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A nanobiological approach to
nanotoxicology
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There is an urgent need to develop efficient and rapid
strategies in order to characterize the potential health
risks associated with nanomaterials, given the speed
with which applications and uses are increasing. Use of
standard toxicity methods will not be sufficient to meet
this need. This article proposes the adoption of two
novel guidances: the system’s biological approach to tox-
icity testing advocated by the US National Research

Council and a nanobiological perspective that identifies
key events at the nanoscale that are relevant to signal
transduction and structural biology.
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Introduction

There is a growing knowledge gap in nanotechnol-
ogy, between our increasing ability to apply these
new materials and our ability to evaluate risks as
well as benefits. The extraordinary speed with
which the fundamental properties of engineered
nanomaterials have been characterized and
exploited has not been met by an equally adept or
speedy response from toxicology to enable the pri-
vate sector, regulators, and public stakeholders to
begin to understand or even develop strategies for
understanding the potential health and ecological
risks that may accompany production and product
applications of nanomaterials. Moreover, as the
types of nanomaterials proliferate, in terms of compo-
sition, size, and structure, as well as functionaliza-
tion, the ability of current toxicological approaches
to catch up with the state of technology – let alone
provide anticipatory guidance to nanotechnology in
terms of optimizing benefit–risk ratios – falls farther
and farther behind. This gap is exemplified in the
imbalance of government investments in fostering
nanotechnology research and development in con-
trast to investments in ensuring information on
health and safety, as shown in Figure 1.

The most urgent area of concern relates to occu-
pational exposures, as a range of enterprises engage

in production, from laboratory-scale synthesis to
full-scale manufacture and use. Although several
governments have issued white papers and guidance
documents on risk assessment for nanomaterials,
there is much less attention to the need for relevant
and coherent information that can inform such
assessments. This article focuses on that knowledge
gap and takes a dissenting view from several current
statements on the application of current methods in
toxicology to providing the critical information. Our
position is also based on a new vision for toxicology
expressed in the 2007 US National Research Council
report, which describes a path forward that chal-
lenges current paradigms and has great relevance
to solving the dilemma.2

We have been here before in terms of our failure
to advance appropriate knowledge for the protection
of human health as a new technology is introduced.
This failure allowed the introduction of tetraethyl-
lead into gasoline fuels, the “public health tragedy”
of the last century.3 This new technology was hailed
with much of the same rhetoric now being applied
to nanotechnology, as a “gift of God” essential to the
engines of progress after the First World War.4 In
1925, in the United States, intimations of hazard
were brushed away, and the lack of appropriate
means to assess potential exposures and risks
could not produce the needed information within
the time span provided. By 1975, the associations
between lead in gasoline and lead in air were under-
stood,5 and the impacts of lead in gasoline on expo-
sures of the US public were fully disclosed.6
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However, by that time millions of tons of lead had
entered into the global environment and into the
bodies of the human population worldwide.

Some of those same arguments are presented in
current discussions of nanotechnology: the lead in
gasoline is not the same hazardous lead as present
in the workplace; the amounts of lead added in gas-
oline are minuscule. But being Cassandra is not
enough.a We need knowledge, and we need a
means of obtaining knowledge that is relevant and
resourceful.

Reason for concern

There is a substantial basis for concern over nanoma-
terials, which should not block their development
and application but rather provide the incentive
for acquiring knowledge that guides choices
early in development and product stewardship
throughout the life cycle of materials in production
and commerce. This basis involves four elements;
1) our considerable knowledge of the health
impacts of ultrafine materials that are either natu-
rally produced or inadvertent byproducts of anthro-
pogenic activities; 2) the composition of many
engineered nanomaterials, which include metals
known to be highly toxic and obviously persistent
(as elements); 3) studies published to date on the
toxicological effects of nanomaterials in cells and

