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Abstract Nanomaterials may help to solve issues such as
water availability, clean energy generation, control of drug-
resistant microorganisms and food safety. Here we review
innovative approaches to solve these issues using nan-
otechnology. The major topics discussed are wastewater
treatment using carbon-based, metal-based and polymeric
nanoadsorbents for removing organic and metal contami-
nants; nanophotocatalysis for microbial control; desalina-
tion of seawater using nanomembranes; energy conversion
and storage using solar cells and hydrogen-sorbents
nanostructures; antimicrobial properties of nanomaterials;
smart delivery systems; biocompatible nanomaterials such
as nanolignocellulosis and starches-based materials, and
methods to decrease the toxicity of nanomaterials. Signif-
icantly, here it is reviewed two ways to palliate nanoma-
terials toxicity: (a) controlling physicochemical factors
affecting this toxicity in order to dispose of more safe
nanomaterials, and (b) harnessing greener synthesis of
them to bring down the environmental impact of toxic
reagents, wastes and byproducts. All these current chal-
lenges are reviewed at the present article in an effort to
evaluate environmental implications of nanomaterials
technology by means of a complete, reliable and critical
vision.
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Introduction

At the nanoscale range, matter shows extraordinary prop-
erties that are not shown by bulk materials, due to its
increased relative surface area and the dominance of
quantum effects in this size range. Altered properties typ-
ically result in enhanced chemical reactivity with regard to
adsorption and redox processes (Hochella et al. 2008).
Boosted biological activity and catalytic behavior com-
pared with larger particles of the same chemical compo-
sition are also reported (Garnett and Kallinteri 2006; Nel
et al. 2006; Limbach et al. 2007). Importantly, nanoparti-
cles also have greater access to our body’s cells tissues and
organs that larger particles of the same material, that means
high bioavailability, introducing so new risks of human
health and the environment (Sharifi et al. 2012).

Nanoscale science, engineering and technology embrace
an exciting and broad scientific frontier with significant
impact on nearly all aspects of the global economy,
industry and people’s life in the twenty-first century
(Gruere et al. 2011; Scott and Chen 2003). Novel proper-
ties of nanomaterials have offered many new general
applications in strategical areas such as life sciences,
pharmacy, food industry, environmental technology and
protection, renewable energy, biotechnology science,
medicine technologies like neural and brain ones and water
(drinking and waste) (Helmut Kaiser Consultancy Group
2015).

With regard to environmental issues, nanoscale science
can specifically help to resolve relevant challenges cur-
rently raised such as: (1) wastewater remediation and
desalination treatments, (2) alternative clean energy gen-
eration to fossil combustibles, (3) control of drug-resistant
microorganisms, (4) agricultural applications (Gruere et al.
2011) and (5) sustainable chemical synthesis (Fig. 1). This
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Fig. 1 Nanomaterials science
can play a significant role to
solve relevant challenges in
some environmental issues such
as water quality and availability,
clean energy generation, control
of drugs resistant
microorganisms and sustainable
agriculture. Their uncertain
toxicity can be palliated by
means of controlling
physicochemical factors
affecting toxicity and by
harnessing greener synthesis of
them
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Agriculture
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review is focused to show how nanomaterials science can
play nowadays a fundamental role to offer innovative
solutions in all these environmental areas, addressing also
their associated toxicological risks as well as their control.

The provision of clean and affordable water for human
needs is a critical challenge in the twenty-first century.
Worldwide, water supply struggles to keep up with the fast
growing demand, which is exacerbated by population
growth, global climate change and water quality deterio-
ration (Xiaolei et al. 2013). Thus, technological innovation
with regard to conventional strategies is needed. Nan-
otechnology holds great potential in advancing wastewater
treatments efficiency as well as to augment water supply.
This review affords several nanotechnological solutions to
resolve these problems like the wastewater treatments
where carbon-based, metal-based and polymeric nanoad-
sorbents have shown great efficiency for removing organic
and heavy metal contaminants (Yang et al. 2008; Yang and
Xing 2010; Auffan et al. 2008). Nanophotocatalysis has
been also used for the treatment of non-biodegradable
organic compounds and microbial pathogens in wastewa-
ters, since disinfection of water is another issue where
nanomaterials can perform a relevant role (Ditta 2012;
Baruah et al. 2016). Lastly, desalination of seawater will
likely a major option in the next future and different
strategies have considered the incorporation of nanomate-
rials into membranes to improve the already existing
reverse osmosis technology (Pendergast and Hoek 2011;
Agboola et al. 2014).

Efficient and sustainable production of energy is
nowadays one of the technological goals. The use of
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nanomaterials for energy conversion and storage is focused
in two important topics that are solar cells and hydrogen
storage (Zhang et al. 2013). The performance of solar cells
can be improved using the unique optical and/or electrical
properties of nanomaterials, which basically act increasing
optical absorption and improving the electron transport in
the solar cell film through new mechanisms or materials
(Tetreault et al. 2011; Beard et al. 2010). Hydrogen storage
is seen as a new source of clean energy, and nanostructures
can be promising sorbents for it. The strategies are based
on providing high surface areas and/or trapping hydrogen
in microporous media standing out carbon-based, metal—
organic frameworks (Sculley et al. 2011) and dual-phase
nanocomposite materials (Choucair and Mauron 2015;
Yadav et al. 2015).

Nanomaterials are currently considered as a promising
approach for controlling drugs resistant microorganisms.
This review reports a snapshot about the research con-
ducting in this field focusing on nanomaterials (Santos
et al. 2013; Yallappa et al. 2015; Ranjan and Ramalingan
2016), microorganisms and mechanisms of action respon-
sible of antimicrobial behavior (Hajipour et al. 2012;
Dasgupta and Ramalingam 2016).

Presently, the agricultural sector is facing various global
challenges: climate change, urbanization, sustainable use
of resources and other environmental issues such as runoff
and accumulation of pesticides and fertilizers. In this sense,
nanotechnology can provide tools for a sustainable agri-
cultural development: new products such as nanoherbi-
cides, nanopesticides and nanofertilizers designed by
means of new strategies and materials like
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nanoencapsulation, nanoclays, nanocomposites and
nanoparticles. They are smart delivery systems designed
with the aim to decrease the amount of needed product and
its environmental associated hazards (Chen and Yada
2011). They offer advantages such time releasing or release
upon the occurrence of an environmental trigger (temper-
ature, humidity, light) (Ditta 2012; Nanotechnology in
Agriculture 2013). There have been also stood out bio-
compatible nanomaterials like nanolignocellulosis-based
ones and starches nanocontainers, traditionally harvested
materials, non-toxic and biodegradable, with enhanced
physicochemical properties for industrial purposes that
even could replace fiberglass and plastics (Balestra 2014;
Laborie 2009).

We can conclude from the above statements that
implementation of engineers nanomaterials will suppose
great advantages, but also a great risk that should be con-
sidered: their toxicity is still uncertain. The aim of this
section is to contribute to understand physicochemical
factors responsible of nanomaterials toxicity such as size,
shape and morphology, surface charge, composition,
coatings, surface roughness, aggregation and whole reac-
tivity (Sharifi et al. 2012). These physicochemical param-
eters determine nanoparticles’s mobility, bioavailability,
biological uptake and lastly toxicity, that are responsible, in
turn, of physiological responses like endocytosis, cell
membrane damages and reactive oxygen species (Regula-
tory Considerations 2014). This knowledge can help to
engineer more safe nanomaterials aiding to control their
environmental negative impacts too. On the other hand, the
synthesis of such nanomaterials using biocompatible
reagents like plant extracts and microorganisms as reduc-
ing and capping agents could decrease the toxicity of the
resulting materials and the environmental impact of the
byproducts (Sanchez-Mendieta and Vilchis-Nestor 2012;
Varma 2012). So, the field of nanomaterials green design is
a research area of growing interest from a sustainable point
of view as a contribution for environmental safety (Khar-
issova et al. 2013; Sukla and Iravani 2017).

Water quality and availability

Nowadays, provision of clean and abundant freshwater is
one of the most important challenges faced by the world for
both human use and industrial applications (VOrosmarty
et al. 2010). Furthermore, large amounts of freshwater are
required in agriculture, but in turn, it contributes to
groundwater pollution through the use of pesticides, fer-
tilizers and other agricultural chemicals. The research and
development in nanotechnology have enabled us to find
novel and economically feasible solutions for remediation
and purification of this wastewater. On the other hand,

accessible water resources are often contaminated with
waterborne pathogenic microorganisms like cryptosporid-
ium, coliform bacteria, virus, various salts and metals (Cu,
Pb, As, etc.), compounds such as pharmaceuticals and
personal care products, endocrine disrupting compounds
and radioactive contaminants, either naturally occurring or
as the result of anthropogenic activities (Ditta 2012). For
improving water quality, nanotechnology has provided
novel solutions which are discussed below.

Wastewater treatment
Carbon-based, metal-based and polymeric nanoadsorbents

Adsorption is a very useful strategy to remove organic and
inorganic contaminants in wastewater treatment. In the
adsorption process, the adsorbents having both a large
adsorption capacity and adsorption rate are preferable
(Duman and Ayranci 2006).The most commonly used
adsorbent for the treatment of organic compounds such as
phenolic ones (Ayranci and Duman 2005), anilinic ones
(Duman and Ayranci 2005), aromatic organic acids (Ayr-
anci and Duman 2006), surfactants (Ayranci and Duman
2007; Duman and Ayranci 2010a), dyes (Ayranci and
Duman 2009), benzene and naphthalene sulfonates (Ayr-
anci and Duman 2010) and also for the treatment of inor-
ganic compounds such as metal ions (Duman and Ayranci
2010b), in industrial wastewater treatment systems, has
been activated carbon due to its large specific surface area
(Duman et al. 2015). Nevertheless, the efficiency of con-
ventional adsorbents is usually limited by the surface area
or active sites, the lack of selectivity and the adsorption
kinetics. In this sense, nanoadsorbents offer significant
improvement with their extremely high specific surface
area and associated sorption sites, short intraparticle dif-
fusion distance, tunable pore size and surface chemistry.
There are mainly three approaches: carbon-based, metal-
based and polymeric nanoadsorbents (Xiaolei et al. 2013;
Xue et al. 2017).

