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Abstract

Nanotechnology is enjoying an impressive growth and the global nanotechnology industry is
expected to exceed US$ 125 billion by 2024. Based on these successes, there are notions that we
have known enough and efforts on engineered nanomaterial (ENM) environmental health and
safety (nano-EHS) research should be in a back burner. However, there are recent events showing
that it is not the case. FDA found ferumoxytol (carbohydrate-coated superparamagnetic iron oxide
(SPIO) nanoparticle) for anemia treatment could induce lethal anaphylactic reactions. EU will
categorize TiO, as category 2 carcinogen due to its inhalation hazard and France banned use of
TiO, (E171) in food from Jan 15t 2020 on its carcinogenic potential. Although nano-industry is
seemingly in a healthy state, growth could be hindered for the lack of certainty and more nano-
EHS research is needed for the sustainable growth of nano-industry. Herein, we elaborate the
current knowledge gaps and the way forward.
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Introduction

Nanotechnology is enjoying an impressive growth since the announcement of National
Nanotechnology Initiative (NNI) two decades ago. With mounting investment in
nanotechnology R&D, the global nanotechnology industry is expected to exceed US$ 125
Billion mark by 2024.[*] Nanotechnology is currently widely used in commercial products,
which has a broad and fundamental impact on nearly all sectors of global economy;,
including electronics, energy, biomedical, cosmetics, defense, automotive and agriculture
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among others.[X] The top three applications of nanotechnology, electronics, energy and
biomedical, account for over 70% share of the global nanotechnology market and the largest
application for nanotechnology is electronics. If categorized by components, nanoparticles
accounts for largest share of the global nanomaterial market at 85%, with nanotools (e.g.,
nanolithography tools and scanning probe microscopes) accounting for second highest share
followed by nanodevices including nanosensors and nanoelectronics.

As a major growth area under the global economy setting, it is necessary to ensure the
sustainable development and application of nanotechnology in the different industries
worldwide.[2] Despite the impressive growth curve, maintaining the momentum will require
overcoming many hurdles and address concerns from the perspectives of different
stakeholders, e.g., reducing production costs of nanomaterials, incorporating
nanocomponents into the existing infrastructure, increasing societal awareness of
nanomaterials and nanotechnology, and importantly, understanding and mitigating the
potential risks of engineered nanomaterials (ENMSs) to the environment and human health.[3!

In terms of environmental health and safety aspect of hanotechnology (nano-EHS), we have
come a long way in comparison to the accelerating point over 20 years ago. For example, we
have paid more attention to physicochemical characterization of ENMs for nano-EHS, we
have known more about the behavior of ENMs in biological relevant environment, such as
formation of protein and lipid corona, agglomeration, dissolution, transformation, etc., we
have expanded our understanding of ENM impacts in many organisms and animal models,
even human health impacts in occupational settings, and we have identified major ENM
properties that are likely drivers for potential adverse outcomes. Based on the successes of
the technology and the seemingly lack of ENM-induced major adverse outcomes in the
environment and human health, there are notions that are gaining speed that we have known
enough and efforts on nano-EHS should be just in a back burner. However, there are some
recent events showing that this is not the case and proactive research are still much in need
to safeguard the sustainable development of nanotechnology. One example is on titanium
dioxide (TiO5), the European Commission (EC) is reported to be advancing to classify TiO,
as a category 2 carcinogen due to its inhalation hazard.[*] The classification will apply to
liquids as well as powders “containing 1% or more of TiO, in the form of or incorporated in
particles with aerodynamic diameter < 10 um.” Furthermore, France has banned the use of
TiO, in food beginning on January 1, 2020.15] This decision was based experimental
findings on E171 (TiO, food additive used to whiten various products, including chewing
gum, cake icing, and candy, etc.), which has been shown to be able to damage the intestinal
cells and disrupt the gut microbiome that can cause cancer. It is worth noting that although
there is evidence to show the carcinogenic potential of TiO», there are also many reports that
showed negative or inconclusive results. The question is how to make regulatory decisions
by weighing the existing and sometimes contradictory evidence. In parallel to the TiO, case
in EU, The US Food and Drug Administration (FDA) has put stricter warnings and
contraindications for the anemia drug ferumoxytol (carbohydrate-coated superparamagnetic
iron oxide (SP10) nanoparticle-based drug given intravenously for iron replacement to
hospitalized patients with chronic kidney disease).l8] The FDA found 79 anaphylactic
reactions between June 2009 and June 30, 2014. Eighteen of the 79 patients died despite
immediate medical intervention. It is worth noting that half of the anaphylactic reactions
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occurred with the first dose and the mechanism responsible for these hypersensitivity
responses is still unclear. These events show that there are still much unknowns and
uncertainty surrounding the nano-EHS research, and the lack of certainty (exposure route,
realistic exposure dose, duration, biological effects especially on carcinogenicity) or
mechanistic understanding of the toxicological effects could impact the long-term
sustainability of the nanotechnology considering the exposure of ENMs to the environment
and humans will only increase due to the rapidly expanding use of nano-products. Although
the nanotechnology industry is seemingly healthy right now, the growth could be hindered
for lack of certainty on nano-EHS and more research is need to be done for the sustainable
growth of nano-industries. Herein, we will describe the current knowledge gaps and
challenges in nano-EHS research based on what we have achieved to date.

