
t 

fo
r t

ot
al

 d
us

t a
nd

 c
ri

st
ob

al
ite

; a
 m

od
er

at
e 

as
so

ci
at

io
n 

w
ith

 si
lic

on
 c

ar
bi

de

Bu
gg

e 
et

 a
l. 

(2
01

2)

Em
pl

oy
ee

s i
n 

N
or

w
eg

ia
n 

si
lic

on
 c

ar
bi

de
 

pl
an

ts

A
ll 

em
pl

oy
ee

s, 
ag

e 
20

–5
5 

yr
 a

t i
nc

lu
sio

n 
(n

 =
 4

56
), 

w
er

e 
ex

am
in

ed
 a

nn
ua

lly
 

fo
r u

p 
to

 5
 y

r (
14

99
 

ex
am

in
at

io
ns

)

Th
e 

an
nu

al
 c

ha
ng

e 
in

 fo
rc

ed
 e

xp
ir

at
or

y 
vo

lu
m

e 
(F

EV
) 

in
 o

ne
 se

co
nd

 p
er

 sq
ua

re
d 

he
ig

ht
 (F

EV
1/

he
ig

ht
2 ) 

pe
r m

g/
m

3  i
nc

re
as

e 
in

 d
us

t e
xp

os
ur

e 
w

as
 −

2.
3 

(9
5%

 
co

nfi
de

nc
e 

in
te

rv
al

, −
3.

8 
to

 −
0.

79
) (

m
L/

m
2 )/

yr

D
us

t e
xp

os
ur

e,
 e

xp
re

ss
ed

 b
y 

a 
qu

an
tit

at
iv

e 
jo

b–
ex

po
su

re
 m

at
ri

x,
 w

as
 fo

un
d 

to
 b

e 
as

so
ci

at
ed

 w
ith

 
an

 in
cr

ea
se

d 
ye

ar
ly

 d
ec

lin
e 

in
 F

EV
1 

in
 e

m
pl

oy
ee

s o
f 

N
or

w
eg

ia
n 

si
lic

on
 c

ar
bi

de
 p

la
nt

s

Jo
hn

se
n 

et
 a

l. 
(2

01
3)

a 	
 N

um
be

r o
f s

am
pl

es
: p

la
nt

 A
, 1

; p
la

nt
 B

, 7
; p

la
nt

 C
, 4

N
R

, n
ot

 re
po

rt
ed

; y
r, 

ye
ar

Ta
bl

e 
4.

2 
  (

co
nt

in
ue

d)



IARC MONOGRAPHS – 111

276

Ta
bl

e 
4.

3 
K

in
et

ic
s 

of
 s

ili
co

n 
ca

rb
id

e 
in

 e
xp

er
im

en
ta

l a
ni

m
al

s

Ty
pe

 o
f s

ili
co

n 
ca

rb
id

e
D

im
en

si
on

s a
nd

 
su

rf
ac

e 
ar

ea
Sp

ec
ie

s 
(a

ge
 a

nd
 

se
x)

R
ou

te
 o

f e
xp

os
ur

e 
an

d 
do

se
/e

xp
os

ur
e 

co
nc

en
tr

at
io

n

D
ur

at
io

n 
of

 
st

ud
y

Fi
nd

in
gs

C
om

m
en

ts
R

ef
er

en
ce

Si
lic

on
 c

ar
bi

de
 

w
hi

sk
er

s (
C

A
S 

N
o.

 4
09

-2
1-

2)
, 

TW
S-

10
0 

(T
ok

ai
 

C
ar

bo
n 

C
o.

); 
98

%
 si

lic
on

 
ca

rb
id

e

G
M

 le
ng

th
, 2

.2
 µ

m
 

(G
SD

, 1
.9

); 
G

M
 

di
am

et
er

, 0
.4

 µ
m

 
(G

SD
, 1

.6
); 

M
M

A
D

, 
2.

5 
µm

 (G
SD

, 2
.7

)

W
is

ta
r r

at
 

(m
al

e;
 a

ge
, 

9 
w

k)

W
ho

le
-b

od
y 

in
ha

la
tio

n;
 1

0.
4 

(±
 0

.5
) m

g/
m

3  
(2

14
 ±

 3
1 

fib
re

s/
m

L)

4-
w

k 
ex

po
su

re
 

(6
 h

/d
ay

, 
5 

da
ys

/w
k)

; 
an

im
al

s 
ki

lle
d 

3 
da

ys
, 

2 
w

k,
 1

, 2
, 

3,
 6

, o
r 1

2 
m

o 
aft

er
 

ex
po

su
re

Av
er

ag
e 

lu
ng

 b
ur

de
ns

 o
f s

ili
co

n 
ca

rb
id

e 
w

hi
sk

er
s w

er
e 

0.
60

, 
0.

52
, 0

.4
4,

 0
.3

6,
 0

.3
4,

 0
.1

9,
 a

nd
 

0.
07

 m
g,

 re
sp

ec
tiv

el
y, 

at
 th

e 
tim

e-
po

in
ts

 a
fte

r e
xp

os
ur

e;
 

es
tim

at
ed

 to
ta

l m
as

s i
nh

al
ed

 
w

as
 1

2.
5 

m
g;

 lu
ng

 d
ep

os
iti

on
 

fr
ac

tio
n 

es
tim

at
ed

 a
t 4

.8
%

; 
es

tim
at

ed
 b

io
lo

gi
ca

l t
1/

2 o
f 4

 m
o

 
A

ki
ya

m
a 

et
 

al
. (

20
03

)

Si
lic

on
 c

ar
bi

de
 

w
hi

sk
er

s, 
TW

S-
10

0 
(T

ok
ai

 C
ar

bo
n 

C
o.

) [
sa

m
e 

as
 

A
ki

ya
m

a 
et

 a
l. 

(2
00

3)
]

G
M

 le
ng

th
, 2

.4
 µ

m
 

(G
SD

, 2
.3

); 
G

M
 

di
am

et
er

, 0
.5

 µ
m

 
(G

SD
, 1

.5
); 

M
M

A
D

, 
2.

4 
µm

 (G
SD

 2
.4

)

W
is

ta
r r

at
 

(m
al

e;
 a

ge
, 

4 
w

k)

W
ho

le
-b

od
y 

in
ha

la
tio

n;
 2

.6
 

(±
 0

.4
) m

g/
m

3  
(9

8 
± 

19
 fi

br
es

/m
L)

1-
yr

 
ex

po
su

re
 

(6
 h

/d
ay

, 
5 

da
ys

/w
k)

; 
an

im
al

s 
ki

lle
d 

6 
da

ys
, 

3,
 6

, o
r 1

2 
m

o 
aft

er
 

ex
po

su
re

Lu
ng

 b
ur

de
n 

of
 si

lic
on

 
ca

rb
id

e 
w

hi
sk

er
s 6

 d
ay

s a
fte

r 
ex

po
su

re
 w

as
 5

.3
 ±

 1
.4

 m
g;

 
lu

ng
 d

ep
os

iti
on

 fr
ac

tio
n 

w
as

 
es

tim
at

ed
 a

t 1
2.

9%
. A

t 6
 d

ay
s, 

3,
 6

, a
nd

 1
2 

m
o 

aft
er

 e
xp

os
ur

e,
 

re
sp

ec
tiv

el
y:

 m
ea

n 
fib

re
 

di
am

et
er

: 0
.3

2,
 0

.2
9,

 0
.3

5,
 a

nd
 

0.
32

 µ
m

; m
ea

n 
fib

re
 le

ng
th

: 
1.

55
, 1

.4
0,

 1
.9

0,
 a

nd
 2

.6
2 

µm
; 

es
tim

at
ed

 b
io

lo
gi

ca
l t

1/
2 o

f 1
6 

m
o

 
A

ki
ya

m
a 

et
 

al
. (

20
07

)



Silicon carbide

277

Ty
pe

 o
f s

ili
co

n 
ca

rb
id

e
D

im
en

si
on

s a
nd

 
su

rf
ac

e 
ar

ea
Sp

ec
ie

s 
(a

ge
 a

nd
 

se
x)

R
ou

te
 o

f e
xp

os
ur

e 
an

d 
do

se
/e

xp
os

ur
e 

co
nc

en
tr

at
io

n

D
ur

at
io

n 
of

 
st

ud
y

Fi
nd

in
gs

C
om

m
en

ts
R

ef
er

en
ce

Si
lic

on
 c

ar
bi

de
 

w
hi

sk
er

s 
(A

C
M

C
)

Fi
br

e 
di

st
ri

bu
tio

n 
in

je
ct

ed
: 8

21
, 

57
7, 

38
7, 

30
7, 

18
5,

 
an

d 
12

1 
× 

10
6  f

or
 

cu
m

ul
at

iv
e 

le
ng

th
 

ca
te

go
ri

es
 o

f >
 0

.4
, 

> 
5,

 >
 8

, >
 1

0,
 

> 
15

, a
nd

 >
 2

0 
µm

, 
re

sp
ec

tiv
el

y 
(fi

br
e 

di
am

et
er

 <
 0

.9
5 

µm
); 

1–
4 

× 
10

6  fi
br

es
 p

er
 

cu
m

ul
at

iv
e 

le
ng

th
 

ca
te

go
ry

 (fi
br

e 
di

am
et

er
 >

 0
.9

5 
µm

)

W
is

ta
r r

at
 

(m
al

e;
 a

ge
 

N
R)

In
tr

at
ra

ch
ea

l 
in

st
ill

at
io

n 
(S

ea
rl 

et
 a

l.,
 1

99
9)

; 
in

tr
ap

er
ito

ne
al

 
in

je
ct

io
n 

(M
ill

er
 

et
 a

l.,
 1

99
9)

 
[in

tr
at

ra
ch

ea
l 

in
st

ill
at

io
n 

al
so

 
m

en
tio

ne
d 

in
 

M
ill

er
 e

t a
l. 

(1
99

9)
]; 

14
.2

 m
g 

(8
21

 ×
 1

06  
fib

re
s >

 0
.4

 µ
m

 
lo

ng
)

3 
da

ys
, 1

, 
6,

 a
nd

 1
2 

m
o 

aft
er

 
ex

po
su

re

M
ea

n 
fib

re
 n

um
be

r i
n 

th
e 

lu
ng

s w
as

 8
0.

9 
× 

10
6  a

t 3
 d

ay
s 

an
d 

29
.3

 ×
 1

06  a
t 1

2 
m

o 
aft

er
 

ex
po

su
re

 b
y 

in
tr

at
ra

ch
ea

l 
in

st
ill

at
io

n;
 re

te
nt

io
n 

of
 fi

br
es

 
1 

yr
 a

fte
r e

xp
os

ur
e 

w
as

 3
6%

; 
m

ea
n 

fib
re

 d
ia

m
et

er
 fo

r a
ll 

fib
re

s >
 0

.4
 µ

m
 lo

ng
 w

as
 0

.4
8 

µm
 a

t 3
 d

ay
s a

nd
 0

.5
0 

µm
 a

t 
12

 m
o 

aft
er

 e
xp

os
ur

e;
 th

at
 fo

r 
fib

re
s >

 2
0 

µm
 lo

ng
 w

as
 0

.5
3 

µm
 a

t 3
 d

ay
s a

nd
 0

.5
5 

µm
 a

t 
12

 m
o;

 n
o 

sig
ni

fic
an

t c
ha

ng
e 

in
 th

e 
le

ng
th

 o
f w

hi
sk

er
s u

p 
to

 1
2 

m
o 

aft
er

 e
xp

os
ur

e;
 th

e 
ra

tio
 o

f c
om

pl
ex

 w
hi

sk
er

s (
i.e

. 
> 

1 
fib

ro
us

 c
om

po
ne

nt
) t

o 
si

ng
le

 w
hi

sk
er

s w
as

 u
nc

ha
ng

ed
 

ov
er

 th
e 

12
 m

o 
pe

ri
od

; t
he

 
es

tim
at

ed
 re

te
nt

io
n 

of
 fi

br
es

 
in

 th
e 

cu
m

ul
at

iv
e 

le
ng

th
 

ca
te

go
ri

es
 (>

 0
.4

, >
 5

, >
 8

, >
 1

0,
 

> 
15

, a
nd

 >
 2

0 
µm

) w
as

 5
2.

6,
 

53
.7,

 4
7.7

, 4
9.

2,
 5

4.
5,

 a
nd

 5
9.

2%
, 

re
sp

ec
tiv

el
y

 
Se

ar
l e

t 
al

. (
19

99
), 

M
ill

er
 e

t a
l. 

(1
99

9)

Ta
bl

e 
4.

3 
  (

co
nt

in
ue

d)



IARC MONOGRAPHS – 111

278

Ty
pe

 o
f s

ili
co

n 
ca

rb
id

e
D

im
en

si
on

s a
nd

 
su

rf
ac

e 
ar

ea
Sp

ec
ie

s 
(a

ge
 a

nd
 

se
x)

R
ou

te
 o

f e
xp

os
ur

e 
an

d 
do

se
/e

xp
os

ur
e 

co
nc

en
tr

at
io

n

D
ur

at
io

n 
of

 
st

ud
y

Fi
nd

in
gs

C
om

m
en

ts
R

ef
er

en
ce

Si
lic

on
 c

ar
bi

de
 

(c
ar

bo
ru

nd
um

)
N

on
-fi

br
ou

s 
(a

ng
ul

ar
) o

r fi
br

ou
s; 

la
rg

es
t fi

br
es

, ~
30

 µ
m

 
in

 le
ng

th
 a

nd
 0

.5
 µ

m
 

in
 d

ia
m

et
er

; m
ea

n 
di

am
et

er
 o

f n
on

-
fib

ro
us

 p
ar

tic
le

s, 
0.

92
 µ

m

Sh
ee

p 
[s

ee
 

Bé
gi

n 
et

 
al

. (
19

85
, 

19
89

) 
fo

r m
or

e 
de

ta
ils

]

In
je

ct
io

n 
of

 1
00

 m
g 

of
 e

ith
er

 fi
br

ou
s o

r 
no

n-
fib

ro
us

 si
lic

on
 

ca
rb

id
e 

(in
 1

00
 m

L 
sa

lin
e)

 in
to

 th
e 

tr
ac

he
al

 lu
ng

 lo
be

BA
LF

 w
as

 
ob

ta
in

ed
 

be
fo

re
 a

nd
 

2,
 4

, 6
, a

nd
 

8 
m

o 
aft

er
 

ex
po

su
re

M
as

s c
on

ce
nt

ra
tio

n 
of

 
ca

rb
or

un
du

m
 in

 B
A

LF
 a

t 2
 m

o 
w

as
 ~

60
 a

nd
 2

00
 n

g/
m

L 
fo

r 
fib

ro
us

 a
nd

 n
on

-fi
br

ou
s s

ili
co

n 
ca

rb
id

e,
 re

sp
ec

tiv
el

y;
 e

st
im

at
ed

 
cl

ea
ra

nc
e 

t 1/
2 o

f 1
.7

 o
r 5

.8
 m

o,
 

re
sp

ec
tiv

el
y, 

fo
r t

he
 sh

ee
p 

in
 

th
e 

fib
ro

us
 o

r n
on

-fi
br

ou
s 

gr
ou

ps
; a

ve
ra

ge
 re

ta
in

ed
 lu

ng
 

do
se

 in
 tr

ac
he

al
 lo

be
 8

 m
o 

aft
er

 
ex

po
su

re
 w

as
 2

19
 n

g/
m

g 
dr

y 
lu

ng
 in

 th
e 

no
n-

fib
ro

us
 g

ro
up

, 
an

d 
4.

