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ls: from their use, application, and
disposal to regulations

Jorge Antonio Chávez-Hernández,a Áıda Jimena Velarde-Salcedo,a

Gabriela Navarro-Tovarab and Carmen Gonzalez*a

Nanomaterials are structures with a wide range of applications in the medical, pharmaceutical, food, textile,

and electronic industries, reaching more customers worldwide. As a relatively new technological field, the

information about the associated risk of nanomaterials in environmental and human health must be

addressed and consolidated to develop accurate legislations, frameworks, and guidelines to standardise

their use in any field. This review aims to display and context the global applications of nanomaterials,

their final disposal, as well as the perspective of the current efforts formulated by various countries

(including Mexico and Latin American countries), international official departments and organisations

directed to implement regulations on nanomaterials, nanotechnology, and nanoscience matters. In

addition, the compiled information includes the tools, initiatives, and strategies to develop regulatory

frameworks, such as life cycle assessments, risk assessments, technical tools, and biological models to

evaluate their effects on living organisms. Finally, the authors point out the importance of implementing

global regulations to promote nanotechnological research according to a precautionary principle

focused on an environmental and health protection approach to ensure the use and application of

nanotechnologies safely, and responsibly.
Introduction

Today, nanotechnology leads to numerous nano-based prod-
ucts available in the market, breakthroughs around technology,
and synthesis methods. Thus, nanotechnology brings to the
market high-tech characterisation equipment, and it has
accelerated growth in various areas of science and industry.

Historically, the visualisation of nanotechnology can be
tracked to 1959, when physicist Richard Feynman proposed his
famous lecture: “There's plenty of room at the bottom”,1 where
he rst stated direct manipulations of atoms to synthesise
materials for the rst time. Since then, fundamental advances
in the development of nanotechnology have taken place; for
example, the molecular beam epitaxy growth technique by
Günther in 1968.2 Furthermore, Norio Taniguchi and Kim Erick
Drexler in 1974 and 1986, respectively, used the term
«nanotechnology» to describe materials at a nanoscale and
their applications.3 Then, the rst NMs were obtained, when
a patented process for the synthesising fullerenes was granted
to Robert Curl, Richard Smalley, and Harold Kroto in 1978,4 and
Sumio Lijimamade a breakthrough in describing the procedure
to obtain carbon nanotubes (CNTs) in 1991.3 Later, Xu et al.
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the Royal Society of Chemistry
(2004) discovered carbon dots with a size below 10 nm when
they were developing an electrophoretic method for single-
walled CNTs5 suitable for applications such as bioimaging,
drug delivery, and catalysis due to their enhanced optical and
electronic properties and low toxicity.6

The knowledge of the matter manipulation in a nanoscale,
confers a great impact with economic relevance in different
areas of industry and research. For the last 20 years, nano-
technology stands out with the registration of products and
manufactured patents related to nanomaterials (NMs):
cosmetics, toothpaste, ltration systems, photovoltaic cells,
electronic devices, medical products, among others.7 In 2020,
this impact reached a vaccine for the SARS CoV-2 virus, where
two large pharmaceutical companies, Pzer and Moderna,
developed a vaccine using nanoliposomes (lipidic nano-
structures) as a vehicle for the mRNA sequence needed for the
antigenic spike protein of this virus,8 and in 2023, Alexey Eki-
mov, Moungi Bawendi, and Louis Eugene Brus won The Nobel
Prize in Chemistry for obtaining and studying quantum dots of
different elements for current electronical and optical applica-
tions9 (Fig. 1).

According to the National Science Foundation workshop
report “Nanotechnology Research Directions”, nanotechnology
is dened as «the application of scientic knowledge to
manipulate and control matter predominantly in the nanoscale
to use size- and structure-dependent properties and
phenomena distinct from those associated with individual
Nanoscale Adv., 2024, 6, 1583–1610 | 1583
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Fig. 1 The history and development of Nanotechnology (1959–2020). Original creation (using Mind the Graph program) based on information
obtained from ref. 1–9, 106, 109, 133–137, 142–144.
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atoms or molecules, or extrapolation from larger sizes of the
same material».10 From this, crucial concepts emerge such as
nanomaterial (NM), which is «a material with any external
dimension in the nanoscale or having an internal structure or
surface structure in the nanoscale»,11 and nanoparticles (NPs)
dened as «nano-objects with all external dimensions in the
nanoscale where the lengths of the longest and the shortest axes
of the nano-object do not differ signicantly».12 However, other
denitions are suggested. The European Commission (EC) has
worked on denitions, compiling information, and proposing
regulations for about two decades and denes NM as «a natural,
incidental or manufactured material consisting of solid parti-
cles that are present, either on their own or as identiable
constituent particles in aggregates or agglomerates, and where
50% or more of these particles in the number-based size
distribution full at least one of the following conditions: (a)
one or more external dimensions of the particle are in the size
range 1 nm to 100 nm; (b) the particle has an elongated shape,
such as a rod, bre or tube, where two external dimensions are
smaller than 1 nm and the other dimension is larger than
100 nm; (c) the particle has a plate-like shape, where one
external dimension is smaller than 1 nm and the other
dimensions are larger than 100 nm».13

If the NM is synthesised, the process can be performed by
“top down” or “bottom up” techniques. In the rst group, a raw
1584 | Nanoscale Adv., 2024, 6, 1583–1610
material in a micro or macro scale is breaking down to the
nanoscale, while “bottom up” techniques refer to assembling
atoms and molecules into nanoscale arrangements.14 Those
synthesis are selected according with the chemical nature of the
NM. In this respect, NMs are classied in (1) carbon-based NMs
(e.g. graphene and carbon nanotubes); (2) metallic-based NMs
(e.g. gold and silver NPs; (3) quantum dots (e.g. Cerium
quantum dots); (4) dendrimers, which are polymeric branched
nanostructures; and (5) composites, for a combination of
inorganic and organic structures.15

The development of new NM-derived products and applica-
tions are associated with increasing numbers of requested and
approved patents. In 1991, 224 patents were registered world-
wide while in 2008, the number of patents increased to 12 776.16

The data obtained from the United States Patent and Trade-
mark Office (USPTO) until 2023 ranks the United States as the
leading country in nanotechnology patenting, followed by
South Korea, China, Japan, and Taiwan. Moreover, according to
the European Patent Office (EPO), the United States is also the
leading country in patenting, followed by Germany, France,
Japan, and South Korea. The most recent update of nanotech-
nology Japan patenting dates to March 2023 and it shows that
the United States still leads in nanotechnology patenting
(Fig. 2A). Currently, the Statnano platform17 compiles infor-
mation converging from nanotechnology, biotechnology,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) Top ten patenting countries (2019–2023) according with the United States Patent and Trademark Office and the European Patent
Office; (B) nanotechnology products classified (2019–2023) according with industrial areas.18 Creation adapted and based on information
obtained from http://www.statnano.com (accessed on December 14th, 2023).18
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informatics, and cognitive science technologies. This platform
states that 3910 companies in 68 countries offer 11 171 products
using nanotechnology products and developments (Fig. 2B).
Companies such as Intel Corporation have registered 189
products using nanotechnology, and Texas Instruments Inc.
has registered 60 products that employ nanotechnologies.18