experimental animals; and 4) the deliberate design
of nanomaterials for biomedical application, that is,
the exploitation of biological activity conferred by
size, shape, and functionalization. The first three
topics have been extensively discussed (e.g., Ober-
dorster, et al.7) and will not be dealt in this article.
However, it is important to note that many nanoma-
terials are frequently made from metals, including
lead, mercury, and cadmium, as well as other
heavy metals (such as cerium, osmium, yttrium,
and scandium) whose toxic properties are much
less well understood. The last topic, the deliberate
engineering of nanomaterials for biological activity,
has particular relevance to the potentially vastly
important field of nanomedicine where this new
technology is already applied for purposes of imag-
ing and diagnostics. Additional applications under
development include high throughput in-vivo
chemical/biochemical analysis, intracellular drug
delivery, gene therapy, treatment of protein mis-
folding diseases, artificial macromolecules, nanos-
tructural implants, and eventually nanobots to
emulate or assist cells. These properties are excit-
ing, but it is not difficult to imagine how the same
advantages could result in untoward events, which
will be discussed in this article.

How can we gain appropriate and timely
knowledge on nanomaterial risks:
challenges to the toxicological paradigm

As noted above, the pace of development and appli-
cation of nanomaterials is increasing, yet the growth
of relevant knowledge on potential risks is much
slower. There are clear challenges to understanding
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Figure 1 Research and technological development expenditures (in million of US dollars).1

a Cassandra was the daughter of King Priam, ruler of Troy
during the Trojan War. She was given the gift of prophecy
in return for favors to the god Apollo. When she did not
fulfill her part of the bargain, Apollo cursed her so that
while her prophesies were always truth, no one ever lis-
tened or believed. Her punishment was to be ridiculed,
ignored and dismissed as a raving lunatic.
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exposure pathways and toxicokinetics, but this
article will focus on toxicity.

There have been several recent consensus state-
ments on how to increase the knowledge base on
nanomaterials, which are based upon the current
toxicity testing methodologies. Two of these state-
ments exemplify current thinking: one published
by an expert group convened by the Woodrow Wil-
son International Center,8 and another statement
produced by an industry-NGO partnership.9 These
two statements rely strongly on the application of
existing test methods, which have been developed
and used for characterizing hazard and risk of stan-
dard materials such as industrial chemicals and pes-
ticides. Although both of these statements represent
a significant recognition of the need for toxicity
information, the strategy adopted is unlikely to pro-
duce timely results. They may even not produce rel-
evant results.

This approach has been deployed in practice by
Bayer, which used a set of base tests developed
through the Organization for Economic Co-operation
and Development (OECD), to examine biological
activity of single-walled carbon nanotubes. In these
tests, as reported by Bayer at the EuroNanOSH meet-
ing, no significant biological activity or evidence of
adverse effects was described. This can be interpreted
to mean that no hazards exist or that the tests may not
be appropriate. Given the lack of an appropriate posi-
tive control, it is not possible to determine whichmay
have been the case. However, it is clear that the design
of toxicological studies is challenging in this field,
and issues must be considered such as understanding
dose or concentration; characterizing behavior of the
material in the test system; as well as the sensitivity
and specificity of measured endpoints.

Beyond the world of nanotoxicology, there are
deeper concerns about the state of toxicity testing,
and the underlying toxicological assumptions that
have guided risk assessment for the past 50 years in
the OECD countries (including the US, EU, Japan,
and others). These concerns have been cogently
expressed in a landmark document on the state of
toxicology published by the National Research
Council (NRC) in late 2007.2 Much of its commentary
is highly relevant to the challenge of assessing nano-
technology. First, the pace of toxicity testing by
current methods is inadequate to meet the demands
for knowledge on chemicals and products already in
commerce and in the environment9 and the resources
required to accomplish this “catch up” task are over-
whelming, as recognized by the European Union
Program on Chemical Safety Encompassing Registra-
tion, Evaluation, Authorisation and Restriction of
Chemical Substances (EU REACH) program among

others. Second, concerns over evaluating risks
related to newly defined endpoints (such as endo-
crine disruption) have not yet been met. Third, the
burden of meeting these demands by standard meth-
ods has provoked strong reactions over animal
welfare in many countries, with the result that stan-
dard methods have been banned for some classes of
products, such as cosmetics, without a clear notion of
how the requisite knowledge might otherwise be
obtained. Finally, the pace of developing and validat-
ing alternative methods has been very slow particu-
larly at the stage of regulatory acceptance, using the
current philosophy of weighing newmethods against
existing methods.

