
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=itxm20

Toxicology Mechanisms and Methods

ISSN: 1537-6516 (Print) 1537-6524 (Online) Journal homepage: https://www.tandfonline.com/loi/itxm20

Review of emerging concepts in nanotoxicology:
opportunities and challenges for safer
nanomaterial design

Ajay Vikram Singh, Peter Laux, Andreas Luch, Chaitanya Sudrik, Stefan
Wiehr, Anna-Maria Wild, Giulia Santomauro, Joachim Bill & Metin Sitti

To cite this article: Ajay Vikram Singh, Peter Laux, Andreas Luch, Chaitanya Sudrik, Stefan
Wiehr, Anna-Maria Wild, Giulia Santomauro, Joachim Bill & Metin Sitti (2019) Review of emerging
concepts in nanotoxicology: opportunities and challenges for safer nanomaterial design, Toxicology
Mechanisms and Methods, 29:5, 378-387, DOI: 10.1080/15376516.2019.1566425

To link to this article:  https://doi.org/10.1080/15376516.2019.1566425

© 2019 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group

Accepted author version posted online: 14
Jan 2019.
Published online: 12 Feb 2019.

Submit your article to this journal Article views: 1263

View Crossmark data Citing articles: 4 View citing articles 

https://www.tandfonline.com/action/journalInformation?journalCode=itxm20
https://www.tandfonline.com/loi/itxm20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/15376516.2019.1566425
https://doi.org/10.1080/15376516.2019.1566425
https://www.tandfonline.com/action/authorSubmission?journalCode=itxm20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=itxm20&show=instructions
http://crossmark.crossref.org/dialog/?doi=10.1080/15376516.2019.1566425&domain=pdf&date_stamp=2019-01-14
http://crossmark.crossref.org/dialog/?doi=10.1080/15376516.2019.1566425&domain=pdf&date_stamp=2019-01-14
https://www.tandfonline.com/doi/citedby/10.1080/15376516.2019.1566425#tabModule
https://www.tandfonline.com/doi/citedby/10.1080/15376516.2019.1566425#tabModule


REVIEW ARTICLE

Review of emerging concepts in nanotoxicology: opportunities and challenges
for safer nanomaterial design

Ajay Vikram Singha, Peter Lauxb, Andreas Luchb, Chaitanya Sudrikc, Stefan Wiehra, Anna-Maria Wilda,
Giulia Santomaurod, Joachim Billd and Metin Sittia

aPhysical Intelligence Department, Max Planck Institute for Intelligent Systems, Stuttgart, Germany; bDepartment of Chemical and Product
Safety, German Federal Institute for Risk Assessment (BfR), Berlin, Germany; cDepartment of Chemical Engineering, Massachusetts Institute
of Technology, Cambridge, MA, USA; dInstitute for Materials Science, University of Stuttgart, Stuttgart, Germany

ABSTRACT
Nanotoxicology and nanosafety has been a topic of intensive research for about more than 20 years.
Nearly 10 000 research papers have been published on the topic, yet there exists a gap in terms of
understanding and ways to harmonize nanorisk assessment. In this review, we revisit critically ignored
parameters of nanoscale materials (e.g. band gap factor, phase instability and silver leaching problem,
defect and instability plasmonic versus inorganic particles) versus their biological counterparts (cell
batch-to-batch heterogeneity, biological barrier model design, cellular functional characteristics) which
yield variability and nonuniformity in results. We also emphasize system biology approaches to inte-
grate the high throughput screening methods coupled with in vivo and in silico modeling to ensure
quality in nanosafety research. We emphasize and highlight the recommendation regarding bridging
the mechanistic gaps in fundamental research and predictive biological response in nanotoxicology.
The research community has to develop visions to predict the unforeseen problems that do not exist
yet in context with nanotoxicity and public health hazards due to the burgeoning use of nanomaterial
in consumer’s product.
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Introduction