On the other hand, funding for nanotechnology research
increased from 432 million dollars to 4100 million dollars
between 1997 and 2005.16 NM-related products have attracted
more investments, and between 2007 and 2011, only the Euro-
pean Union reported 970 million dollars as an investment in
NMs research. That approximation is about a quarter of a tril-
lion dollars worldwide, and it is expected to exceed 125 billion
dollars by 2024.19 The Statnano database has registered 2 040
200 research papers about NMs, 229 774 patents and 4326
products.18 The United States alone had registered 2300 prod-
ucts containing NMs during the rst decade of the 21st
century.20 The Woodrow Wilson International Centre for
Scholars, a non-partisan organisation forum, conducted inde-
pendent research, and registered 54 nanoproducts in 2005; by
2009 this number increased to 1015 products.21 By 2020, the
Woodrow Wilson Database reported 1833 nanotechnological
products worldwide.22 Nanowerk Nanomaterial Database
Inventory, the global leading portal database of nanosciences
and nanotechnology products, news, links with nanotechnol-
ogies industries/laboratories, industrial reports, magazines,
and journals, registered an increase in the number of manu-
factured nanoproducts from 1917 in 2008 up to 2238 products
in 2009, and a total of 3600 products in 2018.2,21

On the other hand, the technology consultancy Future
Markets Inc. projected in 2012 a total worldwide production of
250 000 to 300 000 metric tons of NPs obtained by chemical
synthesis. Meanwhile, the EC reported in the same year 1 500
000 tons worldwide;23 among them, the most produced NMs
(2010–2012) were NPs of titanium dioxide (TiO2), silicon dioxide
(SiO2), aluminium oxides (AlxOx), zinc oxide (ZnO), iron oxides
(FexOy), cerium oxides (CexOy), silver (AgNPs), and CNTs.20

Nowadays, nanotechnology has a signicant participation in
global markets; the sustained increase and past and future
© 2024 The Author(s). Published by the Royal Society of Chemistry
growth clearly show its importance. For example, the valued of
nanotechnology was up to 2 trillion USD in 2015 (ref. 24);
meanwhile, other projections assessed 2020 a value in the
global economy of up to 3 trillion USD.25 Inkwood Research
projected that the NM market would reach an approximate
value of up to 13 billion USD, and Mordor Intelligence fore-
casted a value in markets of NMs up to 11.3 billion USD in
2020.2 This economic data was before 2020; therefore, the
current monetary yields could be far more today, and the impact
of the SARS-CoV2 global pandemic must be considered.

By the immediate antecedents related to the accelerated
increase in products containing NMs, this review explores and
make an analysis of the current applications and uses of a series
of products based on NMs. At the same time, the authors con-
textualise aspects related to the disposal, regulations, legisla-
tions, and worldwide advances of these materials in the nano
scale within the last years. Some publications have recognised
the importance of the regulation of NMs in elds such as
cosmetics or nanomedicine26–28 or address them in a broader
approach,29,30 analysing aspects such as funding, patenting,
economic participation of NMs in global markets, but also the
impact that confer the release of NMs in the environment and
health risks. In addition, this review emphasises the current
situation in which countries from different continents face the
situation of NMs regulation, including countries that have
designed initiatives with different degrees to contribute to the
good use of nanotechnologies, which gives a broader view to the
reader of the importance of developing regulations on NMs. It is
also stablished the importance of the development of these
regulations and how they should be strongly related with the
Sustainable Development Goals (SDG).

Global applications of NMs

The United Nations (UN) has developed actions to contribute to
NMs-related environmental safety. In 2015, all the countries
that belong to the UN approved the 17 Sustainable Development
Goals (SDG), part of the Sustainable Development Agenda 2030
that included objectives related to human health and
Nanoscale Adv., 2024, 6, 1583–1610 | 1585
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environmental safety.31 To the date, uses and application with
NMs are diverse as Fig. 1 represents. Those applications may
cover relevant targets in the SDG. For instance, objective 3 good
health and well being, considers reducing by one third prema-
ture mortality from non-communicable diseases through
prevention and treatment and promote mental health and well-
being. NMs are being applied for the improvement of diagnosis,
drug delivery and vaccines (communicable and non-
communicable diseases). NMs are also considered for the
removal and degradation of water pollutants to enhance water
quality, which is part of the targets in objective 6 clean water
and sanitation. Interestingly, a recent use of NMs is as nano
pesticides to replace hazardous chemical currently applied in
crops, and this is also a target in the objective 6 for reducing
water contamination. Moreover, the use and applications of
NMs in solar cells and other devices for renewal energies may
reduce the costs of those systems, as considered in objective 7
affordable and clean energy. On the other hand, the commercial
use of NMs for painting and coating impact in the development
of quality, reliable, sustainable, and resilient infrastructure as
set in objective 9 industry innovation and infrastructure.

Regarding objective 3 good health and well being, most of
the NMs applications are lipid-based NMs. Previously, it has
been mentioned the BioNTech-Pzer and Moderna SARS-CoV2
vaccines were a breakthrough in 2020 when the COVID-19
pandemic stroked. Those vaccines contain a nucleoside-
modied mRNA encoding for SARS-CoV-2 spike protein
encapsulated in liposomes assembly with polymer-
phospholipids, allowing the mRNA protection and enhancing
the immune response.8 However, this vaccine has not been the
rst biomedical NMs applications. In 1995, the FDA approved
the use of Doxil®, a liposomal doxorubicin drug for Kaposi's
sarcoma, ovarian cancer, and myeloid melanoma. Later, in
1997, AmBisome®, a liposomal amphotericin B against oppor-
tunistic fungal pathogens, was released to the market, reducing
the toxicity of the drug in patients.32 That was the starting point
for several liposomal formulations for drug delivery.33 More-
over, in 2013, MagForce Nanotechnologies AG started the
commercialisation of NanoTherm® AS1 (12 nm Fe2O3 with
a lipidic shell), for thermal therapy in patients with brain
tumours. The Fe2O3 NPs are activated by a magnetic eld that
changes its polarity 100 000 times per second and release heat
into the tumour (intracranial administration of NanoTherm® is
required).34,35

