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Abstract: The use of nanomaterials has been increasing in recent times, and they are widely used in
industries such as cosmetics, drug, food, water treatment and agriculture. The rapid development
of new nanomaterials demands a set of approaches to evaluate the potential toxicity and risks re-
lated to them. In this regard, nanosafety has been using and adapting already existing methods
(toxicological approach), but the unique characteristics of nanomaterials demand new approaches
(nanotoxicology) to fully understand the potential toxicity, immunotoxicity and (epi)genotoxicity.
Also, new technologies, such as organ-on-chip and sophisticated sensors, are under development
and/or adaptation. All the information generated is used to develop new in silico approaches trying
to predict the potential effects of newly developed materials. The overall evaluation of how from
the production to final disposition chain of nanomaterials is evaluated under Life Cycle Assessment
(LCA), which is becoming an important element of nanosafety considering sustainability and envi-
ronmental impact. In this review we give an overview of all these elements of nanosafety.

Keywords: Nanomaterials; Nanotoxicology; Immunotoxicity; Genotoxicity; Epigenetics; Advanced
in vitro models; In silico; Life Cycle Assessment.

1. Introduction

The concepts of nanomaterials and nanotechnology were coined in the 20t century,
and from the birth of quantum theory it was evident that the physicochemical properties
of matter in the nano-size range (i.e., nanomaterials) would be challenging to handle and
understand [1,2]. Despite examples of nanomaterials can be found in ancient products [3],
it was not until recently that the knowledge and understanding of these materials came
to light. Nanotechnology was first suggested by Richard Feynman in the late 1950’s [4]
and in 1974, Norio Taniguchi coined the term Nanotechnology [5]. With the discovery of
fullerenes in 1985 the revolution of nanomaterials took momentum and up to date we talk
about carbon nanotubes (CNT), graphene, quantum dots, nanorods, nanowires, nano-
fibers and all sort of composites that include different types and other materials [6].

Nanosized structures have been under commercial use for several years already. Cos-
metics, drug delivery, food, water treatment and agriculture are among the industries that
use a large variety of these types of structures, including liposomes, magnetic nanoparti-
cles, and titanium dioxide (TiO:z), among a large variety [7]. We also must consider that
accidental and intentional release of nanomaterials into the environment is a growing con-
cern [8]. For these reasons, exposure to nanomaterials can be related to multiple routes,
and the differences in type (chemical composition, physical properties, shape, and size)
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and sources give a very complex dimension to the task of assessing their safety and po-
tential risks [9]. Just as an example, recently it has been reported that plastics with submi-
cron size were found in the bloodstream of healthy donors [10]. This finding is not sur-
prising considering that the translocation of particles in that size range was reported in
experimental studies in 2002 [11], and since then many other studies have shown that
particulate matter can translocate to the circulation [12] and can reach different tissues
including the brain [13], even in a fetal stage [14]. The difference between the plastics in
blood study and previous reports, is that the plastics report comes in a time when the
discussion related to microplastics in the oceans [15] has reached the mass media [16],
therefore giving big mediatic attention to this report [17].

The production and use of nanomaterials can be found in a wide variety of products,
from components for electronic devices, to cosmetics and food [18]. The potential impact
on the environment is also a problem to consider, due to the fact that the final disposal
can lead to contamination of soil, water, and air [19]. But what are the routes of exposure
to nanomaterials? In the following image we try to compile the main and most common
routes of exposure (Figure 1).

Release to the

Nanomaterials Products environment: Air,
water, soil. —
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4 dermal, ingestion,
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Ecotoxicity?

Figure 1. General view of possible interactions, routes of exposure and adverse outcomes that can
be triggered by nanomaterials exposure on humans and the environment.

The impact of nanotechnology and nanomaterials is transforming the world, and the
following numbers can give us an overview of how these are becoming central players in
our economies. In recent years, the development of nanotechnology and the use of nano-
materials have experienced exponential growth, and it is estimated that in 2022 the market
of these nanomaterials may reach revenue of 9.1 billion USD in Europe only [20], and
other estimations calculate that by 2024 the worldwide market of nanomaterials may
reach 125 billion USD [21]. In 2018 there were more than 11,000 new applications for pa-
tents related to nanotechnology in the United States and more than 1,700 in the European
Patent Office [22].

Since ancient times it has been known that inhalation, ingestion, and skin exposure
to certain substances can be deleterious for human health and probably the miners are the
best example in history of occupational exposure to materials leading to health problems.
Reports of this exist since the time of the Roman Empire [23]. It is told that those who cannot
remember the past are condemned to repeat it and, in this regard, there has been a growing
concern of how nanomaterials could be deleterious for workers that get exposed to these
materials [24], hence the need to address their safety. There is also a growing concern
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related to how the final users of these products may be exposed and potentially experience
adverse outcomes. In order to tackle these issues, different strategies have been taken to
evaluate the toxicity of nanomaterials, which is the first step of assessing the potential risk
that workers, final users, and the environment, may encounter. Environmental [25], ani-
mal [26], in vitro [27] and in silico [28] models are used to assess the potential effects of
nanomaterials, and many of these models are adaptations of previous strategies used to
evaluate chemicals or larger particles. This type of adaptations has created problems of
accuracy and confidence on the obtained results, considering that nanomaterials may in-
terfere with the traditional methods.

In this review, our aim is to give an overview of the state of the art of the main ap-
proaches related to the evaluation of nanomaterials in relation to toxicity and safety, and
what are the emerging strategies related to the field. For this, we present the advances in
nanotoxicology, immunotoxicology, epigenetics and genotoxicity, advanced models in-
cluding organ-on-chip, cheminformatics/in silico tools and LCA.

2. Nanotoxicology

The assessment of the detrimental effects of nanomaterials to living organisms,
known as nanotoxicology, is still mostly an extension of the conventional methods used
to assess the toxicity of other chemicals (including drugs) in vivo and in vitro. An accurate
assessment of the toxicological effects of nanomaterials depends on having good
knowledge of their characteristics [29], namely composition, size, shape, dispersity, sur-
face charge, surface functionality, protein corona formation, etc. These are well-known
determinants of a materials’ ability to cross biological barriers, as well as of their agglom-
eration/ aggregation status [30], which, in turn, bring additional challenges. These mani-
fest, for example, as interference with the optical readouts or direct chemical reaction with
assay components of conventional in vitro techniques, among others [31]. Table 1 summa-
rizes reported interferences of nanomaterials with conventional in vitro assays and sug-
gests possible solutions for the identified interference.

Table 1. Main interferences from nanomaterials on some of the most widely used conventional tox-
icological assays identified so far.

Observed interference

Conventional methodology

Cause

Result/interpretation

Proposed solution

MTT reduction

LDH leakage

WST reduction

ELISA (cytokine release)

Comet assay

ROS quantification (H2DCF-
DA)

NM:s optical density; NMs

aggregation in cell medium

NMs redox activity

Protein adsorption to NMs

Falsely increased viability

Falsely decreased viability

Falsely decreased cytokine

Sample centrifugation after

cell lysis

None

Add serum proteins to NMs

production suspension
Interference enzyme activity =~ Falsely decreased None
genotoxicity
NM:s redox activity Falsely increased ROS levels None

NMs quench fluorescence;
NMs scatter emitted

fluorescence

Falsely decreased ROS levels ~ Sample centrifugation after

cell lysis

NMs: nanomaterials; MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; LDH:
lactate dehydrogenase; WST: water-soluble tetrazolium salts; ELISA: enzyme-linked immuno-
sorbent assay; ROS: reactive oxygen species; H:DCF-DA: 2',7'-dichlorodihydrofluorescein diacetate

Besides the methodological issues identified above, the reported exposure/dose met-
rics is another major concern which has been subject of debate [32]. This is because a mass-
based dose metric (e.g., ug.cm?), a concept introduced in the context of in vivo exposure
to airborne particulate matter, is still conventionally used in nanotoxicology. However,
this metric experiences substantial impact from small fluctuations dispersity values of the
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nanomaterials, confirming its inappropriateness for the purpose. Reporting the number
of nanoparticles or the particles” surface area, is seemingly more representative in some
cases [29,33-36]. In fact, these metrics were found to correlate well with increased mortal-
ity [34] and with the occurrence of adverse outcomes such as inflammation, both in vivo
[36] and in vitro [33,35]. More recently, a combination of two criteria, namely particle size
together with mass or surface area, was identified as more predictive of the occurrence of
lung toxicity derived from nanoparticles, as it allows to overcome the limitations of indi-
vidual dose metrics [37].

Still, differences in nanomaterials size, density, and surface reactivity entail that they
dissolve, settle, diffuse or agglomerate differently as well [38]. Therefore, while the met-
rics referred above describe well the exposure conditions, they do not adequately reflect
the dose of nanomaterials that effectively interacts with tissues or cells. For that, the con-
tact surface area (of the cells in culture or of the exposed tissue in vivo) needs to be ac-
counted for, to reflect the delivered dose per surface area or mass [39,40]. Ultimately, this
will allow the estimation of the cellular dose with the help of highly sensitive analytical
methods and computational tools [38,41,42]. Noteworthy, all the above cited works relate
to pulmonary toxicity either in vivo or in vitro, as the lung is the subject of most of the
studies on both particulate matter and nanomaterials (Figure 2). Notwithstanding inhala-
tion being considered the main route of exposure to nanomaterials, these can be translo-
cated to the systemic circulation [43], reaching other organs where they end up accumu-
lating [44-46]. Therefore, it would be important to verify whether similar correlations be-
tween the surface area metric and the toxicological outcomes are also observed for other
important target organs, such as the liver and the brain, and other exposure settings, types
of nanomaterials, and outcomes of interest. The conflicting, sometimes even contradic-
tory, results obtained from different laboratories additionally highlight an urgent need for
the development of standard protocols for handling nanomaterials and testing them in
biological systems detailed to the level of how to apply nanoparticles on the cell cultures
[47]. This would be a crucial step to improve the current status of nanotoxicological as-
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Figure 2. The main target organs studied in the context of (nano)toxicology. A PubMed search for
“particulate matter toxicology” or “nanomaterial toxicology” followed by the organ identified in
the X axis was performed in April 2022. No other filters were applied. Of note, using the words

“pulmonary”, “cardiovascular” and “gastrointestinal”, instead of the specific organ yields even
higher numbers for the 3 categories, but lung-related toxicology still prevails by far.