Carbon-based nanoadsorbents have shown a great effi-
ciency for organic removal. For instance, carbon nanotubes
present high adsorption capacity because of their larger
specific surface area and of the diverse organic contami-
nants—carbon nanotube interactions (hydrophobic, electro-
static, m—m, hydrogen and covalent bonding, etc.) (Yang
and Xing 2010). So, the rich & electron surface of carbon
nanotubes allows m—mr interactions with organic molecules
with C=C bonds or benzene rings, such as polycyclic
aromatic hydrocarbons and polar aromatic compounds.
Organic compounds with carboxyl, hydroxyl or amine
functional groups could also form hydrogen bonds with the
graphitic carbon nanotube surface which donates electrons
(Yang et al. 2008). As mentioned before, electrostatic
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attraction facilitates the adsorption of positively charged
organic chemicals such as some antibiotics at suitable pH
(Ji et al. 2009).

Oxidized carbon nanotubes can also present a high
efficiency for heavy metal removal due to their adsorption
capacity for metal ions with fast kinetics. The surface
functional groups (e.g., carboxyl, hydroxyl and phenol) of
carbon nanotubes are the major adsorption sites for metal
ions, mainly through electrostatic attraction and chemical
bonding (Rao et al. 2007). As a result, surface oxidation
can significantly enhance the adsorption capacity of carbon
nanotubes. Several studies show that carbon nanotubes are
better adsorbents than activated carbon for heavy metals
(e.g., Cu*", Pb*", Cd*" and Zn>") (Lu et al. 2006) since
the adsorption kinetics is faster on carbon nanotubes due to
the highly accessible adsorption sites and the short intra-
particle diffusion distance. In addition, the surface modi-
fication of oxidized carbon nanotubes with anionic
polysaccharides is an alternative way to improve the
adsorption performance of carbon nanotubes for the
removal of cationic pollutants from waters (Duman et al.
20164, b).

Metal-based nanoadsorbents such as iron oxide, titanium
dioxide and alumina are effective and low-cost adsorbents
for heavy metals like arsenic, lead, mercury, copper, cad-
mium, chromium, and nickel (Sharma et al. 2009) and
radionuclides. The sorption is mainly based in a com-
plexation reaction between dissolved metals and the oxy-
gen in metal oxides (Koeppenkastrop and Decarlo 1993).
This process involves a fast adsorption of metal ions on the
external surface, followed by the rate-limiting intraparticle
diffusion along the micropore walls (Trivedi and Axe
2000). At nanoscale, this process presents higher adsorp-
tion capacity and faster kinetics because of the higher
specific surface area, shorter intraparticle diffusion distance
and larger number of surface reaction sites (i.e., corners,
edges, vacancies). For instance, as the particle size of
nanomagnetite decreased from 300 to 11 nm, its arsenic
adsorption capacity increased more than 100 times (Auffan
et al. 2008, 2009), suggesting a “nanoscale effect.” This
“nanoscale effect” was attributed to the change of mag-
netite surface structure which creates new adsorption sites
(vacancies) (Auffan et al. 2009). In addition to high
adsorption capacity, some iron oxide nanoparticles, e.g.,
nanomaghemite and nanomagnetite, can be superparam-
agnetic. As the size decreases, magnetic particles become
superparamagnetic, which allows easy separation and
recovery by a low-gradient magnetic field. These magnetic
nanoparticles can be either used directly as adsorbents or as
the core material in a core—shell nanoparticle structure
(Fig. 2), where the shell provides the desired function
while the magnetic core performs the magnetic separation
(Yavuz et al. 2006).
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With regard to polymeric nanoadsorbents, recent works
have been focussed on dendrimers, tailored adsorbents
capable to remove both organics and heavy metals. Their
interior shells can be hydrophobic for sorption of organic
compounds, while the exterior branches can be tailored
(e.g., hydroxyl- or amine-terminated) for adsorption of
heavy metals. The sorption can be based on complexation,
electrostatic interactions, hydrophobic effect and hydrogen
bonding. A dendrimer ultrafiltration system was designed
to recover metal ions from aqueous solutions (Diallo 2009).
This system achieved almost complete removal of Cu®"
ions with an initial concentration of 10 ppm by polyami-
doamine dendrimer—-NH, ratio of 0.2. After adsorption, the
metal ions laden into dendrimer were recovered by ultra-
filtration and regenerated by decreasing pH to 4.

Nanophotocatalysis

One of the main applications of nanoparticles is their
ability to act as catalysts in presence of light. The mech-
anism of this reaction is based on the exposure to ultravi-
olet light of an absorbing nanosized compound; thus, the
electrons in the outermost shell (valence electrons) are
excited resulting in the formation of electron hole pairs.
Nanoparticles that work as excellent oxidizable agents are
metal oxides like TiO,, ZnO, SnO, as well as sulfides like
ZnS (Ditta 2012), since a good photocatalyst should absorb
light efficiently in the visible or near ultraviolet part of the
electromagnetic spectrum, as they do. Sufficient electron
vacant states need to be present also to inhibit recombi-
nation of electron hole pairs upon light exposure. Nanos-
tructured photocatalysts offer large surface-to-volume
ratios allowing higher adsorption of the target molecules
too, reason why these ones have very efficient rate of
degradation and disinfection, presenting also a tremendous
increase in their chemical reactivity and other physico-
chemical properties related to photocatalysis, photolumi-
nescence, etc. Intensive research over the past decade for
theirs implementation in the purification of drinking water
(Mahmood 2011) or even industrial and agricultural
effluents (Gaya and Abdullah 2008) can be found in the
literature.

Photocatalytic oxidation is therefore an advanced oxi-
dation process for removal of trace contaminants and
microbial pathogens in wastewater. It is also a useful
pretreatment for hazardous and non-biodegradable organic
contaminants to enhance their biodegradability. The major
barrier for its wide application is the slow kinetics due to
limited light fluency and photocatalytic activity. Current
research focuses on increasing photocatalytic reaction
kinetics and photoactivity range (Xiaolei et al. 2013). TiO,
is the most widely used photocatalyst in wastewaters
treatment owing to its low toxicity and chemical stability.
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Fig. 2 Multi-functional magnetic nanoparticles. These magnetic
nanoparticles can be either used directly as adsorbents or as the core
material in a core—shell nanoparticle structure where the shell
provides the desired function while the magnetic core realizes

It generates an electron/hole (e /h™) pair upon absorbs an
ultraviolet photon, which later can migrate to the surface
and forms reactive oxygen species or either undergoes
undesired recombination. The photoactivity of nano-TiO,
can be improved by optimizing particle size and shape,
reducing e /h* recombination by noble metal doping,
maximizing reactive facets and with surface treatment to
enhance contaminant adsorption. The size of TiO, plays an
important role in its solid-phase transformation, sorption
and e /h™ dynamics. With regard to crystal structure, rutile
is the most stable for particles larger than 35 nm, while
anatase (more efficient for producing reactive oxygen
species) is the most stable for those smaller than 11 nm
(Xiaolei et al. 2013; Fujishima et al. 2008).

WOj; doped with Pt has also shown potential to be used
in photocatalytic water treatment (Kim et al. 2010). Full-
erene derivatives, such as aminofullerenes can also gen-
erate 'O, under visible light irradiation (<550 nm), that has
been employed to degrade pharmaceutical compounds and
inactivate viruses (Lee et al. 2010). Fullerol and fullerenes
encapsulated with poly(N-vinylpyrrolidone) can produce
'0, and superoxides under ultraviolet light (Brunet et al.
2009). Nevertheless, fullerenes are currently much more
expensive and not as readily available as TiO,. A notice-
able report on the topic can be found in the recent review
written by Baruah et al. (2016).

Disinfection and microbial control
Nanoparticles are able to exhibit a powerful long known

antimicrobial action; this will be extensively later afforded.
Antimicrobial nanomaterials are envisaged to find their

magnetic separation. Silica coating helps functionalization due to the
rich silica chemistry. From Xiaolei et al. (2013), with permission from
Elsevier

applications in three critical challenges in wastewater
systems: disinfection, membrane biofouling control and
biofilm control on other relevant surfaces (Xiaolei et al.
2013). Ag nanoparticles (nano-Ag) have a great potential
for application in water disinfection treatments. Ag
nanoparticles have been incorporated into ceramic micro-
filters as a barrier for pathogens (Peter-Varbanets et al.
2009). Commercial devices using it are already available,
e.g, MARATHON® and Aquapure® systems. The
antimicrobial properties, fibrous shape and high conduc-
tivity of carbon nanotubes enable novel filters for both
bacteria and virus removal. The thin layer of carbon nan-
otubes can effectively remove bacteria and viruses by size
exclusion and depth filtration mechanisms, respectively
(Brady-Estevez et al. 2010). With a small intermittent
voltage, multi-walled carbon nanotubes can directly oxi-
dize attached bacteria and viruses leading to their inacti-
vation in seconds (Rahaman et al. 2012; Vecitis et al.
2011). The application of nanomaterials in membrane
biofouling control is next addressed in “Desalination”
section.