Another application of NMs is in the food industry. ZnONPs,
SiO2 NPs, and TiO2 NPs are used in the food industry as
thickeners, dyes, clarifying agents, and dust uidity controllers.
In contrast, AgNPs and ZnONPs enhance the shelf time of
several products due to their bacteriostatic properties; FeONPs
are used to fortify foods.36,37 Organic polymeric NPs such as
pectin have also been used to elaborate lms in food packages
containing aqueous and alcoholic food extracts, and their
synthesis is carried out from polymers obtained from natural
sources and biodegradable synthetic polymers such as starch,
pectin wheat proteins, zein, sunower seeds proteins, among
others.38 Polymeric NPs have been employed in the nano-
encapsulation of functional foods (nutraceuticals) to protect
1586 | Nanoscale Adv., 2024, 6, 1583–1610
them from the gastrointestinal tract,39 or as drug delivery
vehicles to produce nanoemulsions of omega-3 fatty acids,40,41

and oil-in-water nanoemulsions (such as triglycerides with
either vitamin D, astaxanthin, or b-carotene).42–44

Relevant mention is the use of NMs in cosmetics since the
denition of cosmetics is typically wide in many countries.
Cosmetics are interpreted as beauty products such as lipsticks
and eyeliners, but according to The European Union Cosmetics
Directive (EUCD) a cosmetic is “any substance or preparation
intended to be placed in contact with various external parts of
the human body (epidermis, hair, nails, lips, teeth.changing
their appearance and/or correcting body odours and/or pro-
tecting them in good condition”.45 Thus, since cosmetics are not
aimed at rst to be drug formulations, less legislations applied
in their production and commercialisation; hence, more NMs
can be found in cosmetic formulations, including TiO2 as
sunscreen (e.g. Phytorx UV defense46), nano-hydroxyapatite for
dental desensitiser and polish remineralisation of teeth (e.g.
Kinder Karex47), AuNPs as antimicrobial activity in facemask
(e.g. gold radiance peel off mask48). However, the long-term use
of NMs in cosmetics has not been studied and toxic effects
could be found in evaluations. Furthermore, the released of
NMs in the environment can alter the trophic chain.

Recently, the use of nanotechnology in water treatment
systems (objective 6 clean water and sanitation) has been
explored to improve the quality of treated water, using metallic
and oxide metallic NPs due to their catalytic and/or antimicro-
bial activity and non-metallic NMs such as CNTs due to prop-
erties, such as high absorption surface area, layered structure
and hollowness.49 In this sense, CNTs employed for wastewater
treatments have demonstrated to remove heavy metals (lead or
cadmium)50 and decreased microbial pollution.21 Fe2O3 NPs in
batch systems have removed heavy metals such as arsenic (As
III), copper (Cu II), aluminium (Al III), cadmium (Cd II), cobalt
(Cd II) and nickel (Ni II).51 On the other hand, fullerenes (C60)
have showed antimicrobial activity in a Bacillus subtilis
demonstrating that fullerenes could be effective antimicrobial
agents.52

Nano pesticides also represent an emerging research area in
agriculture and environmental protection science and tech-
nology. They are chemicals used to control pests, diseases, or
harmful microorganisms in agriculture and crop protection
that can offer substantial benets, such as increased effective-
ness in controlling pests and diseases, reducing the use of
conventional chemicals, controlled release of active ingredi-
ents, and minimizing environmental impact. There are two
types of nano pesticides, the rst one elaborated with Ag, Ti,
and Cu as active ingredients, and the second one elaborated
based on nanocarriers like nano-polymer and nano-clay to
house as the active ingredients. These products act through
various mechanisms, such as the controlled release of active
ingredients, the inhibition of specic biological processes in
pests or microorganisms, or through the modication of the
surfaces properties to prevent the adhesion of
microorganisms.53,54

Moreover, NMs can contribute to objective 7 affordable and
clean energy by reducing environmental pollution, as they have
© 2024 The Author(s). Published by the Royal Society of Chemistry
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improved the usage of renewable energy in solar cells, hydrogen
production, batteries, and supercapacitors.55 Potential candi-
dates are semiconductor materials such as silicon or gallium
arsenide, which at the nanoscale present a decreased electronic
and thermal conductivity and can be used in solar cells with
high photoelectric conversion efficiency by catalysing the
decomposition of inorganic and organic substances by solar
energy.56 On the other hand, graphite and graphite-containing
NMs has also been incorporated to solar panels due to their
high charge and discharge rates.57 Due to the reduced scale, and
therefore a faster ion and electron transport, NMs can improve
the power of rechargeable batteries. Graphene and metallic-
based nanocomposites have been proposed as an alternative
to lithium in rechargeable batteries;58 these materials have also
been used for the fabrication of electrodes in supercapacitors.59

The increased active surface area of NPs has also been exploited
in catalysis and energy-conversion systems.60

The industry of paintings and coatings have applied NMs in
recent years, looking for the improvement of various properties
such as anticorrosion, durability, biodegradability, antimicrobial
properties,61 and waterproong in textiles62 addressing the
objective 9 industry innovation and infrastructure. NMs have been
used for coatings on sealed porous surfaces with a thinner layer,
and various companies have applied those and other properties to
commercial products. The company Niasol has products for car,
furniture, and shoe protection, repelling dirt, and water from
surfaces.63 Aculon sells about 100 hydrophobic nanocoating
products with over 35 patents, nding applications in medical
devices and electronics.64 Nanocar, which additional to the
nanocoatings for car protection, it produces antimicrobial sprays
for surfaces.65 Importantly, none of the recent nanotechnological
companies selling paintings and coatings disclosure the use NMs
in their formulations, they only state the functionality.

In contrast, NMs in commercial products and their potential
applications in several elds highlights their relevance in
human history, as the SDG in the Agenda 2030 stablishes.
However, due to the NMs small size is crucial to consider their
implications in human health and environment, faced critical
challenges including the safety and toxicity of NPs, risk
assessment for human health and the environment, stability
and controlled release of active ingredients, regulatory
concerns, in addition to the public agreement, topics that will
be discuss in the following sections.
Where NMs are going after their shelf-
life?

Nanotechnology-derived products are imminently incorporated
in products and services under a global market that increases
daily.