Achievements in nano-EHS research

Nano-EHS or nanosafety received much attention from the start of the NNI.["I At that time,
the prevailing question was whether nanomaterials are more toxic than their bulk form, if so,
what material properties were responsible for the toxicity.[®l It took some time for the field
to perform detailed physicochemical characterization of the ENMs for nano-EHS and
develop tests beyond using the cell viability assays to use more mechanism-based systemic
safety assessment. The beginning of major efforts on nano-EHS research at national and
international levels coincides with the major paradigm change in the broader field of
toxicology. A case in point is the toxicity testing of chemicals, which was heavily bent to
“gold standard” animal tests that are inefficient, costly, time consuming, and the limited
testing results are mostly descriptive without ample mechanistic understanding. So it
becomes evident that this animal dominant approach is unsustainable not only for the
100,000 plus chemicals but also for the ENMs with numerous physicochemical property
variations such as chemical composition, size, shape, aspect ratio, charge, dissolution,
hydrophobicity/hydrophilicity, surface functionalization, etc. as well as their diverse uses in
nanocomposites and nanoproducts. In 2007, the US National Academy of Sciences
landmark published a report titled: “Toxicity Testing in the 21st Century: A Vision and a
Strategy”,[°] which advocates increased efficiency of toxicity testing by transitioning from
qualitative, descriptive animal testing to quantitative, mechanistic, and pathway-based
toxicity testing in human cells or cell lines using high-throughput approaches. Limited and
focused animal tests will be used to validate the in vitro results and iteration of the processes
will lead to mechanistic understanding of toxicant-induced diseases. It is a big challenge for
the research community to transition from animal testing to high throughput, mechanism-
based alternative methods. Taking consideration of this rational approach for chemical
toxicity, nano-EHS will also benefit enormously if high throughput screening, alternative
testing, and predictive toxicological approaches could be established. Indeed, the nano-EHS
moved quickly to establish the 215t century toxicity testing strategy specifically tailored for
ENMs. This includes, nanomaterial libraries that provide property variations that could be
used to link the specific physicochemical characteristics to toxicity, high throughput
screening systems (e.g., cell culture, C elegans, zebrafish, etc.), in vitro mechanism of
toxicity based assays (oxidative stress, NLRP3 inflammasome activation, ER stress,
autophagy, apoptosis, pyroptosis, etc.), computational models to build structure activity
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relationships (SAR), and limited but focused in vivo validations to establish predictive
toxicology paradigms and adverse outcome pathways (AOPs) to facilitate regulatory
decision making.[19-171 In addition, the field begins to use un-biased multi-omics approach
(e.g., metabolomics, lipidomics, epigenomics, etc.) that discovers new mode of action,
especially at lower dose range that has higher environmental relevance.[18-20] OQver the
years, much progress has been achieved by the nanosafety community, which has greatly
enhanced our understanding on the major physicochemical properties that could lead to
toxicity, molecular and cellular mechanisms of toxicity induced by ENMs, different
exposure routes and dosimetry, animal models as well as implications to human health
(Figure 1), however, there are many knowledge gaps and challenges still remain.[11: 21-24]