6 
an

d 
58

 n
g/

m
g 

dr
y 

lu
ng

 
fo

r fi
br

ou
s a

nd
 a

ng
ul

ar
 si

lic
on

 
ca

rb
id

e,
 re

sp
ec

tiv
el

y, 
in

 th
e 

fib
ro

us
 g

ro
up

Sa
m

pl
es

 c
ol

le
ct

ed
 

fr
om

 a
 w

or
kp

la
ce

 
fu

rn
ac

e;
 

fib
ro

us
 sa

m
pl

e 
co

nt
ai

ne
d 

se
ve

ra
l 

m
or

ph
ol

og
ic

al
 ty

pe
s 

of
 fi

br
e 

as
 w

el
l a

s 
an

gu
la

r p
ar

tic
le

s 
(2

7%
 b

y 
w

t) 
an

d 
gr

ap
hi

te
 (5

%
 b

y 
w

t);
 

no
n-

fib
ro

us
 sa

m
pl

e 
w

as
 ~

90
%

 si
lic

on
 

ca
rb

id
e 

an
d 

10
%

 
al

um
in

iu
m

 o
xi

de

D
uf

re
sn

e 
et

 
al

. (
19

92
)

Si
lic

on
 c

ar
bi

de
 

(c
ar

bo
ru

nd
um

)
In

fo
rm

at
io

n 
on

 si
ze

 
N

R 
[c

ar
bo

ru
nd

um
 

du
st

 se
pa

ra
te

d 
fr

om
 

po
w

de
r, 

su
gg

es
tin

g 
fin

e-
si

ze
d 

(v
s 

ul
tr

afi
ne

-s
iz

ed
) 

fr
ac

tio
n 

w
as

 u
se

d]

M
ou

se
 

(s
tr

ai
n,

 
se

x,
 a

nd
 

ag
e 

N
R)

In
tr

ap
er

ito
ne

al
 

in
je

ct
io

n;
 ~

4 
m

g 
of

 
ca

rb
or

un
du

m
 si

lic
a 

(a
s s

ili
co

n 
di

ox
id

e)
 

in
 p

ea
nu

t o
il

14
 d

ay
s a

fte
r 

ex
po

su
re

El
ev

at
ed

 m
as

s l
ev

el
s o

f s
ili

co
n 

di
ox

id
e 

m
ea

su
re

d 
in

 li
ve

r, 
sp

le
en

, a
nd

 a
bd

om
in

al
 ly

m
ph

 
gl

an
ds

 1
4 

da
ys

 a
fte

r i
nj

ec
tio

n;
 

th
os

e 
in

 k
id

ne
y 

w
er

e 
sl

ig
ht

ly
 

el
ev

at
ed

 re
la

tiv
e 

to
 th

os
e 

in
 c

on
tr

ol
s; 

ca
rb

or
un

du
m

 
(e

xp
re

ss
ed

 a
s s

ili
co

n 
do

xi
de

) 
no

t m
ea

su
ra

bl
y 

ex
cr

et
ed

 in
 

ur
in

e 
du

ri
ng

 th
e 

14
 d

ay
s a

fte
r 

ex
po

su
re

 
H

ol
t (

19
50

)

A
C

M
C

, A
dv

an
ce

d 
C

om
po

sit
e 

M
at

er
ia

ls 
C

or
po

ra
tio

n;
 B

A
LF

, b
ro

nc
ho

al
ve

ol
ar

 la
va

ge
 fl

ui
d;

 M
M

A
D

, m
as

s m
ed

ia
n 

ae
ro

dy
na

m
ic

 d
ia

m
et

er
; m

o,
 m

on
th

; G
M

, g
eo

m
et

ri
c 

m
ea

n;
 G

SD
, 

ge
om

et
ri

c 
st

an
da

rd
 d

ev
ia

tio
n;

 N
R

, n
ot

 re
po

rt
ed

; t
½

, r
et

en
tio

n 
ha

lf-
lif

e;
 w

k,
 w

ee
k;

 w
t, 

w
ei

gh
t; 

yr
, y

ea
r

Ta
bl

e 
4.

3 
  (

co
nt

in
ue

d)



Silicon carbide

279

cytoskeleton function was observed by magneto-
metry (a technique involving pretreatment of 
cells with magnetite). Impaired cytoskeleton 
function was observed at the lowest dose tested 
(20 µg/mL) (Watanabe et al., 2000). [Loss of 
function of the macrophage cytoskeleton (which 
includes microtubules, microfilaments, and 
intermediate filaments) could alter mobility of 
the cells as well as cell polarity, the integrity of the 
cytoplasm, and transport of organelles, resulting 
in a reduced ability of alveolar macrophages to 
phagocytize and clear silicon carbide (and other 
exogenous materials) from the lungs.]

(c)	 Translocation

The disposition of various silica compounds, 
including carborundum (silicon carbide), was 
evaluated in mice [strain and sex unspecified]; 
solubility in vivo was determined by meas-
uring the amount excreted in the urine after 
intraperitoneal injection of the dust samples. 
[Information on particle size was not provided. 
The statement that the carborundum dust was 
separated from carborundum powder using a 
commercial type elutriator suggests that a fine-
sized rather than an ultrafine-sized fraction was 
used.] Approximately 4 mg of carborundum 
silica (expressed as silica dioxide) in peanut 
oil was injected intraperitoneally. Elevated 
mass levels of silica dioxide were measured in 
the liver, spleen, and abdominal lymph glands 
(para-aortic, iliac, and mesenteric) 14 days after 
the injection of carborundum. The mass levels 
of silica dioxide in the kidney were also elevated 
relative to those in control (unexposed) mice, 
but to a much lesser degree compared with the 
elevated levels in the liver, spleen, and lymph 
nodes. Carborundum (as expressed by silica 
dioxide content) was not measurably soluble or 
excreted in urine during a 14-day period after 
exposure in mice (Holt, 1950). [The Working 
Group noted that the relationship between the 
administered dose of carborundum and the 
expression of the carborundum administered 

or tissue dose as silica dioxide is unclear; in the 
publication, the footnote to Table  2 states that 
values are expressed as silica dioxide for easy 
comparison. The Working Group also noted 
that, in the publication, the rows within dust 
material in Tables  1, 2, and 3 are not labelled 
but might be assumed to be individual mouse 
data; the units of “Dust injected” in Table 2 are 
not specified, and what those values represent is 
therefore not clear.]

(d)	 Retention

(i)	 Rats
The biopersistence of silicon carbide whiskers 

was studied in male Wistar rats after a 1-year 
whole-body inhalation exposure for 6 hours per 
day on 5 days per week to an average daily expo-
sure concentration of 2.6 (± 0.4) mg/m3 (98 ± 19 
fibres/mL) (Akiyama et al., 2007). The GM fibre 
length was 2.4 µm (GSD, 2.3), the GM fibre diam-
eter was 0.5 µm (GSD, 1.5), and the MMAD was 
2.4 µm (GSD, 2.4). Groups of rats were killed 
6 days and 3, 6, or 12 months after the exposure, 
and the lungs were processed for measurement 
of the silicon carbide mass retained as well as the 
determination of fibre sizes. The average depos-
ited mass of silicon carbide in rat lungs (6 days 
after exposure) was 5.3 ± 1.4 mg. The deposition 
fraction (as a percentage) was estimated to be 
12.9% [calculated as in Akiyama et al. (2003)]. 
The mean fibre dimensions of silicon carbide 
measured in the lungs were: 0.32, 0.29, 0.35, or 
0.32 µm in diameter and 1.55, 1.40, 1.90, and 
2.62 µm in length, at 6 days, 3, 6, or 12 months, 
respectively. These results show that the mean 
diameter of fibres retained in the lungs did not 
change appreciably during the observation period 
after exposure. However, the mean length of the 
fibres retained appeared to increase at the 6- and 
12-month time-points after exposure (Akiyama 
et al., 2007). These findings are consistent with 
those of other studies that showed reduced clear-
ance and increased retention of the longer fibres 
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for some types of fibres (e.g. amosite) (Searl et al., 
1999; Yamato et al., 2003). However, Searl et al. 
(1999) found no significant change in the length 
of silicon carbide whiskers in the lungs of rats 
12 months after intratracheal instillation. [The 
estimated deposition fraction was calculated 
from the ratio of the measured silicon carbide 
lung burden at the end of the exposure to the 
estimated total inhaled mass of silicon carbide. 
As such, the amount of silicon carbide that was 
cleared from the lungs during the exposure 
period (e.g. by macrophage-mediated clearance) 
was not considered, which would result in an 
underestimation of the daily deposition frac-
tion. The higher estimated deposition fraction 
after the 1-year exposure (Akiyama et al., 2007) 
compared with that estimated after the 4-week 
exposure (Akiyama et al., 2003) may in part be 
due to the higher total lung burden and reduced 
clearance rate of the rats in the 1-year exposure 
study.]

Searl et al. (1999) measured the biopersistence 
of nine mineral fibre types, including silicon 
carbide whiskers, for up to 12 months after 
intratracheal injection in male specific patho-
gen-free Wistar rats [as reported in Miller et al. 
(1999)]. The silicon carbide whiskers (Advanced 
Composite Materials Corporation (ACMC)) were 
described as semi-crystalline often with small 
hooks at one end and/or buds along their length. 
Approximately 40% of the fibres consisted of two 
or more “fully developed, bonded” whiskers. 
The silicon carbide was used in high-tempera-
ture composite materials and was supplied as a 
fine powder of whiskers, which was reportedly 
entirely within the respirable size range [the 
particle size distribution of the powder was not 
reported, but fibres in the rat lungs were reported 
to be up to 20 µm in length or greater]. After 
injection of 14.2 mg (821 × 106 fibres > 0.4 µm 
in length) [reported in Miller et al. (1999)], the 
lung fibre burdens of silicon carbide (recovered 
by bleach digestion of lung tissue) were measured 
3 days, and 1, 6, and 12 months after injection. 

The fibres were counted and sized using SEM. The 
mean (standard error) number of silicon carbide 
fibres in the lungs was 80.9 (14) × 106 at 3 days 
and 29.3 (6.6) × 106 at 12 months after injection. 
Retention of 36% of silicon carbide fibres was 
measured in rat lungs 1 year after intratracheal 
exposure. The mean diameter of the silicon 
carbide fibres recovered was similar throughout 
the observation period. The mean diameter for 
all fibres > 0.4 µm in length was 0.48 µm at 3 days 
and 0.50 µm at 12 months after exposure, and 
that for fibres > 20 µm in length was 0.53 µm at 
3 days and 0.55 µm at 12 months after exposure. 
The persistence rates of silicon carbide showed 
no length specificity.

The retention of length fibres in the lungs at 
12 months after exposure by intratracheal instil-
lation was reported as the percentage of fibres in 
the same cumulative length categories (Miller 
et al., 1999). Four rats per group were killed 
3  days after injection and at three additional 
time-points, and the retained fibre number in the 
lungs was determined using the same counting 
and sizing criteria as for the injected samples. 
The biopersistence was estimated by fitting an 
exponential decay model to the fibre count and 
data on time after exposure. These data were 
re-expressed as the expected percentage of fibres 
remaining in the lungs 12 months after exposure. 
The estimated percentages of retained silicon 
carbide whiskers in the cumulative length cate-
gories (i.e. > 0.4, > 5, > 8, > 10, > 15, and > 20 µm) 
were 52.6, 53.7, 47.7, 49.2, 54.5, and 59.2%, 
respectively. Among the nine fibre types exam-
ined, silicon carbide whiskers showed the greatest 
percentage of retained total fibres (53% weighted 
average) 12 months after exposure. [The Working 
Group noted the difference in the 36% versus 
53% weighted average retention.] The ratio of 
complex silicon carbide whiskers (i.e. more than 
one fibrous component) to single silicon carbide 
whiskers reportedly remained unchanged over 
the 12 months experiments because their disso-
lution was expected to be “immeasurably small.”
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Miller et al. (1999) studied factors such as 
biopersistence and fibre dimensions as predic-
tors of mesothelioma, which was measured as 
survival time in rats exposed by intraperitoneal 
injection to nine different fibre types, including 
silicon carbide whiskers [the experimental data 
were reported in Searl et al. (1999)]. The silicon 
carbide whiskers were prepared as a respirable 
size sample and counted and sized by optical 
and electron microscopy. Fibres were counted 
if their length:diameter aspect ratio was greater 
than 3:1 and the length was greater than 0.4 µm. 
The counted fibres were sized by diameter and 
length (in 0.1  µm increments). The silicon 
carbide whiskers included structures with 
complex shapes (e.g. multiple branches), which 
required a more detailed system of quantifica-
tion that involved recording the dimensions 
of each branch (as if a separate fibre) as well as 
estimating these structures as rectangles (with 
length measured parallel to the longest branch 
and width at the thickest branch). Miller et al. 
(1999) used the estimated rectangular dimen-
sions of silicon carbide in their analysis. The 
target fibre doses were 109 fibres ≥  5 µm in 
length, which resulted in different mass doses 
across fibre types. The injected mass dose of 
length whiskers was 14.2 mg (suspended in 
sterile physiological saline). Most of the length 
fibres had diameters of less than approximately 
1 µm. The length distribution of injected fibres 
was reported as: 821, 577, 387, 307, 185, or 
121 × 106 fibres in cumulative length categories 
of > 0.4, > 5, > 8, > 10, > 15, and > 20 µm, respect-
ively. Fibre numbers with diameters greater 
than approximately 1 µm were: 4, 3, 3, 3, 3, or 
1 x 106 fibres, respectively, in the same length 
categories.

Combining the data from all nine fibre types 
examined in a regression analysis, Miller et al. 
(1999) estimated the most predictive factors of 
survival of rats for deaths from all causes or 
mesothelioma were the number of fibres > 20 µm 
in length injected and the biopersistence of fibres 

> 5 µm in rat lungs. The lowest median survival 
of rats injected with the nine fibre types exam-
ined was found for silicon carbide whiskers in 
this study.

(ii)	 Sheep
During the production of silicon carbide, 

also known commercially as carborundum, both 
fibrous and angular particles can be emitted. 
Samples of two types of silicon carbide were 
obtained from the Acheson furnaces of a silicon 
carbide plant (Dufresne et al., 1992). The silicon 
carbide was reportedly obtained from the field 
because no reference material was available. The 
non-fibrous (angular) silicon carbide sample was 
collected from the centre of the hot material at 
the end of the firing process, and the fibrous 
silicon carbide sample was collected from the 
outside of the cylindrical lump near the graphite 
core. The non-fibrous sample was ground, sieved, 
and micronized (10 µm), while the fibrous sample 
was disaggregated by grinding at cold tempera-
ture (near liquid nitrogen).

The prepared samples were analysed by 
SEM, TEM, and energy dispersive spectrometer 
of X-rays. At least five morphological types of 
particle were identified: isolated fibrils, aggre-
gated fibrils, rectilinear fibres, corrugated 
fibres, and angular particles. All particles in the 
non-fibrous sample were reported to be angular 
in shape (Dufresne et al., 1992). The non-fibrous 
material consisted of a particular polymorph of 
carborundum as well as an aluminium oxide 
corundum (estimated at approximately 90 and 
10%, respectively). In contrast, the fibrous 
sample contained several morphological types 
of fibre as well as angular particles (27% by 
weight) and graphite (5% by weight). The size 
distribution of the particles in the fibrous sample 
was not measured, although the largest fibres 
were reported to be approximately 30 µm in 
length and 0.5 µm in diameter. The size distribu-
tion of the non-fibrous particles was measured 
by a Coulter Counter; 95% of the particles were 
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less than 2 µm in “equivalent” diameter and the 
mean diameter was 0.92 µm.

Groups of eight sheep (weighing 25–45 kg) 
were studied for the pulmonary clearance of 
silicon carbide up to 8 months after injection of 
100 mg of either fibrous or non-fibrous silicon 
carbide (in 100 mL of saline) into the tracheal 
lobe. The administered dose (“exposure”) of 
non-fibrous (angular silicon carbide) was estim-
ated to be 90 mg [i.e. by subtraction of the 10% 
aluminium oxide corundum], and the admin-
istered dose of fibrous silicon carbide was estim-
ated to be 95 mg [i.e. by subtraction of the 5% 
carbon], which comprised 27 mg of angular 
and 68 mg of fibrous silicon carbide. BALF was 
obtained before and 2, 4, 6, and 8 months after 
exposure by slow infusion of four 50-mL aliquots 
of PBS through the bronchoscope and by gentle 
aspiration of the effluent. The fourth syringe of 
BALF was retained for particle analysis. [The 
rationale for not including the first three syringes 
of BALF is unclear because that approach would 
seem to reduce the yield of particles and cells 
from the BALF, resulting in lower estimates 
of the carborundum in the BALF.] Sheep were 
killed 8  months after exposure, the lungs were 
removed, and nine tissue samples were taken 
from the tracheal lobe for particle analysis 
(Dufresne et al., 1992).