Due to their extended production and distribution, NMsmay
be released to air, soil, and water. Rains can also deposit NMs to
water bodies and soils, and changes in temperature, pH or
either interaction with other NMs can form aggregates or ion-
ised NMs with the subsequent uptake by different animal and
vegetable species through the trophic chain (Fig. 3).
© 2024 The Author(s). Published by the Royal Society of Chemistry
Thus, contact with NMs by air, water, soil, or food may
activate different cellular pathways in living organisms,
including humans, and this topic is worthy of being studied in
detail.66 Even with the benets that NMs provide due to their
novel properties, the other side of the coin is how the waste is
treated for disposal to avoid environmental pollution and
diseases. Particular attention is required for products contain-
ing NMs, in which ions or individual NPs can be released from
the whole matrix or from some matrix fragments. For instance,
painting and coating containing NPs and applied in outdoor
buildings and monuments for stone's consolidation can be
altered when exposing to different weather conditions.67 Zuin
et al. (2014) and Zhang et al. (2017) tested nano-based paints
containing TiO2 and Ag NPs according to Standard ISO 2812-
2:2007 for paints and varnishes nding the release of NPs as
free forms and ionic forms.68 Other evidence of NPs and ion
release is reported by Pantano et al. (2018), who analysed wood
preservatives containing CuO NPs by European Standard
EN84:1997, which species a method for the leaching of
compounds (durability in rainwater).69

Hence, NMs are now grouped in a new pollutant classica-
tion known as «emerging pollutants», which can be dened as
«those compounds from different origins and chemical nature
whose presence in the environment is not considered signi-
cant in terms of distribution or concentration»,70 and their
«concentration ranges are parts per million (ppm) to parts per
trillion (ppt)»71 Some reports alert that the concentrations of
several NMs such as TiO2 NPs, AgNPs, CNTs, and fullerenes in
freshwater and wastewater treatment plants and effluents have
reached worrying levels ranging from 0.0005–0.0008 mg L−1 (or
ppb) of CNTs, 0.03–0.08, 0.04–0.34 mg L−1, both ranges valued
for AgNPs, 0.0005–19 mg L−1 for fullerenes and 0.7–16 mg L−1 for
TiO2 NPs.72

Furthermore, other concepts around this topic emerge that
are also relevant and have their implications, such as
«nanopollutants» for referring to «those NMs that are directly
released in the environment», or «nanowaste», which englobes
«those nanomaterials that were collected as waste coming from
production activities, disposal due to end of its useful life of
solid waste containing nanomaterials».23 Nanopollutants sus-
pended in the air, for example, composed mainly of heavy
metals and produced by industrial facilities, waste incinerating
plants, and fossil fuel burning, can reach different environ-
ments by spreading over long distances to enter terrestrial and
aquatic ecosystems. Nanopollutants have also been spread
indirectly by the surface runoff from soil to waterbodies with
their subsequent use of biosolids on the ground. It has been
reported that NPs can permeate soil when fertilisers or plant
protection products are applied and into aquatic environments
through effluent discharge from wastewater plants.73 Thus,
using NMs faces complex challenges before they become safe to
use and prevent contributing to the problem of pollution.

Using NMs in water treatment systems is a helpful tool that
increases water quality. Nevertheless, the regulatory gaps and
the subsequent lack of acceptable concentration limits for NMs
cannot guarantee their biosafety, including when they are
released to water bodies. AgNPs could lead to possible toxic
Nanoscale Adv., 2024, 6, 1583–1610 | 1587
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Fig. 3 Nanoparticles released in water bodies can be taken up by aquatic fauna and enter the human body by trophic transfer. Air pollution by
nanoparticles is also a concern due to nanoparticles could be deposited in water bodies through rainfall. Original creation (using Mind the Graph
program) based on information obtained from ref. 23, 66–74.
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effects starting with bioaccumulation, causing cytotoxicity,
tissue damage, oxidative stress, and genotoxicity in aquatic
species.74 Carbon-based NPs could be a safer alternative to
metallic NPs for wastewater treatment, with less harmful effects
on humans and the environment; however, side effects must be
further studied in the short, medium, and long term.

Since NMs are tiny and have unique properties, the same
elimination approach used for other conventional materials
cannot simply be applied. Then some general considerations
and strategies being studied are listed: (1) recycling and reuse:
depending on the type of NM and its application, it may be
possible to recover and recycle them for reuse in other processes
or products. This requires proper management and effective
separation of NMs during the recycling process;75,76 (2) waste
treatment: Sometimes, NMs can end in solid or liquid waste.
For appropriate direction, it is essential to consider waste
treatment methods that are safe and effective in eliminating
NMs without causing negative impacts on the environment or
human health;76,77 (3) research on degradability: the degrad-
ability of NMs is being investigated to determine whether they
can naturally decompose into more uncomplicated and less
1588 | Nanoscale Adv., 2024, 6, 1583–1610
harmful components over time.78 These approaches will help us
understand NMs persistence and long-term effects on the
environment and contribute to consolidate regulations and
guidelines or elaborate new ones that include specic protocols
and procedures directed to eliminate the NMs, reducing the
damage to the environment and health.

International regulatory framework for
NMs

If the incorporation of NMs to the environment and biological
systems is possible, due to the accelerated increase of nano-
technology, it is necessary an adequate regulatory framework
and adapting regulations that consider the particularities that
emerge in the production of NMs and the industries in which
they are applied.

Accordingly, in 2017, the World Health Organisation (WHO)
published the “WHO guidelines on protecting workers from
potential risks of manufactured nanomaterials” aimed to
establish guidelines for policymakers in the occupational eld,79

and to address goals such as good health and well-being, decent
© 2024 The Author(s). Published by the Royal Society of Chemistry
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work and economic growth, responsible consumption and
production, life below water and life on land. Nowadays, the
SDGs are a major axis in the development of new policies, such
as environmental legislations (including NMs), and are being
approached in universities and educational centres. Importantly,
regulations regarding the production, use, application, and
disposal of NMs impact on objective 12 responsible consump-
tion and production of SDG, since it targets to promote public
procurement practices that are sustainable, ensure that people
have the relevant information and awareness for sustainable
development and lifestyles in harmony with nature.

Institutions such as the United Nations for Training and
Research (UNITAR) provide solutions through developing
human resources with knowledge and skills in environmental
matters. On the other hand, the United Nations Environmental
Program (UNEP) is the foremost environmental authority in the
world that promotes, overlooks, and qualies nations for the
sustainable development of the countries. To date, UNEP offers
more than 15 000 documents related to environmental issues,
including nanopollutants, in various areas, such as biosafety,
Fig. 4 National and international authorities, agencies and initiatives dev
United Nations; WHO, World Health Organisation; UNEP, United Nation
and Research; OECD, Organisation for Economic Cooperation and Deve
International Organisation for Standardisation; ISO-TC229, Internation
United States of America; FDA, Food and Drug Administration; EPA, Enviro
Evaluation System Initiative; CONAHCyT, National Council of Humanitie
CENAT, National Centre of High Technology; LANOTEC, National Labor
Norms; ABNT, Brazilian Association of Technical Norms; IRAM, Argentin
Evaluation, Authorisation, and Restriction Chemicals; ECHA, European
materials. Original creation (using Excel and Biorender programs) based
143, 144, 159, 180, 189, 202–204, 269.