The levels of exposure to nanomaterials in occupational, accidental, or other scenar-
ios, is yet another fundamental aspect to adequately identify proper dose-ranges to be
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tested for nanotoxicology purposes. For that, a multidisciplinary approach is required in
order to develop tools that allow for such characterization. In line with this, the Horizon
Europe program has already granted funding to develop low-cost sensors to monitor the
levels of ultrafine particles in closed environments [48]. Despite the great step forward,
this will still be a conservative approach and an estimated internal exposure-dose would
be ultimately desired [49], as not the whole exposure dose will effectively interact with
the target tissues. For now, most published studies mainly address acute exposures to
unrealistically high doses of nanomaterials. While that data is extremely important to un-
derstand the hazard and the mechanisms by which nanomaterials may exert toxicity, the
lack of translatability to real-life exposure scenarios fails to convey the real risk posed by
nanomaterials. Important first steps are being already taken as attempts to overcome this
issue, by undertaking longer-term, repeated exposures to lower-than-usually-tested con-
centrations of nanomaterials both in vive [50,51] and in vitro [52-54]. Moreover, the current
investment in the development of new, human-based, more advanced in vitro models with
prolonged cultivation times (see section 5) will allow for repeated exposures to low con-
centrations, which would more closely resemble the most common exposure scenarios.
Still, we are far from testing realistic conditions, where we are continuously and simulta-
neously exposed not only to nanomaterials but to many different chemicals, that may syn-
ergize, potentiate, or inhibit each other [55]. Thinking forward, predicting internal expo-
sure doses to multi-chemicals mixtures and their effects would be a tremendous achieve-
ment for (nano)toxicology. Because it is realistically impossible to experimentally test
every nanomaterial type, size, and shape, it becomes fundamental that experimentalists
and computational scientists closely collaborate in the search for common terminology,
paving the way towards a more predictive nanotoxicology.

A major ambition of nanotoxicology is the understanding of the mechanistic basis
behind the adverse effects induced by nanomaterials. From the knowledge collected so
far, some mechanisms stand out as the most frequently uncovered for different types of
nanomaterials, namely oxidative stress, inflammation, and deoxyribonucleic acid (DNA)
damage leading to cell death [45]. Even though the sequence of events is not yet clear or
fully understood, it is likely that the overproduction of reactive oxygen species (ROS) is,
in fact, the trigger leading to a sequence of events that culminates with cell death (Figure
3).

ROS
overproduction

F 3
v

Interaction NMs with cellular Effects of ROS on Outcome at cellular level;
components; dependent on cellular components different cell death modes
NMs characteristics can be triggered depending

on the intensity of the
previous effects

Figure 3. Predominant mechanisms of nanomaterials-induced toxicity identified so far and their
presumed interaction.

The described mechanisms have been associated with nanomaterials-induced ad-
verse effects in the liver [56] and the brain [57], among other organs, with important re-
percussions observed in the offspring as well [58]. Comparatively to the bigger sized ho-
mologous materials, the enlarged surface area of nanomaterials comes with increased re-
activity, which seems to be the main driver for the observed overproduction of ROS. The


https://doi.org/10.20944/preprints202205.0229.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 May 2022 doi:10.20944/preprints202205.0229.v1

impact of nanomaterials characteristics on their cytotoxicity is subject of extensive in silico
studies and is further addressed in section 6.

Together with a robust characterization of the nanomaterials [59], other recognized
primary needs for the advancement of nanotoxicology are higher throughput assays and
the development of standards and test guidelines to fulfil regulatory demands [60]. Cer-
tainly, it is also fundamental to properly communicate the findings to the non-scientific
community to avoid a general perception of risk that is yet to be fully substantiated, pre-
venting bias towards fear of and a still unwarranted fight against the use of nanomaterials.

3. Immunotoxicity

As mentioned earlier, the inflammatory response, driven by the innate immune sys-
tem, plays a major role in nanomaterials-induced toxicity. During the last couple of dec-
ades, a wealth of compelling evidence has been gathered to support the idea that immune
responses to biomaterials has a great impact on their biological activity and toxicological
effects [61-64]. Industries are designing more advanced materials, which means that more
workers and consumers will be exposed to nanoscale particles, posing a risk of detri-
mental effects in natural systems and ultimately to humans. For instance, it is well docu-
mented that exposure to fine inhalable pollution particles is directly linked to millions of
deaths [65,66] and Shears et al. showed that exposure to diesel exhaust particles increases
susceptibility to invasive pneumococcal disease [67]. Yet there are large knowledge gaps
regarding the potential long-term health effects associated with these particles. It is im-
perative to reassess the impact of nanoparticulate material on short- and longstanding
detrimental health effects, thus requiring a more in-depth knowledge of nanoparticle in-
teraction with the immune system (Figure 4). Immunotoxicology is a recent subfield of
toxicology that studies the deleterious immunomodulatory effects (e.g., immunosuppres-
sion, immunostimulation, hyperinflammation) of newly developed and existent
(nano)materials. The growing relevance of this field is patent on the recently published
technical report ISO/TR 10993-22:2017 that has a subsection devoted to immunotoxicity,
on the toxicological evaluation of medical devices that are composed of or contain nano-
materials [68].
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Figure 4. Exposure to nanomaterials activates the immune surveillance system. Nanomaterials used
for industrial and biomedical applications or present in the environment, can have a major impact
on human, animal, and plant health. If nanoparticles penetrate anatomical barriers, cells of the in-
nate immune system (e.g., macrophages, monocytes), found in circulation or locally in different tis-
sues, recognize them. This may lead to nanoparticle degradation/elimination or modulate the body
towards beneficial or detrimental responses. (Servier Medical Art, smart.servier.com)
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While studying the immunomodulatory effect of a nanomaterial is of the uttermost
importance to be aware of a possible endotoxin contamination, a fundamental barrier that
can cause serious toxic effects in humans [69,70], and may give rise to confounding or
even opposite results in the literature. To give an example, one group showed that chi-
tosan had the ability to inhibit lipopolysaccharides (LPS)-induced secretion of proinflam-
matory cytokines [71], while a separate group observed the reversed effect [72]. However,
when using endotoxin-free chitosan, the polymer on its own was incapable of generating
proinflammatory cytokine secretion [73]. The release of LPS, present on the outer mem-
brane of Gram-negative bacteria [74], takes place after death and lysis of the cell; since
microorganisms are ubiquitous present during nanomaterial preparation, unless precau-
tionary measures are taken into consideration, the risk of inadvertent contamination is
high. At the present, the limulus amebocyte lysate (LAL) assay is considered the golden
standard to assess and quantify endotoxin content in pharmaceutical products and med-
ical devices, nevertheless there are a few limitations for its application [75]. For that rea-
son, it is important to use a second method to validate our results, such as the monocyte
activation test [76], especially in the case of preparations containing nanomaterials, con-
sidering that interferences with toxicological assays are a concern [77], as discussed in the
previous section.

It is imperative to design more sophisticated in vitro models that can better recapitu-
late complex aspects of the human physiology. This is of particular importance in the can-
cer field, where it was shown that a staggering 97% of drugs that are on clinical trials fail,
as they may not work on the targets researchers intended [78]. On reason that helps to
explain these results, and that will be addressed in more detail on section 5, is the use of
simplified static two-dimensional (2D), monoculture models (e.g., NCI-60 cell line screen-
ing panel [79]), which fail to recapitulate physiologically relevant in vivo mechanism, thus
worsening in vitro translation to clinical data. In this context, inclusion of cells of the im-
mune system (e.g., macrophages, monocytes, lymphoid cells) during preclinical studies,
has the huge potential to facilitate the identification of clinical candidates with cytotoxic
capacities, minimizing iterative steps or large and prolonged trials, increasing the proba-
bility of regulatory success, since many immune cells are involved in events that support
tumorigenesis [80]. This is highly appealing for pharmaceutical industry, since low suc-
cessful translation of a drug candidates in research into an approved product, has a major
economic impact [81,82]. Thus, inclusion of immune cells in more preclinical models,
should become a routine methodology. Of note, the selection of cells lines as models of
cells of the immune system is still challenging. For instance, macrophages have a pivot
role in the host response to foreign materials; the 2 most used cell lines for macrophage
studies are THP-1 and U937 cells. While they are generally good models to study gene
expression and cytokine secretion upon exposure to a myriad of materials, they fail to
recapitulate important aspects present in blood-derived macrophages [83,84].

Recently, a connection between nanomaterials and immune training has emerged.
Vertebrate immunity is classically divided into innate and adaptive immune responses.
The innate system is typically characterized as a non-specific and rapid first line of de-
fense, yet recent findings have challenged this classical view, supporting the idea that the
innate immune system is able to be programmed to generate an enhanced non-specific
response upon a later challenge, in a process termed “trained immunity”. It has been
demonstrated that this protection is achieved through epigenetic and metabolic repro-
graming which allows for stable, long-term chemical alterations in the DNA that modify
the transcriptional potential of a cell by regulating gene expression [85,86]. This idea that
innate cells can retain some memory of past immunological insults, allowing for enhanced
cellular responses to secondary infections is well documented in the case of microbial
stimuli [87,88] and endogenous molecules [89,90], but only recently demonstrated for ex-
ogenous molecules [91,92]. Little information is available about the capacity of nano-
materials to promote this phenomenon, making it an exciting field, with immense possi-
bilities. It is fair to hypothesize that more nanomaterials are able to induce innate immune
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cells reprogramming. While trained immunity can prime the body to generate more effec-
tive immune responses, it can also have deleterious consequences contributing to hyper-
inflammatory states or inadequate responses to future challenges, thus modifying the ca-
pacity of an organism to adapt to the environment. Nanomaterials innate training capacity
has been overly neglected. Systematically assessing the immune profile generated by dis-
tinct nanomaterials attributes and correlate those to the overall impact on immune system,
might endow us with the capacity to predict the immunosafety of a novel and existing
materials more accurately and lay the basis to generate three-dimensional (3D) models
incorporating multiple cell types, including immune cells, that better recapitulate in vivo
complexity.