Desalination

Due to limited resources of freshwater, likely in the near
future, desalination of seawater will become a major source
of freshwater. Conventional desalination technologies like
reverse osmosis are being used now, but these are costly
due to the large amount of energy required. Nanotechnol-
ogy can play a very important role for developing a number
of low-energy alternatives, among which the most
promising are protein-polymer biomimetic membranes,
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aligned-carbon nanotube membranes and thin-film
nanocomposite membranes (Hoek and Ghosh 2009). A
significant number of studies on membrane nanotechnolo-
gies are focussed on creating synergism by adding nano-
materials into polymeric or inorganic membranes; such
materials are usually metal oxides (Al,O3, TiO, and zeo-
lites), some of them with photocatalytic, antimicrobial
activity, etc. (Ag, carbon nanotubes, etc.). The goal of this
strategy is to reduce fouling by increasing the
hydrophilicity of the membrane and water permeability.
These inorganic nanoparticles also help enhance the
mechanical and thermal stability of polymeric membranes,
reducing the negative impact of compaction and heat on
membrane permeability (Pendergast et al. 2010). These
technologies have shown up to 1000 times better desali-
nation efficiencies than reverse osmosis since they have
high water permeability.

Some of these membranes are involved in the integra-
tion of other processes like disinfection, deodorizing, de-
fouling and self-cleaning. These technologies may be
introduced in the market place in the near future, but scale-
up fabrication, practical desalination effectiveness and
long-term stability are the most critical challenges to be
considered before their successful commercialization. A
recent review ranked current membrane nanotechnologies
based on their potential performance enhancement and
state of commercial readiness (Pendergast and Hoek 2011).
This review also includes comparative tables between
conventional reverse osmosis and nanotechnology-based
membranes such as inorganic (zeolite thin-film nanocom-
posite), organic (aquaporin biomimetic) and mixed matrix
(carbon nanotubes biomimetic), reporting about their per-
formance in terms of salt rejection and water permeability.
Characterization of nanofiltration membranes by methods
such as scanning electron microscopy, thermal gravimetric
analysis, attenuated total reflection Fourier transform
infrared spectroscopy and atomic-force microscopy can
help to advance in the design and development of mem-
brane chemical structures and properties (Agboola et al.
2014). Recent advances have also included complex
mathematical prediction studies of nanofiltration mem-
branes performances under different operating conditions
(Agboola et al. 2015).

Energy conversion and storage

Energy generation from conventional fossil fuels has been
identified as the main culprit of environmental quality
degradation and environmental pollution. In order to
address these issues, nanotechnology plays an essential role
for revolutionizing the device applications in energy
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conversion and storage. Some of the most promising topics
in this area are next exposed.

Solar cells

The basic design principle for solar cells is to increase the
optical absorption of the active layer and/or reduce the
electron leak during transport. Nanostructures can be
employed to improve the performance of solar cells by four
different approaches (Zhang et al. 2013):

(a) Developing new mechanisms, such as the multiple
exciton generation effect in quantum dots. The
multiple exciton generation effect describes the
generation of two or more excitons with one photon
excitation, in contrast with the conventional case
where excitation by one photon can only produce a
single electron-hole pair (or exciton). Taking this
effect into account, the maximum efficiency for
quantum dot solar cells has been predicted to be
about 42% (Beard et al. 2010; Nozik 2008) which is
a value much higher than the Shockley—Queisser
efficiency limit for any type of bulk semiconductor-
based single junction solar cell (31%).

(b) Providing larger surface area, like the nanocrys-
talline films used for dye-sensitized solar cells. Many
nanostructures such as nanoparticles, nanowires/na-
norods, nanotubes and core—shell structures of
oxides like TiO,, ZnO, SnO, and Nb,Os have been
extensively studied for dye-sensitized solar cells,
with the aim to increase the internal surface area in
the photoelectrode film, but also for giving other
functions to enhance the optical absorption or
electron transport (Zhang et al. 2012).

(c) Generating unique optical effects to either reduce the
light losses or enhance the optical absorption (Zhang
et al. 2013). With this aim nanostructures have been
employed to improve the performance of solar cells
through, for example, in the following ways: (1)
serving as an antireflection layer to reduce the loss of
incident light at the front interface of solar cells, (2)
generating surface plasmon resonance or (3) causing
light scattering to enhance the optical absorption of
the active layer in dye-sensitized solar cells.

(d) Improving the electrons transport and/or their col-
lection through the use of (1) one-dimensional
nanostructures, such as ZnO nanowires/nanorods
and TiO, nanotubes, especially useful in polymer
solar cells and dye-sensitized solar cells, for reduc-
ing the recombination of photogenerated electrons
with holes before to get the collecting electrode or
(2) purposely designed three-dimensional structures,
such as host—passivation—guest hollow core—shell
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spheres, to exploit the high-electron-mobility mate-
rial for achieving highly efficient electrons transport
and collection in dye-sensitized solar cells, as
recently developed by Tetreault et al. (2011).

Hydrogen storage

Hydrogen is seen as an important new source of energy due
to its inherent pollution-free nature to clean combustion,
resource availability and provision of the highest energy
efficiency (Lim et al. 2010). Hydrogen storage materials are
nowadays subject of intensive investigation and research,
standing out exhaustive reviews on the topic (Sculley et al.
2011; Liu et al. 2010). These materials should simultane-
ously satisfy the following requirements: relatively high
storage density, moderate decomposition temperatures
(60-120 °C), good reversibility, fast kinetics of the hydro-
gen absorption and desorption process and low manufac-
turing cost. Research in solid-state hydrogen storage appears
to provide the highest probability for producing a material
that can satisfy these generic criteria (Zhang et al. 2013).
Nanostructures are promising sorbents for hydrogen
storage (McNicholas et al. 2010) by reducing the gravimetric
and the volumetric storage densities. Storage mainly occurs
through a process called physisorption, where the forces
involved are weak intermolecular forces, which generally
resulting in fast kinetics and reversibility, that means that
significant hydrogen adsorption often takes place only at a
cryogenic temperature. Nanostructured materials may offer
advantages over bulk materials for molecular hydrogen
storage by providing high surface areas or by encapsulating
or trapping hydrogen in microporous media since the
increased surface area and porosity in nanostructures offer
additional binding sites that could increase storage capacity.
With this aim, different nanostructured materials such as
porous carbons, carbon nanotubes, graphene, zeolites,
metal-organic frameworks, polymers with intrinsic micro-
porosity and nanocomposites have been studied. All of them
are exposed in the exhaustive review of Zhang et al. (2013).
With regard carbon-based nanostructures, carbon nan-
otubes have shown potential advantages to store hydrogen,
mainly carbon nanotubes composite storage materials, such
as single-walled carbon nanotubes doped with alkali or
transition metals and single-walled carbon nanotubes coated
with metal hydrides (Chin et al. 2012). These carbon nan-
otubes composite storage materials have shown high
hydrogen storage capacities, in addition to the advantages of
storing and releasing hydrogen at ambient conditions, as well
as the ability of metal hydrides to adsorb certain amount of
additional hydrogen molecules (Durgun et al. 2008; Lochan
and Head-Gordon 2006). Different metal hydrides have been
coated on single-walled carbon nanotubes to facilitate the

adsorption of hydrogen molecules and to increase the
hydrogen storage capacity like aluminum hydride, boron
hydride, lithium hydride and nickel hydride (Surya et al.
2009, 2010; Iyakutti et al. 2009). Recent studies were
developed on carbon aerogels, another class of amorphous
porous carbon structures with high surface area (Robertson
and Mokaya 2013; Biener et al. 2011), and on graphene
nanosheets (Pumera 201 1) trying to optimize and to improve
storage capacity and the sorption—desorption kinetics.

There has been a recent increase in research concerning
metal organic frameworks, which are microporous materials
consisting of metal cluster building units connected by
organic ligands. These materials have high crystallinity, high
purity and very high specific surface areas with controllable
pore sizes. The structure and chemistry can be easily tuned
by varying the metal clusters, length and functionalization of
the organic ligands. For hydrogen storage, the strategy is the
enhancement of the number of adsorption sites in a material
for increasing the adsorption of hydrogen. This can be
accomplished by using thin organic ligands with constituents
available for gas adsorption. A reference table with all the
recently reported metal organic frameworks for hydrogen
storage and the effects of their sample preparation and acti-
vation on their hydrogen storage performance is discussed in
an exhaustive review written by Sculley et al. (2011).

There are noticeable efforts for developing a dual-phase
nanocomposite hydrogen storage material, where the two
phases consist of a highly porous support material and a
hydride hydrogen storage material. As hydride materials
sodium aluminum hydride (NaAlH,), ammonia borane
(NH3;BHj3) and lithium borohydride (LiBH4) have been
reported. As porous materials have been explored graphene,
carbon aerogels and nanoporous silica scaffolds among
others, because of their high surface area and pore volume.
They can contribute significantly to a solid-state hydride-
based hydrogen storage composite material by providing a
structural support matrix, as well as size confinement for
hydrides and a percolated heat conduction network (Chou-
cair and Mauron 2015; Yadav etal. 2015; Kim et al. 2009). A
scheme illustrating a coherent nanocomposite of ammonia
borane (AB) within a carbon cryogel network (CC) is
depicted in Fig. 3. AB has high gravimetric and volumetric
hydrogen content, as well as a reasonable decomposition
temperature. The addition of AB to the carbon cryogel
resulted in hydrogen release at a much lower temperature
than pure AB, showing evidence of faster kinetics.