The mass concentration of carborundum 
in the BALF at the first time-point after expo-
sure (2  months) was approximately 60 and 
200 ng/mL of fibrous and non-fibrous silicon 
carbide, respectively. [To what extent this differ-
ence was due to a faster clearance of the fibrous 
silicon carbide, greater deposition efficiency of 
the non-fibrous silicon carbide, or possibly differ-
ential recovery of the BALF cannot be deter-
mined from the available data. If BALF had been 
obtained earlier (e.g. 1–3 days) after the tracheal 
lobe injection, data could have been obtained on 
the initial deposition efficiency of each material as 
noted by the authors in the Discussion section of 
the article.] However, the data from 2–8 months 

after exposure show a faster rate of clearance in 
the fibrous group. From these data, the authors 
estimated the clearance half-time (t1/2) [i.e. the 
time required to reduce the lung dose by half] to 
be 1.7 or 5.8 months, respectively, for the sheep in 
the fibrous or non-fibrous groups. Lower reten-
tion of fibrous versus angular silicon carbide was 
also reported in the lung parenchyma (tracheal 
lobe tissue), i.e. the retention of silicon carbide in 
the lung tissue in the fibrous group was approx-
imately 30 times lower than that in the non-fi-
brous group. The “retention rate” of the angular 
fraction of the fibrous silicon carbide was nearly 
the same as that of the non-fibrous (angular) 
silicon carbide. The average retained lung tissue 
dose measured in the tracheal lobe at 8 months 
after exposure was 219 ng/mg of dry lung tissue in 
the non-fibrous (angular) silicon carbide group, 
and 4.6 and 58 ng/mg for fibrous and angular 
silicon carbide, respectively, in the fibrous group 
(Dufresne et al., 1992). The “retention rate” was 
calculated as the ratio of the “retention” (ng/
mg)/“exposure” (mg) (i.e. the administered dose 
of silicon carbide).

[The Working Group noted that the “reten-
tion rate” column in Table 1 of Dufresne et al. 
(1992) is not clear. The reported values of 2.43 
for angular (non-fibrous group) and 0.07 and 
2.15 for angular and fibrous silicon carbide, 
respectively, in the fibrous group can be calcu-
lated directly from the “exposure” (mg of silicon 
carbide) and “lung retention” (ng of silicon 
carbide/mg of dry tracheal lobe tissue) columns, 
as follows: retention/exposure  =  “retention 
rate.” However, the units were apparently not 
taken into account, i.e. the calculation should 
be: (ng/mg)/(mg × 106 ng/mg). Moreover, the 
total dry mass of the tracheal lobe into which 
the silicon carbide was injected did not seem 
to be taken into account, i.e. the correct calcu-
lation would be: lung retention (mass silicon 
carbide/mass tracheal lobe tissue)/exposure 
(mass silicon carbide/total mass of tracheal 
lobe). Also, as calculated, the “retention rate” is 
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a proportion (not a rate) because it is described 
as the retained mass at the 8-month time-
point after exposure. Finally, values greater 
than 1 do not make sense for a proportion. 
Thus, the values in “retention rate” are appar-
ently reported incorrectly. Nevertheless, the 
relative values reported (if they are correct) 
are approximately 30 times higher for the 
angular silicon carbide in either the fibrous or 
non-fibrous group compared with the fibrous 
silicon carbide value; another error is that, for 
angular silicon carbide, the exposure is listed 
as 100 versus 90 in the “retention rate” column, 
although the resulting value of 2.24 is arith-
metically correct if 90 is substituted for 100; in 
addition, the issues on units and total tracheal 
lobe mass are still not resolved.]

[Despite the lack of clarity of the values 
reported for “retention rate” (see Table 1 of 
Dufresne et al. (1992)), the data on BALF are 
consistent in showing a faster rate of clearance 
from 2 to 8 months after exposure and a lower 
retained proportion of fibrous silicon carbide at 
8 months compared with “particulate” (angular) 
silicon carbide (see Fig. 5 of Dufresne et al. (1992)). 
The lower estimated retention of fibrous silicon 
carbide (ng/mg lung tissue) might be explained 
by the fibrotic lung response – which occurred 
in sheep exposed to fibrous (with 27% angular) 
silicon carbide but not in sheep exposed to the 
non-fibrous (angular) silicon carbide – and the 
associated increased lung tissue weight, resulting 
in a low mass of silicon carbide per mass of lung 
tissue. However, the similar reported lung tissue 
retention for the angular silicon carbide fraction 
in either the non-fibrous or fibrous group were 
considered to provide evidence against a fibrotic 
lung response explaining the different retention 
rates (assuming the reported values are correct). 
The fate of the fibrous or non-fibrous silicon 
carbide after clearance from the lungs was not 
reported, due to the lack of data on doses of 
silicon carbide in other organ tissues (including 
lymph nodes) or in the urine/faeces.]

In summary, the Dufresne et al. (1992) study 
reported shorter retention half-times for fibrous 
silicon carbide in the lungs of sheep than for 
non-fibrous (angular) silicon carbide at approxi-
mately equal administered mass doses.

[The findings of Dufresne et al. (1992) 
would appear to contradict those from other 
studies that showed greater lung retention with 
increasing length of biopersistent amosite fibres 
(Searl et al., 1999), which would suggest greater 
retention of the fibrous versus angular silicon 
carbide. A higher dissolution rate of the fibrous 
silicon carbide might be a possible explanation, 
given the smaller diameter of the fibrous silicon 
carbide (0.5 µm maximum reported diameter) 
compared with that of angular silicon carbide 
(mean diameter, 0.92 µm) (Dufresne et al., 1992). 
However, the dissolution of silicon carbide was 
found to be very low in either cell-free assays 
(simulated physiological saline) (Searl et al., 
1999) or in mice (Holt, 1950). Experimental data 
and modelling of other fibre types found that 
dissolution and breakage of non-biopersistent 
fibres results in a decrease in longer fibres and an 
increase in shorter fibres. Although shorter fibres 
can be cleared more effectively than longer fibres 
by alveolar macrophages, the fibre breakage 
resulted in a higher proportion of fibres in the 
shorter size categories 1  year after exposure 
(Searl et al., 1999; Tran et al., 2003). However, 
a breakage of the silicon carbide fibres would 
not explain the lower mass retention of fibrous 
silicon carbide because the angular silicon 
carbide would also be expected to be cleared 
effectively by alveolar macrophages. In addition, 
the fibrogenic response in sheep to fibrous silicon 
carbide is not consistent with its lower retained 
lung dose compared with angular silicon carbide, 
which did not cause fibrosis (Dufresne et al., 
1992). A possible explanation for the findings in 
Dufresne et al. (1992) might be that the fibrous 
silicon carbide had more highly reactive surfaces 
(as well as a greater total surface area) than the 
angular silicon carbide, resulting in greater 
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reactivity with lung tissues, as well as to faster 
translocation from the lungs to the lymph nodes 
(where the silicon carbide would pass through 
the epithelial cells and could damage cells in 
the process). Some support for this explanation 
is the finding that toxic crystalline silica causes 
adverse lung effects at lower mass doses and is 
translocated to the lung-associated lymph nodes 
at a faster rate than less toxic particles (Tran 
et al., 2002). This possibility cannot be evalu-
ated from the data available in Dufresne et al. 
(1992), however, because no measurements were 
reported of the surface reactivity of the fibrous 
versus angular silicon carbide particle surfaces, 
nor was the translocation of silicon carbide to the 
lymph nodes measured.]

(e)	 Clearance

The clearance of silicon carbide whiskers was 
studied in rats after a 4-week whole-body inhal-
ation exposure (Akiyama et al., 2003) [see exper-
imental details in Section 4.1.2(a)]. The mass lung 
burden of silicon carbide 3 days, 2 weeks, and 1, 
2, 3, 6, and 12 months after exposure was used to 
estimate the clearance of fibres. A one-compart-
ment exponential decay model was shown to fit 
the retained lung burden and data on time after 
exposure adequately (R2  =  0.90). A biological 
half-time (t1/2) of 4 months was calculated from 
that model.

In a 1-year whole-body inhalation study 
of silicon carbide whiskers by the same group 
(Akiyama et al., 2007), the mass lung burden was 
measured 6 days, 3, 6, and 12 months after expo-
sure [see Section 4.1.2(d) for the values meas-
ured]. A biological half-time (t1/2) of 16 months 
was calculated from these data.

The authors argued that one of the reasons 
for the longer retention half-time may have been 
due to the lung dose of silicon carbide exceeding 
the alveolar macrophage-mediated clearance 
capacity (i.e. overloading; Morrow et al., 1991). 
From the measured lung dose of 5.4 mg of silicon 
carbide whiskers 6  days after the end of the 

1-year exposure and a specific gravity of silicon 
carbide whiskers of 3.2 g/cm3, Akiyama et al. 
(2007) calculated that the retained volumetric 
dose of silicon carbide whiskers in the lungs 
was approximately 1600 nL, which exceeds the 
1000-nL dose associated with overloading of 
lung clearance in rats reported by Morrow et al. 
(1991). In comparison, the mass retained lung 
dose of silicon carbide whiskers after a 4-week 
inhalation exposure (Akiyama et al., 2003) was 
approximately 190 nL [calculated from 0.6 mg/
(3.2 g/mL × 1000 mg/g × 1 mL/106 nL)].

4.2	 Physico-chemical properties 
associated with toxicity

4.2.1	 Crystal structure

Silicon carbide may occur in several crys-
talline forms (polymorphs) after a different 
stacking of silicon and carbon atoms. In the 
non-fibrous form, silicon carbide particles may 
be amorphous. Traditional industrial prod-
uction via the Acheson process yields polydis-
persed particulates with particles from several 
micron- to nano-size, often containing quartz, 
cristobalite, and carbon particles (Scansetti et al., 
1992; Boumahdi, 2009).

The nature of the crystalline phases (α- versus 
β-silicon carbide) in nano-size (α-silicon carbide, 
16 nm; β-silicon carbide, 4 nm; β-silicon carbide 
with α-silicon carbide <  10% and iron impuri-
ties ≈500 ppm, 14 or 26 nm) influenced tumour 
necrosis factor (TNF)-α production. α-Silicon 
carbide induced higher TNF-α production than 
β-silicon carbide. When the presence of α-silicon 
carbide was detected by X-ray diffraction anal-
ysis, a moderate or elevated level of TNF-α was 
found, while this pro-inflammatory cytokine 
was not elicited by exposure to pure β-silicon 
carbide (Pourchez et al., 2012).

Silicon carbide may be prepared in a non-
stoichiometric form, i.e. with a variable silicon/
carbon ratio, which influenced the in-vitro 
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cellular responses to micron- and nano-size 
particles (Boumahdi, 2009; Barillet et al., 2010a). 
A comparison of the cellular responses induced 
in human A549 lung adenocarcinoma cells by a 
panel of silicon carbide nanoparticles (for details, 
see Section 4.2.2) led to the conclusion that silicon 
carbide nanoparticles with a high silicon/carbon 
ratio induced the production of reactive oxygen 
species (ROS) and inhibited glutathione (GSH) 
reductase activity earlier than those with a low 
silicon/carbon ratio. They also induced more 
persistent genotoxicity. The authors considered 
that the presence of silicon dioxide residues on 
the surface of these nanoparticles renders them 
more toxic (Barillet et al., 2010a).

Conversely, three silicon carbide nanopar-
ticles showing similar crystallite size (4  nm), 
Brunauer–Emmett–Teller (BET) size (14–15 nm), 
specific surface area (125–139 m2/g), and oxida-
tion state of the surface (7–8% of O1s) but 
increasing carbon/silicon atomic ratios from 
0.88 to 1.21 did not differ in their cytotoxicity or 
pro-inflammatory response (TNF-α values at the 
same level as the negative control), showing no 
influence of the carbon/silicon atomic ratio on 
the in-vitro cellular responses (Pourchez et al., 
2012).

4.2.2	Form and size

Silicon carbide may assume a large variety 
of forms from isometric particles to fibres and 
whiskers. Most silicon carbide industrial dusts 
may contain some particles with a fibrous shape. 
The material is usually comprised of parti-
cles of different sizes, some of which may be of 
greater concern than others. The term whiskers 
is confined to monocrystals with a fine fibre 
morphology, resembling amphibole asbestos or 
erionite. Being single crystals, silicon carbide 
whiskers have sharp tips and high tensile 
strength (Svensson et al., 1997).

(a)	 Silicon carbide particles (Acheson process)

Five silicon carbide industrial powders 
(silicon carbide C1, C2, F1, F2, and I) were 
collected after their production in the Acheson 
process in industrial plants (see Table 4.4 for the 
characteristics of the particles used in this study). 
Silicon carbide C1 and C2 are coarser than silicon 
carbide F1 and F2. They are mostly constituted 
by the α-silicon carbide phase. Silicon carbide I 
is a metallurgically impure dust representative of 
airborne dusts inhaled in the workplace environ-
ment. Free radical release but also iron content 
increased with particle size. Hydrogen peroxide 
production by RAW 264.7 macrophage cells was 
induced to a greater extent by exposure to fine 
silicon carbide F1 and F2 particles than that 
to coarse silicon carbide C1 or C2 or to silicon 
carbide I and was proportional to surface area 
(Boudard et al., 2014).

(b)	 Silicon carbide whiskers

Five whiskers (four silicon carbide whiskers, 
SiCW-1, -2, -3, and -4, and one silicon nitride, 
SiNW) and two powders (one silicon carbide, 
SiCP, and one silicon nitride, SiNP) were 
studied (Svensson et al., 1997; see Table 4.5 for 
the characteristics of the particles/whiskers 
used in this study). One of the silicon carbide 
whiskers, SiCW-3, was also ball-milled in water 
for 3  hours (SiCW-3S, short-milled) and 58 
hours (SiCW-3L, long-milled). The cloning effi-
ciency of Chinese hamster V79 cells was inhib-
ited in a concentration-dependent manner by all 
materials. At least five different concentrations 
(range, 0.25–80 μg/cm2) of each material were 
tested for 20 hours. The dose–response curves 
were linear and the concentration resulting 
in 50% survival (EC50) was calculated. A clear 
difference in viability was observed after expo-
sure to milled whiskers and powders. The EC50 
for the whiskers ranged from 0.9 to 4.2 μg/cm2, 
whereas that for crocidolite asbestos (positive 
control) was 1.4 μg/cm2. The milled whiskers 
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and powders were less potent than the whiskers. 
Milling SiCW-3 for 3 and 58 hours decreased its 
toxicity (EC50) from 4.2 μg/cm2 to 6.9 μg/cm2 and 
10.7 μg/cm2, respectively. The powders of both 
silicon nitride and silicon carbide were much 
less toxic in this test system, although the silicon 
nitride powder was more toxic than the silicon 
carbide powder, in line with the toxicity of the 
whiskers.

Three well-characterized whiskers of different 
sizes (SiCW 1, SiCW 2, and SiCW 3; character-
istics reported in Table 4.6) were tested in vivo 
(Johnson & Hahn, 1996) and their effects were 
compared with those of continuous silicon 
carbide ceramic filaments. Crocidolite asbestos 
fibres were used as a positive control. A size anal-
ysis of the morphology of the three whiskers is 
illustrated in Table  1.1 (Health Council of the 
Netherlands, 2012). Silicon carbide whiskers, but 
not continuous silicon carbide ceramic filaments, 
induced mesotheliomas after intrapleural injec-
tion into rats (see also Section 3.3). A difference 
in the biological activity of the three samples 
of whiskers (SiCW 1, SiCW 2 >>  SiCW 3) was 

observed, which could not be explained on the 
basis of their physical dimensions.

(c)	 Silicon carbide nanoparticles

Five silicon carbide nanoparticles (char-
acteristics reported in Table  4.7) with varying 
diameters and silicon/carbon ratios that were 
synthesized by laser pyrolysis of gaseous precur-
sors were taken up by human A549 lung adeno-
carcinoma cells, in which their cytotoxicity was 
low (Barillet et al., 2010a). [The low cytotox-
icity of silicon carbide nanoparticles has also 
been demonstrated in studies of silicon carbide 
nanocrystals (Fan et al., 2008) or microscaled 
silicon carbide particles (Bruch et al., 1993a, b), 
suggesting that the absence of cytotoxicity after 
contact with a silicon carbide surface is unre-
lated to particle size.] However, silicon carbide 
nanoparticles induced major redox alterations. 
Cell redox status was markedly affected: silicon 
carbide nanoparticles caused the production of 
ROS, the depletion of GSH and the inactivation 
of some antioxidant enzymes (GSH reductase 
and superoxide dismutase) (Barillet et al., 2010a).