Addressing the immunomodulatory abilities of nanomaterials adds scientific and
economical value, shedding a light on potential harmful consequences of existing sub-
stances, guiding the design of novel and safer materials, providing fertile ground for the
development of new therapeutic agents.

4. Genotoxicity and epigenetics
4.1.Nanogenotoxicity

Genotoxicity, the damage in genetic materials, may lead to carcinogenesis and other
chronic diseases. If germ cell DNA is compromised, it will affect the individual health and
could also have an impact on the next generations [93-95]. Therefore, genotoxicity assess-
ment is considered a crucial aspect of nanomaterial hazard identification. The mode of
nanomaterial induced genotoxicity can be classified as direct primary (interaction be-
tween nanomaterial and genetic materials directly), indirect primary (nanomaterial in-
duced reactive nitrogen species (RNS)/ROS species affects the genetic materials) and sec-
ondary (damage of genetic materials due to nanomaterial-induced inflammation) mecha-
nism [93,96-98]. Oxidative stress has been widely considered as an underlying mechanism
of nanomaterial induced genotoxicity [93,95,99,100].

The current state of genotoxicity assessments still depends on those genotoxicity tests
designed to screen general chemical agents and are being adapted for nanomaterial (Table
2) and no nanoparticle-specific positive controls have been established [101] in this regard.
The genotoxicity assessment mainly includes DNA damage (strand break, adduct for-
mation), gene mutation and chromosomal damage (clastogenicity and aneugenicity) as
endpoints [93-95,99]. In vitro (human and murine cultured cell lines) system, are the most
widely used model, followed by in vivo (mainly rats and mice) ones, for nanogenotoxicity
assessment [94,99]. In vitro models are appropriate for primary genotoxicity assessment,
while in vivo systems are more suitable for secondary genotoxicity. The ongoing efforts on
advanced in vitro system (e.g., 3D co-culture of different cell types) development have the
potential to simulate the in vivo microenvironment and successfully assess secondary gen-
otoxicity [95,96]. In addition, ecotoxicological models, namely, fish [102,103], drosophila
[104], nematode [105], yeast, bacteria [106] etc. are also in use for nanogenotoxicity assess-
ment (Figure 5). The largely applied assays for nanogenotoxicity assessment are comet
assay followed by micronucleus (MN) assays. The confirmation and standardization of
nanomaterials specific genotoxicity assessments are still ongoing process, however, in the
interim in vitro based comet assays, MN assay, hypoxan-thine-guanine phosphoribosyl
transferase (HPRT) assays are recommended to be useful as standard battery test method
of nano-genotoxicity assessment with the confirmation of uptake of nanomaterials
[94,99,100]. Furthermore, a modified comet with DNA repair enzymes (8-oxoguanine
DNA glycosylase (OGG1) and formamidopyrimidine-DNA glycosylase (FPG)) has been
used to address oxidative stress-mediated DNA damage [99]. The nanogenotoxicity filed
and related test systems continuously evolve, improve [94], and adapt from basic biology.
For instance, i) detection of alterations of sensors (genes/proteins) expressions for DNA
damage response and check-point pathways (namely phosphorylation of the Ser-139 res-
idue of the histone variant (YH2AX), protein p53 binding protein 1 (53BP1), ataxia-telan-
giectasia mutated serine/threonine kinase (ATM), ataxia telangiectasia and Rad3 related
serine/threonine kinase (ATR), tumor protein p53 (p53), cyclin dependent kinase inhibitor


https://doi.org/10.20944/preprints202205.0229.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 May 2022 doi:10.20944/preprints202205.0229.v1

1A (p21), checkpoint kinase 1 (CHK1), CHK?2; ii) establishment and application of reporter
cell lines related to DNA damage response and DNA repair pathways, such as, Tox-
Tracker reporter assay [107,108]. The one obvious future potentiality is not only applying
new genotoxicity assays but also, up-gradation of existing assays to high-throughput (HT)
and high-content (HC) platform, such as, HT comet assay, HT in vitro MN assay, and HC
YH2AX or 53BP1 assays [107,109]. In addition, the multiplex detection (for e.g., Luminex
based platform) of biomarkers from DNA damage response and repair pathways could
potentially improve the future nanogenotoxicity assessment. A great diversity in testing
strategies, model systems and results were evident in nanotoxicity assessment. Some
studies also highlighted that the selection of cell lines could affect the results of the same
nanomaterials [99].

Table 2. Current testing strategies for nanomaterial induced genotoxicity assessment

Genotoxicity Marker Assays References
Gene mutation Bacterial reverse mutation (Ames test) OECD TG 471
In vitro mammalian mutagenicity assay: Mouse OECD TG 490

lymphoma (L5178Y) TK+/-assay
In vitro mammalian mutagenicity assay: HPRT as- OECD TG 476

say
In vivo gene mutation assay (transgenic rodent so- OECD TG 488
matic and germ cell gene mutation
Chromosomal damage assays In vitro chromosomal aberration assay OECD TG 473
In vitro MN assay OECD TG 487
In vivo (mammalian bone marrow) chromosomal OECD TG 475
aberration test
In vivo MN assay (mammalian erythrocyte MN) OECD TG 474
DNA damage (strand-break In vitro comet assay JaCVAM
and DNA-adduct) EURL-ECVAM/ICCVAM

Modified in vitro comet assay with DNA repairen-  [95,100]
zymes (e.g., OGG1, FPG)

In vivo (mammalian alkaline) Comet Assay OECD TG 489
DNA damage (DNA-adduct) HPLC/MS; ELISA [105,110,111]
DNA damage response and re-  The YH2AX and 53BP1 foci count assay [109,112]
pair Multiplex array for DNA repair activity [110,111]
FM-HCR assay [113]

OECD TG: organization for economic cooperation and development test guidelines; HPRT: hypoxanthine-
guanine phosphoribosyl transferase; MN: micronucleus; JaCVAM: Japanese center for the valida-
tion of alternative methods; EURL-ECVAM: European Union reference laboratory for alternatives
to animal testing; ICCVAM,; interagency coordinating committee on the validation of alternative
methods; HPLC/MS: high performance liquid chromatography mass spectrometer; ELISA: enzyme-
linked immunosorbent assay; FM-HCR: fluorescence multiplex—host-cell reactivation.
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Figure 5: Nanomaterial induced genotoxicity on various model systems (the figure is generated
with the numbers of published papers appear in PubMed data base with specific key word search;
epidemiology mainly representing ‘occupational exposure” related studies; ecotoxicology model
species include mainly fish species, drosophila, bivalve molluscs, C.elegans, white worms, yeast etc.)

It is noteworthy that most focus has been given to DNA damage (strand break ana-
lyzed by comet assay) or oxidative stress mode action (8-hydroxydeoxyguanosine (8-
OHdG) detection or modified comet assay with OGG1 and FPG enzymes). The other
mode of DNA damage mechanisms, including perturbation of DNA repair or synthesis
processes, has been widely neglected in the nanogenotoxicity field [99,113,114]. Altered
DNA repair (enhanced or reduced) has been linked to various diseases, including cancer
[113]. Among the few studies focused on the adverse effects of engineered nanomaterials
in DNA repair process are silver nanoparticles (AgNPs) induced nuclear factor erythroid-
related factor 2 (Nrf-2) mediated down-regulation of OGGI1 gene expression [115] and
affects non-homologous end joining (NHE]) repair pathway through targeting DNA-de-
pendent protein kinase, catalytic subunit (DNA-PKcs) [116] in human cell lines. In addi-
tion, perturbed base excision repair (BER) and nucleotide excision repair (NER) abilities
in TiO2 and AgNP exposed human cell lines were also reported recently [110,111]. In same
line of evidence, AgNP exposure affects BER repair pathway (OGG1, nudix hydrolase 1
(MTH1)) in human cell lines and Bis(5'-nucleosyl)-tetraphosphatase (NDX-4) in Caeno-
rhabditis elegans, C.elegans) as a function of p38 mitogen-activated protein kinases
(p38MAPK) [105]. Recently, fluorescence multiplex—host-cell reactivation (FM-HCR) as-
say system has been applied to evaluate the nanomaterial induced altered DNA repair
capacity which can assess all the six major DNA repair pathways in single assay platform
[113,117]. Assay development and refinement is vital to understand the underlying mech-
anism of genotoxicity. The nanogenotoxicity assessment can be improved by integrating
the methodological approaches based on the evaluation DNA repair capacity and DNA
strand break as well as upgradation to the HT platform.

Understanding the test nanomaterial, their physicochemical properties and interac-
tive behavior in exposed system can be critical to the genotoxic potentiality [97,100].
Hence, the selection of the appropriate assay can be based on the nanomaterial intrinsic
materials’ characteristics and exposure system-dependent properties [99].