© 2024 The Author(s). Published by the Royal Society of Chemistry
energy, technology, water, etc.,80,81 (Fig. 4). So far, UNITAR's
achievements can be quantied as follows: since 2010, UNITAR
has organised 7172 courses and learning events and reached
780 534 beneciaries.81

In 2004, the international organisation erosion technology
and concentration group pointed out the non-legal develop-
ment of nanotechnology due to the considerable number of
manufactured products.82 In this respect, the reports regarding
the impact of NMs on health and the environment have
increased at least during the last 20 years,83–92 showing the
harmful effects in organs of different species (rats, sh,
humans) due to the exposure and intake of NMs that could lead
to a physiological misfunction and a lowered life quality.
Consequently, today, the issue of regulation on emerging NMs
through socio-economical politics is an aspect that has been
evolving, perfecting, and advancing gradually during the last
few years. However, many actions must be taken to reach the
legal order and global harmonisation.

The momentum of nanotechnology development, establish-
ment, and consolidation paths varies and differs between
eloping frameworks, legislations, and guidelines for nanomaterials. UN,
s Environment Program; UNITAR, United Nations Institute for Training
lopment; WPMN, Working Party on Manufactured Nanomaterials; ISO,
al Organisation for Standardisation Technical Committee 229; USA,
nmental Protection Agency; SINANOTOX, National Nanotoxicological
s, Sciences and Technologies; CENAM, National Centre of Metrology;
atory of Nanotechnology; ICONTEC, Colombian Institute of Technical
ian Institute of Normalisation and Certification; REACH, Registration,
Chemical Agency; EUON, European Union Observatory for Nano-
on information obtained from ref. 12, 31, 79–81, 94, 98, 115, 124–137,
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different countries. In some cases, there are no points of
comparison regarding the aspects to be regulated or the standard
type. The United States and Europe are the ones who have lead-
ership in the establishment of both mandatory and so regula-
tions with specic considerations, where government agencies,
public and private organisations have joined through initiatives,
proposals, and generation of documents that contribute to the
proper governance of nanotechnologies that include the regula-
tion of NMs and even more, to achieve harmonisation at a global
level, with the expectative to reach a delicate balance between the
exibility and control in the use and application of the regulatory
measured to be benecial in the aspects in where the social
sectors are moving, such as the economic level in matters of
exportation and importation products made with a nanotech-
nology base, but at the same time protect and safeguard the
living beings and the environment.

Most of the topics discussed in turn to future regulations
include: the common language related to the nomenclature,
terminology, and classication, the standardised forms in its
measurement, characterisation, traceability, aging of the NM,
types, and levels of toxicological evaluation in the short,
medium, and long term, the forms, and protocols for the
disposition of them, as well as their impact on health and the
environment. In addition to the products and processes
generated based on NMs, their possible and potential combi-
nations, risks, labelling for consumer awareness, work expo-
sure, and the openness to dialogue on social and ethical
aspects, several controversial points are being addressed at the
national and international levels, which have promoted and
motivated various sectors to propose and generate documents
that lead their regulation.

To date, several countries have generated regulations on
nanotechnology. The USA and Europe are actively working in
the elaboration of different documents through their corre-
sponding instruments. Considering that there are two forms of
regulation: (a) mandatory and (b) voluntary or so, the second
one is mainly used while the obligatory frameworks develop,93–96

applying them as an essential reference in emerging technolo-
gies, such as nanotechnologies, where more information is
necessary in specic areas that permit conduce to the genera-
tion of mandatory frameworks.94 Regulation can also be clas-
sied as horizontal and vertical. The horizontal one is dened
as that regulation which affects two or more sectors, in contrast
to the vertical regulation (or specic), in where dispositions
affect a particular sector.95

USA and Europe have tried to include and cover several
aspects of the NMs and their derivatives by applying horizontal
regulation (or primary) forms. Even though the horizontal
mandatory regulations cover the NMs, in this concern, it is
essential to mention that the USA and Europe have different
points of view on generating specic regulations for NMs. For
instance, in Europe, the creation of a “NanoAct” could be
elaborated from the previous instruments and regulations or
the proposal of a particular and detailed regulatory framework
named REACT NOW, whose acronym is Registration, Evalua-
tion, Authorisation, Categorisation, and Tools to Evaluate
Nanomaterials-Opportunities and Weaknesses.94,97,98
1590 | Nanoscale Adv., 2024, 6, 1583–1610
On the other hand, the USA regulation in the matter of NMs
is conducted to ensure that products are safe for use and
consumption, it focuses on occupational safety and health,
establishing regulations to protect workers who handle NMs in
work environments, and monitoring their exposure to the
environment.94,99,100 Related to the voluntary or so regulations
of NMs, they are more exible, and autoregulatory, represent an
alternative to the laws and traditional regulatory politics, are
complementary at the normative, and in several times and cases
they become mandatory.94,95,101,102

Due to the controversy that NMs and their derivatives display
in terms of commercialisation and the impact on health and the
environment, so regulation represents an essential and viable
alternative for the industries to display to the consumer the
degree of compromise and responsibility in the use of products
based on NMs and prevented for new regulations.103 In this
concern, there are four types of so regulation by the
nanotechnologies,93–95,104 which are described briey:

(1) Registers; (2) labelled; (3) codes of conduct; (4) risk
management systems; (5) guidelines; (6) technical standards.

Registers

As Sald́ıvar Tanaka L., 2020 describes, the registers are systems
that collect helpful information for public authorities to act
more appropriately in risk management associated with pro-
tecting workers, consumers, and the environment. The infor-
mation compiled in these systems is related to the potential
hazard and possible exposure to humans and the environ-
ment.95 The United Kingdom, through the Department for
Environment, Food and Rural Affairs (DEFRA), implemented
this voluntary register to understand the properties of the NMs
contained in products of importation.105 Through the EPA, the
USA implemented the Nanoscale Materials Stewardship
Program (NMSP), which was designed for those companies to
voluntarily report information on the NMs related to the
development, manufacturing, transportation, and risk
management practices.106 In contrast, other European coun-
tries, such as France, Belgium, Norway, Denmark, and Sweden,
have established obligatory registers for the NMs that cover
aspects of the collection of information related to the produc-
tion, distribution, and importation of the nanoscale substances
(France, through the French Agency for Food, Environmental
and Occupational Health & Safety-ANSES);107 or the registration
of products based on NM in the Swedish Chemical Agency for
Chemicals-KEMI implemented by Sweden. KEMI is a central
supervisory authority of the Ministry of the Environment. It is
responsible for “a non-toxic environment”108 to generate data-
bases such as Nano DataBase through Danish Enviroment
Pretction Agency (DEPA) or the RiskCat as a tool for under-
standing the risk of products based on NMs and the corre-
spondent risk management (created by Denmark).