Antimicrobial activity
Drug-resistant microorganisms are a serious and increasing

public health problem. New strategies for controlling
bacteria activity are urgently needed, and nanomaterials
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Fig. 3 a Illustration of a dual-phase nanocomposite hydrogen storage
material, consisting of a carbon cryogel network (CC) as a highly
porous support material and a hydride (ammonia borane, AB) as
storage hydrogen, b comparison of dehydration peaks between AB
and CC-AB nanocomposites at different pore size taken at 5 °C
min~". The addition of AB and CC resulted in hydrogen release at a
much lower temperature than pure AB, showing evidence of faster
kinetics. Reproduced from Zhang et al. (2013), with permission of
The Royal Society of Chemistry

can be a very promising approach (Santos et al. 2013). This
section focuses on nanotechnology strategies for inhibiting
cellular adhesion and attachment, for interfering on bac-
terial physiology and communication (quorum sensing) and
for avoiding biofilm development. The antimicrobial
activity of nanomaterials is certainly a function of their size
and other features such as high surface area, unusual crystal
morphologies (edges and corners) and reactive sites (Al-
laker 2010) (see “Toxicity section” for a complete expla-
nation). Although the whole mechanism is not fully
understood yet, there are four major hypothesis considered
as responsible of antimicrobial behavior of nanomaterials
(Chwalibog et al. 2010; Sweet et al. 2012). They are:
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Cell membrane damage

The mechanism of action of nanoparticles on cell mem-
branes is recognized as non-specific, but there is no doubt
about cell permeability is altered in contact to nanoparti-
cles. Experiments indicated the formation of a “hole” or
“pore” in the living cell membranes as a possible mecha-
nistic hypothesis (Leroueil et al. 2007). Although the
meaning of the term “hole” or “pore” still requires clari-
fication, images of cell damage have given clear evidence
of this effect. In more serious or extreme cases, a literal
hole in the bilayer membrane is located which promotes the
complete loss of the plasma membrane (Leroueil et al.
2007). These membrane ruptures have been confirmed by
membrane integrity tests and by scanning electron micro-
scopy images in a recent work developed by Dasgupta and
Ramalingam (2016), where nanosilver antimicrobial
mechanism was reported.

Release of toxic ions

It has been demonstrated that Cd*", Zn*" and Ag™ ions
can react in bacteria with different groups of proteins. The
ability of Ag" to form low solubility salts is also consid-
ered as one of its major mechanisms for attacking bacteria
cells. For instance, cell respiration is inhibited when the
chloride ions precipitate as silver chloride in the cytoplasm
of the cells. The antimicrobial efficiency of silver
nanoparticles is also well known, especially against Gram-
negative bacteria such as Escherichia coli since silver ions
penetrate into cells interfering in their metabolic systems.
Thus, there are evidences that Ag* ions can also damage
deoxyribonucleic acid by inhibiting its replication (Niska-
nen et al. 2010). Cd** and Zn’>* ions can also bind to
sulfur-containing proteins of the cell membrane and inter-
fere in cell permeability.

Interruption of electron transport, protein oxidation
and membrane collapse

There is a strong evidence that the positive charge of
nanoparticles is critical for antimicrobial activity since
bacteria cell membrane is negatively charged. Although the
clear mechanism is still under debate, it has been suggested
that ions (e.g., silver) can affect respiratory enzymes
membrane bound as well as affect efflux bombs of ions that
can result in cell death (Allaker 2010). The contact of
bacteria with CeO, or fullerenes has also given insights
about key enzymes that can be inactivated. Upon this
mechanism, the cascade of events after nanoparticle con-
tact with bacteria can start with possible oxidation of res-
piratory enzymes, which facilitate the production of
reactive oxygen species and radical species that will
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eventually affect cell physiology and promote deoxyri-
bonucleic acid degradation (Xia et al. 2008).

Generation of reactive oxygen species

The oxygen is a powerful oxidant agent, and although it
results to be the best acceptor of electrons during respira-
tion, it can be lethal for some bacteria. During many pro-
cesses, H,O, is formed by the respiratory burst which
consumes O, with the production of free radicals. Hence,
the production of free hydroxyl radicals is certainly the
basis of hydrogen peroxide action which leading to oxi-
dation of deoxyribonucleic acid, proteins and membrane
lipids (Hajipour et al. 2012). Bacteria affected by reactive
oxygen species lose the integrity of their membranes pro-
gressively, presenting oxidative stress related to them,
which affects their functions and communication capacities
(Dasgupta and Ramalingam 2016). Nano-Ag is the most
applied antimicrobial nanomaterial. Its strong antimicrobial
activity, broad antimicrobial spectrum, low human toxicity
and ease of use make it a promising choice for water dis-
infection and microbial control. It is now well accepted that
the antimicrobial activity of nanosilver largely stems from
the release of silver ions (Xiu et al. 2011, 2012), which can
damage enzymes and even prevent deoxyribonucleic acid
replication. Thus, the release rate and bioavailability of
silver ions are crucial for the toxicity of nano-Ag. Studies
have suggested physicochemical properties of nano-Ag
play an important role in its antimicrobial activity (as it
will be explained in “Toxicity” section). So, the size,
shape, coating and crystallographic facets of nanomaterial
strongly affect the release kinetics of silver ions. The
presence of common ligands reduces the bioavailability of
silver ions and mitigates their toxicity (Xiu et al. 2011). A
recent study carried out by Dasgupta and Ramalingam
(2016) explains in detail the antimicrobial activity of nano-
Ag as a result of a sequence of events that begins with
reactive oxygen species generation, followed by damage in
DNA, mitochondria, protein and membrane rupture
(Fig. 4).

Nanomaterials subject of antimicrobial studies have
been mainly metallic nanoparticles like silver, copper,
gold, bismuth and even some alloys of them (e.g., Au—Ag)
(Table 1). Several nanoparticles oxides such as TiO,, CuO,
Zn0O, Fe;0,4 and even composites of iron oxides have also
shown antimicrobial activity, mainly antibacterial one
(Ranjan and Ramalingan 2016). It must be pointed out
some of these metals and metal oxides have been coated
onto several materials. Other strategies lie to incorporate
these metals into a substrate such as polymethyl-
methacrylate or dental restorative materials (Boldyryeva
et al. 2005; Aruguete et al. 2013). According to some
recent reports, carbon-based nanomaterials such as

fullerenes, carbon nanotubes, especially single-walled
carbon nanotubes and graphene oxide nanomaterials exhi-
bit also potent antimicrobial properties (Table 1). Carbon
nanotubes kill bacteria by causing physical perturbation of
the cell membrane, oxidative stress or disruption of a
specific microbial process (Vecitis et al. 2010) upon direct
contact with bacterial cells. Graphene and graphite mate-
rials exhibit also antimicrobial properties through similar
mechanisms (Liu et al. 2011). A later review written by
Dizaj et al. (2015) summarized the antimicrobial activity of
these carbon-based nanoparticles together with their
mechanism of action.

With respect microorganisms, the most usual candidates
for microbial experiments are bacteria and fungi such as
Staphylococcus  aureus,  Pseudomonas  aeruginosa,
Escherichia coli, Klebsiella pneumonia, Bacillus subtilis.
Among fungi species, different Candida strains such albi-
cans (I and 1I), tropicalis and parapsilosis, Trychophyton
mentagrophytes were the most common. An exhaustive
overview of antimicrobial activity exhibited by different
nanomaterials species on bacteria and fungi is summarized
in Table 1.

Sustainable agriculture and food production

Plant-based agricultural production is the basis of broad
agriculture systems providing food, fibber, fire (thermal
energy) and even fuel, through advancements in materials
science and biomass conversion technologies. While the
demand for crop yield will rapidly increase in the future,
the natural resources such as land, water and soil fertility
are limited. Other production inputs including synthetic
fertilizers and pesticides are predicted to be much more
expensive due to constrains of known petroleum reserves.
So, precision farming is hence an important area of study to
reduce production inputs and maximize agriculture pro-
duction outputs. Given that nanotechnology may allow the
precise control of manufacturing at the nanometer scale,
novel techniques nanotechnology-based are available for
the improvement of precision farming sustainable practices
(Chen and Yada 2011; Ditta 2012; Nanotechnology in
Agriculture 2013). In this section, some potential applica-
tions of nanoscale science, engineering and technology for
agriculture are discussed; despite a wide industrial interest
in this area, there are not too many available commercial
products yet. Most applications are still in research and
development stage.

Nanoscale carriers

Nanoscale carriers can be utilized for the efficient delivery
of fertilizers, pesticides, herbicides, plan growth regulators,
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Fig. 4 Mechanisms of toxicity
of nanomaterials against
bacteria’s cell. Ions of
nanoparticles (e.g., silver and
zinc) produce free radicals,
resulting in induction of
oxidative stress related to
reactive oxygen species. These
reactive oxygen species lead to
irreversibly damage in bacteria,
for instance, DNA in nucleus,
mitochondria, protein and cell
membrane disruption, bringing
bacterial death. Reproduced
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etc. Mechanisms involved in the efficient delivery, better
storage and control release include: encapsulation and
entrapment, polymers and dendrimers, ionic surface and
weak bond attachments among others (Ditta 2012). These
mechanisms help improve stability against degradation in
the environment and reduce the amount to be applied
which also reduces chemical runoff and alleviates envi-
ronmental problems. The nanoscale delivery “vehicles”
may be designed to anchor to plant roots or to the sur-
rounding soil structures and organic matter by means of
molecular or conformational affinity between the delivery
nanoscale carrier and the targeted structures and matters in
soil (Johnston 2010). Controlled release mechanisms allow
the active ingredients to be slowly taken up, hence avoid-
ing temporal overdose, reducing the amount of used
chemical and minimizing the input and waste. These
strategies have been involved in the controlled delivery of
nanopesticides, nanoherbicides, nanofertilizers, seed ger-
minators, etc.