4.2.Nanoepigenetics

Epigenetics is the field of study which investigates the modification of gene expres-
sion without changes in DNA sequences. The term “epigenetics’ has been widened by Na-
tional Institutes of Health (NIH) as “both heritable changes in gene activity and expression
but also stable, long-term alterations in the transcriptional potential of a cell that are not
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necessarily heritable” [118]. As the changes can be stable, reversible, or heritable, the ex-
posure/effects of early life can influence later life disease susceptibility or even pass
through the successive unexposed generations. The primary epigenetic marks which in-
volve in gene regulations are DNA methylation, histone modifications, and noncoding
ribonucleic acid (ncRNAs) (e.g., long non-coding RNA (IncRNA), microRNA (miRNA),
small interfering RNA (siRNA), piwi-interacting RNA (piRNA), circular RNA (circRNA),
etc.) and chromatin remodeling. Recent studies indicate that the epigenome and epige-
netic regulatory mechanisms play a pivotal role in gene-environment interaction to shape
the phenotype, including adaptive response and adverse outcomes, including various dis-
eases [119-121]. The alterations of epigenetic biomarkers are highly dynamic and depends
on various factors such as, species, exposure, time and even cell/tissue type. Epigenetic
biomarkers' dynamic nature and plasticity makes the testing strategies highly challenging.
At present, there is no single platform available to screen all the known epigenetic modi-
fication to identify the most important or altered epigenetic marker linked to particular
chemical exposure. Alterations in targeted epigenetic markers can be measured with ex-
isting standard molecular biology techniques and whole genome sequencing (Table 3).

Table 3: Common methodologies for epigenetic endpoints applied for nanomaterial studies

Eplgelfetlc Specific epigenetic markers Analytic methods Refer-
endpoints ences
DNA meth- Global DNA methylation HPLC/MS; ELISA; Methylation sensitive comet as- [122-125]
ylation screening (5mc, 5ShmC, 6mA say; Pyrosequencing (repetitive sequences LINE-1 or
etc.) Alu)
Gene specific promoter methyl- Methylation specific PCR [122,126]
ation
Differentially methylated re- MPS; DNA methylation specific microarrays; MeDIP  [122,127]
gions (whole genome sequenc-  followed by sequencing
ing)
Histone Whole genome (specific his- ChIP with DNA microarray, ChIP-Seq, ChIP-Chip [128,129]
modification tone marker)
Gene-specific histone (specific)y =~ ChIP-qPCR [129,130]
modification
Global histone modification HPLC/MS; ELISA; Immunostaining; Immunoblotting  [131,132]
markers
Non-coding ~ Whole genome RNA-seq, Microarray [133,134]
RNAs Gene specific qPCR [135]

DNA: deoxyribonucleic acid; HPLC/MS: high performance liquid chromatography mass spectrom-
eter; ELISA: enzyme-linked immunosorbent assay; 5mC: 5-methylcytocine; 5ShmC: 5-hydroxyme-
thyl cytosine; 6mA: 6-adenine methylation; PCR: polymerase chain reaction; MPS: massively
parallel DNA sequencing; MeDIP: Methylated DNA immunoprecipitation; ChIP: Chromatin im-
munoprecipitation (ChIP); qPCR: quantitative PCR; RNA: ribonucleic acid.

Accumulating evidence supports incorporating epigenetic biomarkers as toxicity
endpoints, including nanomaterial risk assessment. Nonetheless, the current knowledge
is insufficient in respect of the role of each epigenetic machinery in gene expressions in
normal and complex diseased conditions. In other words, there is still lack of clarity on
the role of epigenetic biomarkers with the causality of the adverse health outcome [136].
Therefore, better understanding of the nanomaterials adverse effects on epigenome are
necessary. Currently, most nanomaterial induced epigenetic toxicity studies focus on
DNA methylation changes and its related enzymes machineries. The DNA methylation
mainly include 5-methylcytocine (5mC), 5-hydroxymethyl cytosine (5hmC) and 6-adenine
methylation (6mA) markers (Figure 6). All the nanomaterials induced DNA methylation
alterations were mainly reported about 5mC and 5hmC markers, specifically, two studies
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demonstrated altered 6mA level in carbon black nanoparticles exposed rats [137,138]. The
other most studied epigenetic biomarkers are miRNA profiling changes due to nano-
material exposure (Figure 6). In particular, some studies reported integrative analysis of
ncRNA with transcriptome (mRNA) [133,139] or proteomes [140].

Conversely, only a handful of studies focused on histone modification or IncRNA
expressions profiling in nanomaterial exposed conditions. The circRNA, another type of
ncRNA, is just getting momentum in toxicity field, so as in nanomaterial hazard identifi-
cation assessment [134,141]. The increasing number of studies demonstrating the epige-
netic alterations resulting from nanomaterial exposure still lacks the connection with po-
tential health risks. This is due to the unavailability of epigenetic modifications in epide-
miological studies, except only a few related to workplace nanomaterial exposure
[124,133,142-144]. Likewise, nanogenotoxicity, epigenetic toxicity of nanomaterials is
mostly based on in vitro followed by in vivo (mice or rats) models (Figure 6). Besides those,
DNA methylation studies were also reported in ecotoxicology models species (such as
white worms [145] and zebrafish [146,147]), while histone modification [148] and ncRNA
(IncRNA and miRNA) were mainly reported in nanomaterial exposed roundworm (C.
elegans) (Figure 6). In the epigenetic study design, one must consider the development of
long-term impact with multigenerational or transgenerational effects, preferably with al-
ternative in vivo models (e.g., zebrafish, drosophila, and C. elegans etc.) [148] to reduce
animal use. Furthermore, epigenetic alterations in adverse effects vs adaptive response in
nanomaterial treated conditions also need to be considered; however, it can only possibly
be achieved with future technological advancement and improved testing strategies.
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Figure 6: The nanomaterial induced alterations in different epigenetic biomarkers based on various
model systems (the figure is generated with the numbers of published papers appear in the PubMed
database with specific keyword search; epidemiology mainly representing ‘occupational exposure’
related studies; in ecotoxicology model species include mainly zebrafish, yeast and C.elegans)

In summary, integrating epigenetic endpoints in nanomaterial risk and safety assess-
ment, with all its current limitations and existing challenges, needs considerable attention.
However, a sufficient amount of reproducible data is required on the causal relationship
between the nanomaterial exposure, adverse phenotype, and the specific epigenetic
marker [95,149]. Therefore, we have to travel a long way to select the most representative
epigenetic biomarkers to be evaluated with the most reliable testing strategies in the best
model system for nanomaterial safety assessment.
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5. Advanced models for in vitro testing

5.1. 3D cultures

Although animal studies are considered physiologically relevant, their limited pre-
dictability, longer experimentation times, high costs, lack of high-throughput screening
associated with the implementation of the 3Rs (reduction, replacement, and refinement)
principle and novel regulations that ban animal experimentation (e.g., in the cosmetics
field) led to the need of developing advanced in vitro models [150-153]. So, worldwide
research groups are dedicating efforts to develop a new generation of advanced in vitro
models capable of recapitulating organ functions becoming effective tools for toxicology,
pharmacology (investigate drug metabolism, pharmacokinetics, and toxicity) as well as
for the mechanistic understanding of organ physiology and pathophysiology [151,154-
156]. Several promising advanced models have been already established addressing su-
perior physiological relevance, correlation, and validation against in vivo models [150-
152,154,155,157-159]. However, it is important to stress that the priority in models” devel-
opment was not for nanosafety purposes.

Nanomaterials safety assessment starts traditionally with in vitro cultures using 2D
systems that cannot mimic events observed in 3D structures as native tissues [153]. Actu-
ally, the significant biological barriers and organs for nanotoxicological studies are the
skin for dermal exposure, the gastrointestinal tract for oral uptake, lungs (bronchial and
alveolar epithelium) for inhalation, and endothelium for intravenous exposure, while
liver, lung, kidney, bone marrow and spleen are important organs to study nanomaterials
accumulation [150,151,153]. It is widely reported that 3D models provide a closer and
more realistic in vivo-like approximation being more sensitive to identify cellular re-
sponses to nanomaterials, wherein information on barrier penetration and translocation
capabilities can be accomplished [151]. In general, 2D cell monolayers usually overesti-
mate the extent of nanotoxicity whereas the 3D models provide a closer and more realistic
in vivo-like approximation. An interesting example is skin organotypic 3D models that are
already commercially available (e.g., EpiDerm™, epiCS®, EpiSkin™ and SkinEthic™) in
which several Organization for Economic Cooperation and Development (OECD) guide-
lines are employed to evaluate chemicals safety. These seems to be suited to the assess-
ment of skin-related nanomaterials risk [160]. Three-dimensional skin models exposed to
nanomaterials provided more realistic analyses with lesser nanomaterials penetration due
to an enhanced barrier function [159,160]. Oral epithelium and urogenital tract tissues are
already commercially available; however, few companies provide relevant essential or-
gans for nanomaterials safety such as the liver, kidney, respiratory epithelium, and intes-
tinal epithelium [150-154,161]. An amazing effort was done in a European Union (EU)
project that was fully dedicated to the development of reliable and robust physiologically
anchored tools for nanomaterial hazard assessment (PATROLS). The developed advanced
models included the lung (co-culture constituted of immune cells, interstitial cells, or bar-
rier cell types using permeable transwell membrane inserts), intestine (cell triple co-cul-
ture differentiated epithelial and immuno-competent macrophage-like cell line), and liver
(hepatocyte-based microtissue and a HepG2 human hepatocyte spheroid) that were spe-
cially fabricated to allow cytotoxicity, genotoxicity, and inflammatory responses to nano-
materials in more realistic exposure scenarios [162].

Spheroid and organoid technology have already started to contribute to nanotoxicity
assessment, seemingly filling the gap between 2D and in vivo models demonstrating a
good predictive value and significant data correlation with clinical trials (in the case of
nanomaterials for therapy) [151]. Liver, kidney, brain, skin, lung, and intestinal organoids
among others were already established and they are also considered promising tools to
predict nanomaterials toxicity to organs [151]. They provide organotypic cytoarchitec-
tures with a spatially organized structure, in vivo phenotypic and extracellular matrix
(ECM) expression mimicking important cellular functions such as cell migration, differ-
entiation, and apoptosis among other advantages [159]. In nanotoxicological studies or-
ganoids seem to offer a barrier to nanomaterial distribution and cytotoxicity [153,163].
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Lately, attention is being paid to the development of patient-specific and disease realistic
models that illustrate vulnerable individuals within the populations. Excitingly it was ob-
served that the diseased hepatic spheroid model is more sensitive to nanomaterials toxi-
cological stress than the equivalent healthy models [164]. Alternatively, 3D biomaterial-
based models also present multiple benefits, since they are constituted by synthetic or
naturally derived biomaterials, mimicking cell-ECM interactions [157,165,166]. With the
latest improvements in materials science, microfabrication techniques and bioreactor-
based spheroid and organoid technology [154], new efforts are being made to combine
self-organizing 3D biological structures into organ-on-chips (OoCs) to emulate both the
structural and dynamic complexity of tissues and organs [154,159,167-169].