Labelled

Product labelling is an essential tool to provide complete and
accurate information to consumers related to ensuring safety
and health, compliance with regulations, and enabling
© 2024 The Author(s). Published by the Royal Society of Chemistry
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informed decision-making. In the case of nanotechnology-
based products, several countries have implemented regula-
tions; some examples of these countries include essential
aspects: (1) European Union (EU): The EU has established
labelling requirements for NM products. Manufacturers must
indicate on labelling whether a product contains NMs and
provide additional information on their use. The voluntary tool
is the EU Ecolabel for detergents and cleaning products.109

However, in Europe, there are also mandatory mechanisms for
this purpose, such as regulations No. 1223/2009 110 by cosmetics
to ensure the safety of this kind of products and protect
consumers' health. It establishes specic requirements in
terms of allowed ingredients, labelling, product notication,
safety testing, and market oversight No. 1169/2011,111 which
contains essential considerations related to food information;
the primary purpose is protect the interests of consumers by
providing them with clear and complete information about
the food they consume. This allows them to make informed
decisions, especially regarding food safety, allergies, and
nutritional information; (2) Australia: the Therapeutic Goods
Regulatory Authority of Australia (TGA) has established
guidelines for labelling medicines containing NMs;112 (3)
Canada: Health Canada is the agency responsible for health
that has developed guidelines for labelling consumer
products based on NMs. These guidelines guide how
manufacturers can label and communicate the presence of
NMs in their products;113 (4) South Korea: The Korean
Ministry of Food and Product Safety (MFDS) has established
regulations for labelling products containing NMs. These
regulations require manufacturers to indicate the presence of
NMs in products;114 (5) Mexico: It applies the Mexican
technical standard non-mandatory NMX-R13830-SCFI-2014,
which is equal to the ISO/TS1383 guide for voluntary labelling
of consumer products containing nanoobjects.115

Even with these labelling initiatives, several concerns arise,
such as industrial secrecy, which is another controversial
point116 and a limitation for the total reliability and trans-
parency to the user.
Codes of conduct

The codes of conduct in NM regulation are sets of principles
and guidelines related to ethical and practical standards for
their responsible use and management. They have been devel-
oped by different organisations, such as government agencies,
academic institutions, and industry associations, to point out
the ethics, safety, responsibility, and sustainability related to
the use and development of NMs and their derivatives, covering
essential topics associated with:10,12,23,24,93,95,117

(1) Occupational safety and health, related to the safety in
workplaces.

(2) The manufacturing practices of NMs, which ensure that
safety processes protecting the workers, environment, and
consumers, are minimised.

(3) Promoting adequate transparency and communication
about the presence of NMs in products allows consumers and
end users to make informed decisions.
© 2024 The Author(s). Published by the Royal Society of Chemistry
(4) The identication of possible risks of NMs, like potential
hazards and implementation of mitigation measures.

(5) The impulse at the responsible and open research in the
eld of nanotechnologies.

It is important to note that codes of conduct regulating NMs
are generally voluntary and do not have mandatory legal force.
However, organisations in the different sectors must implement
and follow these codes to manifest their commitment,
responsability and safe practices.

Risk management systems

They are processes constituted to identify, evaluate, and control
the possible risks associated with these technologies and apply
them for the use and application of nanotechnologies and NMS.

These systematic processes are designed to help identify,
manage, and reduce the potential risks to the health and envi-
ronment to ensure that NMs are safe, during their life cycle, in
addition to the responsible use during and aer their develop-
ment, through the appropriate continuous monitoring and, if it
is the case, by taking precautionary measures, through the
precautionary principle, based on taking preventive measures
to protect human health and the environment, even in the
absence of complete scientic certainty, to avoid possible risks
and promote safe and sustainable use of NMs.

This involves identifying and evaluating potential risks,
implementing appropriate control measures, and using
continuous monitoring to ensure that established security
standards are met. These systems are important because NMs
and nanotechnologies are constantly growing in various elds,
such as medicine, electronics, and energy, among others.

Some initiatives that have proposed and developed risk
management systems on this topic we can mention: nano risk
framework;118 Certiable Nanospecic Risk Management and
Monitoring System (CENARIOS);119 precautionary matrix for
synthetic nanomaterials.10,95,120

Guidelines

They are documents that provide recommendations about the
use of NMs in a responsible and safe way in the different sectors
and applications. These documents are elaborated and devel-
oped by different instances like government agencies, experts in
the development of NMs and nanotechnologies, and interna-
tional organisations.

Examples of guidelines are:
Foresight guidelines for responsible nanotechnology devel-

opment, elaborated by the Foresight Institute;121 guidance on
the risk assessment of the application of nanoscience and
nanotechnologies in the food and feed chain revised by the
European Food Safety Authority (EFSA);95,122 guidance on the
safety assessment on nanomaterials in cosmetics with the
Scientic Committee on Consumer Safety (SCCS) and published
by the European Commission;123 guidelines of the testing pro-
gramme of WPMN124 by the OECD. In addition, a compilation of
“the current status of projects (aimed) to develop or adapt
OECD Test Guideline (TGs) and Guidance Documents (GDs) for
nanomaterials”, has elaborated in collaboration to the Federal
Nanoscale Adv., 2024, 6, 1583–1610 | 1591
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Institute for Occupational Safety and Health (BAuA), Germany,
The National Institute for Public Health, and the Environment
(RIVM), Netherlands and Organisation for Economic Co-
operation and Development (OECD). In a status report in July
2022, the authors included a list of OECD documents completed
and OECD projects under development applicable for nano-
materials, including since documents related to the physico-
chemical properties of the NMs to toxicity tests, for instance
some listed guidelines included in the development or revisions
of oecd Test Guideline (TG) and Guidance Documents (GD)
applicable for nanomaterials, 2022,125 which literally mentions:

“Related to the physicochemical properties of the NMs (OECD
documents completed):

(a) Test guideline No. 124 on determination of the volume
specic surface area of manufactured nanomaterials.

(b) Test guideline No. 125 on particle size and size distribution
of manufactured nanomaterials.

(c) Test guideline No. 318: dispersion stability in simulated
environmental media.

(d) Guidance document 318 for testing of dissolution and
dispersion stability of nanomaterials and the use of the data for
further environmental testing and assessment strategies.

Related to the toxicity of the NMs (OECD documents completed):
(a) Test guideline No. 412: subacute inhalation toxicity: 28-day

study.
(b) Test guideline No. 413: subchronic inhalation toxicity: 90

days study.
(c) Guidance document No. 39 on inhalation toxicity studies
(d) Study report and preliminary guidance on the adaptation of

in vitro mammalian cell based genotoxicity TGs for testing of NMs.”
This document is very important compilations that also

summarise those documents that are in development, as well as
other activities related to the evaluation of the NMs. Then this
list of guidelines and guidance's can be updated constantly or
adapted since the use and application of the NMs in different
sectors is increasing every day, which importance may help in
minimise the possible risks associated with them in aspects
related to the risk assessment, safe selection, and handling of
nanomaterials, safe work practices, health, and environmental
protection, labelling and risk communication.