Nanotoxicology is a subfield of toxicology that is concerned
with potentially toxic effects of nanoscale structures or par-
ticles with a diameter of less than 100 nm (unique nanotoxi-
cology scale, Figure 1(A,B)) (Liu et al. 2011). In general, the
gradually enhanced toxicity of some nano-sized chemicals in
comparison to the respective bulk materials arises from the
fact that nanoparticles have a very high surface-to-volume
(S/V) ratio which makes them highly reactive (Moreno-Horn
and Gebel 2014; Recordati et al. 2015). This relates to other
chemicals as well as to the physiological environment of dif-
ferent tissues in the human body. Taking advantage of their
small size, nanomaterials are hypothesized to penetrate cellu-
lar membranes, biological barriers and tissues more effi-
ciently than larger sized materials (Gidwani and Singh 2013).
However, a large number of biokinetic studies has only
revealed a minor influence of particle size on biodistribution
(Laux et al. 2017b). The field of nanotoxicology is concerned
with classifying the conditions that lead to toxic effects and
devising ways to prevent and treat them. One of the main

concerns of the field of nanotechnology is determining
which properties of specific nanoscale particles lead to
toxic effects.

In this review article, we revisit a nanosafety conclusion
from an emerging trend of a decade of nanotoxicity
research. Since the inception of nanotechnology more than
three decades ago, there has been a concern that the term
‘nano’ was somehow inherently related to dangerous (Laux
et al. 2017b). This was majorly propagated by a media hype,
science fiction and books seeking attention of public with
the term ‘nano’ which introduced imaginary self-replicating
nanobots (Joachim 2005; McCray 2010). Throughout the
popular electronic and print media, the scientific results get
picked up by the news outlets, often reporting results that
did not have the right context (Sitti 2009; Sengupta et al.
2012). Nanotoxicity is not just about assessing environment
and health safety (EHS) exposure levels. There are many
other factors that need to be incorporated into an experi-
mental design in order to achieve experimental data that are
valuable and reproducible (Bernstein et al. 2004; Laux
et al. 2017b).
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The regulatory challenges in incorporating
nanomaterial into commercial products: the anomalous
biological outcome from nanoscale features

The US Food and Drug Administration (FDA) and
Environment Protection Agency (EPA) under the Department
of Health and Human Service are the main regulatory bodies
which govern the nanosafety issues in the USA (Sandoval
2009). The European counterparts work under the European
Union (EU), namely ERC and EURO-NanoTox, which is an EU
nanosafety cluster (Figure 2(A)) (Gottardo et al. 2017). For
cosmetic products, a notification together with toxicological
data for the respective NM is required by a European regula-
tion (EC 2009) (Buzek and Ask 2009). For agriculture, food
and feed, the use of nanomaterials is authorized by the EC
and member states of the EU. The risk assessment makes use
of guidance by the European Food Safety Agency (EFSA)
(EFSA Scientific Committee 2011). Furthermore, the use of an
NM as an ingredient of a biocide is subject to authorization
based on a distinct assessment of nanospecific risks (EC
2012) (Regulation 2012). Chemicals and their use in products

for which no other specific regulation exists are subject to
the Regulation EC No. 1907/2006 concerning the
Registration, Evaluation, Authorization and Restriction of
Chemicals (REACH) in the EU (EC 2006) (Parliament and
Union 2006). A key requirement in NM risk assessment is rep-
resented by the measurement of particle migration, e.g. pig-
ments from composite materials. The release of free
nanoparticles in daily life scenarios is considered as potential
concern to human health.

These watchdogs treat nanomaterials from how they have
treated every other compound (Laux and Luch 2015; Laux
et al. 2016). The allied animal veterinary and cosmetic prod-
ucts dealing agencies under FDA work with the sense that
government and private partners involved in risk assessment
need to establish a reproducible process for producing and
biosafety testing of these nanomaterials (Figure 2(B)). Once
reproducible fabrication and allied testing is optimized, there
is a well-defined protocol to understand the exposure level
and how those materials are distributed in the body and on
ecosystem level. Such established systems enable us to look
forward and make an assessment on whether the material is