Current knowledge gaps and challenges in nano-EHS research

With the rapidly increasing invention, production and use of ENMs in nanoproducts, their
incidental, accidental or intentional release into the environment and exposure to humans are
inevitable. Diverse types of ENMs (e.g., Ag, CuO, CeO», carbon nanotubes (CNTSs), TiO»,
SiOy, etc.) have been detected in various environmental media including the air, water, soil.
Meanwhile, the current wastewater treatment and waste management facilities are not
equipped to remove ENMs and prevent their re-entry into the environment.[25-26]
Additionally, nanotechnology has been applied to substantially increase the production of
crops through the use of nanosized fertilizers and herbicides.[27-28] The use of ENMs in
agriculture would give rise to the release of large quantity of ENMs into the environment
and possibly, the food chain. In addition, ENMs are increasingly used in biomedicine for
imaging and therapeutic purposes, for example, fluorescent core-shell silica nanoparticle,
magnetic iron oxide nanoparticles, and gold nanoshells have been approved by FDA for
clinical trials. Thus, ENM exposure to the environment and humans is occurring in an
unprecedented and diverse fashion. This issue becomes more complicated by the synthesis
and introduction of new generation of ENMs.[2] Even though substantial efforts have been
devoted and significant progresses have been made to nano-EHS research, there is still a
long way to fully grasp the potential impacts associated with even the existing ENMs, not to
mention the ones in the development pipeline.[29-30] A largely overlooked issue is the nano-
EHS impacts under realistic exposure scenarios considering their environmental
transformation, realistic doses, and chronic effects, especially on the potential of
carcinogenesis that has generated many uncertainties.[31] Under these circumstances, nano-
EHS research is still very much in need and effective communications among researchers,
industries, government, and other stakeholders are critical for the risk management and
sustainable development of nanotechnology.

1. Determining realistic exposure scenarios and dosage.

A critically important step in nano-EHS is determining realistic concentrations of ENM in
real-life environment and potential exposure pathways. This is currently a major challenge
due to the complex real-life working or living environment with confounding co-
contaminants existing as mixtures. To identify, characterize, and quantify the ENMs under
complicated environmental conditions is not trivial. i) Nanotechnology industries are
developing fast, and increasing new ENMs and ENM-enabled products are being developed
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at a rapid pace. We are facing not only the pre-existed ENMs in pristine form such as carbon
nanotubes (single walled and multiwall), 2D graphene and graphene oxide, metals (e.g., Ag,
Cu, Pt) and metal oxides (CuO, ZnO, TiO,, CeO,, SiO,, etc.), but also emerging ENMs
(e.g., 2D ENMs (carbides and nitrides (MXenes), black phosphorus, transition metal
dichalcogenides (TMDCs)), as well as ENMs in nanocomposites and other nano-products
that can be released upon degradation.[32-3%] Thus, it is difficult to predict the forms and
dosage considering the various types of ENMs that will likely to be released and exposed to
the environment and humans. For example, recent findings clearly show that ENMs released
from nanocomposites may exhibit significantly different properties in the environment
compared to their as-synthesized, pristine counterparts.[36-37] However, because typical
nanocomposites contain low concentrations of ENMs (1-5% w/w) and they are incorporated
in the matrix material, so there are only limited release of free ENMSs from nanocomposites
and most ENMs are contained inside nanocomposite fragments under environmental
relevant degradation conditions (sanding, UV irradiation, sun light exposure, etc.). As a
result, the nanocomposite toxicity is dominated by the matrix material rather than the ENMs
used as fillers 381 ji) The results from ENM hazard evaluations are often skewed by the use
of unrealistic exposure doses, reducing the real-life relevance of the studies. To date, studies
on fate, transport and effects of ENMs were often conducted with ENM concentrations or
doses orders of magnitude higher than what has been reported under the typical
environmental conditions, thus it is not clear the relevance of these studies in terms of the
implications to the environment and human health.[3%-43] However, it is worth noting that
despite the high doses used /n vitro and in vivo studies, valuable information has been
obtained on the mechanism of toxicity and potential adverse effects for ENMs, and measures
have been taken to cover a wider dose range for /n vitroand in vivo studies and use more
sensitive methods such as toxicogenomics to study ENM effects at lower doses.[18 201 To
better predict the realistic concentrations of ENMs, models and approaches have been
developed based on the estimation of global and regional production, application and life-
cycle of ENMs.[44-45] Further improvement and fine-tuning of these models by taking into
account the real-life measurements would facilitate the development of ENM hazard
assessment under environmentally relevant conditions. iii) It is also important to choose
appropriate exposure routes for animal studies. For example, most of the studies that uses
animal models focused on lung toxicity because it is one of the most likely exposure
pathways for dry ENMs that can be easily aerosolized during synthesis, handling, and
packaging. Furthermore, ENM suspensions could become aerosolized during mixing,
processing, and sonication in the laboratory or manufacture settings. In addition, some
ENMs are released in the air, e.g., CeO, are used in diesel fuels and released in the exhaust
of vehicles. Notably, pulmonary research is not limited to lung toxicity alone, it also serves
as a surrogate that can reflect the general hazard of ENMs that may be relevant for other
tissues and organs. However, there is a need to go beyond the lung and study effects to other
systems based on their potential use and exposure routes. For instance, graphene oxide is
mostly researched to serve as a drug carrier for its biomedical applications, which means
intravenous administration is the most relevant exposure route rather than inhalation and the
toxicity will mostly likely to happen at the accumulation sites (liver, spleen, kidney, lung,
etc.) depending on the biodistributions.[20: 391 iv) Another major hurdle for understanding
realistic exposure of ENMs is a lack of analytical tools that can be used to characterize and
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quantify ENMs from complex mixtures, including identification, content, forms of existence
in complex media (e.g., food, dust, slurry, soil, etc.). For this purpose, although useful
methods are being developed including single-particle ICP-MS, single-particle ICP-TOFMS
and automated electron microscopy,[46-511 portable, easy to use, accurate and reliable
methods are very much in need to characterize and quantify diverse ENMs in the complex
environmental media.