Table 4.4 Physico-chemical characteristics of different microparticles comprised of silicon 
carbide from the study by Boudard et al. (2014) 

Sample Specific 
surface 
area (m2/g)

Median 
diameter 
D50 (μm)

Crystallite phases O1s (% atomic) Carbon/silicon 
(atomic ratio)

Iron 
(ppm)

Aluminium 
(ppm)

SiC C1 4.0 2.5 SiC-6H (91%), SiC-4H (7%), 
SiC-15R (< 1%)

17 (presence of a 
SiO2 layer)

0.98 2 370 350

SiC F1 11.0 0.5 SiC-6H (91%), SiC-4H (7%), 
SiC-15R (2%)

22 (presence of a 
SiO2 layer)

1 1 570 560

SiC I 3.0 6.0 SiC-6H (53%), SiC-4H (7%), 
SiC-15R (5%), SiO2 quartz 
(9%), SiO2 cristobalite (5%)

23 (presence of a 
SiO2 layer)

1.66 20 000 1 300

SiC C2 3.5 2.5 SiC-6H (90%), SiC-4H (7%), 
SiC-15R (2%)

17 (presence of a 
SiO2 layer)

0.99 2 230 730

SiC F2 8.5 0.8 SiC-6H (90%), SiC-4H (3%), 
SiC-15R (7%)

23 (presence of a 
SiO2 layer)

0.98 1 370 0

SiC, silicon carbide; SiO2, silicon dioxide
Adapted from Toxicol In Vitro, Volume 28, issue 5, Boudard et al. (2014) In vitro cellular responses to silicon carbide particles manufactured 
through the Acheson process: Impact of physico-chemical features on pro-inflammatory and pro-oxidative effects, Page Nos 856–865, 
Copyright (2014), with permission from Elsevier



Silicon carbide

287

Six ultrafine silicon carbide nanoparticles 
were prepared using both sol-gel and a laser 
(the physical characteristics, including size, 
crystallinity, silicon/carbon ratio, and oxygen 
or iron contaminants, of which are reported in 
Table  4.8; Pourchez et al., 2012). None of the 
nanoparticles tested induced cytotoxicity in 
RAW 264.7 cells derived from murine peritoneal 
macrophages. Conversely, other adverse cellular 

responses elicited (see Section 4.4) were markedly 
dependent upon crystal phase, silicon/carbon 
ratio, and level of contaminants. The nature of 
the surface oxidation layer (silica versus silicon 
oxycarbide) did not modulate the pro-inflamma-
tory response (TNF-α production) while a linear 
correlation was observed (R2  =  0.97) between 
TNF-α production and the total surface area 
exposed to silicon carbide nanoparticles. Such 

Table 4.5 Characteristicsa of silicon carbide and silicon nitride particles and whiskers from the 
study by Svensson et al. (1997) 

Composition 
and sample 
No.b

Manufacturer/
type

Content of 
discriminated 
whiskers × 1010/g

Content of long 
fibres  
(≥ 20 μm) × 1010/g

Length 
(μm)

Diameter 
(μm)

Length/
diameter

Specific 
area (m2/g)

SiCW-1 Tokai 100 1.2 0.23 14 ± 10 0.8 ± 0.4 18 ± 11 3.0
SiCW-2 Tokai 400 0.9 0.20 14 ± 9 0.9 ± 0.4 17 ± 10 1.5
SiCW-3 Tateho SCW10 4.3 0.52 12 ± 10 0.7 ± 0.4 19 ± 13 4.2
SiCW-4 Tateho SCW1S 1.1 0.14 12 ± 9 0.7 ± 0.4 21 ± 12 4.9
SiCW-3Lc Tateho SCW10 3.9 0.12 9 ± 5 0.6 ± 0.3 16 ± 10 11.7
SiCW-3Sd Tateho SCW10 5.2 0.44 11 ± 7 0.7 ± 0.4 16 ± 9 5.2
SiNW UBE 2.2 0.42 13 ± 8 0.9 ± 0.4 16 ± 8 2.2
SiNP UBE E10       0.4 ± 0.4   10.9
SiCP UF 15, Lonza       0.4 ± 0.3   14.9

a	  Further information on measurement and characterization in Nyberg et al. (1995); data comprise mean ± standardard deviation
b	  Length/diameter ≥ 5 μm, diameter ≤ 3 μm. Discrimination limit in image analysis
c	  L, long-milled (for 58 h)
d	  S, short-milled (for 3 h)
SiCW, silicon carbide whiskers; SiNW, silicon nitride whiskers; SiNP, silicon nitride powder; SiCP, silicon carbide powder
Reproduced from Svensson et al. (1997). Toxicity in vitro of some silicon carbides and silicon nitrides: whiskers and powders, Am J Ind Med, 
1997, volume 31, issue 3, pages 335–343, by permission of John Wiley & Sons

Table 4.6 Characteristics of silicon carbide particles/whiskers and crocidolite from the study by 
Johnson & Hahn (1996) 

Sample Mean length (in μm) 
(standard error of the 
mean)

Mean diameter (in μm) 
(standard error of the 
mean)

Fibre (n/mg) Specific surface 
area (m2/g)

Specific gravity

SiCW 1 4.5 (0.23) 0.42 (0.02) 7.6 × 106 3.0 3.4
SiCW 2 20.1 (1.01) 0.75 (0.02) 1.6 × 105 1.4 3.3
SiCW 3 6.6 (0.40) 0.32 (0.01) 1.1 × 107 3.6 3.2
Crocidolite 2.1 (0.31) 0.12 (0.01) 3.6 × 109 7.0 3.2
CCF (PRD-166)a 40–100 12 ND 1.5 4.3

a	  Values determined approximately by light microscopy
CCF, continuous silicon carbide ceramic filament; ND, not determined; SiCW, silicon carbide whiskers
Reproduced from Occup Environ Med, Johnson & Hahn (1996), volume 53, page 813–816, copyright (1996), with permission from BMJ 
Publishing Group Ltd
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a correlation was obtained for β-silicon carbide 
nanoparticles with the presence of α-silicon 
carbide, confirming the impact of both crystal-
line phase and the specific surface area.

4.2.3	Surface reactivity

Because the bonding energy between silicon 
and oxygen is higher than that between silicon 
and carbon, the silicon atoms exposed at the 
surface of silicon carbide are highly likely to 
react with oxygen, particularly if loosely bound 
to the underlying crystal structure. The particles 
obtained by using the Acheson process had the 
following surface species (as shown by X-ray 
photoelectron spectroscopy): silicon dioxide, 
silicon oxycarbure, carbon residues (C–C), 
silicon impurities (Si–Si) and oxidized carbon 
forms (C–O, C=O) (Boumahdi, 2009).

All forms of silicon carbide that are exposed 
to the atmosphere tend in the long-term to be 
covered by one or more layers of silica over 
time. However, this process may occur through 
different kinetics and is greatly accelerated 
by heating (Deal & Grove, 1965; Boch, 2001; 
Boumahdi, 2009). Consequently, heated silicon 
carbide particles may be covered with a thick 
external layer of silicon dioxide, while unheated 
particles may be only partially covered by a few 
silicon–oxygen patches, e.g. only on some crystal 

faces or at steps, kinks, and corners, thus exposing 
the silicon–carbon structure to fluids, cells, and 
tissues. This is fairly relevant to the fate of the 
particles in vivo as various studies have shown 
that cells react quite differently to a silicon–
carbon surface than to a silica-like surface. 
While the silica-like surface always induces a 
substantial level of cytotoxicity, the silicon–
carbon surface appears to be non-cytotoxic in 
the RAW 264.7 cell line derived from murine 
peritoneal macrophages (toxicity assessed 
as cell membrane damage (release of lactate 
dehydrogenase; Pourchez et al., 2012; Boudard 
et al., 2014)) or in the human A549 lung adeno-
carcinoma cells (toxicity assessed by impaired 
mitochondrial activity as detected using the 
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetra-
zolium bromide assay (Barillet et al., 2010a)). 
Boudard et al. (2014) compared several cellular 
responses to unheated and heated silicon carbide 
dust, taking into account that the oxidation of 
silicon to silica is favoured on heating and that 
heated particles were almost completely covered 
by a thick layer of silica. Although the starting 
material was non-toxic, heating increased cyto-
toxicity which was assessed by the release of 
lactate dehydrogenase.

Conversely, both oxidized silicon carbide C1 
and F1 particles treated at 1400 °C induced lower 

Table 4.7 Characteristicsa of silicon carbide nanoparticles from the study by Barillet et al. (2010a)

Sample SSA (m2/g) BET size (nm) TEM size (nm) Silicon/carbon ζ (mV) Hydrodynamic 
diameter (nm)

SiC-A 125 15 17 ± 3 0.8 –24 168 (100%)
SiC-B 134 14 13 ± 3 1.0 –22 125 (100%)
SiC-C 140 13 12 ± 3 1.2 –31 97 (100%)
SiC-D 52 36 31 ± 8 1.1 –28 190 (100%)
SiC-E 33 58 45 ± 18 1.1 –28 280 (100%)

a	  SSA, specific surface area, measured according to Brunauer–Emmett–Teller (BET); BET size, diameters of silicon carbide nanoparticles 
calculated from SSA; TEM size, diameters of silicon carbide nanoparticles measured by transmission electron microscopy; ζ, zeta potential 
measured just before nanoparticle dilution into cell culture medium; hydrodynamic diameter measured by photon correlation spectroscopy 
after nanoparticle dilution into cell culture medium
Reprinted from Toxicol Lett, Volume 198, issue 3, Barillet et al. (2010a). In vitro evaluation of SiC nanoparticles impact on A549 pulmonary 
cells: Cyto-, genotoxicity and oxidative stress, Page Nos 324–330, Copyright (2010), with permission from Elsevier
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levels of TNF-α than their unheated counter-
parts. Cellular production of hydrogen peroxide 
was unrelated to surface oxidation (Boudard 
et al., 2014).

(a)	 Generation of free radicals and depletion of 
antioxidants

Conflicting evidence has been shown for 
the direct generation of free radicals by silicon 
carbide particles. An earlier study reported that 
both the supercoiled plasmid assay for DNA 
scission and high-performance liquid chroma-
tography using salicylate as an hydroxyl radical 
trap gave negative results with silicon carbide 
fibre (ACMC) but positive results with amosite 
asbestos (Brown et al., 1998).

(i)	 Silicon carbide particles (Acheson process)
The ability of silicon carbide particles to 

generate HO• and COO•- radicals was assessed 
under cell-free conditions using electron para-
magnetic resonance spectroscopy (Boudard 
et al., 2014). All particles were able to generate 
free radicals and were more effective in gener-
ating COO•- than HO•. Free radical production 
increased with particle size and was 3–5-fold 
higher with coarse silicon carbide C1/C2 parti-
cles than with fine silicon carbide F1/F2 particles 
(maximal COO•- production with silicon carbide 
C2). The silicon carbide I powder was character-
ized by the generation of HO• radicals, with a 
5-fold greater production compared with silicon 
carbide F1/F2. This behaviour may be related 
to the large amount of iron in the coarse parti-
cles compared with the fine particles, especially 
silicon carbide I, which also exhibited a partially 
crystallized surface layer of silica. The potential 
to release the particle-derived free radicals HO• 
and COO•- decreases with surface oxidation but, 
at very high temperatures (> 1400 °C), the specific 
surface area markedly decreases and the external 
silica layer that was originally amorphous crys-
tallizes into cristobalite. The amount of free 
radical released per unit surface under these 

circumstances markedly increases in respect to 
the original material. The decrement in radical 
yield upon heating up to 850 °C is caused by both 
development of an amorphous surface layer and 
the conversion of Fe2+ into Fe3+ after oxidation 
[as reported for other toxic particulates (Tomatis 
et al., 2002)].

(ii)	 Silicon carbide whiskers
The generation of hydroxyl radicals by a 

panel of silicon carbide whiskers was investi-
gated using three independent assays: deoxy-
guanosine hydroxylation, dimethyl sulfoxide as 
a scavenger, and deoxyribose assays. Table  4.9 
summarizes the release of free radicals from 
silicon carbide whiskers and Table 4.5 shows the 
characteristics of the whiskers (Svensson et al., 
1997). The HO• radical tests showed that only 
crocidolite (positive control) and silicon carbide 
whiskers-4 could potentiate the formation of 
hydroxyl radicals. The other materials tested 
did not differ from the control. [Analysis using 
the nick translation assay detected DNA strand 
breaks with all fibres except silicon carbide 
whiskers-2 and silicon nitride whiskers. Taking 
into account the concentration used, exposure to 
all of the silicon carbide whiskers induced DNA 
breaks (of the same magnitude as crocidolite) 
compared with a low rate for the other material. 
The highest activity was found for silicon carbide 
whiskers-3S.]

(iii)	 Silicon carbide nanoparticles
In the study by Pourchez et al. (2012) (see 

Table 4.8 for characteristics of the particles), in 
which free radicals were measured directly using 
electron paramagnetic resonance spectroscopy 
under cell-free conditions, no radical release was 
observed with LP1 and SG. LP2 and LP3 were 
able to generate COO•-, but not HO• radicals. 
Significant HO• radical release was observed with 
LP4 (21 nmol/m2) and more importantly with 
LP5. This sample exhibited the highest activity 
for COO•- (400 nmol/m2) and HO• generation 
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per unit surface (47 nmol/m2). LP5 contained 
the highest amount of surface iron. The authors 
concluded that free radical production under 
acellular conditions is associated with the iron 
content at the nanoparticles surface; in contrast 
to other cases (e.g. silica and asbestos) in which 
even traces of iron ions are able to trigger the 
Fenton reaction (Fubini et al., 2001; Turci et al., 
2011), a threshold effect of surface iron of around 
11 µg/m2 has been observed for silicon carbide 
nanoparticles.

(b)	 Bioavailability and biodeposition of metals

Substantial amounts of iron or other metal 
impurities are present at the surface of particles 
produced by the Acheson process, which are 
probably bioavailable although bioavailability 
per se has not been measured. Metal ion bioavail-
ability has not been reported for whiskers. Iron 
was present at the surface of the silicon carbide 
nanoparticles studied by Pourchez et al. (2012), 
while Barillet et al. (2010a) considered the parti-
cles they studied to be free from any metal-based 
impurities, thus ruling out any effect caused by 
Fenton-like and Haber-Weiss reactions.

(c)	 Antioxidant depletion

The ability of several types of fibre, including 
silicon carbide, to deplete the antioxidants, 
ascorbic acid and GSH, was investigated in the 
lining fluid of rat lung epithelial cells. Silicon 
carbide whiskers (ACMC), as well as other fibres, 
were able to deplete GSH in lung lining fluid and 
depletion was dependent on the number of fibres 
(Brown et al., 2000).

Silicon carbide nanoparticles (Barillet 
et al., 2010a) caused the depletion of cellular 
GSH, the major antioxidant cellular defence 
mechanism. GSH may either be released from 
cells to the extracellular medium or oxidized 
intracellularly to oxidized GSH (GSSG) by GSH 
peroxidase, which is coupled to the reduction of 
hydrogen peroxide to water. Because high levels 
of ROS accumulate in cells exposed to silicon 
carbide nanoparticles, the oxidation of GSH to 
GSSG by GSH peroxidase was hypothesized. 
However, the total glutathione content (GSH 
+ GSSG) decreased. Consequently, GSH may 
be oxidized to GSSG, but GSH and/or GSSG 
must also be released from cells to the extra-
cellular medium. To support this hypothesis, 

Table 4.9 Free radical release from silicon carbide and nitride whiskers/particlesa

Sample 8-OHdG/103dG Deoxyribose (A532) DMSO/MSA (A425)

Control 0.28 ± 0.1 0.05 ± 0.03 0.40 ± 0.17
SiCW-1 0.28 ± 0.09 0.09 ± 0.02 0.34 ± 0.09
SiCW-2 0.35 ± 0.10 0.09 ± 0.04 0.36 ± 0.11
SiCW-3 0.54 ± 0.16 0.15 ± 0.14 0.33 ± 0.14
SiCW-4 2.34 ± 1.80 0.64 ± 0.58 0.68 ± 0.11
SiCW-3L 0.46 ± 0.19 0.17 ± 0.06 0.61 ± 0.02
SiCW-3S 0.71 ± 0.21 0.15 ± 0.09 0.56 ± 0.02
SiNW 0.31 ± 0.17 0.13 ± 0.03 0.19 ± 0.06
SiNP 0.49 ± 0.24 0.05 ± 0.03 0.31 ± 0.09
SiCP 0.32 ± 0.16 0.07 ± 0.02 0.26 ± 0.06
Crocidolite 3.59 ± 1.20 1.73 ± 0.04 Not measured

a	  Data are given as mean of three experiments ± standard deviation. Values represent number of molecules of 8-hydroxydeoxyguanosine per 
103 deoxyguanosine and absorbence at A532 and A425, respectively
dG, deoxyguanosine; DMSO, dimethyl sulfoxide; 8-OHdG, 8-hydroxydeoxyguanosine; MSA, methanesulfonic acid; SiCP, silicon carbide 
particles; SiCW, silicon carbide whiskers; SiNP, silicon nitride particles; SiNW, silicon nitride whiskers
Reproduced from Svensson et al. (1997). Toxicity in vitro of some silicon carbides and silicon nitrides: whiskers and powders, Am J Ind Med, 
1997, volume 31, issue 3, pages 335–343, by permission of John Wiley & Sons
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Brown et al. (2000) demonstrated that silicon 
carbide whiskers (ACMC) deplete GSH from 
lung lining fluid. Moreover, Zhang et al. (1999) 
suggested that GSH was released from alveolar 
macrophages exposed to silica as a consequence 
of GSH depletion in the extracellular fluid, and 
hypothesized that silicon carbide nanoparticles 
deplete GSH and/or GSSG from the extracellular 
fluid and that the cells then release these mole-
cules to re-establish the GSH intra-/extracellular 
balance. GSH reductase, which is responsible for 
the reduction of GSSG to GSH, is inactivated (see 
also Barillet et al., 2010a). The GSH pool is thus 
not re-established, leading to the accumulation 
of hydrogen peroxide in the cells. Superoxide 
dismutase, which is responsible for O2

•- dismu-
tation to hydrogen peroxide, was also partially 
inactivated in cells exposed to silicon carbide 
nanoparticles, resulting in the intracellular accu-
mulation of O2

•-.