Nanopesticides
In order to protect the active ingredient from the adverse

environmental conditions and to promote persistence, a
nanotechnology approach “nanoencapsulation” is used.
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Nanoencapsulation comprised nanosized particles of the
active ingredients within a thin-walled sac or shell (pro-
tective coating). The shell can be constituted by different
elements, such as polymers, lipids, viral capsids or nan-
oclays. Its main function is to protect the active compound
until it is released, but it can also improve the solubility and
the penetration of the compound into the plant tissues.
Nanoencapsulation of insecticides, fungicides or nemati-
cides help to produces a formulation which offers effective
control of pests while preventing accumulation of residues
in soil. Several pesticides’s manufacturers are developing
nanoencapsulated pesticides (OECD and Allianz 2008).
These pesticides may be time released or released upon the
occurrence of an environmental trigger (temperature,
humidity, light) that means “a controlled release of the
active ingredient”, which would improve the effectiveness
of the formulation and thus decrease the amount of needed
pesticide and its environmental associated hazards. So, for
instance, carbofuran (Table 2) is one of the most toxic
carbamate pesticides, it can be manufactured as polymeric
nanocapsules, where the rate release of active ingredient
can be adjusted from 7.5 to 55 days depending on the
amount and molecular weight of used polymer (Regulatory
Considerations 2014). Natural Nano, a start-up company
from Rochester, has found a way to apply halloysite, a
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Table 1 Antimicrobial activity of nanomaterials

Nanomaterials Microorganisms References
Pure metals
Ag Bacteria: Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, Proteus vulgaris and Ahmed et al. (2015)

Staphylococcus aureus

Bacteria: Staphylococcus aureus, Klebsiella aeruginosa

Bacteria: Escherichia coli

Fungi: Candida albicans

Bacteria: Staphylococcus aureus, Escherichia coli, Salmonella typhi, Pseudomonas aeruginosa

Fungi : Trichopyton rubrum, Candida albicans

Chrysosporium indicum

Au Bacteria: Staphylococcus aureus, Pseudomonas aeruginosa

Bacteria: Staphylococcus aureus, Escherichia coli, Salmonella typhi, Pseudomonas aeruginosa

Fungi: Trichopyton rubrum, Candida albicans

Chrysosporium indicum

Cu Bacteria: Staphylococcus aureus, Staphylococcus epidermidis

Fungi: Candida albicans, Candida parapsilosis

Bi Bacteria: Streptococcus mutans

Metal oxides

TiO, Bacteria: Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa, Bacillus subtilis

Fungi: Candida albicans

CuO Bacteria: Escherichia coli, Pseudomonas

Ahluwalia et al. (2014)
Ravindran et al. (2013)

Yallappa et al. (2015)

Bindhu and Umadevi
(2014)

Yallappa et al. (2015)

Kruk et al. (2015)

Hernandez-Delgadillo
et al. (2012)

Pigkin et al. (2013)

Ahamed et al. (2014)

aeruginosa, Klebsiella pneumonia, Enterococcus faecalis, Shigella flexneri, Salmonella

typhimurium, Proteus vulgaris, Staphylococcus aureus

ZnO Bacteria: Staphylococcus. aureus, Bacillus. subtilis, Pseudomonas aeruginosa, Proteus mirabilis,

Escherichia coli

Fungi: Candida albicans, Candida tropicalis

Elumalai and
Velmurugan (2015)

Arokiyaraj et al. (2013)

Yallappa et al. (2015)

Prucek et al. (2011)

Fe;04 Bacteria: Escherichia coli, Proteus mirabilis, Bacillus subtilis
Hybrids and composites
Ag-Au Bacteria: Staphylococcus aureus, Escherichia coli, Salmonella typhi, Pseudomonas aeruginosa
Fungi: Trichopyton rubrum, Candida albicans
Chrysosporium indicum
Ag-Fe;0,4 Bacteria: Staphylococcus aureus, Enterococcus faecalis, Escherichia coli, Pseudomonas
y-Fe,05-Ag aeruginosa, Staphylococcus epidermidis, Enterococcus faecium, Klebsiella pneumoniae.

Fungi: Candida albicans (1, 1), Candida tropicalis, Candida parapsilosis

Carbon-based nanomaterials

Fullerenes Bacteria: Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa
Fungi: Candida albicans
SWCNTs Bacteria: Escherichia coli
Graphene Bacteria: Pseudomonas aeruginosa
oxides

Tegos et al. (2005)

Vecitis et al. (2010)
Gurunathan et al. (2012)

natural clay nanotube (aluminosilicate nanotube), which is
used as nanocarrier for pesticides, with low costs, extended
release and better contact with plants. It is estimated this
technology could reduce the amount of applied pesticide in
a 70-80% range, decreasing the costs of chemical product
as well as the impact in water streams (Murphy 2008).
Porous hollow silica nanoparticles (Table 2) are also
promising carriers for applications requiring sustained

pesticide release, especially for photosensitive active
ingredients. They have a shell thickness of approximately
15 nm, a pore diameter of 4-5 nm and facilitate a high
pesticide loading. The UV shielding properties of porous
hollow nanoparticle have been demonstrated to improve
significantly the photostability of avermectin entrapped in
the hollow core of the nanoparticle carrier besides a time-
release behavior (Li et al. 2007). Controlled delivery from
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Table 2 Applications of nanomaterials in agriculture

Nanomaterials (product name) Research References
Polymeric nanocapsules of carbofuran Carbamate pesticide inside polymeric nanocapsules allowing the time releasing Regulatory
(Furadan, FMC Corp.) of active ingredient upon a trigger Considerations
(2014)

Clay nanotube (Halloysite, Sigma
Aldrich)
Porous hollow silica NPs

TiO, NPs

Ag NPs

Cu NPs

P NPs
Nanoclays

Carbon nanotubes

Aluminosilicate nanotubes used as nanocarriers for pesticides and other
biocides agents in their controlled release

Nanocarriers for entrapment of pesticides such as avermectin and validamycin
showing sustained release

Increased protection diseases and growth

UV nanocatalyst, enhancing decomposition of active principle in plants and
soils

Antifungal and antibacterial pathogens

Antifungal and antibacterial pathogens

Fertilizer

Hosts for the controlled release of o-naphthaleneacetate (plant grow regulator)
2,4-dichlorophenoxyacetate (herbicide)

Improving germination of seeds

Murphy (2008)

Li et al. (2007)
Liu et al. (2006)

Owolade and
Ogunleti (2008)

Moaveni et al.
(2011)

Ditta (2012)

Rai et al. (2012)
Lamsal et al. (2011)
Rai et al. (2012)
Lamsal et al. (2011)

Tarafdar et al.
(2012b)

Bin Hussein et al.
(2005)

Khodakovskaya

Stimulation growth

Nanoemulsions PRIMO MAXX
(Syngenta)
7ZnO NPs

Nanowires used as gas sensors in e-nose devices

Microemulsion concentrate for managing growth of turf grass

UV nanocatalyst conjugated active principle in microcapsules to enhance
decomposition of active principle in plants and soils

et al. (2009)
Tripathi et al. (2011)
http://www3.

syngenta.com
Ditta (2012)

Sugunan et al.
(2005)

porous hollow silica has been also reported for the water-
soluble pesticide validamycin (Liu et al. 2006). Moreover
nanoparticles of defined concentrations could be success-
fully used for the control of several plant diseases caused
by different phytopathogens. So, recent studies report about
the development of new pesticides based on nanosilver,
nanoaluminosilicates, nano-TiO,, carbon-based nanomate-
rials, magnetic nanoparticles, etc. (Singh et al. 2015; Yao
et al. 2009). The presumed active mechanism of titanium
dioxide nanoparticles includes protection against diseases
and increasing of photosynthesis in cowpeas too (Owolade
and Ogunleti 2008; Moaveni et al. 2011) (Table 2).
Otherwise, nanoparticles of silver and copper were trialed
in laboratory, glasshouse and field studies, and they showed
to curtail fungal and bacterial plant pathogens (Table 2)
(Rai et al. 2012; Lamsal et al. 2011).

Nanoherbicides
Nanoencapsulated herbicides are becoming relevant,

keeping in view the needing to design and produce a
nanoherbicide protected under natural environment and
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that only acts when there is a spell of rainfall. Thus, the aim
is to develop a specific herbicide molecule (encapsulated as
nanoparticle) for specific receptors in the roots of target
weeds, which enter into roots system and is translocated to
the rest (Chinnamuthu and Kokiladevi 2007).

Nanofertilizers

In the past decades, efficiencies of N, P and K fertilizers
have remained constant between 30-35, 18-20 and
35-40%, respectively (Nanotechnology in Agriculture
2013), leaving a major portion of added fertilizers to
accumulate in the soil or enter into aquatic system causing
eutrophication. Therefore, it is important to evolve a nano-
based fertilizer formulation that addresses those issues.
Currently research is underway to develop nanocomposites
to supply all these required essential macronutrients in
suitable proportion through smart delivery system, pro-
viding so a balanced fertilization (Tarafdar et al. 2012a).
These new nutrient delivery systems that exploit the porous
parts of plants would reduce N, P and K losses by
increasing plan uptake at nanoscale level. Fertilizers
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manufactured as nanoparticles will increase the uptake of
nutrients since a significant increase in yields has been
observed due to foliar application of nanoparticles, e.g.,
nanophosphorous as fertilizer (Tarafdar et al. 2012b).
Nanoclays are also employed as hosts for the controlled
release of plant grow regulator o-naphthaleneacetate
(Table 2) (Bin Hussein et al. 2005).