2. Elucidation of transformation processes.

To precisely assess hano-EHS, it is critical to understand the specific speciation and
properties of ENMs to which biological systems are exposed. To date, most studies were
conducted primarily using pristine nanomaterials, which is reasonable and necessary to build
the baseline toxicity profiles for ENMs. However, ENMs are seldom existing in their pristine
form for long except when they are first synthesized under controlled conditions. It becomes
clear that many physical, chemical and biological transformation processes can happen to
pristine ENMs when they leave the controlled environment, which will change their
properties as well as the subsequent biological effects. The properties will also change when
ENMs are integrated into nanoproducts, so there is a need for companies to report on how
ENMs are being used in the consumer products, which will help understand the potential
property changes, degradation and release, as well as the exposure scenarios. ENMs rarely
stay put under various environmental conditions or inside cells, tissues, and organs, even for
those conventionally considered to be stable (e.g., SiO,, MoS,, CdSe, graphene oxide, rare
earth oxides, Ag, etc.). The first thing that happens when ENMs are introduced to the
biological environments are the formation of protein/lipid corona, which will change the
properties of ENMs immediately and impact the bioavailability and biodistribution as well
as safety profiles.[52-56] and transformations (morphology, speciation, oxidation/reduction
states, dissolution, recrystallization/reformation, etc.) can remarkably alter their
physicochemical properties, and consequently, their fate, transport and biological effects.

[39, 57-61] As the transformation of ENMSs has increasingly been reported [57-58. 62-65] mgore
attention should be paid on dissecting how the properties of ENMs change would impact
their toxic effects. In addition to transformation to the ENMs, ENMs will have the
opportunity to interact with other environmental agents and pollutants when released into the
environment, including heavy metals, organic chemicals, natural organic matter, etc. Given
the large surface area of ENMs, they can readily adsorb various contaminants
simultaneously on their surface.[66-68] Similar to air pollution particles, this association or
binding process can alter the physicochemical properties, bioavailability, biodistribution, and
toxicological effects of ENMs as well as impact the toxicity of the contaminants on the
surface of ENMs (additive, subtractive or synergistic).[69-791 Thus, ENM—-contaminant
interactions, as well as how environmental conditions may complicate such interactions, are
important factors that may impact the adverse outcomes to environmental organisms or
human beings. To date, only sporadic studies have considered this topic, and more research
is needed on this front.[68 711