In this context, is important to mention that the rst
initiative was the “special session of the potential implications
of manufactured nanomaterials for human health and envi-
ronmental safety” held by OECD's Chemicals Committee in
2005 126 which intended to identify human health and envi-
ronment safety issues associated with manufactured NMs. Its
signicant achievement was the establishment of the WPMN in
2006, which is responsible for coordinating methods and
developments that allow the elaboration of the appropriate NMs
regulatory frameworks or the applicability of test guidelines.
The efforts of countries and international and non-
governmental organisations are conducted by the Steering
Groups of Priority Area 9, which belongs to a nine-priority
strategic area plan for regulatory science, establishing the test
guidelines that involve the participation of the OECD.127,128 Also,
OECD-WPMN has developed the “OECD Series on the safety of
manufactured nanomaterials” in its open access series ENV/JM/
1592 | Nanoscale Adv., 2024, 6, 1583–1610
MONO (Environmental Directorate. Joint Meeting of The
Chemicals Committee and The Working Party on Chemicals,
Pesticides and Biotechnology), a valuable tool for the develop-
ment of standards, including ISO.129 These series consist of
numerous reports about NMs guidance documents, health and
environmental reports, risk and life cycle analysis, chemical,
and physical properties, etc., aiming to develop future NMs
regulations and legislations.
Standards

The OECD denes standard as legal instruments and other sets
of policy principles that are committed to stablish the funda-
mentals of how certain processes must be done;130 ISO also
denes standard, describing it as “a formula that describes the
best way of doing something”.131 Both organisations agreed that
these standards are elaborated in accordance with the opinion
and consultancy of group of experts in the topics of different
areas. In Latin America, standards on NMs are elaborated in
accordance with the ISO standards, such as the NMX in Mexico,
that are the rst approach of regulating NMs based on an
international document emitted by a regulatory authority such
as ISO.94

In 2005, ISO established the Technical Committee 229 (ISO/
TC 229) of nanotechnologies composed of 33 permanent
countries and 16 observing countries. This committee has
established four working groups headed by the United States,
Canada, Japan, and China. Furthermore, ISO's primary goal is
to contribute to the fundaments for the management, RA, and
standardisation of nanotechnologies worldwide. Nowadays,
ISO/TC 229 is composed of 39 permanent members, including
all the countries with the most remarkable advances in nano-
technology and nanoscience's and 17 observing countries.132

The standards developed by ISO/TC 229 are focused on issues
such as vocabulary, characterisation, specications, and meth-
odology guidance of NMs. Nowadays, to reach a more accurate
regulation on NMs, ISO/TC 229 is developing a new ISO
framework, “ISO/WD TS 12901-2: occupational risk manage-
ment applied to engineered nanomaterials-part 2: use of the
control banding approach” that is going to replace the previous
framework “ISO/TS 12901-2:2014, nanotechnologies-
occupational risk management applied to engineered
nanomaterials-part 2:Use of the control banding approach”, for
controlling the risks associated with occupational exposures to
nano-objects, and their aggregates and agglomerates greater
than 100 nm (NOAA)”,132 which means that previous solutions
developed for control chemical occupational exposures can be
suggested to be applied in other cases with similar exposure
situations.

Other authors have suggested a nanotechnology regulation
with at least two approaches: (1) modifying the current regu-
lations and (2) considering NMs as a separate category of
potential pollutants.133 Both proposals are closely related to the
points made by Handy & Shaw (2007) about the assignment of
unique numbers for existing chemicals such as CAS numbers
(Chemicals Abstracts Service).134 For new materials without
CAS numbers, it will be required to carry out tests considering
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Top ten countries with nanotechnology standards to date.17,18 Original creation (using Excel and Biorender programs) based on infor-
mation obtained from http://www.statnano.com (accessed on December 6th and 14th, 2023).17,18
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that some NMs have the same chemical formula as the other
bulk materials; thus, NMs must be considered “new
substances.” In this situation, the Royal Society and The Royal
Academy of Engineering in the United Kingdom favoured
treating chemicals in nanoforms as new substances under the
Registration, Evaluation, Authorisation, and Restriction
Chemicals (REACH) criteria. Similarly, The Danish Board of
Technology (2006) proposed classifying NMs separately from
existing chemicals.135

The United States, Australia, and the United Kingdom have
been at the forefront of generating information, leading to the
development of regulatory frameworks for nanotechnology.
Additionally, some other countries have made valuable contri-
butions to this matter. According to the Statnano database, the
top ten countries with nanotechnology standards are China, the
United Kingdom, Iran, the Netherlands, the United States,
Denmark, Sweden, Taiwan, Bulgaria, and France18 (Fig. 5).

For the above, the development of international regulations
around NMs would provide the tools for controlling environ-
mental spoilage, keeping the integrity of terrestrial and aquatic
ecosystems, and preventing or reducing their effects on animal,
plant, and human health. Future regulations must focus on
a progressive decrease in NM waste and the rational use of
resources in the synthesis without affecting technological
progress and improving life quality (Fig. 3).
Regulatory frameworks by regions
Europe

The European Chemical Agency (ECHA) is the EC regulation
committee for the registration of manufactured or imported
substances in ranges above one ton per year that includes
carcinogenic, mutagenic, reproductive, persistent, bio-
accumulative, and toxic NMs136,137 which aligns previous
© 2024 The Author(s). Published by the Royal Society of Chemistry
European Union legislation with the Globally Harmonised
System (GHS).137 Other databases and systems for reporting and
tracking NMs in Europe include the European Association for
Coordination of Consumer Representation in Standardisation,
the Bureau Europeén des Unions de Consommateurs, the
German Environmental NGO Bund für Umwelt und Natur-
schutz Deutschland, the Grenelle II Act (by France), and the
Nanotechnology Action Plan for the Safety of NMs (by
Austria).136,138

The EC has published some guidelines and approaches to
arrange scientic committees to address the regulatory problem
of NMs. For example, in 2005, the EC published recommenda-
tions in the document “action plan for Europe 2005–2009” that
aimed to reinforce the leading position of Europe in nano-
science's and nanotechnology but also highlighted the impor-
tance of environmental, health, social, and safety issues139,140

and a review of the European legislation recapping the risks
involved with the production and use of NMs including aspects
such as health, safety, and environment of any product con-
taining NMs.138 By 2007, the EC included an approach that took
advantage of existing laws and legislative structures to carry out
a series of actions, including studies, recommendations,
commissions, trials, and interventions to lead a regulatory
framework.135 These actions preceded the creation of organi-
sations such as ECHA.