Khodakovskaya et al. (2009) have reported the use of
carbon nanotubes for improving the germination of tomato
seeds through better permeation of moisture (Table 2).
Their data show that carbon nanotubes serve as new pores
for water permeation. This process facilitates germination
which can be exploded in rainfed agricultural system as
stimulator growth (Tripathi et al. 2011). With regard to
macronutrients nanofertilizers (N, P, K, Mg, S, etc.),
micronutrients nanoformulations (Fe, Mn, Zn) and
nanoparticulate fertilizers (TiO,, SiO,, carbon nanotubes)
is noticeable the summary reported by Chhipa (2017)
where an extensive compilation is performed about this
new kind of nanofertilizers, created for an efficient targeted
delivery. Other nanotechnological approaches such as
nanoemulsions (MAXX, Syngenta), solid lipid nanoparti-
cles, nanodispersions and nanogels have been currently
designed to supply hydrophobic organic agrochemicals
(Table 2) (Regulatory considerations 2014). These chemi-
cals have to be properly coated in order to be dissolved into
usual aqueous media.

Naturally occurring nanoparticles for agriculture

Recent researches have been focussed to the development
of starch-based nanocontainers for the delivery of nutrients,
biostimulants and crop protection molecules into the plants
tissues. The clear advantage of this approach is that starch
is biocompatible, biodegradable and non-toxic for plants,
animals and environment (Balestra 2014). It can be
employed to deliver nutrients into plants tissues at slower
release rates for the long-term feeding of plants and to
protect phosphorus and micronutrients (e.g., iron, man-
ganese, zinc) in alkaline soils. Biostimulant compounds
can also be slowly released through nanocontainers
according to the plant needs, while being protected from
microbial degradation before plant uptake. Moreover,
starch nanocontainers can be developed for the delivery of
plant protection products, e.g., antibacterial active princi-
ples, which can also be suitable for organic agriculture
(e.g., vegetal extracts, copper) and thereby used in smaller
amounts.

Recently, nanosized lignocellulosic materials have been
produced from crops and trees. It opens up a whole new
market for innovative and value-added nanobiomaterials,
e.g., nanosized cellulosic crystals have been used as
lightweight reinforcement in polymeric matrix as

nanocomposite (Laborie 2009; Mathew et al. 2009). Their
applications can include food packaging, construction and
transportation vehicle body structures. Cellullosic nano-
whisker production technology from wheat straw has been
developed by Michigan Biotechnology Incorporate (MBI)
International and is expected to make biodegradable
nanocomposite that could substitute to fiberglass and
plastics in multiple applications (Leistritz et al. 2007).

Field sensing systems to monitor the environmental
stresses and crop conditions

Nanotechnology may be developed and deployed for real-
time monitoring of the crop growth and field conditions
including soil fertility, temperature, nutrient status, insects,
plant diseases and weeds. Networks of wireless nanosen-
sors positioned across cultivated fields provide essential
data leading to the best agronomic processes (Chen and
Yada 2011). For instance, there have been developed
electronic nose (e-nose) devices (Sugunan et al. 2005),
where ZnO nanowires are used as gas biosensors to identify
compounds associated with specified physiological,
pathological and environmental problems of crops
(Table 2) or either enzymatic biosensors where enzymes
on a immobilization surface can act as a sensing element
by means of their attachment to certain biomolecules
(Sassolas et al. 2012).

Toxicity

The incorporation of manufactured nanomaterials into
strategic areas involves human and environmental toxico-
logical effects from direct and indirect exposure to these
materials. Because of their very small size, nanoparticles
are capable to enter to the human body by inhalation,
ingestion, skin penetration or injections and they have the
potential to interact with intracellular structures and
macromolecules for long periods of time (Sharifi et al.
2012). There is a growing evidence that some manufac-
tured nanomaterials will be more toxic peer unit of mass
than their respective bulk particles. For example, titanium
dioxide is considered to be biologically inert in bulk form
and is widely used as food additive being considered as
Generally Recognized As Safe (GRAS) by Food and Drugs
Administration. However, in vitro experiments show that
as a nanoparticle, it damages deoxyribonucleic acid, dis-
rupts the function of cells and can provoke inflammation
(Ashwood et al. 2007; Wang et al. 2007).

Another important example to illustrate this difference is
silver, widely used in food packing, storage containers,
liners refrigerators, cutting boards, etc., since in its ionic
form can be considered either as a powerful antibacterial
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agent as well as a powerful toxic in cell cultures. Since in
the nanoscopic form its surface area is much greater than in
the macroscopic one, Ag nanoparticles are much more
reactive and therefore more easily ionizable, thus exhibit-
ing higher antimicrobial and toxic nature. In fact it has
been shown that for similar concentrations, the nanoparti-
cles of silver have higher antibacterial activity than the
corresponding macroscopic ions (Lok et al. 2006) as result
of the unique physicochemical properties of nanomaterials
in terms of size, shape and characteristics surface (Brunner
et al. 2006). It has been also documented that these
nanoparticles are associated with the production of reactive
oxygen species, which in turn can interfere with cell
metabolism, causing damage to proteins, membranes and
deoxyribonucleic acid because of its toxicity (Hussain et al.
2005; Nel et al. 2006).

Recent researches suggest the current increase in the
immune system dysfunction diseases, as well as the gas-
trointestinal inflammation tract, such as Crohn’s disease,
can be directly related to exposure to increasing levels of
nanoparticles, either in the workplace or well as food
components in an intentionally or accidentally way (Ash-
wood et al. 2007; Schneider 2007). Toxicity from nano-
materials at workplace deserves special consideration.
Recent research has revealed links between occupational
exposure to nanoparticles and health damage. Specifically,
a study published in the European Respiratory Journal in
2009 says that seven Chinese workers developed severe
lung damage (inflammation, pulmonary fibrosis and pleural
granuloma) after inhaling polyacrylate nanoparticles pro-
duced in an ink factory for a period between 5 and
13 months (Song et al. 2009). Despite above evidences, the
unique toxicological properties of nanomaterials and their
long-term impact on human health are still poorly studied
(Papp et al. 2008; Wang et al. 2007). As a new nanoma-
terials-based technology begins, it will be essential to have
a framework where its potential toxicity can be evaluated.
There is a considerable gap between the available data
about the nanomaterials production and toxicity evalua-
tions, reason that prevents the safe design of nanoparticles.
The aim of this section is to contribute to the better control
and understanding of nanomaterials’ toxicity by addressing
two relevant aspects such as (a) knowledge of biophysic-
ochemical properties affecting toxicity, since on this factor
lie the tools to build and manage nanomaterials with lower
risks and (b) greener synthesis of nanomaterials to bring
down the environmental impact of toxic reagents, wastes
and byproducts.

Characteristic parameters of nanoparticles, such as
agglomeration state, chemical composition, size, shape,
crystal structure, surface charge, surface morphology and
surface coating among others, influence the biological
interaction of nanomaterials, reason why becomes
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important to evaluate these properties to characterize the
toxic potential of them (Sharifi et al. 2012). The following
text describes the effect of the most significant physio-
chemical parameters over biological responses, as well as
the influence of these parameters among them.

Size influence

Particle size and surface area are crucial characteristics
from a toxicological point of view since interactions
between nanomaterials and biological organisms typically
take place at the surface of the nanoparticle. As the parti-
cles size decreases, the surface area exponentially increases
and a greater proportion of the particles (atoms or mole-
cules) will be displayed on the surface rather than within
the bulk of the material. Thus, the nanomaterial surface
becomes more reactive toward itself or surrounding bio-
logical components with decreasing size, increasing also
the available catalytic surface for chemical reactions.

Although some aspects of size-dependent nanoparticle
toxicity can be reasonably predicted by in vitro techniques,
the wide range of concentrations, exposure routes and
nanomaterial nature make difficult to determine when the
observed cytotoxicity is clinically relevant. While in vitro
applications require less strict toxicological characteriza-
tion, in vivo use of nanoparticle requires a comprehensive
understanding of the toxicokinetic of nanomaterials (ab-
sorption, distribution, metabolism and elimination) which
depend of their nature and exposure routes (Lewinski et al.
2008). To our knowledge, few data are still available in the
literature related to the in vivo size-dependent evaluation of
nanomaterials. In general terms, from the existing research,
it can be concluded that nanomaterials with smaller size/
dimensions could potentially have enhanced mobility,
reactivity (i.e., increased surface area), biological uptake
via passive transport and toxicity (Sharifi et al. 2012;
Regulatory Considerations 2014).

Particle shape and morphology influence

Nanomaterials can have very different shapes including
fibers, spheres, tubes, rings and planes. Most of the
knowledge about shape-dependent toxicity is again based
on in vitro experiments. In vivo shape-dependent toxicity
of nanomaterials is usually evaluated through its adverse
effect on endocytosis or clearance by macrophages. For
example, it has been suggested that endocytosis of spher-
ical nanoparticles is easier and faster compared to rod-
shaped or fiber-like ones (Champion and Mitragotri 2006).
For instance, a shape-dependent toxicity has been observed
with silica and TiO, allotropes among other nanomaterials.
Thus, amorphous silica is a Food and Drug Administration-
approved food additive, whereas crystalline silica is a
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suspected human carcinogen and is involved in the
pathogenesis of silicosis (Petersen and Nelson 2010). Dif-
ferent toxicity behavior has also been observed for TiO,
nanoparticles with their different crystal structures rutile
and anatase (Gurr et al. 2005).