3. Health impacts under realistic exposure conditions.

Considering the abovementioned limitations in the knowledge of realistic exposure and
transformation of ENMs, evaluation of the currently available data on nano-EHS should be
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taken with a grain of salt. i) To date, most studies in the literature (in particular, those on
human health) were carried out using as synthesized, pristine ENMs, which are unlikely to
be found in the environment expect under certain occupational settings; these studies may
not reflect realistic exposure scenarios. Thus, more nano-EHS studies should focus on the
types of materials that will more likely be found in the real-life environment (e.g., mixture of
ENMSs with other contaminants, debris of nanocomposites, etc.). The study should also
consider the chemical and biological transformation of ENMs as mentioned previously. ii)
Most studies were conducted using unrealistically high doses/concentrations of ENMs,
which would induce obvious toxic effects but cannot provide answers to address more
realistic exposure scenarios, which is long-term effects under low doses. To this end, health
effects under exposure at environmentally relevant doses/concentrations should be the focus
of future studies, and attention should be paid to long-term/chronic effects (e.qg.,
carcinogenic potentials), including possible effects that influence reproductive systems and
cross-generational effects of genetic and epigenetic origin. iii) While inhalation or lung
exposure dominates the nano-EHS research, exposure through intravenous exposure routes,
gastrointestinal tract, ocular, and dermal exposure routes in various animal models should be
considered under the occupational and therapeutic exposure settings.[5% 721 There are studies
on the biodistribution of Ag nanoparticles in pregnant rodents, which showed silver is able
to affect the uterine artery function and cross the placenta barrier to reach the fetus. These
findings suggest that ENMs may affect fetus development, however, more research is needed
to fully grasp the impacts.l73-741 jv) As mentioned above, exposure of ENMs is often
accompanied by the co-existing environmental pollutants, which may result in elevated risks
of both ENMs and contaminants. Studies have found that the bioavailability of certain
contaminants can be greatly increased by ENMs due to their “Trojan Horse” effects.[27. 75]
However, toxicological effects resulting from the interaction between ENMs and
contaminants have been largely overlooked due to the incomplete understanding on the
effects of ENMs themselves. As we know more about the behavior of ENMs, future research
could wade into the impacts of complicated mixtures. v) Most previous studies concerned
the direct toxicity to primarily targeted tissues or organs after ENM exposure. Future work
should also take into consideration the secondary effects in tissues and organs distant from
the primary target sites.[40: 76=771 ;i) In addition, more association and epidemiological
studies are needed, especially in an occupational exposure setting to build the link of ENM
exposure to health impacts for workers. This requires more accurate dose and exposure
measurements for ENMs in the working environment, coverage of more physiological or
disease markers, determination of the causal relationships, as wells as increase in sample
sizes.[78-791 Moreover, more selective biomarkers including epigenetic surrogates [80-81]
should be identified to better reflect the biological responses to ENMs exposure.