5.2. Organ-on-chip

O0oCs are one of the top ten emerging technologies considered a revolutionary tool
that may substitute animal experimentation in the future [154,155,169]. In recent years,
microfluidic devices have demonstrated tremendous potential for developing in vivo-like
cellular or tissue structures on a chip that may be leveraged for examining the safety as-
sessment of nanomaterials in highly dynamic conditions. OoCs are normally designed
using a reductionist approach (focus on key cellular constituents, structural organization,
and biochemical and/or mechanical cues of the basic anatomical element responsible for
organ/tissue function) with the versatility to increase the complexity of the system [168].
They employ bioengineering technologies to organize cells into “tissues” and facilitate
fluid flow with the goal of constructing miniaturized tissue/organ testing devices that try
to mimic the human body in all aspects (e.g., function, metabolism, architecture) [155].
They provide a 3D microenvironment that can be constructed with the aid of biocompat-
ible materials (support cell growth) that together with biomechanical and biochemical
cues and occasionally electrical signals are synchronized to model in vivo-like responses
[156]. OoCs began to emerge at the turn of the century when Ingber et al., demonstrated
the essential elements for lung organotypic function, showing that nanomaterials uptake
from the air interface only occurred with the application of cyclic stretch [170]. A decade
later, great advancements were seen in OoCs models as a result of the major developments
in microfabrication technologies, sensors, imaging, and biology. Currently available OoCs
examples are the brain, heart, lungs, liver, gut, pancreas, kidneys, skeletal muscle, adipose
tissue, skin, cornea, cervix, amnion, placenta, blood vessels and bone [156]. Numerous of
these models comprise two overlapping perusable channels separated by a polymeric per-
meable membrane, which permits the culture of two or more cell types in fluidically in-
dependent chambers [168].

Although significant advances were already observed in the past decades, there is
still a significant lack in using OoCs to understand key biological mechanisms related to
nanomaterials exposure and uptake, with most studies remaining in the proof-of-princi-
ple stage (Table 4). OoC examples of skin, lung, and gut are being used to test nanomateri-
als entrance, liver and kidney for metabolism and clearance as well as bone- marrow,
blood-vessel, and spleen as toxicity-susceptible organs [154]. Microfluidic-based systems
seem to be a versatile tool allowing the recreation of physiologically relevant measure-
ment conditions, and more relevant the nonstop monitoring of nanomaterials adverse ef-
fects, maintaining stable suspensions during cell exposure [152]. Scientific evidence pro-
poses that biochemical and biophysical (e.g., stretch/strain forces for actuated tissues, or
hemodynamic shear forces for vascular tissues) [167] cues formed in the complex biolog-
ical microenvironment can have a profound impact on nanomaterials comportment,
which are not considered in most of the conventional 2D in vitro models [154].
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Table 4. Single and multiple-organ-on-chip models employed in nanomaterials’ safety assessment.

Advanced cell Cell types Nanomateri- Senso- Toxicological Key biological outcomes

models als exposure  rization assays
conditions

Heart microphysi- NRVMs TiO2NPsat 10 Electrical LDH assay, MTT The high-dose exposure of TiO2 NPs (100 pg.mL")

ological system and 100 sensors assay demonstrated impaired contractile function and

pg.mL1 and damaged tissue structure after 48 h of exposure.
Ag NPs at 50 Ag NPs exposure caused cytotoxicity [171]
pg.mL-!

Blood-brain-bar- HAs and INPM expo- - ROS detection as- The INPM could potentially activate several in-

rier-on-a-chip HUVECs sure at 0, 5, 10, say, CCKS assay flammatory pathways that directly damage brain

20, and 40 structures which further lead to neurological dis-
pg.mL-! eases [172]
Liver-on-a-chip PRH 10 nm FesOs - - Perfusion of FesOs NPs results in the reduction of
NPs albumin and urea production, indicating potential
liver injury [173]

Lung-on-a-chip HPAEpiC, PM2.5 expo- - Immunofluores- A low concentration of PM2.5 causes limited cyto-
HUVECs, sure at 200 and cence staining as- toxicity, but a higher concentration of PM2.5 (>200
and THP-1 400 pg.mL™! say, FITC-dextran pg.mL") could significantly increase the ROS gen-

permeability assay, eration, apoptosis, and inflammation responses of
ELISA epithelial cells and endothelial cells on the barrier
and attachments of monocytes to the vessels [174]
BEAS-2Band  CSE at 10, 20, - RT-PCR, ELISA, Lung-on-a-chip enables the study of nanoparticle
HUVECs and 50 pg.mL western blotting adsorption during various breathing frequencies,
puff profiles of smoking, breath-holding patterns
during inhalation and exhalations and the particle
deposition in the lungs and the respiratory tracts
[175]
Placenta barrier- BeWo 20 nm SiO2and  Mem- ROS detection as- SiO2 and TiO2 NPs induced no loss in barrier in-
on-a-chip TiO2 NPs, and brane- say tegrity. In contrast, ZnO NPs displayed severe
80 nm ZnO bound im- acute cytotoxicity already after 4 h [176]
NPs for 24 h pedance
sensor ar-
ray
BeWo and TiO2 NPs ex- - Immunofluores- Gradually increased cell death with increasing
HUVECs posure at 50 cence staining as- concentrations of NPs, thereby potentially leading
and 200 say, ROS detection  to placental membrane rupture [177]
pg.mL-1 assay

Gut/Liver-on-a- Caco-2, 50 nm carbox- - AST assay Gut/liver chip model demonstrates compounding

chip HT29-MTX +  ylated PS NPs effects of inter-organ crosstalk between gut and
HepG2, C3A the liver in

facilitating NP toxicity [173]

Lung/Liver/Kid- A549 + Ag, Au-PEG, TEER Live/dead assay The interconnection of the different modules aims

ney-on-a-chip HepG2+TH-  TiOz and SiO2>-  measure- at the simulation of whole-body exposure and re-
1 FITC NPs ments sponse. SiO2-FITC NPs showed a cytotoxic effect

on TH-1 after 12 h, which could be due to the in-
teraction of NPs with cancerous cells releasing a
substance that may have induced a cytotoxic ef-
fect [178,179]

NRVMs: neonatal rat ventricular myocytes cells; TiO2: titanium dioxide; NPs: nanoparticles; MTT:
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; LDH: lactate dehydrogenase; HAs:
human astrocytes cells; HUVECs: human umbilical vein endothelial cells; INPM: indoor nanoscale
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particulate matter; ROS: reactive oxygen species; PRH: primary rat hepatocytes cells; CCK8: cell
counting kit 8; Fe304: iron oxide; HPAEpiC: human alveolar epithelial cells; THP-1: human acute
leukemia monocytic cells; PM2.5: fine inhalable particles, with diameters less than 2.5 um; FITC:
fluorescein-5-isothiocyanate; ELISA: enzyme-linked immunosorbent assay;BEAS-2B: human bron-
chial epithelial cells; CSE: cigarette smoke extract; RT-PCR: reverse transcription polymerase chain
reaction; BeWo: human choriocarcinoma cells; SiOz: silicon dioxide; ZnO: zinc oxide; Caco-2: human
colorectal adenocarcinoma cells; HT29-MTX: human colorectal adenocarcinoma cells with epithelial
morphology; HepG2: human liver hepatoma cells; C3A: clonal derivative of HepG2; PS: polysty-
rene; AST: aspartate aminotransferase activity; PEG: polyethylene glycol; A549: adenocarcinoma
human alveolar basal epithelial cells; TH-1: Type 1 T helper cells; TEER: transepithelial electrical
resistance

Modulating the fluid flow in the model by a microfluidic device can assist to enhance
the bioavailability of the nanomaterials to the cells leaving little opportunity for off-target
nanomaterials deposition since localized nanomaterials deposition induces ROS produc-
tion and inflammatory response leading to toxicity [168]. Although the presence of flow
plays a pivotal role in nanomaterials toxicity in the human body, the interaction of nano-
materials with cells and their uptake and translocation under continuous perfusion is not
clear and even controversial [169]. The high variety of nanomaterials, the lack of stand-
ardization in nanomaterials preparation and dosage control together with alteration in the
volume of the cell culture media, and cell number cause the controversial and significant
discrepancies in nanomaterials safety assessment in microphysiological models [152]. Ef-
forts should be done to improve in vitro oriented simulation and optimize fluidic design
considering the physicochemical properties of nanomaterials [152,154,169]. Another chal-
lenge is the small sizes of the chip associated with nanomaterials” surface reactivity which
can lead to nanomaterials surface adsorption on the small size of the channels. Nano-
materials absorption into the device can result in a misrepresentation of nanomaterials
toxicity due to the reduction of nanomaterials concentration and consequent concentra-
tion-response interpretation. Alternative polymeric materials or chemical modifications
of the chip surface are being proposed to minimize nanomaterials adsorption [169].

5.3. Multiple-organ-on-chip

Nowadays technological innovations are conducting the scientific community in de-
veloping multiple-organ-on-chip (MOoCs) devices. These are constituted by multi-tissue
fabricated using two or more tissue chips or by incorporating multiple interconnected
chambers representative of tissue/organ on one chip to recapitulate communications
among different tissues [154]. Integrated multi-organoid models have been proposed try-
ing to mimic complex procedures of metabolism and responses at the multi-organoid
level, where flow rates resemble blood circulation in the human body [180]. Therefore,
MOoCs can be exploited to evaluate nanomaterials systemic toxicity from the dynamic
process of distribution, absorption, metabolism, and excretion features, nonetheless, sys-
temic predictions are still challenging [158,159]. Future studies should take advantage of
the development of engineered perfusable vasculature into microphysiological platforms
making it possible to mimic the delivery of nanomaterials in a more physiologically rele-
vant way, granting for accurate prediction of their performance in vivo [154,168]. We be-
lieve that in the near future these platforms will provide new insights not only into sys-
temic nanomaterials effects on different organs but also their metabolites and subsequent
secondary toxicity.