The NRC calls for a fundamental revision in the
toxicological paradigm and the adoption of a systems
approach to characterizing toxicity. The notion of an
“adverse effect” has impeded reform and renewal in
toxicology, as long as this concept has been defined
as distinguishing between a “biological effect” and
toxicity. The NRC urges acceptance of the “biological
effect” at a cellular or subcellular level as the event of
importance in toxicology. Second, toxicity testing
has been largely based on emulation of events in a
whole animal that are obviously relevant to human
health and disease – as exemplified in the cancer bio-
assay. This has grossly impeded knowledge, because
it is often difficult to establish the analogue of major
human health outcomes in an animal model (such as
atherosclerosis or neurodegenerative disease in mod-
els other than mutant strains or severely overloaded
animals). Moving from the traditional concept of
“adverse effect” to a systems approach will undoubt-
edly generate controversy and concerns that effects
observed by new methods may be difficult to utilize
in predicting human toxicity.

A further example is the relevance of toxicity test-
ing and animal models to the understanding of
impacts on chronic human conditions such as auto-
immune diseases. This is of particular interest to us
because of the immunotoxic effects we have
observed on peripheral immune cells in mice.10,11

Preliminary studies have shown that antigen pre-
senting cells such as macrophages and B cells can
have upregulated expression of costimulatory mole-
cules in response to nanoparticles. One of the key
factors in the development of autoimmune diseases
is unregulated or dysregulated antigen presentation
and recognition. Further, preliminary studies also
showed dysregulation of key regulatory pathways
in T cells, namely in expression of CTLA4. Without
more information on the effects of nanoparticles in
these cells and on the activation and regulation
pathways, chronic effects of nanoparticle exposure
remain unknown.

A nanobiological approach
JF Nyland and EK Silbergeld

 395

 at JOHNS HOPKINS UNIV on September 28, 2009 http://het.sagepub.comDownloaded from 

http://het.sagepub.com


The NRC urges a systems approach in which
events are studied at the molecular level and inter-
preted in terms of their role in biological systems,
such as signal transduction, the early developmental
program, or the neurobiological basis of learning.
This approach empowers a cellular and subcellular
approach and dethrones the laboratory mammal
(rodent, dog, monkey, or rabbit) as the ideal model
for identifying toxic events. Although there is much
work needed to develop these recommendations
into practice and policy, as recognized by several
commentators,12,13 it is the thesis of this article that
these recommendations have particular relevance to
discussions about nanotoxicology.

Thinking nanobiologically

For purposes of this discussion, we take nanotech-
nology seriously, that is, that its innovative and
potentially applied importance is related to the
exploitation of very small size and structure and
the ability to direct material behavior through engi-
neering at the nanoscale. In the context of nanome-
dicine, these properties are highly desirable as we
seek to understand how nanoengineering can
achieve desired events in biological systems at the
nanoscale. The promise of nanobiomedicine is
based upon the understanding that biological sys-
tems function at the same scale in both health and
disease. Several examples are presented below.