4.2.4	Fibre durability (leaching, phagocytosis, 
dissolution, and breaking)

Silicon carbide is a very durable mate-
rial that is poorly dissolved in aqueous media. 
Biopersistence is linked not only to durability in 
biological fluids, but also to the form of the mate-
rial (see Table 4.1).

(a)	 In vivo

(i)	 Silicon carbide whiskers
Silicon carbide whiskers (mean diam-

eter, 0.45  µm), as a very durable material, were 
compared with less durable glass microfibres 
(code 100/475), relatively soluble man-made 
vitreous fibres (Davis et al., 1996). Amosite 
asbestos was used as a positive control. After inhal-
ation for 1 year, fewer very long glass microfibres 
(length, > 20 µm) remained in rats lungs at the 
end of the exposure compared with amosite or 
silicon carbide. After exposure, amosite and glass 
microfibres were removed from the lungs at rates 
similar to those of most fibre dimensions whereas 

the clearance of silicon carbide was much slower. 
When dust was administered by intratracheal 
instillation, the differences in length with regard 
to fibre removal from the lung tissue were less 
marked.

Silicon carbide whiskers exhibit high bioper-
sistence and are not modified in vivo. Over the 
long-term, longer whiskers are more biopersis-
tent than shorter whiskers. Akiyama et al. (2003) 
reported an exponential clearance of deposited 
silicon carbide whiskers (MMAD, 2.5 µm; GM 
diameter, 0.4 µm; GM length, 2.2 µm) from rat 
lungs after 4 weeks of inhalation. The apparent 
deposition fraction was 4.8%  ±  0.7%. During 
the clearance period, the amount of silicon 
carbide whiskers deposited in the rat lungs 
decreased exponentially with increasing dura-
tion of clearance. The biological half-time in the 
one-compartment model was determined to be 
4.0 months, similar to that of other biopersistent 
inorganic fibres.

The biopersistence of deposited silicon 
carbide whiskers was measured after a longer 
inhalation exposure in rats (Akiyama et al., 
2007). A group of 42 male Wistar rats was exposed 
by inhalation to daily average concentrations of 
2.6  ±  0.4 mg/m3 (98  ±  19 fibres/mL) of silicon 
carbide whiskers (MMAD, 2.4 μm (GSD, 2.4); 
GM diameter, 0.5 μm (GSD, 1.5); GM length, 
2.8 μm (GSD, 2.3)) for 6 hours per day on 5 days 
per week for 1 year; the rats were killed 6 days 
and 3, 6, and 12 months after the exposure. 
The amount of silicon carbide whiskers depos-
ited in each rat lung 6 days after the exposure, 
determined by an X-ray diffraction method, 
was 5.3  ±  1.4 mg. The biological half-time was 
16 months, calculated from the amount of depos-
ited silicon carbide whiskers at 6 days and 3, 6, 
and 12 months, and was more prolonged than 
normal physiological clearance. The diameter of 
the silicon carbide whiskers in the lung at each 
time-point during the 12 months of clearance 
after inhalation did not change. However, longer 
silicon carbide whiskers tended to be retained in 
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the lung as the clearance time increased, espe-
cially after 6 months. Histopathological exami-
nation revealed bronchoalveolar hyperplasia in 2 
rats 1 year after the exposure and severe fibrotic 
changes around aggregated silicon carbide 
whiskers.

(ii)	 Silicon carbide particles, fibres, and 
angular particles

Pioneer studies on the fate of siliceous dusts 
in the body compared the in-vivo solubility of 
cement, carborundum, quartz, and moulding 
sand by estimating urinary silica values after 
intraperitoneal injection of different dusts into 
mice. An increase in the excretion of silica was 
found only with exposure to cement (Holt, 1950).

The lung tissue of a worker exposed for 10 
years in an abrasive manufacturing plant was 
analysed by bulk analysis and in situ analytical 
electron microanalysis. Total dust in the lung was 
120 mg/g of the dried lung tissue, 43% of which 
was silicon carbide (Hayashi & Kajita, 1988).

Materials taken in the field (carborundum 
from Acheson furnaces at a silicon carbide 
plant) contained both angular and fibrous silicon 
carbide particulates emitted by the silicon-car-
bide production operations. The pulmonary 
retention of the two morphological types was 
studied in sheep. Animals were injected in the 
tracheal lobe with an equal mass (100 mg) of 
particulates prepared from silicon carbide mate-
rials collected in the workplace. Particles were 
measured by analytical TEM in samples of BALF 
obtained 2, 4, 6, and 8 months after the injection 
and also in samples of lung parenchyma obtained 
at 8  months. Measurements in BALF and lung 
samples both indicated a much lower retention 
of fibrous than of angular silicon carbide. The 
retention rate in lung parenchyma at 8 months 
was 30 times lower for fibrous silicon carbide. 
The half-life of the decrease in concentrations 
was 3.4 times shorter for fibrous silicon carbide 
(Dufresne et al., 1992).

A study on pulmonary dust retention in a 
worker who had a lung lobectomy for an epider-
moid carcinoma and who had been employed for 
42 years in the vicinity of an Acheson furnace in 
a silicon carbide plant reported silicon carbide 
fibres in the lung parenchyma. The concentra-
tion of silicon carbide fibres longer than 5 µm 
was 39 300 fibres/mg of dry lung (Dufresne et al., 
1993).

Particle-induced X-ray emission is a tech-
nique used to measure X-rays induced by proton 
irradiation that requires minimal sample prepa-
ration, can yield a detection limit as low as a few 
parts per million, and is based on the excitation of 
the electronic levels of atoms by means of an ion 
beam, producing X-ray emissions. These X-rays 
are characteristic and proportional to every 
element. Doses of 0.5 and 5 mg of silicon carbide 
nanoparticles were instilled into female Wistar 
rat lungs and were investigated using this tech-
nique for 60 days. The biopersistence of silicon 
carbide at a dose of 5 mg showed the typical trend 
reported for larger amounts of nanoparticles 
during the first few days after exposure to high 
doses. For lower doses (0.5 mg), only 0.074 mg 
of silicon carbide remained in the lungs 1 hour 
after instillation, representing 14.8% of the orig-
inal dose. After 60 days, the biopersistence of the 
lower dose (0.5 mg) was 2.84%. The higher dose 
(5 mg) resulted in the retention of 1.834 mg in the 
lungs, representing 36.68% of the administered 
dose, 1 hour after instillation. After 60 days, only 
1.17% of the higher dose was retained in the lungs 
(Lozano et al., 2012).

(b)	 In vitro

An examination of the in-vitro solubility 
of silicon carbide whiskers and their chemical 
composition after extraction from lung tissues 
showed almost no change in chemical composi-
tion (Davis et al., 1996).
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4.3	 Genetic and related effects

See Table 4.10

4.3.1	 Human cells in vitro

Silicon carbide whiskers were reported to 
increase the level of DNA strand breaks and 
DNA–DNA interstrand crosslinks in human 
A549 lung adenocarcinoma cells after exposure 
at 200 µg/mL for 1 hour (Wang et al., 1999). [The 
Working Group noted that the report lacked 
information on the number of independent 
replicates.]

DNA strand breaks were measured using the 
alkaline comet assay in human A549 lung adeno-
carcinoma cells after exposure to 50 µg/mL of 
five different silicon carbide nanomaterials for 4, 
24, or 48 hours (Barillet et al., 2010a). The silicon 
carbide nanoparticles were synthesized by laser 
pyrolysis of gaseous silane and acetylene precur-
sors to materials with different sizes and ratios 
between silicon and carbon. Measurements of size 
included the specific surface area (33–140 m2/g), 
BET size (13–58  nm), TEM size (12–45  nm), 
and hydrodynamic diameter (97–280 nm, meas-
ured by photon correlation spectrometry in 
cell culture medium). All of five silicon carbide 
materials were reported to increase the level 
of DNA strand breaks 4 hours after exposure, 
whereas genotoxicity was less evident after 24 
and 48 hours. No difference in the generation of 
DNA strand breaks between the silicon carbide 
samples was observed after 4 hours of exposure, 
whereas one sample with a large specific surface 
area (125 m2/g), median hydrodynamic diameter 
(168 nm), and low silicon:carbon ratio (0.8) was 
not genotoxic at 24 or 48 hours. [The data appear 
to have been obtained from only a single experi-
ment and the statistical analysis was based on 50 
comets from this experiment.]

Silicon carbide whiskers were reported to 
increase the number of chromosomal aberra-
tions (acentric fragments, chromosome breaks, 

chromosome fragments, chromatid breaks, 
chromatid exchanges, and structural chromo-
somal aberrations) in human embryo lung cells 
after exposure to 2.5 or 5 µg/mL for 24 hours 
(Wang et al., 1999).

4.3.2	Experimental systems in vitro

Svensson et al. (1997) measured DNA strand 
breaks using the nick translation assay in Chinese 
hamster lung fibroblast V79 cells treated with 
0.3–15 μg/mL whiskers (four silicon carbides, 
SiCW-1, -2, -3, and -4, and one silicon nitride, 
SiNW) and powders (one silicon carbide, SiCP, 
and one silicon nitride, SiNP) for 20 hours. The 
length of the silicon carbide whiskers ranged 
between 12  ±  10 µm and 14  ±  10 µm and the 
diameters between 0.7 ± 0.4 and 0.9 ± 0.4 µm. 
Accordingly, their length:diameter ratios were 
similar. The SiCW-3 whiskers were also ball-
milled in water for 3  hours (SiCW-3S, short-
milled) or 58 hours (SiCW-3L, long-milled). 
The mean length of SiCW-3S and SiCW-3L was 
11 ± 7 µm and 9 ± 5 µm, respectively. High rates 
of DNA strand breaks were observed for all of the 
silicon carbide whiskers (of the same magnitude 
as crocidolite). The highest effect was found for 
SiCW-3S and the lowest for SiCP.

The induction of DNA strand breaks was 
investigated by alkaline comet assay in rat kidney 
proximal tubule NRK-52E cells 24 hours after 
exposure to 2–200 µg/mL of a silicon carbide 
nanopowder. The silicon carbide nanoparti-
cles, synthesized by pyrolysis, were described as 
having a spherical morphology with a specific 
surface area of 125 m2/g and a particle size of 
15 nm (BET) or 17 nm (TEM). The results were 
not statistically significant. The authors also 
reported that the silicon carbide sample did not 
generate DNA double-strand breaks although 
the results were not shown (Barillet et al., 2010b).

Using the M3E3/C3 lung epithelial cell line 
from Syrian golden hamsters, exposure to silicon 
carbide fibres for 48–96 hours at doses between 
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0.1 and 2 µg/mL increased the frequency of 
micronuclei (Peraud & Riebe-Imre, 1994). [The 
Working Group noted that no information was 
available on fibre characteristics in this study.]

4.4	 Other mechanisms of 
carcinogenesis

4.4.1	 Humans

See also Section 4.1, Table 4.2
Several studies have been published 

concerning occupational exposure to silicon 
carbide in humans. In contrast, information in 
humans on cellular mechanisms such as apop-
tosis, with the exception of studies in human 
monocytes in vitro after exposure to silicon 
carbide (Nordsletten et al., 1996), is limited. 
A dose–response has been demonstrated for 
decreased lung function and increased inci-
dence of obstructive lung disease with particle 
mass (Bugge et al., 2011, 2012; Johnsen et al., 
2013). Table 4.2 provides a summary of studies 
conducted among workers within the silicon 
carbide industry and the adverse health 
outcomes observed, including decreased lung 
function and increased incidence of obstructive 
lung disease (Bugge et al., 2010, 2012).

Fibrosis

Two men exposed only to silicon carbide 
powder for many years in a factory manufac-
turing refractory bricks developed bilateral 
reticulonodular densities as detected by chest 
radiography. An open lung biopsy from one 
patient showed a large amount of black material 
in the fibrosed alveolar septa. X-Ray diffraction 
revealed silicon carbide powder to which they 
had been exposed, but not quartz; X-ray diffrac-
tion analysis of the lung tissue confirmed at least 
six different types of silicon carbide, traces of 
tungsten carbide, and an insignificant amount 
of quartz (Funahashi et al., 1984).

No data on persistent inflammation, activa-
tion of intracellular signalling pathways, resist-
ance to apoptosis, or cell proliferation in humans 
were available to the Working Group.

4.4.2	Experimental animals

(a)	 Inflammasome activation

Persistent inflammation accompanied by 
epithelial cell injury and repair by cell prolif-
eration are important in the development 
of diseases associated with the inhalation of 
fibres (Bissonnette & Rola-Pleszczynski, 1989; 
McGavran & Brody, 1989; Rom et al., 1991; 
Donaldson & Brown, 1993; Barrett, 1994; Davis 
et al., 1996).

In a short-term inhalation experiment silicon 
carbide whiskers caused the recruitment of 
inflammatory cells and increased protein levels 
in BALF similarly to code 100/475 glass fibres 
and amosite asbestos fibres. Rats were exposed 
by whole-body inhalation to the fibre types at 
a concentration of 1000 WHO fibres/mL for 
7 hours per day. The granulocyte response, 
commonly used as a measure of inflammation, 
showed a different pattern of time dependence for 
each fibre type but no clear differences between 
fibre types was found for BALF protein levels 
(Cullen et al., 1997). The bronchiolar alveolar 
deposition of fibres results in increased prolif-
eration in epithelial and interstitial cells in the 
lung (Chang et al., 1988; Brody & Overby, 1989; 
Warheit et al., 1992). In the study of Cullen et al. 
(1997), the proliferative response to code 100/475 
glassfibres was no greater than that in unexposed 
control animals, whereas amosite and silicon 
carbide whiskers both produced significant 
increases in cell proliferation.

Nine groups of eight sheep were exposed to 
saline, latex, graphite, raw silicon carbide parti-
cles, ashed silicon carbide particles, quartz, 
crocidolite, raw silicon carbide fibres, and ashed 
silicon carbide fibres by instillation once into 
the tracheal lobe (Bégin et al., 1989). BALF was 
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obtained at 2-month intervals and animals were 
necropsied after 8 months. Analyses of cellularity 
and cytotoxicity in the BALF in association with 
histopathology to assess fibrosis demonstrated 
that all particles except for quartz were inert.

(b)	 Biomarkers of lung injury

Studies on intratracheal instillation have 
shown that exposure to silicon carbide whiskers 
produces pulmonary fibrotic changes, suggesting 
that these whiskers might have fibrogenic poten-
tial (Morimoto et al., 2003a, b).

Male Wistar rats were given a single intratra-
cheal instillation of 2 or 10 mg of silicon carbide 
whiskers suspended in saline and were killed 
after 3  days, 1 week, 1  month, 3  months, or 
6 months of recovery time. Expression of Clara 
cell secretory protein (CCSP) was detected using 
reverse transcriptase-polymerase chain reaction 
(RT-PCR), Western blot, and immunostaining. 
Exposure to 10 mg of silicon carbide whiskers 
decreased CCSP mRNA expression at 3  days, 
1  week, 1  month, and 6  months after intratra-
cheal instillation. Protein levels of CCSP in rats 
were decreased at 1  day, 3  days, and 1  month 
after a single instillation of 2 or 10 mg of silicon 
carbide whiskers (Morimoto et al., 2003b). CCSP 
is one of the major secretory products specifically 
produced by Clara cells and is hypothesized to 
inhibit inflammation and fibrosis because it is 
homologous with lipocortin (Mantile et al., 1993). 
CCSP has also been hypothesized to play a role 
as a phospholipase A2 inhibitor in suppressing 
inflammation and fibrosis (Mango et al., 1998). 
[The results obtained by Morimoto et al. (2003b) 
suggest that CCSP is involved not only in the 
acute phase but also in the chronic phase of the 
lung injury induced by silicon carbide whiskers.]