4. Developing tools and frameworks for nano-EHS.

Since the nanotechnology became the forefront of research and development, laws and
regulations have been installed to ensure the safe use of the emerging technology. The
Europe Union installed REACH (Regulation concerning the Registration, evaluation,
Authorization and Restriction of Chemicals) that requires companies to provide information
on nano-EHS. The new Toxic Substance Control Act (TSCA) approved in the US in 2016
also requires the toxicity testing for all chemicals including ENMs. The Organization for
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Economic Co-operation and Development (OECD) has been active to establish guidance and
manuals for the member states on hazard and exposure assessment of ENMs over the years
1821 Although much progress has been made on the nano-EHS field, the quality of research
is uneven and discrepancies or even conflicting results are common in the literature, which
leads to confusion to the research community, the public, regulators and nano-industries. To
confront these issues, there is still a need to develop standard or reference ENMs for read-
across and comparing results, and it is still important to provide appropriate material
characterization, biological characterization, and experimental protocol details regarding the
biological behavior, safety and therapeutic use of ENMs to improve reproducibility in nano-
EHS research.[21] ) For physicochemical characterization of ENM properties, there are
widely available tools for determining chemical compositions, primary particle size,
morphology, hydrodynamic size and charge, etc., however, quantitative determination of
certain ENMs and properties, e.g. the carbon-based ENM content in tissues and surface free
energy of ENMs, is challenging. Recently, novel analytical methods have been developed
such as using mass spectrometry imaging (laser desorption/ionization mass spectrometry
imaging (LDI-MSI)) to determine the sub-organ distribution of carbon nanomaterials and a
maximum particle dispersion (MPD) method for quantitatively determining the surface free
energy of a wide range of micro- and nanoparticles.[83-841 jiYThe current /n vitro assays for
EHS were derived mostly from those traditionally developed for chemicals; however, some
ENMs could interfere with the assays. For instance, many nanoparticles distort the
MTT/MTS cell viability assay and lactate dehydrogenase (LDH) release assays that are
detected based on absorbance and introduce artifacts.[85-86] Therefore, guidelines should be
recommended to choose the appropriate assays for various ENMs, and other complementary
assays using a different detection mode (fluorescence or bioluminescence) may be needed
for certain types of ENMs. Moreover, additional alternative test strategies and multi-omics
technology should be utilized more for nano-EHS assessment, which includes high
throughput screening, predictive toxicology, genomics/epigenetics/metabolomics, and /n
silico approaches, to move nano-EHS from descriptive science to mechanism-based
toxicology.[11: 13. 18, 20, 87] Eqpecially, it is important to link the physicochemical properties
of ENMs to the toxicological outcomes.[10-12. 16, 87-88] jiji) After years of development,
there are still enormous obstacles and limitations for the current computational models to
precisely characterize nanotoxicology. Thus, computational models (e.g. nano-oriented
Quantitative Structure—Activity Relationship models, Nano-QSAR) should be improved to
identify the key characteristics that dictate the nano-EHS.[16. 89-911 Fyrthermore, more meta-
analyses, computational simulation (molecular dynamics simulations) and predictive studies
should be carried out to tease out the underlying SAR in controlling the behaviors and
biological effects of ENMs.[92-96] This would guide the safer design of ENMs, which targets
the properties that induce toxicity to reduce the potential hazard while maintaining the
beneficial properties of ENMs.[41-43, 57-58, 61, 97-98] |y addition, the nanosafety research
could provide useful information on development of nanomedicine, For example, while high
aspect ratio materials including aluminum oxyhydroxide (AIOOH) nanorods and cellulose
nanocrystals and nanofibers could induce pro-inflammatory effects by triggering NLRP3
inflammasome activation in macrophages and dendritic cells (DC), these ENMs have been
shown to be able to serve as adjuvant to boost immune responses by inducing DC
maturation, which has the potential to be used in vaccines. Graphene oxide (GO) possesses
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carbon radicals on its surface that could attack plasma membrane and induce lipid
peroxidation, leading to cell death. The same feature has been used to develop GO coatings
on medical devices including glass or catheter surface to inhibit the growth of antibiotic
resistant bacteria. Similarly, the property of GO could be used to enhance cancer killing by
anticancer drugs in a synergistic fashion through the mechanism of membrane disruption.
[42, 60, 99-100] Considering recent advances, an updated framework of nano-EHS is described
in Figure 2.

Conclusions and perspectives.

Substantial progress has been made on nano-EHS, which plays an important role in
facilitating the rapid growth of nano-industries to date. However, uncertainties or lack of
understanding on nanosafety issues, e.g., carcinogenic potential of TiO, used in food and
iron oxide induced anaphylaxis, can serve as wakeup calls for all the stakeholders that it is
still important to continue to improve our understanding on ENM effects to the environment
and human health. To deal with the challenge of increasing invention and production of
ENMSs, 215t century toxicological approaches including use of standard ENMs and ENM
libraries, predictive toxicology, alternative testing strategies, high throughput screening, data
analysis and modeling, and continued discovery on the mechanism of toxicity and AOPs
using multi-omics approaches are critical for nano-EHS. The knowledge on the SAR can be
used to design and produce safer ENMs by modifying or changing the physicochemical
properties. Through an iterative approach, these efforts would yield safer nano-products,
reducing the uncertainties and alleviate the public concern over ENM and nano-product
safety, which will drive the sustainable growth of nano-industry in the future.
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Figure 1. Examples of mechanistic toxicological responsesfor major types of ENMs.
These include transition metal oxide nanomaterials, silica-based nanomaterials, carbon

nanotubes, graphene and graphene oxide, high aspect ratio materials, and highly soluble
metal and metal oxides, rare-earth oxides. Using ENM libraries, properties of the ENMs
(bandgap, dissolution, surface reactivity, aspect ratio, transformation, etc.) could be linked to
mechanism-based /n vitro (oxidative stress, lysosomal damage, NLRP3 inflammasome
activation, cell death, etc.) and /in vivo (e.g., lung inflammation and fibrosis) toxicity in a
predictive fashion.
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Figure 2. Focus of future nano-EHS research.
Increasing number of ENMs are produced including pristine nanomaterials and

nanocomposites. It is important to determine the realistic exposure including doses and
exposure routes, their transformation behavior, biodistribution and biological or pathological
responses. The mechanisms of toxicity and adverse outcome pathways will facilitate the risk
assessment of ENMs.
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