Figure 1. (A) Nanoparticles interact with biological systems at the molecular, cellular, organismal, and ecosystem levels. (B) Computational approaches to under-
standing the nano–bio interface span orders of magnitude in time and space (A, B reproduced with permission from Murphy et al. 2015). (C) The generally
accepted principle assesses risk as: Risk¼Hazard� Exposure. (D) Workflow of in vitro testing. The nanomaterials are dispersed in a physiological nutrient medium
that contains proteins and other macromolecules (coils) and low-molar-mass components such as salts (dots). The nanomaterial surface changes by differential
adsorption of some of these components, correlated with changes in the state of agglomeration. Only afterwards, the interaction with a multitude of cell species is
studied by the (typically optical) readout of a large number of markers and endpoints (C, D reproduced with permission from Sarkar et al. 2015).
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safe or not. These regulatory bodies keep revising the set of
standards to understand maybe some of the nuances of why
those analytics and methods may cause adverse reactions
before scale up and their potential application in clinics.
There is no fundamentally different modus operandi of nano-
material governance in USA or Europe. The authorities
emphasize reproducible studies in context with a correct
nanosafety evaluation (Andrione et al. 2017; Gottardo
et al. 2017).

Plasmonic properties

Optically active or plasmonic NPs from noble metals such as
gold copper and silver exhibit strong interactions with inci-
dent light and can magnify the local electromagnetic field,
influencing some of the characteristics of the particles in
biology (Zeng et al. 2014). These optical NPs can convert
light into thermal heat and are therefore used in photother-
mal therapy, however, during routine characterization of bio-
logical system-interaction they are also able to add false

positive/negative influence to nanotoxicity results.
Nanoparticle compatibility in this size versus plasmonic inter-
action to evaluate the Nanotoxicity has been critically
ignored in the research community (Hassan and Singh 2014).

The band gap factor

The band gap is relevant for a select group of materials.
Excitation of nanomaterials with an appropriate bandgap can
impact their optical properties, the redox properties or
the reactive oxygen generation potential of the material
(Figure 3) (Singh et al. 2010b). As the conduction band
energy of metal oxide nanoparticles (MOx NPs) approaches
to those of biological molecules or in other words the hydra-
tion enthalpy becomes less negative, material toxicity is
known to be amplified. In a recent study by Kaweeteerawat
et al., authors have shown that the hydration energies and
conduction bands of MOx NPs severely affect the growth of
E. coli, which is in similar line of evidence of band gap factor
of NPs with mammalian cells (Kaweeteerawat et al. 2015).

Figure 2. (A) Regulatory bodies in USA and European Union working as watchdog for nanotoxicological assessment. (B) Key scientific considerations to enable
understanding of the long-term, medium and short opportunities in nanotoxicology. The boxes on the left hand side detail the tools that are essential towards (i)
ensuring that fundamental properties and nanomaterial lifecycle are measured in the prioritization of nanomaterials taken forward into risk testing, and (ii) the effi-
cacious utilization of in vitro, mechanistic methods to predict apical toxic effects. Figure adapted from Burden et al. (2017).
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Surface coating

The surface coating also impacts the surface charge but has
alternative functions and role for nanotoxicity. It can steric-
ally keep the particles stable and in some cases the surface
coating can be designed to target or recognize specific bind-
ing on surfaces in solution to explore novel functionalities if
it is coated within for instance an antibody or some other
biological targeting moiety (Figure 4(A–H)) (Singh et al.
2011a, 2013).

Size determines surface area and particle unit mass

The size of particles is the most important and most studied
factor, which dominates nanotoxicology. There is a number
density and a surface area per unit mass that increases as a
function of size as the particles get smaller, and determines
acute to toxicity of these NPs in organ specific manner
(Schmid and Stoeger 2016). The number of particles per unit
masses and the surface area has direct correlation with the
fate and transport. These nanoparticles are in the order of a
size of a virus and biological systems handle the NPs in

many aspects like the virus (uptake distribution and efflux)
(Goodsell 2004). In fact, receptor-mediated viral invasion of
living cells by virus particles share the mechanistic similarity
for the cellular and endocytic uptake time of a single NP as
unified into a general energy-balance framework of NP-
membrane deformation and membrane adhesion (Grove and
Marsh 2011).