Surfactant protein (SP) is a biomarker of lung 
injury and pulmonary fibrotic activity. SP mainly 
produced by type II alveolar epithelial cells, acts 
as a control tower responsible for guiding the 
secretion and re-uptake of phospholipids, which 
decrease alveolar surface tension, and prevent 

alveolar collapse, which are thought to play 
contributory roles in limiting the progression of 
fibrosis (Hawgood & Clements, 1990; Batenburg, 
1992; McCormack et al., 1995). The expression 
of SP-A, SP-C, and thyroid transcription factor-1 
(TTF-1), a common transcription factor of SP-A 
and SP-C mRNA in lungs exposed to silicon 
carbide whiskers, was examined in male Wister 
rats given a single intratracheal instillation of 2 
or 10 mg of silicon carbide whiskers suspended 
in saline and killed 3  days, 1 week, 1  month, 
3 months, and 6 months after the exposure. RNA 
was subsequently extracted from the lungs and 
the expression of SP-A, SP-C, and TTF-1 mRNA 
from the lungs was quantified using RT–PCR. 
Exposure to 2 mg of silicon carbide whiskers 
decreased mRNA expression of SP-A and TTF-1 
at 6  months, and exposure to 10 mg of silicon 
carbide whiskers decreased the levels of SP-A 
and TTF-1 mRNA after 3  days and 6  months. 
In contrast, no clear alteration in the expression 
of SP-C was observed (Morimoto et al., 2003a). 
[These data suggest that SP-A and TTF-1 are 
associated not only with the acute phase but 
also the chronic phase of lung injury induced by 
silicon carbide whiskers.]

The expression of calcitonin gene-related 
peptide (CGRP) was quantified using RT–PCR 
and the enzyme immunometric assay in the 
lungs of male Wistar rats given a single intratra-
cheal instillation of 2 mg of crystalline silica, 
crocidolite, silicon carbide whiskers, or potas-
sium octatitanate whiskers suspended in saline 
and killed after recovery periods of 3 days, 1 
week, 1 month, 3 months, and 6 months. CGRP 
protein levels in the lungs of rats exposed to 
silicon carbide whiskers and potassium octa-
titanate whiskers were higher after 3  days of 
recovery than those in rats exposed to silica and 
crocidolite (Morimoto et al., 2007). CGRP, which 
is found in the central and peripheral nerves, 
pancreatic Langerhans cells, adrenal cortex, and 
hypophysis, is a 37-amino acid neuropeptide 
(Dakhama et al., 2004). In the lung, it is secreted 
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from the neuroendocrine cells and nerve endings 
(Russwurm et al., 2001). The reported functions 
of CGRP include strong vasodilation, inhibition 
of inflammatory mediator activity, modulation 
of macrophage function, and maintenance of 
airway responsiveness (Dakhama et al., 2002, 
2004). CGRP has also been reported to stimu-
late the proliferation of epithelial and endothe-
lial cells in various organs (White et al., 1993; 
Kawase et al., 1999). In the lung, CGRP facilitates 
the proliferation of alveolar and airway epithelial 
cells; the proliferation of alveolar epithelial cells 
stimulated by CGRP is mediated by the mito-
gen-activated protein kinase signalling pathway 
(Kawanami et al., 2009). In animal models of 
airway and alveolar epithelial injury, pulmonary 
neuroepithelial cells and neuroepithelial bodies 
producing CGRP have been reported to undergo 
hyperplasia these cells produce CGRP in a parac-
rine fashion and proliferate in this lung microen-
vironment (Elizegi et al., 2001).

(c)	 Persistent inflammation

See Table 4.11
Persistent inflammation in the lung has been 

reported in experimental animals exposed to 
asbestos or silica, and is an important mecha-
nism that leads to the production of irreversible 
chronic lesions, including fibrosis and tumours.

(i)	 Inhalation
Inhalation exposure of female Wistar rats to 

silicon carbide powder (mean diameter, < 3 µm) 
for two periods of 5 days did not induce inflam-
mation (Bruch et al., 1993a).

(ii)	 Intratracheal instillation
Two studies of silicon carbide administered 

by intratracheal instillation of fibres in sheep and 
of whiskers in rats showed fibrosing alveolitis in 
sheep lungs (Bégin et al., 1989), and transient 
alveolitis in rat lungs (Ogami et al., 2007).

(d)	 Cell proliferation

Bronchiolar and alveolar epithelial cells in vivo
Studies of acute and chronic inhalation of 

silicon carbide whiskers and intratracheal instil-
lation of silicon carbide powder and whiskers 
all showed that the proliferation of bronchiolar 
and alveolar epithelial cells was induced by 
exposure to silicon carbide whiskers but not to 
silicon carbide powder. In the 1-year study of 
Akiyama et al. (2007), histopathological exam-
ination revealed hyperplasia of bronchoalveolar 
epithelial cells in 2 out of 11 Wistar rats exposed 
to silicon carbide whiskers. In a 13-week study 
(Lapin et al., 1991), adenomatous hyperplasia 
of the lung was observed in male and female 
Sprague-Dawley rats exposed to silicon carbide 
whiskers.

In two studies of acute exposure to silicon 
carbide whiskers (Davis et al., 1996; Cullen et al., 
1997), analysis of the expression of 5-bromo-2-de-
oxyuridine revealed the induction of hyperplasia 
of the bronchiolar and alveolar epithelial cells in 
rat lungs after 1 and 7 days, respectively.

In sheep that were instilled intratracheally 
with non-fibrous silicon carbide and two types 
of silicon carbide fibres, a fibroblast prolifer-
ation assay using BALF recovered from the 
lungs revealed that both fibres, but not particles, 
induced the proliferation of sheep lung fibro-
blasts (Bégin et al., 1989).

(e)	 Granuloma formation and fibrosis

See Table 4.11

(i)	 Inhalation
Exposure of rats to silicon carbide whiskers 

for 1 year induced severe fibrotic changes in the 
lung in two studies (Davis et al., 1996; Akiyama 
et al., 2007).

Inhalation exposure of Sprague-Dawley 
rats to silicon carbide whiskers for 13 weeks 
induced minimal or slight pleural fibrosis 
(Lapin et al., 1991). [Although this study also 
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revealed persistent alveolar wall thickening, it is 
unclear whether this finding was associated with 
pulmonary fibrosis.]

(ii)	 Intratracheal instillation
A single dose of 50 mg of silicon carbide 

powder did not induce fibrosis in the lung [even 
though the dose was excessive] (Bruch et al., 
1993b).

Two studies of silicon carbide whiskers 
provided evidence of various degrees of granu-
loma formation or fibrosis (Vaughan et al., 1993; 
Morimoto et al., 2003a).

No data on immunosuppression, apoptosis, 
activation of intracellular signalling pathways, 
or resistance to apoptosis were available to the 
Working Group.

4.4.3	Experimental systems in vitro

(a)	 Release of cytokines, chemokines, and 
growth factors

Macrophages exposed to toxic and carcino-
genic dusts and fibres in vitro release pro-in-
flammatory mediators, and the release of TNF-α 
is commonly used as a biomarker for acute 
pro-inflammatory effects. Primary rat alveolar 
macrophages were exposed to two samples of 
silicon carbide whiskers (ACMC) in comparison 
with amosite or crocidolite asbestos fibres and 
a variety of man-made mineral fibres at equal 
fibre numbers (length, >  5 μm) for 24 hours. 
Both samples of silicon carbide whiskers were as 
potent as or more potent than asbestos fibres in 
eliciting TNF-α release (Cullen et al., 1997).

Nuclear translocation of the transcription 
factor nuclear factor (NF)-κB is associated with 
pro-inflammatory gene activation (Mossman 
et al., 1997). In the human A549 lung adeno-
carcinoma cell line, exposure to silicon carbide 
whiskers (ACMC) for 8  hours induced the 
activation of NF-κB in 38% of cells compared 
with 55% of cells exposed to long-fibre amosite 
asbestos at equal fibre numbers (Brown et al., 

1999). Translocation of NF-κB was significantly 
decreased by antioxidants (curcumin, pyrroli-
dine dithiocarbamate, or nacystelin).

(b)	 Apoptosis and necrosis

In explants of dog tracheal epithelium, a dose 
of 10 μg/cm2 of one of three samples of silicon 
carbide whiskers (Tateho, Japan, or American 
Matrix, Inc., Tennessee, USA) induced necrosis 
of non-ciliated cells after 3 days (Vaughan et al., 
1991b). At doses of between 5 and 20 μg/cm2, two 
of these samples also induced acute toxicity in 
BALB/3T3 mouse embryonic cells, as assessed 
by trypan blue exclusion, 51Cr release, and colo-
ny-forming efficiency, that was comparable with 
that of crocidolite asbestos fibres (Los Alamos 
National Laboratory, New Mexico, USA) 
(Vaughan et al., 1991a).

Three samples of silicon carbide whiskers 
(Alcan Aluminum Corp., Pennsylvania; ACMC; 
American Matrix Inc.) were compared with 
crocidolite asbestos fibres (UICC), erionite fibres 
(Rome, Oregon, USA), and JM Code 100 glass-fi-
bres (Johns Manville Corp., Colorado, USA). 
At doses between 5 and 50 μg/mL, all fibrous 
samples induced toxicity in primary rat alveolar 
macrophages, as assessed by trypan blue exclu-
sion, and decreased colony-forming efficiency in 
primary rat tracheal epithelial cells, lung epithe-
lial cells, and the human lung adenocarcinoma 
A549 cell line (Johnson et al., 1992). The authors 
noted that these toxicity end-points based on 
mass doses may not correlate with toxicity ranked 
on the basis of equal fibre numbers.

Svensson et al. (1997) assessed the effects of 
silicon carbide whiskers (Tokai Carbon Co., Ltd, 
Japan; Tateho Chemical Co., Ltd), silicon carbide 
powder (UF15, Lonza) and crocidolite asbestos 
fibres (UICC) on colony-formation efficiency 
in the V79 Chinese hamster lung fibroblast cell 
line exposed to 0.25–80 μg/cm2 for 20 hours. The 
silicon carbide whiskers and crocidolite asbestos 
fibres showed highest potency; milled silicon 
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carbide whiskers and silicon carbide powder 
were less potent.

In primary cultures of hamster alveolar 
macrophages, silicon carbide whiskers (Japan 
Fibrous Materials Research Association) induced 
apoptosis after exposure to 20–60 μg/mL for 18 
hours assessed by the detection of a DNA ladder 
and nuclear morphology using TEM (Watanabe 
et al., 2000). Using the same sample of silicon 
carbide whiskers in comparison with chrysotile 
asbestos fibres (Japan Association for the 
Working Environment Measurement) at doses 
of 20–60 μg/mL, Shibata et al. (2007) detected 
plasma membrane injury assessed by lactate 
dehydrogenase release in primary cultures of rat 
alveolar macrophages and the murine peritoneal 
macrophage RAW 264.7 cell line.

(c)	 Impaired DNA repair

No data on impaired DNA repair were avail-
able to the Working Group.

DNA breakage was detected in M3E3/C3 
lung epithelial cells exposed to silicon carbide, 
as measured by the detection of micronuclei 
(Peraud & Riebe-Imre, 1994). Both kinetochore 
positive and kinetochore negative micronu-
clei were detected as evidence for chromosome 
breakage and aneuploidy.

(d)	 Depletion of antioxidants

No direct data on the depletion of antioxi-
dants in cells were available to the Working 
Group.

In an acellular test system, the effects of five 
whiskers (four silicon carbides, SiCW-1, -2,-3, 
and -4, and one silicon nitride, SiNW) and two 
powders (one silicon carbide, SiCP, and one silicon 
nitride, SiNP) were determined. SiCW-3 was also 
ball-milled in water for 3 hours (SiCW-3S, short-
milled) or 58 hours (SiCW-3L, long-milled). The 
lengths of the silicon carbide whiskers ranged 
between 12 ± 10 and 14 ± 10 µm and the diame-
ters between 0.7 ± 0.4 and 0.9 ± 0.4 µm and their 
length/diameter ratios were therefore similar. 

The mean length of SiCW-3S and SiCW-3L was 
11 ± 7 µm and 9 ± 5 µm, respectively. The assay 
detected the reaction product, 8-hydroxydeoxy-
guanosine, formed in the presence of hydrogen 
peroxide and deoxyguanosine. The 8-hydroxyde-
oxyguanosine/deoxyguanosine ratio was taken 
as an index of hydroxyl radical formation. Only 
SiCW-4 and crocidolite, used as positive control, 
could potentiate the formation of hydroxyl radi-
cals. In the presence of the scavenger dimethyl 
sulfoxide, the hydroxyl radical production of 
these samples was lowered (Svensson et al., 1997). 
In an acellular system, silicon carbide whiskers 
(ACMC) had the ability to deplete both GSH and 
ascorbate from pure solutions of GSH or ascor-
bate, and GSH from Wistar rat lung lining fluid 
(Brown et al., 2000).

The formation of oxygen radicals by human 
neutrophils treated with samples of silicon 
carbide whiskers and silicon nitride whiskers 
was assessed by chemiluminescence and the 
formation of hydrogen peroxide was determined 
(Svensson et al., 1997). Several samples – SiCW-1, 
SiCW-3, SiCW-4, SiCW-3S, and SiCW-3L – 
induced chemiluminescence and a relatively 
good correlation was found between the magni-
tude of chemiluminescence and the neutro-
phil-mediated formation of hydrogen peroxide. 
[These results showed that some samples could 
trigger the intracellular production of ROS and 
suggest that silicon carbide whiskers may disturb 
the cellular oxidant/antioxidant balance.]

Another study demonstrated the production 
of ROS by silicon carbide-exposed cells. In addi-
tion, the authors suggested that the generation of 
ROS was dependent on NF-κB activation. In this 
study, human A549 lung adenocarcinoma cells 
were exposed to silicon carbide (60.86% > 10 µm 
in length; ACMC). The effects on hydrogen 
peroxide formation of silicon carbide, long 
amosite asbestos fibres, and refractory ceramic 
fibres were compared. All fibres produced posi-
tive nuclear staining of NF-κB in A549 cells, as 
well as generation of hydrogen peroxide. Several 
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antioxidant inhibitors and a specific inhibitor of 
NF-κB activation inhibited the effect of the fibres 
(Brown et al., 1999). [These results showed the 
involvement of oxidants in silicon carbide-de-
pendent activation of the transcription factor 
NF-κB and also suggest that silicon carbide fibres 
could perturb the cellular oxidant/antioxidant 
balance.]

No data on inflammasome activation, immu-
nosuppression, alteration of DNA methylation, 
or the activation of oncogenes and tumour-sup-
pressor genes in other experimental systems were 
available to the Working Group.

4.5	 Susceptible populations

No data were available to the Working Group.

4.6	 Mechanistic considerations

The summary of the relevant data available 
are reported separately in Table 4.12 for the three 
categories of silicon carbide and for the three 
most relevant end-points: biopersistence, inflam-
mation and fibrosis, and genotoxicity.

5.	 Summary of Data Reported

5.1	 Exposure data

Silicon carbide occurs in several forms: 
non-fibrous or granular particulate material 
(dust, crude, and grains), fibres, and whiskers. 
A fibre is typically polycrystalline, whereas the 
name whisker is applied only to monocrys-
talline (or single-crystal) fibres. Whiskers are 
intentionally produced and have a homogeneous 
morphology whereas silicon carbide fibres are 
morphologically heterogeneous. Silicon carbide 
whiskers are cylindrical in shape, similar in size 
to asbestos amphiboles, and may meet the defi-
nition of WHO fibres.

Silicon carbide is very stable, but chem-
ical reactions between silicon carbide and 
oxygen occur at relatively high temperatures. 
Fresh surfaces of silicon carbide exposed to an 
oxidizing atmosphere could thus be covered by a 
film of silicon dioxide.

Silicon carbide can be manufactured by 
several processes, resulting in different levels 
of purity, crystal structure, particle size, and 
shape; the most frequently used method is the 
Acheson process for the production of silicon 
carbide particles, in which silicon carbide fibres 
are unwanted by-products. Different morpholo-
gies of silicon carbide fibres formed during the 
Acheson process have been observed by elec-
tron microscopy. Their length and diameter 

Table 4.12 Summary of the results of mechanistic studies for the three categories of silicon 
carbide

Category of silicon carbide End-point Reference

Biopersistence Inflammation/
fibrosis in lung

Genotoxicity

Abrasive dust from the Acheson process Weak Weak No data Dufresne et al. (1992)
Silicon carbide whiskers Strong Strong Moderatea Akiyama et al. (2003, 2007)
Silicon carbide nanoparticles No data No data Inadequate data Barillet et al. (2010a)

a	  Chromosomal aberrations in human cells
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are variable, but can fulfil the WHO definition 
of fibres, and may include fibres that are indis-
tinguishable from whiskers. Silicon carbide 
fragments (probably derived from the cleavage 
of non-fibrous silicon carbide crystals), also 
corresponding to the WHO definition of fibres, 
were found in the processing department and in 
sorting operations.