Besides many other advantages, MOoCs models might allow nanotoxicity signatures
at metabolite, protein, or gene levels that can be explored by combining them with diverse
cutting-edge analytical approaches (e.g., fluorescence methods, microfluidics, artificial in-
telligence, multi-omics, and single-cell analyses) [159]. The capability to integrate parallel
streams on the same chip will allow high-throughput screening, as well as will decreases
analytes and the overall testing time. Efforts should also be made to explore how single-
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cell analysis and bioinformatics tools can advantage the mechanistic knowledge of ad-
verse biological responses to nanomaterials in the physiological context of OoC and
MOoCs models.

5.4. Sensors integration with microphysiological models

The advancement of the in vitro models used for nanotoxicology calls for the moni-
torization of important parameters related to the organ that is being emulated. Most ap-
proaches explored so far rely on off-chip and endpoint measurements, and imaging, there-
fore, not taking full advantage of all the possibilities offered by OoC platforms [181]. The
integration of sensing strategies to enable real-time and in situ analysis of biological mol-
ecules, and continuous detection of cellular functional changes, boosts the utility of OoC
systems. Additionally, integrated sensing technologies offer label-free, non-invasive ap-
proaches, with multiplexing, customization, and automation potential.

While most of the integrated sensing OcC platforms have been developed for the
purpose of physiology or disease modelling (including cancer) and drug testing, their ap-
plication to (nano)toxicology is possible and foreseen. So far, the focus has been mostly
placed on the integrated monitoring of the microenvironment conditions of the OoC, such
as temperature, pH, and oxygen levels, as well as of the establishment of a cohesive barrier
function (transepithelial electric resistance (TEER)) (Table 4) [171,176,178,182-185]. Inter-
estingly, HT measurements of some of these parameters have recently been achieved
[186]. The analytical techniques mostly employed for these purposes are electrical (e.g.,
for TEER), electrochemical (e.g., for oxygen and pH), and optical (e.g., also for oxygen and
pH), even though the latter ones rely on the use of indicator dyes [187]. The study of the
metabolic function and the real-time release of tissue biomarkers in OoC provides evi-
dence of the tissue dynamics, and their functional competence and maturity. The moni-
torization of some parameters, such as glucose levels or lactate production, supplies use-
ful information regardless of the organ under analysis [188-190]. On the other hand, for
certain tissues, the secretion of specific biomarkers benchmarks their utility for specific
ends. For example, the online monitoring of transforming growth factor beta (TGF-f) pro-
duction has shed light on the role of the communication between hepatocytes and stellate
cells on the onset of liver injury [191]. Likewise, the continuous tracking of albumin, glu-
tathione-S-transferase, as well as creatine kinase-myocardial band production from a hu-
man heart-liver-on-chip platform shows great potential to understand the crosstalk be-
tween both organs [192]. More recently, measuring insulin secretion in a pancreatic islet-
on-a-chip in situ supports the application of the device for diabetes-related research [193].
These are representative examples of the infinite possibilities offered by OoC with inte-
grated sensing abilities, which are expected to cover any secreted biomarkers of relevance
in the near future. Within the (nano)toxicology field, in particular, extracellular bi-
omarkers of adversity can be targeted and tracked in real-time, preferably in medium- to
HT formats. Their continuous footmark can help unravel the mechanisms by which nano-
toxicity is triggered and propagated. Thus far, most of these advanced human-based sens-
ing devices have been largely put to the test with drugs, so it seems a good time to start
challenging them with nanomaterials.

6. In silico tools in nanotoxicology

As has been previously mentioned, nanotoxicology and engineered nanomaterials
production have seen rapid advancements and innovation over the last two decades. De-
spite the continuous effort from the scientific community, understanding the potential en-
vironmental and human health hazards of engineered nanomaterials still is a crucial chal-
lenge. In this regard, one of the current research frontiers in nanosafety re-lates to the use
of in silico tools, such as quantitative structure-activity relationships (QSAR) and the
closely related quantitative property-activity relationships (QSPR) models. Such research
interest is explained by the ability of QSAR/QSPR models to determine the relationship
between an endpoint/target variable, i.e., biological activity or property, and some rele-
vant structural characteristics (designated as descriptors) of the system.
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Overall, the classical QSAR/QSPR workflow concerns (i) compilation of data from
public databases or experimental procedures, (ii) data curation, (iii) descriptor calculation,
(iv) model construction, and (v) statistical measures [194]. As in other fields related to
nanosafety, the development of QSAR/QSPR models has been guided by a trade-off be-
tween predictive performance and interpretability. On one side, the model can comprise
trivial molecular descriptors, such as physicochemical properties, and present a simple
learning method such as linear regression [195]. On the other side, the model can contain
continuous and data-driven molecular descriptors, which offer high predictive power,
and present complex black-box approaches such as artificial neural networks [196]. Cur-
rently, it is argued that a simple and informative model is more valuable to experimental-
ists [194].

Given that the developed models have been mainly applied to small molecules and
traditional materials, the application of this process to nanomaterials requires adapting
the methodologies to a higher level of complexity. One of the possible avenues to fulfill
this requirement is applying new computational representations that include the neces-
sary information to describe the structure and composition of such complex systems. Be-
sides, as it is realistically impossible to test every nanomaterial experimentally, it is para-
mount to pave the way to a more predictive nanotoxicology. Therefore, Table 5 summa-
rizes the most recent nanotoxicology predictive models focusing on the impact of nano-
materials' properties, structure, and composition on their cytotoxicity and inflammatory
potential. As a complement, a dynamic visual representation (Figure 7) was obtained by
GEPHI (software version 0.9.2). The detailed pipeline to design the network is described
elsewhere [197]. Overall, the network focuses on (i) the type of nanomaterial, (ii) de-
scriptors, and (iii) the used QSAR model to predict a defined endpoint.

Table 5. Overview of the most recent nanotoxicology predictive models. A PubMed search for
“QSAR and nanoparticles” from 2020 to 2022 was performed in April 2022. No other filters were

applied.
Nanomaterials Descriptors Models! Main Goal
FD 204 molecular descriptors generated from the LinReg Predict the physicochemical properties of
QSAR analyzing tools of BIOVIA Discovery Stu- FD that promote their cytotoxic effects/an-
dio ticancer activity [198].
Metal NPs 24 physicochemical descriptors and toxicity data MLR Predict the toxicity and design the struc-
tures of metal NPs with low toxicity [199].
Metal oxide NPs 61 periodic table descriptors MLR Predict and investigate the essential de-
scriptors responsible for the cytotoxicity
of metal oxide NPs on E. coli cells under
different conditions [200].
Gold NPs Structural information (i.e., Dragon descriptors) of ~ MLR Predict possible relationships between the
the surface ligands oxidative reactivity of gold NPs and their
cytotoxicity [201].
Carbon NPs Physicochemical descriptors (molecular weight, Orthogonal PLSre-  Predict the interaction between carbon
overall surface area, volume, specific surface area, gression NPs and SARS-CoV-2 RNA fragment
and sum of degrees) [202].
Amine-containing het- 116 physicochemical descriptors PLS regression Predict the pKa of the amine-containing
erolipids NPs coupled with step-  heterolipids NPs [203].

wise forward algo-

rithm

1 All models included follow the standardization and validation principles established by the Or-
ganization for Economic Cooperation and Development (OECD) [194].


https://doi.org/10.20944/preprints202205.0229.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 May 2022

d0i:10.20944/preprints202205.0229.v1

Metal oxide NPs Quantum-mechanical computations (such as mo- PLS regression, Predict the inflammatory potential of
lecular geometries), physicochemical descriptors decTrees, SVM, metal oxide NPs [204].
(such as zeta-potential in water), and periodic ta- and logReg
ble descriptors (such as electronegativity of each
atom).
Functionalized mag- Norm index descriptors (describe the structure RF Predict the cellular uptake of function-
neto-fluorescent NPs characteristics of the involved NPs) alized magneto-fluorescent NPs to Pa-Ca2
cells. Provide guidance for the design and
manufacture of safer nano-materials [205].
Metal and metal oxide  Structural information (such as core structure and  decTrees, GBR, Predict the cytotoxicity of metal and metal
NPs material type), supported by physicochemical de-  KNN, linReg, RF, oxide NPs in Zebrafish embryos [206].

scriptors (such as zeta potential, average agglom-

erate size in media, among others)

SVM, and XGBoost

Virtual carbon NPsli- 126 nanodescriptors (such as electronegativity of KNN and RF Predict cytotoxicity and inflammatory re-

brary each atom) sponses induced by PM2.5 [207].

Functionalized mag- Improved optimal quasi-smiles-based descriptors ~ MC Predict the cellular uptake of function-

neto-fluorescent NPs alized magneto-fluorescent NPs to Pa-Ca2
and HUVEC cell lines [208].

Gold NPs Optimal quasi-smiles-based descriptors MC Predict the cellular uptake of gold NPs to
A549 cells [209].

Functionalized mag- Optimal quasi-smiles-based descriptors MC Develop self-consistent predictive models

neto-fluorescent NPs for the cellular uptake of functionalized
magneto-fluorescent NPs to PaCa2 cells
[210].

Metal oxide NPs Optimal quasi-smiles-based descriptors MC Predict the cell viability of different cells
lines when exposed to metal oxide NPs
[211].

ZnO NPs Optimal quasi-smiles-based descriptors MC Predict the toxicity of ZnO NPs in rats via
intraperitoneal injections [212].