Positive versus negative charged particles

There is a surface charge associated with nanoparticles.
When they are suspended in solution they have a double
layer that keeps them stable and repels them from each
other and allows them to remain individual. If the particle is
negatively charged, it is going to be attracted to positively
charged surfaces and vice versa (Figure 4(C)). Surface charge
is one of the primary criterions which determines how the
nanoparticles interact with biological subsystems or mem-
branes in the aqueous environment. In this context, positive
nanoparticles are more toxic than negative ones, therefore
ammonium compounds are typically used as antimicrobial
substances (Alvarez-Paino et al. 2017). Being positively

Figure 3. (A) High throughput screening of nanomaterial toxicity in vivo (George et al. 2011). (B) Concepts of the combinatorial materials-development workflow.
Upper panel with boxes; Initial concept proposed by Hanak (1970). Lower panel demonstrates modern ‘combinatorial materials cycle’ (Potyrailo and Mirsky 2008).
Reproduced with permission from Hanak (1970) and Potyrailo and Mirsky (2008). (C) Use of compositional and combinatorial ENM libraries including metals, metal
oxides, carbon nanotubes, and silica-based nanomaterials, to perform mechanisms-based toxicological screening that links material composition and systematic
variation of specific properties to biological outcome (Nel et al. 2013). Reproduced with permission from Nel et al. (2013).
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charged, they are easily attracted to the negatively charged
membrane of bacteria. Once attached to the membrane,
they damage the bacterial membrane and interact with bac-
terial enzymes, proteins, and DNA (Hasan et al. 2013). In bio-
logical systems, most of the surfaces are negatively charged
and so a positively charged particle can actually stick or
interact with the element of interest, typically increasing the
probability of uptake. Particularly, silver nanoclusters releas-
ing silver ions locally to the surface can induce a higher level
of toxicity (Dobias and Bernier-Latmani 2013). Silver is rela-
tively dynamic. It has a dissolution constant in water. In the
case of silver or also copper, ions are toxic because of the
constant ion release to the local environment, which poten-
tially affects the biological environment around them.

Morphology

The morphology is also an important aspect for the toxicol-
ogy of NPs. Asbestos is a good example of a structure, which
became a topic of extensive research because of its fibrous
shape, and hazardous nature (Figure 4(I)). There is a concern
in the nanotoxicology space that the same thing would hap-
pen with nanomaterials and that was true to some extent
but in most cases, it was not as dramatic as the asbestos
example. However, while the nanodimension as such does
not present a hazard, there is clear evidence for carcinogen-
icity of some MWCNTs and further biopersistent nanofibers

(Porter et al. 2010; Donaldson et al. 2013; Rittinghausen et al.
2014). Furthermore, pulmonary fibrosis has been associated
to MWCNT exposure (Vietti et al. 2015; Sharma et al. 2016).
The development of in vitro and early-stage predictive
markers for lung cancer or mesothelioma is urgently
required. This should however include the consideration of
physico-chemical properties and experimental factors
(Kuempel et al. 2017). Wide range of morphology and shapes
can affect stability, transport, surface adsorption and uptake
by biological systems (Charu et al. 2018). The wide range of
morphology and shapes can affect stability, transport, surface
adsorption (Singh et al. 2018), and uptake by biological sys-
tems (Charu et al. 2018).

Phase stability and silver leaching problem

Bulk phase diagrams do not predict the phases for NPs as
there exists a difference in the phase stability between the
bulk and the nanoscale dynamics (Wang and Swihart 2015).
This is most often seen in sintering of the nanoparticle much
below their melting temperature. Applying a thermal change
well below the bulk melting point still results in the particles
sticking to each other. This effect is caused by the high
curvature (Gonzalez Solveyra and Szleifer 2016) and the high
surface area of the materials themselves.

In terms of mass loading, silver ions or metal ions in gen-
eral are more toxic than silver nanoparticles, but they are

