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George Whitesides remarked, in his excellent perspective on the “right” size in nanobiotechnology,
that “there already exists a highly developed science concerned with biologically relevant
nanostructures: this science is called chemistry” (Whitesides, 2003). To this, one may add that there
also exists a scientific discipline dealing with host responses to foreign objects on the nano- and
microscale—it is called immunology (Shvedova et al., 2010). Whitesides goes on to explain that
“biology also provides unparalleled examples of functional nanostructures to excite the imagination
of nanotechnologists of all persuasions” (Whitesides, 2003). Indeed, as pointed out by Bruce Alberts
in another visionary perspective, “the entire cell can be viewed as a factory that contains an
elaborate network of interlocking assembly lines, each of which is composed of a set of large protein
machines” (Alberts, 1998). These protein “machines” are oftentimes of nanoscale dimensions (van
den Heuvel and Dekker, 2007).

Nanomedicine holds tremendous promise, yet despite the huge number of basic and preclinical
studies, few nanomedicines have reached the clinic (Chan, 2017). Perhaps we have underestimated
the complexity of biological systems, and that of human disease? Perhaps, as pointed out in a recent
review, we need to view organs and cells in the body as complicit in the actions of nanomedicines:
the chemistry of a material is altered upon contact with a biological system, and these changes
determine its fate and function in the body (Chan, 2017). The reciprocal nature of so-called
nano-bio interactions could be exploited for therapeutic gain if the underlying mechanisms are
understood. However, the same features that may prove useful in the context of a disease may also
turn out to be involved in the unwanted effects of a nanomaterial; toxicology and medicine may, in
some respects, be viewed as two sides of the same coin.

EXPECT THE UNEXPECTED

One of the frequently debated questions in the field is whether nanomaterials elicit “novel” or
unanticipated effects not seen for the same material in its bulk form? Some experts have argued
that this is not the case, and it has been suggested that “the focus on the search for ‘nano-
specific’ [toxicities] may have the effect of ‘re-inventing the wheel’ of what is already known for
conventional particles” (Donaldson and Poland, 2013). Indeed, the focus on “novelty” may end
up obscuring some risks while exaggerating others (Maynard, 2014). Arguably, novelty is what
makes nanomaterials so appealing in the first place. However, as toxicologists, we should not
confuse novel applications (of a nanomaterial) with unexpected risks. Ultimately, the cellular and
molecular processes that are triggered or perturbed by a nanomaterial (or by ions that are released
by the material, or by biomolecules that adsorb to the material) are likely to be conserved and,
therefore, well-understood, or should at least, in principle, be possible to understand. Some experts
have argued that evidence for novel size-dependent properties, rather than particle size per se,
should inform the definition of nanoparticles from an environmental, health and safety perspective
(Auffan et al., 2009). However, if our understanding of biological systems is imperfect then our
appreciation of the “toxic potential” of nanomaterials (Nel et al., 2006) will also be imperfect.
Therefore, to understand nanomaterial effects on biological systems, and attendant risks to human
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health and the environment, we need to learn more about
biological systems. Granted, we also need robust test methods
with which to evaluate new materials, and automated high-
throughput screening can be used to speed up the analysis (Feliu
and Fadeel, 2010; Damoiseaux et al., 2011), but fundamentally
what is needed is a deeper understanding of biology. This,
therefore, is a key challenge as the field of nanotoxicology
moves forward.

FACING THE NANO-BIO INTERFACE

Mildred Dresselhaus, pioneering nanoscientist and champion of
women in science, once said, “if you don’t have material, you
don’t have an experiment.” In toxicology, this appears to be
almost axiomatic: we need materials in order to test them with
respect to their potential hazard—sometimes this is done after
the fact, but safety evaluation should ideally take place in tandem
with the development of new materials (cf. safe-by-design).
In nanotoxicology, this is especially true—one cannot evaluate
or draw conclusions regarding the toxicological or biological
effects of a nanomaterial without knowing the material (Warheit,
2010). Nanotoxicology deals essentially with structure-activity
relationships: we seek to pin-point the specific properties (or
ensemble of properties, as they may be intertwined) that drive
biological effects. However, one may ask whether toxicology is
merely an ancillary science tasked with testing “stuff” that has
been deliberately or unintentionally produced by others? I would
argue that this is not the case. Toxicology deals with the cellular
and molecular mechanisms that are triggered or perturbed
by a toxicant, and such studies may therefore drive scientific
discovery. Take the example of cell death research, which is
intimately and obviously linked to toxicology (Orrenius et al.,
2011; Andón and Fadeel, 2013). Nanotoxicological research, in
turn, offers an opportunity to explore the interactions between
engineered or incidental materials and biological systems at
the nanoscale (Shvedova et al., 2010). This also has important
ramifications for nanomedicine: understanding interactions at
the nano-bio interface is a prerequisite for the safe and efficacious
deployment of nanomaterials in patients (Wang et al., 2019).

TOWARD A PREDICTIVE TOXICOLOGY

Despite more than 15 years’ worth of nanotoxicological research,
it can be argued that we still don’t understand the underlying
mechanisms of toxicity (Valsami-Jones and Lynch, 2015). Indeed,
it has even been suggested that a good number of studies have
arrived at erroneous conclusions, due in part to the fact that
excessively high doses of nanomaterials have been applied, i.e.,
doses that are unrealistic from the point of view of occupational
or environmental exposure (Krug, 2014). Meanwhile, we are
faced with an onslaught of new nanomaterials and it is becoming
more and more apparent that we cannot resort to traditional
risk assessment approaches with their strong reliance on animal
data. In fact, legal reforms now mandate that data generated
by alternative testing strategies be considered before requiring
testing in animals (Nel and Malloy, 2017). This is fully in line
with the landmark report from the US National Academy of

Sciences, “Toxicity Testing in the Twenty-First Century: A Vision
and a Strategy,” in which the evolution of toxicology from a
predominantly observational science based to a large extent on
in vivo (animal) models to a predictive science focused on the
inclusion of target-specific, mechanism-based observations of
human in vitro (cellular) responses was emphasized, to assist in
prediction of risk of chemicals to humans (Collins et al., 2008).