Metal oxide NPs Optimal quasi-smiles-based descriptors MC Predict the cell viability (expressed in %)
and cytotoxicity (categorized as true or
false) of different cell lines when exposed
to 7 types of metal oxide NPs [213].

Cadmium QD Optimal quasi-smiles-based descriptors MC Predict hepatic cells viability when ex-
posed to cadmium QD [214].

FD Structural information (such as polarizability), op- ~MC and CPANN Predict the binding scores activity for 169

timal quasi-smiles-based descriptors, and physico- FD related to 5 proteins classified as anti-
chemical properties (obtained from data warrior) diabetes targets [215].
Metal-based nano- Optimal quasi-smiles-based descriptors MC Predict the response of Daphnia magna

materials

when exposed to metal-based nano-
materials [216].

FD: fullerene derivatives; QSAR: quantitative structure-activity relationships; NPs: nanoparticles;
MLR: Multiple linear regression; GNP: gold nanoparticle; CNP: carbon nanoparticles; PLS: partial
least squares; SARS-CoV-2: severe acute respiratory syndrome coronavirus 2; SW-PLSR: PLS regres-
sion coupled with stepwise; SVM: Support vector machine; RF: random forest; PaCa2: pancreatic
cancer cells; KNN: k-nearest neighbors; MC: Monte Carlo; HUVEC: human umbilical vein endothe-
lial cells; MO: Metal oxide; ZnO: Zinc Oxide; CPANN: Counter Propagation Artificial Neural Net-
work
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Figure 7. Graphical network of the 19 articles that meet the criteria to be included in Table 1. (A)
Network with all the connections between the type of nanomaterial, their relevant structural char-
acteristics (descriptors), and the QSAR model used to predict a defined endpoint. (B) Most relevant
connections of metal oxide class. (C) Most relevant connections of optimal quasi-smiles-based de-
scriptors and the closely related Monte Carlo (MC) algorithm. ANN: artificial neural networks; Dec-
Trees: decision trees; GBR: gradient boosting regressor; KNN: k-nearest neighbors; LinReg: linear
regression; LogReg: logistic re-gression; MC: Monte Carlo; MLR: multiple linear regression; PLS:
partial least squares; RF: Random Forest; SVM: support vector machine; XGBoost: extreme gradient
boosting.

As a first interpretation of the network (Figure 7A), it is possible to identify that metal
oxide, metal, and carbon-based nanomaterials are currently the most studied. Regarding
the descriptors, the most appealing are the physicochemical properties (such as molecular
weight and octanol-water partition coefficient), the optimal quasi-smiles (i.e., a sequence
of symbols that represent the nanomaterials by their properties and the experimental con-
ditions involved in their experiments), and the structural information (namely the electro-
negativity of each atom). Concerning the models, the complexity varies from linear re-
gression to an artificial neural network. Nonetheless, the most used models are Monte
Carlo (MC), multiple linear regression (MLR), and partial least squares (PLS) regression.

By taking advantage of the interactivity of the network, it is possible to highlight a
specific class and understand the existing connections between the nanomaterial type, the
descriptors, and the model used to predict a defined endpoint. Hence, Figure 7B high-
lights the metal oxide class and shows that several descriptors successfully represented
such nanomaterials. Moreover, it identifies that this information set allowed to train and
implement several QSAR predictive models, going from linear regression to tree-based
ensemble algorithms such as decision trees and random forest.

As a representative example, Roy, J. et al. [200] used the second-generation periodic
table-based descriptors to represent metal oxide NPs, such as TiOz and ZnO. Ultimately,
an MLR model was trained and used to predict the cytotoxicity of the nanoparticles on
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Escherichia coli under different conditions, achieving an R? of ~ 0.77. Additionally, Figure
S1A and Figure 51B highlight the metal and carbon-based nanomaterials, respectively.

As mentioned above, one of the exciting approaches to represent nanomaterials is to
use quasi-smiles. Such research interest is explained by the ability of quasi-smiles to en-
code the structure, composition, and physicochemical properties of a specific nano-
material. Moreover, if reasonably, quasi-smiles can also encode the experimental condi-
tions involved in the nanomaterials experiment. Thus, quasi-smiles have become a simple
but powerful tool to represent nanomaterials to QSAR approaches. In this regard, Figure
8C highlights the optimal quasi-smiles-based descriptors and the closely related MC al-
gorithm, showing that quasi-smile has been used to represent metal oxide, metal, and car-
bon-based nanomaterials. As a representative example, Toropova et al. [209] developed
an MC model to predict the cellular uptake of gold NPs by A549 lung carcinoma cells. To
do so, gold NPs were represented by quasi-smiles that considered the size of the NPs, the
first and second ligand interacting with the NPs, and the cellular uptake in A549 cells.
Then, these optimal descriptors were collected and used to train an MC model, achieving
an R? of 0.7-0.9.

In summary, the most recent works covering predictive nanotoxicology and different
representations of relevant structural characteristics of nanomaterials have been briefly
presented and discussed in this section. Interestingly, it is noticeable that most of the
works focus their attention on nanoparticles. Despite being a recent frontier in nanosafety,
the in silico tools have been increasing their predictive efficiency to specific problems and
consequently the popularity among the scientific community. Nonetheless, achieving a
broader predictive nanotoxicology, where an i silico tool can be applied to different prob-
lems with similar efficiency, is still a crucial challenge. To overcome such a challenge, the
scientific community needs to reinforce the relationship between experimentalists and
computational scientists and to start or keep implementing the FAIR - Findability, Acces-
sibility, Interoperability, and Reusability - data principles [217]. Currently, there are inter-
faces, such as eNanoMapper [218], that provide and collect FAIR data to support
nanosafety assays. Following these principles and using the data collection templates
makes it possible to collect experimental data standardly. Consequently, the amount of
data would exist in greater quantity and diversity, which would allow the development
of in silico tools with a broader domain of applicability.

7. Life Cycle Assessment and nanosafety

The current paradigm of the nanotoxicology, which relies mainly on in vitro and in
silico models, is aiming to develop safe nanomaterials at an early stage of the innovation
process in order to minimize potential human and environmental hazards. Therefore, as
previously stated, it is imperative to ensure that the generated data is FAIR and accessible,
so it can be used in an efficient away, especially bearing in mind the current expectations
for safer and sustainable emerging technologies. This transition is crucial, and it has been
rising in the last years, as a result of the ambitious roadmap of the recent EU policy initi-
atives and the sustainable development goals of the United Nations. The plan involves a
recognized demand for a competitive system on the efficient use of resources and energy,
while minimizing emissions and waste production, simultaneously promoting a circular
economy [219-221].

Nanotechnology is an emerging field promising innovative solutions in a wide range
of applications that are expected to greatly contribute to a sustainable development [222].
Nevertheless, the fast growth of nanotechnology research associated with the increased
interest on the novelty systems and nanomaterials has not been completely followed by
sufficient knowledge about safety and sustainability issues [223-227]. Hence, over the last
years, the scientific community from the diverse fields of the nanosafety framework, did
an effort to focus the research into identifying and understanding the potential risks and
impacts that this emerging field may pose to humans and to the environment [226], as it
has been pointed out throughout this review. For instance, and as outcome example, a
series of tools have been developed under the scope of different European projects (e.g.,
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NanoFase, NanoReg2, SUNSHINE, SbD4Nano, ASINA and SAbyNA), some of which are
still ongoing. Most of these tools are based on a life cycle concept, in which the idea is to
establish an optimized safety strategy, preferentially starting at an early stage of the nan-
otechnology innovation process development [228-230]. Additionally, this new frame-
work intends not only to guarantee the safety but also to ensure sustainability concerns
[231]. The plan is, therefore, to maximize or at least maintain the functionality, as well as
the lifetime of nanomaterials and nano-enabled products in a circularity system, together
with the efficient design of the production process that ensures a minimization of the en-
vironmental impacts while guaranteeing the safety across their life cycle [222,232]. In this
sense, the LCA is a powerful tool that can be applied in a wide range of areas as a cross-
cutting approach, providing a comprehensive understanding of the potential environ-
mental impacts while identifying the main hotspots for a potential improvement and en-
suring the environmental sustainability of such products and processes. The LCA is an
international standardized methodology comprising four main phases (Figure 8), as de-
fined in the ISO 14040 series: (i) goal and scope definition, (ii) life cycle inventory (LCI),
(iii) life cycle impact assessment (LCIA) and (iv) interpretation.
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Figure 8. General conceptual framework of LCA. EoL: end-of-life,

The idea is to use the LCA along with the risk assessment perspectives, to integrate
both safety and environmental issues, with functionality and socio-economic indicators
(e.g., Social LCA (5-LCA) and Life Cycle Cost (LCC)) into a decision support system, as
so-called Safe-and-Sustainable-by-Design (SSbD) [222]. The general concept is basically a
multi-objective optimization process, and a novel integration approach for decision-mak-
ing was recently developed under the scope of the ASINA project through mathematical
algorithms solving a Multi Criteria Decision Analysis (MCDA) model [233]. Nevertheless,
even with the advances on the SSbD approach, there are still challenges on how to
properly provide strategic guidelines regarding safety and sustainability issues among all
the stakeholders, from the nanotechnology innovators to the regulatory policy-makers
[230,234,235].

A crucial factor is essentially related to the complexity and dynamic behavior of the
nanomaterials which then leads, as it was previously stated, to a lack of tools and profi-
cient measurements of quantitative and qualitative data. The ongoing development of an-
alytical techniques to detect and characterize nanomaterials is even more critical in the
case of complex natural systems [236], especially due to the problems in the differentiation
between natural and engineered nanomaterials [237,238].

The releases of nanomaterials can occur during any stage of the life cycle of a nano-
enabled product, and, for instance, humans can be exposed through different exposure
routes (e.g., inhalation, dermal and ingestion) linked to a wide range of situations (e.g.,
occupational workplaces, medical treatments, use or consumption) [239]. Therefore, it is
essential to understand, not only those releases of the nanomaterials connected to the pris-
tine form, but also the ones from the further transformations that may occur due to the
ageing and/or altered processes [238,240,241], as well as the probable interactions with the
surrounding setting, which could affect the potential fate and toxicity effect [242]. Thus, a
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holistic analysis should be considered, comprising aspects from the extraction to the end-
of-life management scenarios and, therefore, the LCA has been considered as an appro-
priate tool to use [243,244].