Figure 4. AFM characterization of surface topography and nanoroughness of different TiO2 films. (A–D) Representative height maps in three-dimensional view of
ns-TiO2 films with increasing thickness (50, 100, 200, and 300 nm); (E–H) Representative surface profiles exhibiting variations in Rq, Aspec, correlation length, skew-
ness, and kurtosis, as well as in pore width and depth distributions, as discussed in the main text. (I, J) Proposed pathway for new particle formation from parent
(nano) particles. (K) Main differences between ionic, nanoparticulate, and bulk silver. Reproduced with permission from Glover et al. (2011), Singh et al. (2011b),
Reidy et al. (2013), and Hussain et al. (2015).
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indistinguishable from each other. The silver nanoparticles
are a high surface area source for the silver ions (Figure
4(J–K)). In biological assays, silver NPs showed a continuous
release of silver ions during transport to their final location
(Singh et al. 2012; Guehrs et al. 2017). Nanotoxicological
assays are able to give information on the fraction of ions to
NPs in the supernatant or permeate from the biological
medium supplemented silver NPs using ICP or mass spec-
trometry (Bohmert et al. 2017). Therefore, the conducted
investigations provide the actual silver ion concentration
released from a given silver nanoparticle concentration in
order to set up a proper control for the nanotoxicologists
(Bewersdorff et al. 2017; Bohmert et al. 2017; Laux et al.
2017a). The new technique of single particle ICP mass spec-
trometry can predict individual particles split with the solid
particle versus the ion concentration in the solution (Reidy
et al. 2013).

Instability and defect

Synthetic methods used to produce nanomaterials also pro-
duce a wide range of crystal defects and defect densities
(O’Brien et al. 2016). This effect is influenced by impurities in
the material, which then lead to the instability. Due to this
instability, small nanoparticles can change with time into

bigger particles via Ostwald’s ripening since the pressure
inside the particles is inversely related with the diameter of
the particles. Therefore, the smallest particles going away at
the expense of the larger particles, a concept that is not usu-
ally seen in the in the bulk material due to the curvature of
the particles (Hansen et al. 2013). They can release ions and
the particle size distribution or inter-particle connection can
change with time via ligand mitigated dissolution, influenc-
ing the overall surface area. This sort of level of change or
dynamics or range of properties within the nanomaterial sys-
tems are unforeseen for a person coming from nanotoxicol-
ogy background. We have got this idea of the
physicochemical properties of the nanospecific things that
nanotoxicologists need to worry about or be concerned
about when design experiments predicting a biological
response from these nanomaterials (Singh et al.
2010a, 2010b).

Protocols, data gaps, and challenges for safer
nanomaterial design

Nano-toxicologists still encounter data gaps and challenges
associated with filling those data gaps in regards to instru-
mentation, analytics and measuring the response of complex
biological matrices to particles (Handy et al. 2008). Over the

Figure 5. (A, B) Life cycle of a nanocomposite. (A) Relevance for exposure of professionals or consumers, and environmental emission from nanofiller production
to end of life/recycling. (B) Specific life cycle map of sports equipment made of MWCNT-polymer composite, detailing release processes that must be considered
with the anticipated relative release probability indicated by the thickness of arrows. (C) Schematic illustration of the competing environmental transformation and
organismal uptake processes that occur for a nanomaterial in aquatic environments, illustrated using a silver nanoparticle. (D) Characterization of porous nanopar-
ticles for in vitro or post in vivo exposure in blood. Reprinted with permission from Harper et al. (2015), Malysheva et al. (2015), and Valsami-Jones and
Lynch (2015).
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last 10 years, the nanotoxicology community has been trying
to address further technical questions e.g. dosing issues or
new protocols to handle aggregation state of materials as a
function of time (Donaldson et al. 2013). Results from more
than a thousand papers have been published looking into
the impact and influence of nanomaterials on biological sys-
tems; however, the nanotoxicity community was not able to
reach a general consensus (Richardson et al. 2007). As
explained in the previous section, the SBIR/STTR had some
predictions or generalizations on how different characteristics
of the nanoparticles affect their ultimate toxicity and how
those properties can be used to create guidelines and rules
for the application of safer materials in NP design (Hussain
et al. 2015).

� Decreasing the particle size generally increases the tox-
icity and the amount of cellular uptake.

� Positively charged nanomaterials are more toxic due to
their increased interactions with primarily negatively
charged biological surfaces and entities (Singh et al.
2010a, 2010b).

� From a composition perspective, ionic dissolution defin-
itely correlates with the toxicity index.

� Anisotropic morphology or rod-shaped NPs are taken up
less efficiently, but once internalized, they exhibit signifi-
cant damage to NIR plasmonic criterions.