It has been suggested that nanoparticles combine the
properties of solids (e.g., fluorescence in the case of quantum
dots) with mobility, a property that is typically ascribed
to molecules (Stark, 2011). Thus, as suggested in a very
instructive and useful review by Stark (2011), the failure of
early nanotoxicological studies may be due to the fact that
not all concepts in chemical safety can be readily translated to
nano-sized objects. Developing validated and interference-free in
vitro tests for nanomaterials remains an important challenge in
nanotoxicology (Hussain et al., 2015).

High-throughput screening (HTS) and high-content
screening (HCS) approaches are gaining traction in
nanotoxicology (Li et al., 2018). To this end, systematic
modification of physicochemical properties of libraries
of nanomaterials combined with computational analyses
(modeling) of the data is required (Bai et al., 2017). Shaw
et al. (2008) provided an early example of “multidimensional”
in vitro screening of a panel of 50 nanoparticles of varying
core compositions and surface modifications using several
different cell types and assays, and the authors derived robust
structure-activity relationships by using this approach. In a more
recent study, an image based, automated HCS platform adapted
for 3D cell models was developed (Cutrona and Simpson,
2019). Using carboxyl-modified polystyrene nanoparticles, the
authors proceeded to conduct an RNAi-based screen and could
identify molecular regulators of nanoparticle trafficking. The
development of relevant and robust model systems amenable to
HCS/HTS represents an important priority in nanotoxicology
(Li et al., 2018).

Omics approaches, including “next generation” sequencing
of populations of cells, or single-cell analyses, promise to shed
light on the biological effects of different classes of nanomaterials
(Paunovska et al., 2019). Additionally, multi-omics approaches,
combining for instance transcriptomics and proteomics, may
yield further insights into the complex cellular reactions to
nanomaterials (Gallud et al., 2019). However, with big data comes
big responsibilities, and toxicologists should work closely with
statisticians and bioinformaticians, not only at the data analysis
and visualization step, but also at the onset of the study, to ensure
that the experimental design is appropriate for the question that
is being addressed (Paunovska et al., 2019). It is also important
to validate the omics data, in order to anchor the predictions in a
relevant biological setting.

PERSONALIZED (NANO) TOXICOLOGY

Mice are not men, yet animal models (of the human condition)
remain a bedrock of biological and toxicological research.
However, isogenic mice do not reflect the variation in toxicity
responses that are seen in a genetically diverse human population.
Clearly, there is a need for a “personalized” toxicology that

Frontiers in Toxicology | www.frontiersin.org 2 November 2019 | Volume 1 | Article 1

https://www.frontiersin.org/journals/toxicology
https://www.frontiersin.org
https://www.frontiersin.org/journals/toxicology#articles


Fadeel The Right Stuff: On the Future of Nanotoxicology

takes into account the genetic susceptibility to toxicants. This
can be accomplished by using panels of inbred mice, instead
of a single mouse strain, or by using populations of outbred
mice. In a seminal study, mice from 25 different inbred
strains were exposed to silver nanoparticles and novel candidate
genes associated with nanoparticle-induced lung inflammation
were identified by using genome-wide association mapping
(Scoville et al., 2017). More research is needed to shed light on
interindividual variations in the susceptibility to nanomaterial
exposure. Furthermore, infants are not adults, and substantial
differences may occur, for instance, with respect to particle
deposition in the lungs, as shown for iridium nanoparticles in a
study in rats (Semmler-Behnke et al., 2012).

The realization that the gut microbiome influences human
physiology represents “a paradigm shift in modern medicine”
(Kundu et al., 2017). Microbial communities residing in
our gut also participate in biotransformation of drugs and
other xenobiotic compounds, and host-microbiome interactions
therefore need to be considered in the study of toxicology
and environmental health (Dietert and Silbergeld, 2015). The
fact that the composition of the microbiome is dynamic and
exhibits interindividual variations opens a new frontier in
personalized medicine (and toxicology) and suggests a link
between the environment and human physiology and disease:
the microbiome as proxy for the exposome. In contrast to the
host genome, the microbiome (our “second genome”) is readily
modifiable (Zmora et al., 2016). Understanding host-microbiome
interactions represents another challenge in nanotoxicology as
we move forward.

THE FUTURE OF NANOTOXICOLOGY

Nanotoxicology is a relatively new discipline that embraces
new developments in toxicology including the application

of systems biology approaches with which to model and
predict perturbations inflicted by nanomaterials in a living
system (Fadeel, 2015; Fadeel et al., 2018). Most importantly,
nanotoxicology can be viewed as a lesson in interdisciplinarity,
and a comprehensive understanding of nano-bio interactions
can only be obtained through a combination of different
perspectives found in chemistry, physics, molecular biology,
immunology, pharmacology, computational sciences, and so
forth. Continuous communication across scientific disciplines is,
therefore, critically important.

We must also acknowledge that the future of nanotoxicology
lies in the hands of our students. Therefore, training
the next generation of toxicologists to ensure that they
are well-equipped in dealing with materials of ever
increasing sophistication is of great importance. Indeed,
as highlighted by Maynard et al. (2011) almost a decade
ago, toxicology as a scientific discipline will need to move
beyond “nano” and toward a toxicology of new and
emerging materials. Here, nanotoxicology may provide a
useful template.
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