In the last two decades, a number of studies related to the LCA application in a wide
range of nanotechnology fields, by using different types of nanomaterials, have been con-
ducted in a total of 128 works (Figure 9). The reference studies are from 2001 to 2022 and
were mostly recompiled from a few review studies [245-247] and from the following pub-
lications [227,248-260]. From this analysis it is possible to observe a wide variety of nano-
materials and application fields. The main studied nanomaterials were TiO2 and CNT,
including single-wall CNT and multi-wall CNT, while the synthesis and production were
the major requested fields to be assessed through the LCA.
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Figure 9. LCA application in different nanotechnology fields, including the nanomaterials studied.
ENMs: engineered nanomaterials; PCP: personal care products; other metals and alloys: some of the
most studied were Zn-based and Cu-based; other ENMs: some of the most studied were tungsten-
based and zirconia-based.

Although many studies have been published in the last years, there are still many
limitations as in the beginnings of LCA application [243]. This has been stated in recent
reviews [245,247] and it was also debated in a LCA Discussion Forum a few years ago
[261]. Some of those limitations are related to the system boundary considerations. The
most comprehensive ones are the cradle-to-grave and cradle-to-cradle analysis, which
comprise all the life cycle stages of a system — the raw material extraction, production,
transport, use and the end-of-life management, including, recycling/upcycling. However,
a critical problem is that most of the existing LCA studies do not consider the end-of-life
management scenarios (e.g., wastewater treatment plants (WWTPs)), incineration and
landfill) that could act as sink compartments where the nanomaterials potentially accu-
mulate [19]. Actually, to the best of our knowledge, there is no international regulation on
the disposal management of nanomaterials [247]. This could be a concern accounting for
the increased availability of nano-enabled products which will eventually enter into vari-
ous waste treatment processes with no specific treatment being considered [262]. Taking
into account the wide array of product categories in which nanomaterials could be pre-
sent, like plastics, for instance, inevitable exposure pathways to nanomaterials through
the waste management scenarios, are foreseeable. For instance, through the incineration
of non-recyclable fractions and, consequently, the landfilling of the produced ashes [263].
In the case of those recyclable fractions the persistence of nanomaterials could represent
a restriction in terms of safety reuse, which could be a problem considering the need to
maintain a circular economy. Furthermore, other important exposure pathways are linked
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to the increased use of the personal care products - containing nanomaterials - that could
enter directly into the water compartment (freshwater and marine water) and, indirectly,
through the WWTPs and, from there, probably reaching the soil compartment through
the sludge valorization [263,264]. Previous studies stated that the waste treatment of those
products containing large amounts of carbon-based nanomaterials could be eliminated
during incineration and in the WWTPs, whereas for those containing metals and metal
oxides a persistent potential was observed [265]. In addition, some efforts focusing on the
detection and characterization of nanomaterials on the waste streams have been made
[266,267] but more studies are needed to elucidate the potential risk of the waste manage-
ment treatments.

Another important constraint is the lack of LCI datasets even those not related to the
nanomaterials. Most of the available data could be obtained from the literature, databases,
lab and pilot scale studies but, most of the times, the information is still limited [268]. The
accuracy of the data collected has an important effect on the reliability of the results and
the use of primary data is also recommended. Besides, for those emerging technologies
that are not yet established at an industrial scale, the potential impacts - mainly in terms
of energy and materials supplies - could be overestimated, considering that the optimiza-
tion is usually attained with the upscaling of such processes [268]. Therefore, it is funda-
mental the involvement of the manufacturing industries for those well-established pro-
cesses. Nevertheless, the scarcity of exchange of information from the industry sector has
been identified as a general problem due to confidentiality issues and also associated with
the difficulty of tracking the final commercial application of the nanomaterials. Hence, the
need for a transparent exchange of information among all the stakeholders is urgently
needed.

An additional limitation relates to the assessment of the potential impacts, especially
those on human health and the environment, triggered from the released nanomaterials.
This is because there is no consensus on how to approach an appropriate modelling in the
LCA framework and there is a challenge on how to account for those releases on the LCI
modelling. For instance, the Material Flow Analysis (MFA) model has been used for track-
ing the flows of nanomaterials across their entire possible life cycle, from the technosphere
to their relocation into several compartments of the environment [269,270]. Some recent
improvements have been attained, especially those related to the inclusion of different
sizes and forms of the nanomaterials on the dynamic modelling [271,272]. This could be
an important advance for the incorporation of the nanomaterial’s releases in the LCI mod-
elling, considering the recommendation on having specific features of the nanomaterials
(e.g., shape, size, crystalline structure, surface charge and surface area), in addition to
mass and chemical composition, that are the ones considered for conventional chemicals
[273]. This approach will be an essential step forward for tracking the releases of nano-
materials across the life cycle of nano-enabled products considering that, for instance, the
loss or gain of surface functional groups will determine their environmental fate, expo-
sure, and toxicity potential [274].

Another critical challenge, also related to the possible impacts on human health and
the environment - linked to the releases of the nanomaterials - is the lack of characteriza-
tion factors (CF). In the LCIA, different models are used to translate the quantity of each
emission in order to evaluate the environmental impacts through multiple impact catego-
ries (e.g., human toxicity, global warming potential and resource depletion). Therefore,
the emissions are converted into environmental damages through the three different mod-
els (fate, exposure, and effect) to obtain a specific CF. This requires both a qualitative and
quantitative assessment along with a mechanistic understanding for each of these compo-
nents. From the analysis of the previous LCA studies in the field of nanotechnology, it is
evident the lack of information related to the inclusion of those impacts caused from the
releases of nanomaterials, due to the absence of specific CF (Figure 10).
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Figure 10. Number of publications related to the LCA in nanotechnology accounting for conven-
tional impacts and also for those impacts linked to the releases of nanomaterials.

To characterize the toxicity impacts that are required in the LCA calculations, the
OECD guidelines recommend the use of the USEtox model once it is appropriate to apply
it to nanomaterials [275]. In fact, and although the USEtox model was firstly oriented to
chemicals, some efforts have been done in order to attempt the establishment of CF for
specific nanomaterials, including the most suitable one - so far - for the specific case of
TiOz [276]. Within the USEtox framework, apart from the fate and exposure factors, the
effect factors to account for the particular case of freshwater ecotoxicity impact are calcu-
lated through the fraction of species (representative of the three trophic levels — algae,
crustacean, and fish) that are potentially affected by the exposure to a specific substance.
The recommendation for nanomaterials is to apply an approach based on the geometric
mean at the trophic level, rather than the species level, in order to provide a proper distri-
bution of the toxicity data [245]. On the other hand, for the human toxicity assessment,
the effect factor reflects the potential to increase human disease due to the change in life-
time intake of a particular substance, extrapolated from animal in vivo models [277]. This
could also be another critical point - in a good way - considering the new paradigm for
toxicology, wherein there is a need to replace animal testing by alternative in vitro models,
as previously stated in this review. This transition could solve some problematics with the
use of animal data during the LCIA [275]. In fact, a recent method to determine human
toxicological effect factors for some nanomaterials, by using in vitro data, was proposed
[278]. Nevertheless, more strategies are needed for comparison purposes.

Despite all the progress, there is still no agreement on which specific nano fate de-
scriptors (e.g., agglomeration, aggregation, and sedimentation), physicochemical proper-
ties, particle characteristics, among other features, need to be integrated into specific
mechanistic models [279]. This is challenging, especially considering the amount and the
wide variety of nanomaterials that should be studied and, therefore, the use of in silico
analysis will provide a crucial information of those relevant characteristics of the exposure
related to a particular or to a group of effects, as discussed in the previous section. There-
fore, further improvements in this topic are needed, considered that probably some nano-
materials, including their forms, cannot be clustered and read-across due to their specific-
ity in terms of both environmental release profile (i.e.,, amounts, form, and compartment)
and adverse effects [280].

Noteworthy, and considering that it is even more imperative to determine the envi-
ronmental impacts of the emerging technologies at an initial stage of development, some
shortcomings are expectable during the assessment [268,281]. Nevertheless, even with all
the challenges and uncertainties, a prospective LCA should be performed in a useful way
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that could lead into a decisive strategy to orient the investments and to predict the up-
coming environmental impacts [282] as, for instance, those linked to the critical raw ma-
terials, in order to ensure the sustainability of such technologies.

8. Conclusions

Nanosafety is a very broad concept related to many different approaches to evaluate
the potential deleterious effects of nanomaterials to reduce the potential impact on envi-
ronment and health. For this, traditional methods of toxicology (i.e., cytotoxicity, immu-
notoxicity, genotoxicity) have been adapted to evaluate nanomaterials. New approaches
using high throughput methods allowing to evaluate multiple outcomes in a single sam-
ple, are also part of the new trends, aiming to tackle the rapid growth of the nanomaterials
field. Also, new technologies, such as OoCs and MOoCs have emerged as new platforms
to predict drug efficacy but the scientific development for nanosafety assessment is still
delayed. We consider that the expansion of OoC with novel development in fields such
as bioimaging will improve label-free analysis on chips bringing information to tissue as
well as at the cellular level. Innovative detection methods and analysis possibilities will
help to accurately study cellular responses and communication among tissues or organs,
prolonging culture timeframes, to better detect the long-term performance and predicta-
bility of nanomaterials toxicity. All these adaptations of traditional and new methods are
critical to feed the in silico models aiming to predict the effects of nano-materials, becom-
ing critical for the Safe by Design concept. Finally, going beyond the effects of nanomateri-
als in living organisms, the LCA assessment must be performed to have a clear image of
how the production, use and disposal of nanomaterials may have an impact on the sus-
tainable use of nanomaterials by industry.
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