There is a whole sort of secondary fields coming up with
nanosafety emphasizing about how to make sustainable
nanomaterials for safer design of components that could
ultimately end up in nano-therapies and for the cancer treat-
ment. One of the topics for nanotoxicologists and policy

makers is the protection of the community and the identifi-
cation of risks factors. On the other side, they are providing
a foundation for the future nanomedicine and nanobiology
pinning the right data which are actually very interesting to
predict that community wellbeing. Most of the experiments
to date have been done with pristine systems. Starting with
a very complex material, it is very difficult to determine
whether the component of that matrix or the complexity is
causing the effect. There have been a lot of pristine studies
exposing animals and cells in vivo or in vitro but those
experimental setups are not realistic concerning real expos-
ure where the concentration and physiochemical properties
of the nanotoxic pollutant are unknown (Andrione et al.
2017). In contrary, we are exposed to materials, which are
integrated into composites that are potentially manufactured
using uncontrolled, unpurified, and very complex processes.
It is important to recognize that some of the results that
have been published out of those experiments might not be
completely relevant to the nanotoxicological community and
are even posing an actual risk because the experimentally
used artificial exposure route is not natural. If we take that a
little further, we can look at the problematic nature of this
issue in terms of the studies that have been conducted
under specific exposure conditions.

In case, the MWCNTs-SCNTs filled polymers lose their
resin, the carbon nanotubes could be individualized, and
potentially be an exposure source (Figure 5(A,B)) (Harper
et al. 2015). The question is in a composite like environment,
what would be the exposure risk with a particular lifecycle of
a material? Interestingly, in more than a dozen of those stud-
ies with nanoparticles or nanotubes, no evidence of any sig-
nificant free nanofibre/particulate has been found in any of

Table 1. Recommendations regarding exposure conditions used in assessing ENM hazard potentials (Holden et al. 2016).

Exposure to model organisms Exposure to microniche or ecosystem

Develop logically conceived, plausible exposure and receptor scenarios in
designing experiments, addressing background chemical, physical, and biotic
conditions, biological end points, and exposure periods

Establish outdoor experimental system or mesocosms only to address clearly
defined questions and hypotheses, including those motivated by testing
results from lower complexity microcosms, and as related to expected expos-
ure scenarios

Thoroughly characterize exposure media, including natural soils, waters, and
sediments, and provide metadata to allow cross-comparisons and for mining
influential factors across studies

Design and operate mesocosms using established authoritative principles, and
aim to minimize artifacts

Select ENM forms-including ENM mixtures or other cocontaminants and scale
exposure concentrations to logically well-defined exposure scenarios, or to
scenario-independent mechanistic and process-based modeling goals, or to
best available analytical instrumentation limitations

Follow the recommendations for assessing hazard potentials in using individual-
ized or microcosm experiments

To the fullest extent possible, characterize ENMs under the exposure conditions
and over the time frame of hazard assessments to allow homogeneous
exposure or understanding bioavailability and relating end point measures to
effective forms

Make experiment and exposure durations sufficiently long to best represent the
exposure scenario underpinning the mesocosm design

Examine and choose multiple end points for ENM physicochemical characteriza-
tion, toxicity quantification, and toxicant characterization, subject to the
exposure scenario or similar context

Anticipate and address challenges in detecting and quantifying ENMs in com-
plex media and myriad receptors in mesocosms, such that mass balances
can be performed, and bioaccumulation and trophic transfer quantified

Quantify body burden and determine compartmentalization of ENMs and trans-
formation products in receptors, to allow comparing effective doses to meas-
ured biological responses. Carefully consider body burden assay approaches
to avoid artifacts

Attend to issues of ENMs aging, or otherwise significantly transforming, over
the duration of mesocosm operation, and control for, or otherwise assess,
specific outcomes related to aged materials

Adopt appropriate experimental control treatments for media additives such as
dispersants, and for ENM transformation products that are expected during
hazard assessment

Consider assessing effects and ENM interactions with cocontaminants, since
they are realistic constituents of most compartments into which ENMs
are released

Incorporate appropriate rapid screening approaches, as prioritized tiers in an
ecological hazard assessment hierarchy. Adapt these approaches in response
to relevant knowledge generation

Anticipate, recognize, and plan to assess secondary effects on nontarget recep-
tors that contribute to ecological processes in complex systems represented
by mesocosms