Surface charge influence

Surface charge also plays a role in toxicity, as it influences
the adsorption of ions and biomolecules that may change
organism or cellular responses toward particles. In addi-
tion, surface charge is a major determinant of colloidal
behavior, which influences the organism response by
changing the shape and size of nanoparticles through
aggregates or agglomerates formation (Hoshino et al.
2004). In general, it is believed that cationic surfaces are
more toxic than anionic ones, since cationic surfaces are
more likely to induce hemolysis and platelet aggregation,
whereas neutral surfaces are the most biocompatible
(Goodman et al. 2004). This may be due to the affinity of
cationic particles to the negative phospholipid head groups
or protein domains on cell membranes. For example,
Saxena et al. showed that acid-functionalized single-wall
carbon nanotubes caused markedly greater in vivo toxicity
compared to pristine nanotubes. This higher toxicity could
result either from a possible greater bioavailability or from
the high negative charge of acid-functionalized single-wall
carbon nanotubes, or even from both simultaneously
(Saxena et al. 2007).

The effect of surface charge on the dissolution and
uptake of Au nanoparticles by different plant species was
investigated by Zhu’s group (Zhu et al. 2012). In this study,
the group found that positively charged Au nanoparticles
were most readily taken up by plant roots which are pre-
dominantly negatively charged. Zeta potential parameter is
a measure of surface charge and governs interactions with
environmental media and biota. In water media works as a
practical measure of the potential stability of a colloidal
system. This parameter is affected by surface chemistry as
well as by the properties and composition of solution, such
as pH, ionic strength and dissolved organic matter. It
provides an indication of the degree of repulsion between
adjacent, similarly charged particles, i.e., low values indi-
cate poor stability and potential aggregation of particles.
Zeta potential and hence surface charge have also impli-
cations for other environmental processes such as adsorp-
tion, complexation (e.g., with organic matter) and
interaction with biological systems such as cell mem-
branes, and it will be a very useful parameter in aquatic and
soil environments (Milani et al. 2012; Stebounova et al.
2011), where nanoparticle interaction with other materials
will be more likely.

Composition influence

Although it has been suggested that size or surface area
may be more important than chemical composition for
conferring nanoparticles toxicity, particle chemistry
becomes more relevant in relation to cell molecular
chemistry and oxidative stress species (Sharifi et al. 2012).

Coatings influence

Surface chemistry of a nanomaterial has implications for its
dissolution, aggregation, reactivity and toxicity. In different
formulations, the nanomaterial surface could be coated or
modified with multiple organic and inorganic coatings.
These modifications are typically done for the following
reasons: to passivate the surface of the nanoparticles (remove
free electrons and dangling bonds), control the size of the
nanoparticles, render the nanoparticles dispersible in a par-
ticular solvent or formulation and, in some cases, to improve
specificity. The adverse effects of nanoparticles may be
mitigated or eliminated by incorporation of surface coatings.
Proper surface coatings can stabilize particles and avoid
agglomeration. Coating is also an effective means for pre-
venting the dissolution and releasing of toxic ions (Kirchner
etal. 2005). Furthermore, the steric hindrance of coatings can
retard the cellular uptake and accumulation of nanoparticles,
or on the opposite, some coatings can facilitate their endo-
cytosis. Surface coatings can modify the surface charge or
surface composition, which can impact intracellular distri-
bution (mobility) and the production of reactive oxygen
species. Otherwise, many coatings are environmentally
labile or degradable and may shed or degrade after exposure
to biological media, thus rendering an initially non-toxic
material in hazardous one (Kirchner et al. 2005).

The influence of surface chemistry on uptake and toxicity
has been demonstrated in different studies. For example,
Chompoosor et al. (2010) investigated the effect of surface
hydrophobicity on toxicity, mainly cytotoxicity and
deoxyribonucleic acid damage, using gold nanoparticles
(2 nm core) linked quaternary ammonium functionalized
with varied hydrophobic alkyl chain. In this study, it was
found that increasing hydrophobicity on the surface of the
nanoparticles resulted in higher cytotoxicity with concomi-
tant reactive oxygen species production. In some nanopar-
ticles such as quantum dots, a coating is unavoidable because
of the metallic core is hydrophobic, and the core itself is toxic
since it is composed of heavy metals such as cadmium. Thus,
a secondary coating is needed to increase the quantum dot
core’s durability, to prevent ion leaching, and to increase
water dispersibility (Zhao et al. 2010). The type of surface in
the secondary coating may affect the toxicity of the quantum
dot complex. For example, Chen et al. coated quantum dots
with silica and the lack of genotoxicity was related to the
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silica coating, which successfully prevented the interaction
of Cd, Se, Zn and S with proteins and deoxyribonucleic acid
in the nucleus (Chen and Gerion 2004).

One of the common strategies reported for coating the
nanoparticles surface is nanoencapsulation, for instance,
“core—shell” models, where the core would be the
nanoparticle and the shell was the protective coating. As
coatings, different approaches have been described like
dendritic macromolecules (Namazi et al. 2007), surfactants
(Guang et al. 2012), single-crystal ZnO nanorods (Liu et al.
2014), used upon the nature of immobilized nanomaterial
and or the pursued application.

Surface roughness influence

Surface roughness along with hydrophobicity and cationic
charge is the main factors involved in non-specific binding
forces that promote cellular uptake (Mahmoudi and Ser-
pooshan 2011). Small-radii surface coarseness can signifi-
cantly minimize electrostatic or hydrophobic—hydrophilic
repulsive interactions, promoting so cell adhesion.

Aggregation influence

Proper and stable dispersion of nanoparticles in the delivery
medium is very important for their biological distribution
and subsequent activity. Due to agglomeration, nanoparti-
cles may not form a stable suspension suitable for in vivo
exposure in physiological solutions. So, aggregation (homo-
and hetero-) is an important property that determines the fate
and toxicity of nanomaterials in the environment (Batley
et al. 2012). This process is heavily influenced by the prop-
erties of the suspension such as pH, ionic strength and the
presence of other colloids. Since nanoparticles can aggregate
between themselves (homoaggregation) and with other nat-
ural particles (heteroaggregation), the main route for the
removal of most nanoparticles in the environment will be
through aggregation, followed by sedimentation. Heteroag-
gregation of engineered nanomaterials with natural colloids
is therefore likely the simplest way to control the fate of most
nanoparticles. This aggregation process may change the
overall size of the nanomaterials, surface area and reactivity
that will affect their mobility and ecotoxicity in the envi-
ronment. Sometimes dispersion or wetting agents are added
in media to improve nanomaterials solubility, but it also may
adversely affect their toxicity (Regulatory Considerations
2014).

Reactivity influence
Evaluation of nanomaterial reactivities (catalytic, redox,

radical formation, etc.) is particularly important when we
have to consider potential ecotoxicity (i.e., nanomaterials
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facilitating the formation of toxic reactive oxygen species).
Reactivity is closely associated with other fundamental
properties such as size, surface area, composition and
crystalline structure. For example, TiO,, in its anatase
form, is known for its photocatalytic activity, i.e., TiO,
nanoparticles are used to enhance pesticide degradation
(Khot et al. 2012), while it is photostable in rutile form, i.e.,
TiO, nanoparticles are used to protect a system from
photodegradation (Gogos et al. 2012).

Green chemistry

Although different techniques such as ultraviolet irradia-
tion, aerosol technologies, laser ablation, ultrasonic fields,
photochemical reduction have been used successfully to
produce nanoparticles, they remain expensive and involve
the use of hazardous chemicals. Therefore, there is a sig-
nificant interest in the development of environmental-
friendly and sustainable methods (Kharissova et al. 2013;
Narayanan and Sakthivel 2010). At the same time, despite
intensive developments of the nanotechnology, the adverse
effects of nanomaterials are still relatively unknown. So,
the synthesis of such materials using environmental-
friendly and biocompatible reagents could decrease the
toxicity of the resulting materials and the environmental
impact of the byproducts (Sanchez-Mendieta and Vilchis-
Nestor 2012; Varma 2012).To reach this goal, non-toxic
solvents (preferably water), closed reactors, “green”
techniques without contact between reaction media and air
(ultrasound, microwave, hydrothermal, magnetic and bio-
logical methods) and low temperatures can be used as
environmental-friendly tools.

Methods for obtaining nanoparticles using naturally
occurring reagents such as vitamins, sugars, plant extracts,
biodegradable polymers and microorganisms as reducing
and capping agents can be considered attractive for nan-
otechnology. This kind of synthesis has been limited so far
to the fabrication of a small number of inorganic
nanoparticles, mainly metal nanoparticles, although several
metallic oxides and salts have been also produced. Among
the reagents above mentioned, plant-based materials seem
to be the best candidates and they are suitable for large-
scale “biosynthesis” of nanoparticles (Iravani 2011). Plant
parts (leaf, root, latex) and products derived from them
such as extracts from tea, coffee, banana, simple amino
acids, as well as wine, table sugar and glucose, have been
utilized as reagents. A considerable number of efforts are
devoted to tea extracts, which owing to a high amount of
presented polyphenols, can act as both chelating and
reducing and capping agents for the nanoparticles. More-
over, the resulted particles are protected from further
reactions and aggregations, which increase their stability
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and longevity. Greener methods involving plant materials
are generally single-pot reactions, without the use of
additional surfactants, capping agents and templates. Fur-
thermore, the technique developed for a given metal and
metal oxide nanoparticle can also be frequently applied for
other metals (Kharissova et al. 2013). As green reagent, it
should be highlighted chitosan, biomolecule from marine
origin, whose use is very popular due to its function as both
stabilizer and reducing agent for colloidal particles pro-
viding stabilization of them for months and reaching
smaller size and narrower size distribution too (Adlim and
Bakar 2008, 2013).