Intra and intercellular communication
Communication and other events between and
within cells are accomplished by the movement of
molecules through networks of biotubes, commonly
referred to as microtubes, but actually existing at the
nanoscale.14 The cell cytoplasm is a dense web of
these structures that serve multiple specific func-
tions to transduce events from the membrane to the
nucleus and back again, to move proteins within the
cell, and to change cell structure in response to key
signals. The cell membrane is also a complex patch-
work of nanoscale structures, functioning as extra-
cellular and intracellular recognition sites, signal
transducers, and regulated openings or pores
through which the movement of ions and small
molecules can be regulated. Much of modern phar-
macology has exploited these structures for the
development of therapeutic drugs, such as beta-
agonists and antipsychotics. Within cells, molecules
are synthesized and transferred to sites of utilization
by means of an intricate network of natural nanos-
tructures. For example, in neurons, biochemical
compounds – such as neurotransmitters – are syn-

thesized in the cell body and transferred down axo-
nal projections to sites of action. These nanostruc-
tural elements can be the targets of toxic agents: for
example, the natural toxins saxitoxin and tetrodo-
toxin target-specific subunits of ionic channels in
membranes15; certain solvents bind irreversibly to
nanotubular transport structures in neurons,16 and
twitchin regulates muscle contraction by blocking
the interaction of nanoscale proteins of actin and
myosin.17 These events are also being exploited in
nanotechnology.18 Intracellular communication
also involves nanostructural links, as shown in Fig-
ure 2, for immune cells.

Gene function
DNA is a nanoscale structure and its function is reg-
ulated by events at the nanoscale. Structural integrity
is essential to ensuring gene function, and slight
alterations in the size and structure of DNA or its
binding proteins can affect fidelity of gene expres-
sion. Engineered nanomaterials can interact with
DNA, and this property has been exploited by using
nanomaterials for studying DNA. However, as shown
in Figure 3, the binding of a fullerene can alter the
structure of DNA significantly. No studies have been
done on the biological impact of this structural
change on gene function. It is likely that this could
represent a new type of genotoxicity, dissimilar
from mutation, deletion, strand breakage, or chromo-
somal alterations. Most importantly in the context of
this article, this event would not be detected by cur-
rent genotoxicity tests or biomarkers of genotoxicity.

The nuclear proteins that regulate gene function
are also nanoscale structures and their three-
dimensional structural integrity is essential to their
function. These include histones, protamines (in
mammalian sperm), and other members of the zinc
finger loop protein family. We have shown that lead
can affect early gene transcription in sperm and
zygote by displacing zinc and changing molecular
structure of protamines.21 This type of event would
not be detected by current methods of assessing
reproductive toxicity.

Immune function
The immune system functions through an elaborate
system of recognition and inter- and intracellular
communication. The distinction between self and
nonself proteins is essential to appropriate immune
function, and disruptions can result in autoimmu-
nity and ultimately autoimmune disease, or attack
on self. One mechanism by which this can happen
is through exposure of cryptic or hidden biomolecu-
lar structures (or epitopes) through release of intra-
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Figure 2 Immune cells in the peripheral circulation communicate by means of nanostructural links that form physical connections.19

Reprinted with permission from AAAS.
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Figure 3 Changes in the structure of DNA following fullerene binding.20 Reproduced with permission from the Biophysical Society.
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cellular proteins, or distortions in protein shape.
Interactions between proteins and nanomaterials
can result in distortion of protein structure such
that cryptic portions are disclosed. This is a mecha-
nism of immunotoxicity that would not be detected
by current methods in immunotoxicology.

Development
The early molecular events in reproduction involve
interactions among nanostructures, including chro-
mosomal rearrangement in the fertilized cell, as
shown in Figure 4, and structural events regulating
epigenetic events critical to early development.
These are shown for drosophila in Figure 4.

Errors in this process can result in early embry-
onic loss, birth defects, or disease in the offspring.
Although the gross outcome might be detected by
conventional methods, the mechanisms and early
events would not be discernible.

How good nanomaterials might go bad

Given this background on nanobiology, it is useful to
think about the intended biological activity of engi-

neering nanomaterials in terms of assessing how
these properties might under certain conditions
result in unwanted effects. This is particularly
important in the context of nanomedicine, as these
materials will be deliberately introduced into
humans for purposes of diagnosis, imaging, or
treatment.