Increasingly use sensitive, e.g. omics type, end points as they are responsive to
questions and hypotheses motivating mesocosm studies
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the reviewed studies, indicating that it is not that common
for nanocomposites to release a particulate matter individu-
ally. Loosening of nanocomposites often leads to particles
aggregate/coalescing to get bigger or deposit on surfaces
with natural state. However, in context with new cellular
phenomenological studies mimicking in vivo decision making
of cells to show chiral based behavior, a new outcome was
recently reported (Singh et al. 2014). These could be
included into nanotoxicology parameters as novel ‘chiral
behavior’ trend in nanotoxicology (Raymond et al. 2017).
Table 1 depicts important recommendation scenario of ENMs
exposure to model organism or in a specific microcosm/eco-
systems for the sustainable study (Holden et al. 2016).

Conclusions, new emerging trends and outlook

Reviewing the topic thoroughly, we can agree on some gen-
eral conclusions that it is difficult to find examples of com-
mon processes that will release large quantities of
engineered nanomaterials. Partly, this is because there is still
a lack of big scale ‘nano’ manufacturing industry that is asso-
ciated with producing ENMs right now but also because a
lot of risky materials are getting integrated into products,
which do not have the potential for release, yet. Second, if
the particles are released into the environment, they are rap-
idly aggregated and encapsulated or otherwise sequestered
into large safer materials. Third, the risks identified in many
in vitro experiments, if extrapolated back in context with the
exposure paradigm, appear partly unrealistic. Even the posi-
tive results mentioned in literature that something is toxic at
a particular dose, the actual risk or hazard associated with
the bulk form of exposure perspective is relatively low. The
overall conclusion of the research from the field of nanotoxi-
cology struggles with its incredible complexity in regards to
the immense effort that has to be made to fully understand
the fundamental processes of how those materials interact
with biological systems (Singh et al. 2015) (Figure 5(C)). Very
subtle differences in the properties can result in surprising
changes in vivo. Very slight changes in the size or the surface
state can completely change the protein corona that gets
absorbed onto a particle once it is introduced in vivo. Huge
challenges remain in the post corona transformational char-
acterization to understand how these particles are changing
once they are in the biological system. There are complex
surface dynamics posing the global problem of extending
the results from the pristine materials to much more com-
plex industrial byproducts. Burgeoning use of nanoproducts
make nanotoxicology research absolutely essential for the
society to develop safer nanomaterials for the future (Figure
5(D)). This also provides the backbone for nanotherapies in
the nanomedicine which is coming down the pipe (Nel
et al. 2009).

The inherent complexity of biological systems gives a
complicated mechanistic response in assays performed in
nanotoxicology (Figure 5(C)). The dynamic transformation of
nanoparticle surface corona and batch-to-batch variability
imposes further challenges in this context (Singh et al. 2015).
Lack of modeling instruments, harmonized protocols and

theoretical understanding further complicate the way to
make reproducible data. In this prospect, lessons can be
learnt from recent developments in artificial intelligence and
disease modeling (Khare et al. 2014; Singh et al. 2017).
Limited data about the uptake mechanism of NPs, scarcity of
biomarkers and a few demonstrative functional analyses
which the research community needs to build up potentiate
the nanotoxicology research. The lack of standardized dosim-
etry and materials consideration, and insufficient statistics
needs to be worked out to progress in this context.
Addressing these issues will widen the scope for the faithful
use of nanomaterials for contemporary nanobiotechnology
based pharmaceutical design to combat infection, neuro-
logical problems and drug delivery in rare disease.

The prioritized goal of system nanotoxicology is endeavor-
ing reproducibility and relevance to experimental nanosafety
research, and the discovery of nano-specific toxicity bio-
markers, and pathways. Toxicologist also believe that cross-
fertilization between human toxicology and environmental is
vital, and suggest that the joint efforts could further bring
great benefits to these two mutually related fields. The link-
ages between the direct molecular initiating event in nano(e-
co)toxicological sciences and an adverse outcome aiming
towards the implementation at the biological level of organ-
ization relevant to risk assessment will further strengthen
this approach (Ankley et al. 2010).
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