Microorganisms have been also employed, but the
reached synthesis methods are slow and limited to get some
specific sizes and shapes of nanomaterials (Dhillon et al.
2012, Park et al. 2016). Nanoparticles’ bioproduction by
fungi has some practical advantages over other microor-
ganisms, such as bacteria, yeasts, algae and viruses.
Specifically fungi are gaining worldwide popularity since
they better tolerate higher metal concentrations than bac-
teria and secrete abundant extracellular redox proteins to
reduce soluble metal ions to their insoluble form and
eventually to nanocrystals (Kitching et al. 2014). Fungi can
support high concentrations of metal ions because of their
inherent ability to produce higher concentrations of pro-
teins which aid in the reduction of metal ions to less toxic
forms. The higher the production of enzymes, the more will
be the reduction of metal ions. On the opposite, in the case
of bacteria, most metal ions are toxic, and therefore,
reduction of ions or formation of water insoluble com-
plexes is a defense mechanism developed by bacteria to
overcome such toxicity (Dhillon et al. 2012). Furthermore,
fungi are a versatile group which can adapt and grow under
different extreme conditions of pH, temperature, and
nutrient availability (Anand et al. 2006). The size and
shape of the nanoparticles synthesized using fungi appear
to depend on the type of microorganisms and the factors,
such as temperature and pH of the medium. Exhaustive
descriptions about the influence of these factors on mor-
phology and composition of different nanomaterials were
performed in the excellent review of Dhillon et al. (2012).

Overall, fabrication of metal, metal oxides and salt
nanoparticles using natural substances is a very promising
area in nanotechnology, where invaluable nanomaterials
can be produced at more safe scale because the biomate-
rial-based routes eliminate the need to use harsh or toxic
chemicals (Parsons et al. 2007) and since even waste
products are relatively innocuous because they are mostly
composed of leftover natural plant extracts. Mechanisms of
these bioreductive transformations (Zhou et al. 2010;
Huang et al. 2011) as well as catalytic properties and
spectroscopic characterization have been discussed in

different papers (Du et al. 2011; Zhan et al. 2012; Sukla
and Iravani 2017).

Most studies reported to date are dedicated to obtain
nanoparticles of silver, perhaps due to their easy prepara-
tion and importance in the science of disinfection. The
green synthesis of gold nanoparticles also exhibits con-
siderable interest, although in a much lesser degree than
those of Ag. Gold nanoparticles present also a considerable
interest, although in much lesser degree than Ag. Other
pure metals (Fe, Pt, Pd, Cu), hybrids of them (alloys or
core—shell), oxides and salts have also been obtained by
“greener” methods. The state of the art, with some repre-
sentative examples, their respective precursors and green
reagents are summarized in Table 3.

In conclusion, green synthesis of nanomaterials provides
great advantages like: (a) use of only naturally occurring
nonhazardous materials, (b) no hazardous waste neither,
(c) reduced processing efforts, (d) the obtained nanoma-
terials are more stable (Adlim and Bakar 2008) easily
stored and easily transported, and (e) the materials can be
more readily produced around the world using common
and often biorenewable materials. (Varma 2012).

But, on the contrary, nowadays it still presents serious
deficiencies like such investigations have been just carried
out at research laboratories in small scale, whereas there
are no reports on pilot plant or industrial-scale fabrication
of nanomaterials using natural products. So, it’s time to pay
attention on scaling up the processes of the preparation
(Kharissova et al. 2013; Sukla and Iravani 2017). On the
other hand, the lack of control over final characteristics of
obtained nanomaterials also supposes a great disadvantage.
Then, efforts are necessary to improve the optimization of
the reaction conditions, the extraction and purification of
the produced nanoparticles and their separation according
to size and shape (Sukla and Iravani 2017).

Conclusion

Nanomaterials science can solve challenges in some envi-
ronmental issues such as wastewater and desalination sea
treatments, clean energy conversion and storage, control of
drug-resistant microorganisms and new nanomaterials and
strategies for a more sustainable agriculture. The review
tries to show the state of the art of the most promising
applications in these different fields, where relevant profits
from the research about nanomaterials are still expected.
Current water supplies and wastewater treatment tech-
nologies and infrastructures are reaching their limit for
providing adequate water quality to meet human and
environmental needs. Nanotechnology aims to provide new
treatment  capabilities such as  nanoadsorbents,
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Table 3 Green synthesis of the most representative nanomaterials

Nanomaterials Precursor Green reagent Size References
(nm)
Pure Metals
Ag AgNO; Glutathione as reducing and capping agent 5-10 Baruwati et al. (2009)
AgNO; Leaves extract of Skimmia 40 Ahmed et al. (2015)
Laureola as reducing agent
AgNO; Solanum lycopersicums extract as reducing agent 12 Bindhu and Umadevi
(2014)
AgNO; Trichoderma harzianum fungus as reducing and dispersing 51 Ahluwalia et al. (2014)
agent
Au HAuCly Leaves extract of Jasminum Sambac 20-50 Yallappa et al. (2015)
HAuCly Bacterium Pseudomonas veronii AS41G 5-25 Baker and Satish 2015
HAuCl; 3H,0 Chitosan 3.6-5.6 Adlim and Bakar (2008)
Fe FeCl; 6H,0 Polyphenols extracts from leaves of 26 different tree species ~ 10-20 Machado et al. (2013)
Cu CuCl, 2H,0 L-ascorbic acid as reducing and capping agent 1.3-19 Xiong et al. (2011)
Pt H,PtClg 6H,O Diopyros kaki leaves extract 2-12 Yong et al. (2010)
Hybrids
Au-Ag HAuCl, and Leaves extract of Jasminum Sambac Yallappa et al. (2015)
AgNO;
Au-Ag HAuCl, and Extract of ripe pomegranate - Meena et al. (2015)
AgNO;
Ni-Cu Ni (NO3), 6H,0 Citric acid 15-20 Ferk et al. (2015)
Cu (NO3) 3 H,O0
Fe-Pd FeCly Polyphenols from green tea extracts - Smuleac et al. (2011)
K,PdCly
Pd- Au HAuCl, 3H,0 Chitosan 1-24 Adlim and Bakar (2013)
PdCl,
Metal oxides
TiO, TiO(OH), Psidium guajava leaves extract 32.6 Santhoshkumar et al.
(2014)
ZnO Zn (NO3), Aloe barbadensis Miller leaves extract 25-40 Sangeetha et al. (2011)
CuO CuSO,4 Aloe barbadensis Miller leaves extract 15-30 Sangeetha et al. (2012)
In,O5 InCl; Glucose 50 Zhang et al. (2010)

nanotechnology-enabled membranes and nanophotocata-
lysts for expanding water supplies in the near future.

The advantages of nanostructured materials for energy
production and storage have been documented in this
review, but there are still several issues to improve in terms
of controllable fabrication with regard to the fully desired
morphology, insightful understanding of the relationship
between the device performance and the nanomaterial
structure and the development of new mechanisms relying
on nanostructures. Nanomaterials represent an innovative
strategy to develop new pharmaceutical formulations based
on metallic nanoparticles with efficacious antimicrobial
properties in the fight against multi-drug-resistant
microorganisms. The possibility of developing microbial
resistance cannot be ruled out. Therefore, preclinical and
clinical trials are needed for a better understanding of
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potentiality and limitations. Nanotechnology has also a
great potential for contributing to sustainable agriculture
and environment by means of new technological materials
and strategies such as smart nanocarrier systems for con-
trolled releasing of chemicals (pesticides, fertilizers, etc.)
and development of innovative harvested nanomaterials,
non-toxic and biodegradable, with industrial purposes.
The enormous potential benefits offered by nanotech-
nology must be weighed against the potential risks of use
and abuse of nanomaterials, and in large part these risks are
not evaluated yet. Thus, they should not be discarded and it
must be seriously addressed its biggest disadvantage: the
uncertain toxicity. This review has addressed two ways to
palliate nanomaterials toxicity: (a) to control physico-
chemical factors affecting toxicity in order to dispose of
more safe nanomaterials and (b) to harness greener



Environ Chem Lett (2018) 16:11-34

29

synthesis of them to bring down the environmental impact
of toxic reagents, wastes and byproducts.

Physicochemical properties play a crucial role for
determining the toxicity of nanomaterials. Thus, the toxi-
city of chemically identical materials can be altered sig-
nificantly by the manipulation of some physicochemical
properties. In order to reduce the considerable knowledge
gap between the production and the in vivo toxicity eval-
uation of nanoparticles, a considerable effort is needed by
the scientific community to study the physiological effects
of acute and chronic exposure to them.

Safety and health related to nanomaterials are currently
facing a situation in which almost all aspects to consider
present knowledge gaps due to limited information. There
is a significant lack of reliable knowledge on toxicology,
effects on human health and absence of the appropriate
metric for determining exposure to nanomaterials (INSHT
2015). So, with regard to legislation, although European
legislation has not a specific framework for nanomaterials,
the rules to be applied are depending on the situation they
are used and their hazard characteristics, as dictates the
European Commission (European Commission 2014).
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