One property of great interest in nanomedicine is
the development of nanomaterials capable to trans-
porting drugs, plasmids or other molecules to spe-
cific sites of action within tissues and cells, thus
reducing toxicity to healthy cells and accomplishing
highly specific molecular “repairs” such as gene
replacement or regulation of gene expression. This
has been a “holy grail” of modern medicine, as
exemplified by the dilemma of cancer chemother-
apy, which utilizes highly toxic agents (such as cis-
platin) to kill tumor cells but is limited by severe
toxicity.23 It is possible to conceive, and to con-
struct, nanotransporters that can bind therapeutic
agents, that can be engineered to go to specific
cells (on the basis of membrane recognition events),
and that can penetrate cells in order to deliver mate-
rials (such as genes) to the nucleus or other subcel-
lular organelles.24

Figure 4 Fusome (red) interaction with microtubules (green) during the cell cycle.22 Reproduced with permission from the Company
of Biologists.
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There are several potential risks of such a nano-
technology. First, the transporter may itself induce a
reaction by cells. This is an area of our collaborative
research with the Institute of NanoBiomedical Tech-
nology at Johns Hopkins.11 Second, the transporter
may pick up unwanted agents within the circulation
or targeted organ and deliver these to highly sensi-
tive sites. For example, if the therapeutic agent is
bound to the nanotransporter through SH-tethers,
as has been proposed, these are also sites for effec-
tively binding mercury compounds. Mercury is
present in the blood of most Americans,25 and
thus, it is possible that such transporters could
move mercury into subcellular compartments into
which it does not ordinarily reach.26 In another
example, there is interest in designing nanomaterials
to transport engineered plasmids (biomolecular
structures containing genes) in order to effect gene
repair. However, this is essentially what viruses are
able to do: transport genetic material (DNA or RNA)
into the nucleus of host cells. Finally, there is exten-
sive information on the ability of natural nanoparti-
cles to pick up chemicals in the environment, as
demonstrated in many studies of air pollution. This
is a mechanism by which human populations are
exposed to chemicals after inhalation of suspended
ultrafine particulates and deep penetration of these
particles into the lung.7

Implications for nanotechnology risk
assessment

The focus of this article has been on the challenge of
generating appropriate toxicological information for
informing hazard identification as part of the pro-
cess of assessing the potential risks of engineered
nanomaterials. There are other challenges in risk
assessment, including a major challenge in terms of
exposure assessment (including toxicokinetics that
are unlikely to follow the “rules” of current
approaches in either experimental or modeling
methodologies). Moreover, as with any technology,
assessment of risks must be balanced by an evalua-
tion of potential benefit.

Application of current methods in toxicity testing,
which has been advocated by some and are in use in
industry, are unlikely to meet the demand for infor-
mation in terms of the burden on available resources
even with major increases in investment. This arti-
cle argues that even with infinite resources and lack
of objections in terms of animal use, current meth-
ods are not sufficiently specific for detecting critical
events associated with hazard. It may seem obvious
that nanomaterials act at the nanoscale, and it is this

property that makes them of tremendous potential
value in many applications, including medicine.
However, this truism means that detection of
unwanted effects should follow this same path in
order to observe hazardous biological events that
also occur at the nanoscale. Some of these have
been illustrated in this article. Of concern, is that
these events may not be detected by current toxicity
testing methods.

This conclusion is consistent with a broader call
for reform and renewal in toxicology,2 which, by
emphasizing the importance of a molecular and sys-
tems perspective, provides a scientific rationale that
is consistent with the practical needs of nanotoxicol-
ogy. As toxicologists, we are optimistic. Just as our
field met the demand to detect potential carcino-
genic hazards through the development of new and
rapid methods, based upon molecular understand-
ing of critical molecular events involved in genetic
function, our field can and must respond to the chal-
lenge of nanotechnology so that we can participate
in ensuring its appropriate development. The chal-
lenge is urgent, and failure to act may well set soci-
ety on a repetition of the “gift of God” debacle of
lead in gasoline.
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