Other methods for the production of silicon 
carbide particulates, fibres, or whiskers exist but 
have not been well documented with respect to 
the generation of fibrous silicon carbide in the 
air.

Silicon carbide production began in the early 
twentieth century mostly for use as abrasives. 
Carborundum is a commercial name for silicon 
carbide abrasives and is occasionally used as a 
common name for silicon carbide dust. In 2013, 
the global production capacity was estimated to 
more than 1  000  000 metric tonnes, of which 
China was the leading producer. The avail-
able information on production levels mostly 
concerns the Acheson process. Additional appli-
cations of silicon carbide include: refractories, 
electrical devices, electronics, diesel particle 
filters, ceramics, industrial furnaces, structural 
materials, metallurgy, and in the aerospace, 
automotive, and power generation industries 
as reinforcing materials in advanced ceramic 
composites. Unwanted fibres from the Acheson 
process are usually recycled in further reactions 
in the Acheson furnace; they may also occasion-
ally be sold as part of metallurgical-grade silicon 
carbide. Silicon carbide whiskers are used as a 
durable industrial substitute for asbestos.

Insufficient data have been reported to reach 
a conclusion on the exposure of workers to 
whiskers and silicon carbide dust used as abra-
sive products. However, high levels of silicon 
carbide fibres have been measured in the Acheson 
process during the mixing of materials, furnace 
operations, and the separation of products with 
average concentrations of >  0.1 fibres/cm3. The 
majority of the silicon carbide fibres were thin 

with an average diameter < 1 µm and an aspect 
ratio > 35. Lower levels of fibres have been meas-
ured in the processing department, but cleavage 
fragments were present at higher concentrations. 
Exposures to respirable silicon carbide fibres were 
confirmed by the analysis of human lung tissues. 
Most of the fibres in lung samples were < 5 µm in 
length. In silicon carbide industries, workers are 
also co-exposed to quartz and cristobalite.

5.2	 Human carcinogenicity data

The carcinogenic risk associated with expo-
sure to silicon carbide fibres has been investigated 
in two cohort studies of occupational exposure 
among workers using the Acheson process in 
silicon-carbide manufacturing plants. This 
process is characterized by multiple exposures, 
among them fibrous and non-fibrous silicon 
carbide, quartz, and cristobalite. The first cohort 
study included workers in the Canadian sili-
con-carbide manufacturing industry. An excess 
of mortality from lung cancer was observed 
in comparison with the general population. 
Mortality from mesothelioma was not reported 
for this cohort. In the second cohort, the inci-
dence of lung cancer was investigated among 
workers in the Norwegian silicon-carbide manu-
facturing industry. In a series of studies, the most 
informative analysis was limited to long-term 
workers with at least 3 years of employment, and 
was based on a detailed job–exposure matrix 
taking into account total and respirable dust, 
non-fibrous and fibrous silicon carbide, quartz, 
and cristobalite. Overall, the incidence of lung 
cancer was increased, with the highest risk for 
workers in the furnace department who were 
believed to have the highest exposures to fibrous 
silicon carbide and crystalline silica dust. In 
multivariate modelling, an exposure–response 
effect was observed for silicon carbide fibres. The 
effect was weakened and no longer statistically 
significant after adjustment for concurrent expo-
sure to cristobalite. The Working Group noted 
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that the strong correlation between exposures 
to silicon carbide fibres and cristobalite made 
the disentanglement of their respective effects 
difficult. Silicon carbide particles were not asso-
ciated with cancer of the lung independently of 
silicon carbide fibres or cristobalite. No excess in 
the incidence of mesothelioma was observed in 
the Norwegian cohort. No data were available on 
cancer in populations exposed to manufactured 
silicon carbide whiskers.

5.3	 Animal carcinogenicity data

Studies of fibrous silicon carbide in exper-
imental animals were available only for silicon 
carbide whiskers.

Silicon carbide whiskers significantly 
increased the incidence of mesothelioma in three 
studies in female rats treated by intrapleural 
injection, intrapleural implantation, or intra-
peritoneal injection, and the increase was 
dose-related in rats treated by intraperitoneal 
injection. In a study in female rats treated by 
intratracheal instillation with two types of 
silicon carbide whiskers, judged by the Working 
Group to be limited because of its short duration, 
no treatment-related neoplasms were observed. 
One study of inhalation in male rats and one 
study of intraperitoneal injection in female rats 
gave negative results.

Mesotheliomas were reported in one study 
of intraperitoneal injection in female rats and in 
one study each of inhalation and intraperitoneal 
injection in rats (sex unspecified); however, these 
studies did not include concurrent controls. 
Because the background incidence of mesotheli-
omas is very low in rats, some consideration was 
given to these three studies that gave positive 
results, despite their lack of concurrent controls.

5.4	 Mechanistic and other relevant 
data

5.4.1	 Silicon carbide produced by the 
Acheson process

Airborne silicon carbide from the Acheson 
process, containing silicon carbide dust and 
fibres, can be deposited and retained in the 
human lung. After intratracheal instillation, 
silicon carbide dust and fibres were retained in 
the lungs of sheep. Mechanistic studies on silicon 
carbide materials in humans are lacking. The 
few available studies in experimental animals do 
not provide any insight into the mechanisms of 
carcinogenicity.

5.4.2	Silicon carbide whiskers

Studies on silicon carbide whiskers demon-
strated biopersistence in the rat lung. The 
Working Group noted the lack of studies on 
the translocation of silicon carbide materials 
to the pleural cavity in experimental animals. 
Pulmonary exposure to silicon carbide whiskers 
in experimental animals has been associated 
with lung cell injury, inflammation, and fibrotic 
responses. Oxidative stress has been reported in 
studies in vitro. Genotoxicity measurements were 
limited to in-vitro studies. One study of genotox-
icity demonstrated chromosomal aberrations in 
human embryonic lung cells exposed to silicon 
carbide whiskers. The few available studies 
reported data which are fully consistent with 
the mechanisms of carcinogenicity proposed 
for asbestos and erionite (see IARC Monographs 
Volume 100C).

5.4.3	Silicon carbide nanoparticles

Mechanistic studies of silicon carbide nano-
particles are sparse. The production of reactive 
oxygen species and the depletion of antioxidants 
have been reported in a few in-vitro studies, 
which have not been independently replicated 
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across different cell cultures or in in-vivo models 
and thus do not provide conclusive evidence that 
oxidative stress is a mechanism of the toxicity of 
silicon carbide nanoparticles. The results from 
experimental models do not provide adequate 
information to support a conclusion regarding 
the potential mechanisms of carcinogenicity of 
silicon carbide nanoparticles.

6.	 Evaluation

6.1	 Cancer in humans

There is sufficient evidence in humans for the 
carcinogenicity of occupational exposures asso-
ciated with the Acheson process. Occupational 
exposures associated with the Acheson process 
cause cancer of the lung.

There is limited evidence in humans for 
the carcinogenicity of fibrous silicon carbide. 
Positive associations have been observed 
between exposure to fibrous silicon carbide and 
cancer of the lung.

6.2	 Cancer in experimental animals

There is sufficient evidence in experimental 
animals for the carcinogenicity of silicon carbide 
whiskers.

6.3	 Overall evaluation

Occupational exposures associated with the 
Acheson process are carcinogenic to humans 
(Group 1).

Fibrous silicon carbide is possibly carcino-
genic to humans (Group 2B).

Silicon carbide whiskers are probably carcino-
genic to humans (Group 2A).

6.4	 Rationale

Rationale for a separate evaluation of 
whiskers and fibres – majority view

The rationale for a separate evaluation of 
whiskers and fibres is based on differences in the 
nature of the agents.

The cohort of workers at plants using the 
Acheson process was occupationally exposed to 
non-fibrous and fibrous silicon carbide, poten-
tially including some fibres that could be defined 
as whiskers, whereas exposure in most of the 
studies in experimental animals and in experi-
mental systems was to silicon carbide whiskers.

Silicon carbide whiskers are monocrystalline 
and homogeneous in form, while fibrous silicon 
carbide is mostly polycrystalline and hetero-
geneous in form. The physico-chemical char-
acteristics of these fibres were considered to be 
distinct, and therefore the fibres and whiskers 
warrant separate evaluations.

Rationale for a combined overall evaluation 
of whiskers and fibres – minority view

The argument for a combined overall evalu-
ation of silicon carbide whiskers and fibres was 
that a proportion of the fibres in the epidemiolog-
ical study in Norway had dimensions that were 
consistent with silicon carbide whiskers, and were 
morphologically indistinguishable from silicon 
carbide whiskers under electron microscopy. 
Thus, the excess of cancer of the lung observed 
was relevant for evaluating the carcinogenicity 
of silicon whiskers as well as other fibrous silicon 
carbide. Had the minority view been adopted, it 
would have supported an overall evaluation of 
probably carcinogenic to humans (Group 2A).
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Rationale for classification in Group 2A – 
majority view

A narrow majority of the Working Group 
voted for the classification of silicon carbide 
whiskers as probably carcinogenic to humans 
(Group 2A) rather than as possibly carcinogenic 
to humans (Group 2B).

The majority view was primarily based on 
their expert opinion that the major physical 
properties of silicon carbide whiskers resem-
bled those of asbestos and erionite fibres, which 
are classified as carcinogenic to humans (Group 
1). This information was used to upgrade the 
overall evaluation of carcinogenicity to humans 
to Group 2A.

Rationale for classification in Group 2B – 
minority view

A minority of the Working Group voted 
for the classification of silicon carbide whiskers 
as possibly carcinogenic to humans (Group 2B) 
because:

•	 the evidence for the carcinogenicity of silicon 
carbide whiskers in experimental animals 
was based on direct bolus delivery into the 
pleura or peritoneum at high mass doses;

•	 only one study of inhalation was available and 
was considered by the minority as inadequate 
for the evaluation due to lack of concurrent 
unexposed controls; and

•	 the available mechanistic data did not provide 
strong support for an upgrade of the overall 
evaluation.
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LIST OF ABBREVIATIONS

AF-SWCNT acid-functionalized single-walled carbon nanotubes
AP-1 activator protein 1
ApoE apolipoprotein E
BALF bronchoalveolar lavage fluid
BET Brunauer–Emmett–Teller
BSI British Standards Institution
bw body weight
CCSP Clara cell secretory protein
CGRP calcitonin gene-related peptide
CI confidence interval
CNF carbon nanofibre
CNM carbon-based nanomaterial
CNT carbon nanotubes
COX-2 cyclooxygenase
CVD chemical vapour deposition
dG deoxyguanosine
DWCNT double-walled carbon nanotubes
EC elemental carbon
EC50 concentration resulting in 50% survival 
EDX energy dispersive X-ray analyser
ENDOIII endonuclease III
EPO eosinophil peroxidase
ESR electronic spin resonance
F-MWCNT carboxylic acid-functionalized multiwalled carbon nanotubes
FPG formamidopyrimidine glycosylase
GM geometric mean
GPx gluthathione peroxidase
GSD geometric standard deviation
GSH glutathione
HDM house dust mites
HiPCO high-pressure carbon monoxide
IFN interferon
Ig immunoglobulin
IL interleukin
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ISO International Organization of Standardization
LDH lactate dehydrogenase
LPS lipopolysaccharide
MAPK mitogen-activated protein kinase 
MC methylcholanthrene
MDA malondialdehyde
MMAD mass median aerodynamic diameter
MPO myeloperoxidase
MPPD multiple-path particle dosimetry
MWCNT multiwalled carbon nanotubes
NAC N-acetyl cysteine
NADPH nicotinamide adenine dinucleotide phosphate 
NF-κB nuclear factor kappa B 
NIOSH National Institute for Occupational Safety and Health
O-MWCNT original multiwalled carbon nanotubes
OEL occupational exposure limit
OVA ovalbumin
8-oxodG 8-oxodeoxyguanosine
P/B process to background ratio
PBS phosphate-buffered saline
PBZ personal breathing zone
PCOM phase-contrast optical microscope
PDGF platelet-derived growth factor
PEG polyethylene glycol
PGE2 prostaglandin
PLC phospholipase C
P-MWCNT purified multiwalled carbon nanotubes
PPARγ peroxisome proliferator-activated receptor gamma 
qRT-PCR quantitative real-time polymerase chain reaction 
ROS reactive oxygen species
RT-PCR reverse transcriptase-polymerase chain reaction
SD standard deviation
SEM scanning electron microscopy
SENTIERI Epidemiological Study of Residents in National Priority Contaminated Sites
SIR standardized incidence ratio
Smad mothers against decapentaplegic homologue
SMR standardized mortality ratio
SOD superoxide dismutase
SP surfactant protein
SWCNT single-walled carbon nanotubes
TEM transmission electron microscopy
TGF transforming growth factor
Th T helper
TNF tumour necrosis factor
TTF thyroid transcription factor
TWA time-weighted average
VEGF vascular endothelial growth factor



This volume of the IARC Monographs provides an assessment of the carcinogenicity 
of fluoro-edenite fibrous amphibole, silicon carbide fibres and whiskers, and carbon 
nanotubes, including single-walled and multiwalled types. None of these agents had 
been assessed previously by the IARC Monographs Working Group.

The Working Group relied mainly on epidemiological studies to evaluate the 
carcinogenic hazard to humans exposed to fluoro-edenite fibrous amphibole, an 
environmental contaminant that was reported to cause mesothelioma in the regional 
population of Biancavilla, Sicily, Italy.

Silicon carbide fibres are by-products of the manufacture of silicon carbide particles 
by the Acheson process; silicon carbide whiskers are produced by other processes. 
The evaluations of the fibres and of the occupational exposures associated with 
the Acheson process were mainly based on epidemiological studies, whereas the 
assessment of the whiskers – in the absence of epidemiological data – was based on 
carcinogenicity bioassays and consideration of their physical properties.

In view of the absence of epidemiological studies on carbon nanotubes and the 
limited information available from mechanistic data, the evaluations of single-walled 
and multiwalled carbon nanotubes relied essentially on carcinogenicity bioassays.

iStock.com/theasis

S
O

M
E

 N
A

N
O

M
A

T
E

R
IA

L
S

 A
N

D
 S

O
M

E
 F

IB
R

E
S

 


	NOTE TO THE READER
	List of Participants
	PREAMBLE
	A.	GENERAL PRINCIPLES AND PROCEDURES
	1.	Background
	2.	Objective and scope
	3.	Selection of agents for review
	4.	Data for the Monographs
	5.	Meeting participants
	6.	Working procedures

	B.	SCIENTIFIC REVIEW AND EVALUATION
	1.	Exposure data
	2.	Studies of cancer in humans
	3.	Studies of cancer in experimental animals
	4.	Mechanistic and other relevant data
	5.	Summary
	6.	Evaluation and rationale
	References



	General Remarks
	Carbon Nanotubes
	1.	Exposure Data
	1.1	Chemical and physical properties
	1.2	Sampling and analytical methods
	1.3	Production and use
	1.4	Occurrence and exposure
	1.5	Regulations and guidelines

	2.	Cancer in Humans
	3.	Cancer in Experimental Animals
	3.1	MWCNT
	3.2	SWCNT

	4.	Mechanistic and Other Relevant Data
	4.1	Deposition, phagocytosis, translocation, retention, and clearance
	4.2	Physico-chemical properties associated with toxicity
	4.3	Genetic and related effects
	4.4	Other mechanisms of carcinogenesis
	4.5	Susceptible populations
	4.6	Mechanistic considerations

	5.	Summary of Data Reported
	5.1	Exposure data
	5.2	Human carcinogenicity data
	5.3	Animal carcinogenicity data
	5.4	Mechanistic and other relevant data

	6.	Evaluation
	6.1	Cancer in humans
	6.2	Cancer in experimental animals
	6.3	Overall evaluation
	References



	Fluoro-edenite
	1.	Exposure Data
	1.1	Chemical and physical properties
	1.2	Sampling and analytical methods
	1.3	Production and use
	1.4	Environmental occurrence
	1.5	Exposure of the general population

	2.	Cancer in Humans
	2.1	Introduction
	2.2	Mesothelioma
	2.3	Cancer of the lung
	2.4	Other neoplasms

	3.	Cancer in Experimental Animals
	4.	Mechanistic and Other Relevant Data
	4.1	Deposition, phagocytosis, retention, translocation, and clearance
	4.2	Physico-chemical properties associated with toxicity
	4.3	Genetic and related effects
	4.4	Other mechanistic data relevant to carcinogenesis
	4.5	Susceptible populations
	4.6	Mechanistic considerations

	5.	Summary of Data Reported
	5.1	Exposure data
	5.2	Human carcinogenicity data
	5.3	Animal carcinogenicity data
	5.4	Mechanistic and other relevant data

	6.	Evaluation and rationale
	6.1	Cancer in humans
	6.2	Cancer in experimental animals
	6.3	Overall evaluation
	References



	SILICON CARBIDE
	1.	Exposure Data
	1.1	Chemical and physical properties
	1.2	Sampling and analytical methods
	1.3	Production and use
	1.4	Natural occurrence
	1.5	Exposure
	1.6	Regulations and guidelines

	2.	Cancer in Humans
	2.1	Introduction
	2.2	Silicon-carbide production industry
	2.3	Silicon-carbide user industry

	3.	Cancer in Experimental Animals
	3.1	Inhalation
	3.2	Intratracheal instillation
	3.3	Intrapleural implantation
	3.4	Intraperitoneal injection

	4.	Mechanistic and Other Relevant Data
	4.1	Deposition, phagocytosis, retention, translocation, and clearance
	4.2	Physico-chemical properties associated with toxicity
	4.3	Genetic and related effects
	4.4	Other mechanisms of carcinogenesis
	4.5	Susceptible populations
	4.6	Mechanistic considerations

	5.	Summary of Data Reported
	5.1	Exposure data
	5.2	Human carcinogenicity data
	5.3	Animal carcinogenicity data
	5.4	Mechanistic and other relevant data

	6.	Evaluation
	6.1	Cancer in humans
	6.2	Cancer in experimental animals
	6.3	Overall evaluation
	6.4	Rationale
	References



	List of Abbreviations
	Reference 40
	Reference 39
	Reference 38
	Reference 37
	Reference 36
	Reference 35
	Reference 34
	Reference 33
	Reference 32
	Reference 31
	Reference 30
	Reference 29
	Reference 28
	Reference 27
	Reference 26
	Reference 25
	Reference 24
	Reference 23
	Reference 22
	Reference 21
	Reference 20
	Reference 19
	Reference 18
	Reference 17
	Reference 16
	Reference 15
	Reference 14
	Reference 13
	Reference 12
	Reference 11
	Reference 10
	Reference 9
	Reference 8
	Reference 7
	Reference 6
	Reference 5
	Reference 4
	Reference 3
	Reference 2
	Reference 1
	Reference 2
	Reference 1
	Reference 491
	Reference 490
	Reference 489
	Reference 488
	Reference 487
	Reference 486
	Reference 485
	Reference 484
	Reference 483
	Reference 482
	Reference 481
	Reference 480
	Reference 479
	Reference 478
	Reference 477
	Reference 476
	Reference 475
	Reference 474
	Reference 473
	Reference 472
	Reference 471
	Reference 470
	Reference 469
	Reference 468
	Reference 467
	Reference 466
	Reference 465
	Reference 464
	Reference 463
	Reference 462
	Reference 461
	Reference 460
	Reference 459
	Reference 458
	Reference 457
	Reference 456
	Reference 455
	Reference 454
	Reference 453
	Reference 452
	Reference 451
	Reference 450
	Reference 449
	Reference 448
	Reference 447
	Reference 446
	Reference 445
	Reference 444
	Reference 443
	Reference 442
	Reference 441
	Reference 440
	Reference 439
	Reference 438
	Reference 437
	Reference 436
	Reference 435
	Reference 434
	Reference 433
	Reference 432
	Reference 431
	Reference 430
	Reference 429
	Reference 428
	Reference 427
	Reference 426
	Reference 425
	Reference 424
	Reference 423
	Reference 422
	Reference 421
	Reference 420
	Reference 419
	Reference 418
	Reference 417
	Reference 416
	Reference 415
	Reference 414
	Reference 413
	Reference 412
	Reference 411
	Reference 410
	Reference 409
	Reference 408
	Reference 407
	Reference 406
	Reference 405
	Reference 404
	Reference 403
	Reference 402
	Reference 401
	Reference 400
	Reference 399
	Reference 398
	Reference 397
	Reference 396
	Reference 395
	Reference 394
	Reference 393
	Reference 392
	Reference 391
	Reference 390
	Reference 389
	Reference 388
	Reference 387
	Reference 386
	Reference 385
	Reference 384
	Reference 383
	Reference 382
	Reference 381
	Reference 380
	Reference 379
	Reference 378
	Reference 377
	Reference 376
	Reference 375
	Reference 374
	Reference 373
	Reference 372
	Reference 371
	Reference 370
	Reference 369
	Reference 368
	Reference 367
	Reference 366
	Reference 365
	Reference 364
	Reference 363
	Reference 362
	Reference 361
	Reference 360
	Reference 359
	Reference 358
	Reference 357
	Reference 356
	Reference 355
	Reference 354
	Reference 353
	Reference 352
	Reference 351
	Reference 350
	Reference 349
	Reference 348
	Reference 347
	Reference 346
	Reference 345
	Reference 344
	Reference 343
	Reference 342
	Reference 341
	Reference 340
	Reference 339
	Reference 338
	Reference 337
	Reference 336
	Reference 335
	Reference 334
	Reference 333
	Reference 332
	Reference 331
	Reference 330
	Reference 329
	Reference 328
	Reference 327
	Reference 326
	Reference 325
	Reference 324
	Reference 323
	Reference 322
	Reference 321
	Reference 320
	Reference 319
	Reference 318
	Reference 317
	Reference 316
	Reference 315
	Reference 314
	Reference 313
	Reference 312
	Reference 311
	Reference 310
	Reference 309
	Reference 308
	Reference 307
	Reference 306
	Reference 305
	Reference 304
	Reference 303
	Reference 302
	Reference 301
	Reference 300
	Reference 299
	Reference 298
	Reference 297
	Reference 296
	Reference 295
	Reference 294
	Reference 293
	Reference 292
	Reference 291
	Reference 290
	Reference 289
	Reference 288
	Reference 287
	Reference 286
	Reference 285
	Reference 284
	Reference 283
	Reference 282
	Reference 281
	Reference 280
	Reference 279
	Reference 278
	Reference 277
	Reference 276
	Reference 275
	Reference 274
	Reference 273
	Reference 272
	Reference 271
	Reference 270
	Reference 269
	Reference 268
	Reference 267
	Reference 266
	Reference 265
	Reference 264
	Reference 263
	Reference 262
	Reference 261
	Reference 260
	Reference 259
	Reference 258
	Reference 257
	Reference 256
	Reference 255
	Reference 254
	Reference 253
	Reference 252
	Reference 251
	Reference 250
	Reference 249
	Reference 248
	Reference 247
	Reference 246
	Reference 245
	Reference 244
	Reference 243
	Reference 242
	Reference 241
	Reference 240
	Reference 239
	Reference 238
	Reference 237
	Reference 236
	Reference 235
	Reference 234
	Reference 233
	Reference 232
	Reference 231
	Reference 230
	Reference 229
	Reference 228
	Reference 227
	Reference 226
	Reference 225
	Reference 224
	Reference 223
	Reference 222
	Reference 221
	Reference 220
	Reference 219
	Reference 218
	Reference 217
	Reference 216
	Reference 215
	Reference 214
	Reference 213
	Reference 212
	Reference 211
	Reference 210
	Reference 209
	Reference 208
	Reference 207
	Reference 206
	Reference 205
	Reference 204
	Reference 203
	Reference 202
	Reference 201
	Reference 200
	Reference 199
	Reference 198
	Reference 197
	Reference 196
	Reference 195
	Reference 194
	Reference 193
	Reference 192
	Reference 191
	Reference 190
	Reference 189
	Reference 188
	Reference 187
	Reference 186
	Reference 185
	Reference 184
	Reference 183
	Reference 182
	Reference 181
	Reference 180
	Reference 179
	Reference 178
	Reference 177
	Reference 176
	Reference 175
	Reference 174
	Reference 173
	Reference 172
	Reference 171
	Reference 170
	Reference 169
	Reference 168
	Reference 167
	Reference 166
	Reference 165
	Reference 164
	Reference 163
	Reference 162
	Reference 161
	Reference 160
	Reference 159
	Reference 158
	Reference 157
	Reference 156
	Reference 155
	Reference 154
	Reference 153
	Reference 152
	Reference 151
	Reference 150
	Reference 149
	Reference 148
	Reference 147
	Reference 146
	Reference 145
	Reference 144
	Reference 143
	Reference 142
	Reference 141
	Reference 140
	Reference 139
	Reference 138
	Reference 137
	Reference 136
	Reference 135
	Reference 134
	Reference 133
	Reference 132
	Reference 131
	Reference 130
	Reference 129
	Reference 128
	Reference 127
	Reference 126
	Reference 125
	Reference 124
	Reference 123
	Reference 122
	Reference 121
	Reference 120
	Reference 119
	Reference 118
	Reference 117
	Reference 116
	Reference 115
	Reference 114
	Reference 113
	Reference 112
	Reference 111
	Reference 110
	Reference 109
	Reference 108
	Reference 107
	Reference 106
	Reference 105
	Reference 104
	Reference 103
	Reference 102
	Reference 101
	Reference 100
	Reference 99
	Reference 98
	Reference 97
	Reference 96
	Reference 95
	Reference 94
	Reference 93
	Reference 92
	Reference 91
	Reference 90
	Reference 89
	Reference 88
	Reference 87
	Reference 86
	Reference 85
	Reference 84
	Reference 83
	Reference 82
	Reference 81
	Reference 80
	Reference 79
	Reference 78
	Reference 77
	Reference 76
	Reference 75
	Reference 74
	Reference 73
	Reference 72
	Reference 71
	Reference 70
	Reference 69
	Reference 68
	Reference 67
	Reference 66
	Reference 65
	Reference 64
	Reference 63
	Reference 62
	Reference 61
	Reference 60
	Reference 59
	Reference 58
	Reference 57
	Reference 56
	Reference 55
	Reference 54
	Reference 53
	Reference 52
	Reference 51
	Reference 50
	Reference 49
	Reference 48
	Reference 47
	Reference 46
	Reference 45
	Reference 44
	Reference 43
	Reference 42
	Reference 41
	Reference 40
	Reference 39
	Reference 38
	Reference 37
	Reference 36
	Reference 35
	Reference 34
	Reference 33
	Reference 32
	Reference 31
	Reference 30
	Reference 29
	Reference 28
	Reference 27
	Reference 26
	Reference 25
	Reference 24
	Reference 23
	Reference 22
	Reference 21
	Reference 20
	Reference 19
	Reference 18
	Reference 17
	Reference 16
	Reference 15
	Reference 14
	Reference 13
	Reference 12
	Reference 11
	Reference 10
	Reference 9
	Reference 8
	Reference 7
	Reference 6
	Reference 5
	Reference 4
	Reference 3
	Reference 2
	Reference 1
	Table 001.001
	Figure 001.001
	Table 001.002
	Figure 001.002
	Table 001.003
	Figure 001.003
	Table 001.004
	Table 001.005
	Figure 001.004
	Table 001.006
	Table 003.001
	Table 003.002
	Table 003.003
	Table 004.001
	Table 004.002
	Table 004.003
	Table 004.004
	Table 004.005
	Table 004.006
	Table 004.007
	Table 004.008
	Table 004.009
	Table 004.010
	Figure 004.001
	Table 004.011
	Table 004.012
	Table 004.013
	Table 004.014
	Table 004.015
	Table 004.016
	Table 004.017
	Table 004.018
	Table 004.019
	Table 004.020
	Figure 004.002
	Table 004.021
	Table 004.022
	Figure 004.003
	Table 004.023
	Table 004.024
	Table 004.025
	Figure 004.004
	Reference 64
	Reference 63
	Reference 62
	Reference 61
	Reference 60
	Reference 59
	Reference 58
	Reference 57
	Reference 56
	Reference 55
	Reference 54
	Reference 53
	Reference 52
	Reference 51
	Reference 50
	Reference 49
	Reference 48
	Reference 47
	Reference 46
	Reference 45
	Reference 44
	Reference 43
	Reference 42
	Reference 41
	Reference 40
	Reference 39
	Reference 38
	Reference 37
	Reference 36
	Reference 35
	Reference 34
	Reference 33
	Reference 32
	Reference 31
	Reference 30
	Reference 29
	Reference 28
	Reference 27
	Reference 26
	Reference 25
	Reference 24
	Reference 23
	Reference 22
	Reference 21
	Reference 20
	Reference 19
	Reference 18
	Reference 17
	Reference 16
	Reference 15
	Reference 14
	Reference 13
	Reference 12
	Reference 11
	Reference 10
	Reference 9
	Reference 8
	Reference 7
	Reference 6
	Reference 5
	Reference 4
	Reference 3
	Reference 2
	Reference 1
	Table 001.001
	Figure 001.001
	Table 001.002
	Figure 001.002
	Table 001.003
	Table 002.001
	Table 003.001
	Table 003.002
	Table 004.001
	Reference 167
	Reference 166
	Reference 165
	Reference 164
	Reference 163
	Reference 162
	Reference 161
	Reference 160
	Reference 159
	Reference 158
	Reference 157
	Reference 156
	Reference 155
	Reference 154
	Reference 153
	Reference 152
	Reference 151
	Reference 150
	Reference 149
	Reference 148
	Reference 147
	Reference 146
	Reference 145
	Reference 144
	Reference 143
	Reference 142
	Reference 141
	Reference 140
	Reference 139
	Reference 138
	Reference 137
	Reference 136
	Reference 135
	Reference 134
	Reference 133
	Reference 132
	Reference 131
	Reference 130
	Reference 129
	Reference 128
	Reference 127
	Reference 126
	Reference 125
	Reference 124
	Reference 123
	Reference 122
	Reference 121
	Reference 120
	Reference 119
	Reference 118
	Reference 117
	Reference 116
	Reference 115
	Reference 114
	Reference 113
	Reference 112
	Reference 111
	Reference 110
	Reference 109
	Reference 108
	Reference 107
	Reference 106
	Reference 105
	Reference 104
	Reference 103
	Reference 102
	Reference 101
	Reference 100
	Reference 99
	Reference 98
	Reference 97
	Reference 96
	Reference 95
	Reference 94
	Reference 93
	Reference 92
	Reference 91
	Reference 90
	Reference 89
	Reference 88
	Reference 87
	Reference 86
	Reference 85
	Reference 84
	Reference 83
	Reference 82
	Reference 81
	Reference 80
	Reference 79
	Reference 78
	Reference 77
	Reference 76
	Reference 75
	Reference 74
	Reference 73
	Reference 72
	Reference 71
	Reference 70
	Reference 69
	Reference 68
	Reference 67
	Reference 66
	Reference 65
	Reference 64
	Reference 63
	Reference 62
	Reference 61
	Reference 60
	Reference 59
	Reference 58
	Reference 57
	Reference 56
	Reference 55
	Reference 54
	Reference 53
	Reference 52
	Reference 51
	Reference 50
	Reference 49
	Reference 48
	Reference 47
	Reference 46
	Reference 45
	Reference 44
	Reference 43
	Reference 42
	Reference 41
	Reference 40
	Reference 39
	Reference 38
	Reference 37
	Reference 36
	Reference 35
	Reference 34
	Reference 33
	Reference 32
	Reference 31
	Reference 30
	Reference 29
	Reference 28
	Reference 27
	Reference 26
	Reference 25
	Reference 24
	Reference 23
	Reference 22
	Reference 21
	Reference 20
	Reference 19
	Reference 18
	Reference 17
	Reference 16
	Reference 15
	Reference 14
	Reference 13
	Reference 12
	Reference 11
	Reference 10
	Reference 9
	Reference 8
	Reference 7
	Reference 6
	Reference 5
	Reference 4
	Reference 3
	Reference 2
	Reference 1
	Figure 001.001
	Figure 001.002
	Table 001.001
	Table 001.002
	Table 001.003
	Table 001.004
	Figure 001.003
	Figure 001.004
	Figure 001.005
	Table 001.005
	Table 001.006
	Table 001.007
	Table 001.008
	Table 001.009
	Table 002.001
	Table 003.001
	Table 004.001
	Table 004.002
	Table 004.003
	Table 004.004
	Table 004.005
	Table 004.006
	Table 004.007
	Table 004.008
	Table 004.009
	Table 004.010
	Table 004.011
	Table 004.012