In 2009, the EC recommended all users related to nano-
technological research, including funding organisations,
industrial, academic, and research groups. Those recommen-
dations emphasise the limitations and suggest solutions for
better study and work-related practices following the precau-
tionary principle, avoiding contact, and including NMs if safety
risk information is unavailable. The recommendations include
implementing safety, environmental, and hygiene measures for
students, researchers, and workers.7
Nanoscale Adv., 2024, 6, 1583–1610 | 1593
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Also, the EC created the Scientic Committee on Emerging
and Newly Identied Health Risk (SCENIHR) to assess the
associated risk of working, using, or conducting research with
NMs. In 2008, The SCENIHR set up an advisor structure of
Scientic Committees and experts in different areas advising
consumer safety, public health, environmental risk, and
emerging and newly identied health risk based on risk
assessments according to their area of experience.138 The SCE-
NIHR considers that using NMs in medical devices is an area of
potential risk, especially when those materials will be incorpo-
rated into cell therapy, tissue engineering, or blood products;
adverse effects may include fertility reduction, and cancer,
among others.134 In 2014, the SCENIHR released an expert
public opinion on using AgNPs regarding safety, health, and
environmental effects and their role in antimicrobial resis-
tance.141 This document suggests scientic evidence cannot
elucidate the mechanisms of action regarding microorganisms'
AgNPs resistance,142 therefore, using AgNPs in several products
should be further evaluated regarding human and environ-
mental health towards broader regulations.

Later in 2011, the EC recommended that NMs be considered
in the European regulations, including REACH and the Euro-
pean Classication, Labelling, and Packaging of Substances
and Mixtures (CLP), which have been in force since 2009. CLP
regulation aligns the previous European Union legislation with
GHS and relates to the REACH legislation.141 Meanwhile, the
ECHA and the European Union permanent members made
public some documents that could ease the registration of NMs
in REACH.137

In 2017, the EC, through ECHA, launched the European
Union Observatory for Nanomaterials (EUON), providing
information about NMs used in the European Union markets.
This initiative also conducts research and innovation on NMs,
includes information for new regulation, and serves as an ECHA
collaborative tool jointly with REACH and the Organisation for
Economic Cooperation and Development (OECD) test guide-
lines and alternative methods. Besides, EUON's platform
describes the importance of learning the risks of NMs to human
health and their potential environmental damage. It also
considers the risk of exposure in working places and for workers
as a primary subject.143,144 To provide valuable and complete
information about NMs, EUON looks beyond the recommen-
dations emitted in 2009 by the EC and proposes actions that are
addressed to the public, students, researchers, workers, and
industry, emphasising the importance of issues such as visual
content targeted at the public, promote communication
networks and the social, environmental, and economic impli-
cations of NMs.145

Some existing regulatory frameworks and legislation that
include NMs can be applied to regulate their use, such as the
guidelines of the Health & Safety Executive, e.g., (1) the
Approved Code of Practice (ACOP) under the Control of
Substances Hazardous to Health Regulations (COSHH), 2) the
risk assessment guideline of the COSHH, and 3) the ACOP of the
dangerous substances and explosive atmosphere regulations.146

In addition, other European agencies are responsible for the
regulation of cosmetic products, such as the European Union
1594 | Nanoscale Adv., 2024, 6, 1583–1610
Cosmetic Products Notication Portal and the REACH Scientic
Committee on Consumers Safety, which has emitted opinions
regarding the use of silica, hydrated silica, and silica surface
modied with alkyl silicates (nanoform) in cosmetic products,
commenting that evidence by far point out there is still not
sufficient evidence in the safe use of those materials.147

Other approaches for developing regulatory frameworks
include risk and NMs exposure assessments. In this respect, the
REACH system aims to ensure that “new” chemical substances
will not be marketed without convincing safety information
under the premise «no information, no market».146 However, it
is essential to address that due to the lack of a mandatory
regulation on NMs, the information about the risk and exposure
of NMs cannot be assured. On the other hand, the European
Food Safety Authority stated the possibility of applying food
regulations to use NMs and nanotechnologies (including
guidelines for food products with NMs).138 In 2013, the group
assessing already registered nanomaterials, -belonging to
ECHA-focused on studying the exposure of NMs and their risks,
recognised the usefulness of the manuals of the International
Uniform Chemical Information Database for evaluating NMs.127

Until 2007, it was considered impractical to regulate nano-
technology in a European context due to the challenge of
legislation for clear and specic regulatory processes.135 One of
the clearest examples can be found in the pharmaceutical
industry, where current legislation is insufficient for nano
pharmaceuticals due to the particularity of their properties
(morphology, composition, and surface properties), production
methods, quality measurement, and good manufacturing
practices (including quality control).148 Another industry in the
European context that has also been subject to regulations is
the cosmetic industry. In 2013, the European Union cosmetic
regulation 1223/2001 was replaced by directive 76/768/EEC,136

generating a renewed concern about how NMs used in cosmetic
products could impact human and environmental health,
unlike directive 76/768/EEC, which only regulated cosmetics in
a human health approach based on composition, labelling,
packaging, and economic and technological requirements but
not attending environmental issues.149

Other institutions that have published guidelines for the safe
management of NMs include the Health & Safety Executive in
the United Kingdom, which published an approach for the
management of CNTs used in electronic devices, sensors,
batteries, medical applications, etc.,150 since exposure levels to
multi-walled CNTs were considered a serious concern due to
their effects in lungs such as injuries, epithelioid granulomas,
mechanical blockage of upper airways, inammation, and
brosis.134 On the other hand, the British Standard Institute
published in 2009 a guideline for the safe management of NMs
in terms of risk management, information needs, hazard
assessments, exposure measurement, disposal, and control
methods.7 Furthermore, the European Centre for Ecotoxicology
of Chemical Task Force on Nanomaterials made signicant
progress on functional conceptualisation by grouping NMs
according to their environmental prevalence. This is a decision-
making framework for NMs classication and testing (DF4
nano grouping), which is a risk assessment (RA) tool consisting
© 2024 The Author(s). Published by the Royal Society of Chemistry
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of three levels to assign four signicant groups abbreviated as
MGs (main groups), including soluble NMs (MG1's), persistent
high aspect ratio NMs (MG2's), passive NMs (MG3's) and active
NMs (MG4's).73

All these efforts and actions aimed at better and most
effective management of NMs have impacted how NMs are used
and treated. The frameworks, guidelines, committees, and
organisations created over the last 20 years have led to the
sustainable and responsible management of NMs; nevertheless,
it is essential to establish mandatory enforcement of the
proposed actions and plans. The regulatory gaps and the lack of
information about the risks of NMs allow environmental and
health issues to persist. Nonetheless, it is still necessary to
compile all the information to generate global and unied
criteria for regulations on NMs, which all industries or research
groups related could use as a guideline for a responsible and
sustainable standard. Thus, the European Union has come with
strong efforts to face the challenges in the production, use, and
disposal of NMs; however, the regulations have yet to reach
a level of law. This may be related to regulatory gaps, in other
words, the heterogeneous denition of NMs, and to the authors'
perspective, there are still isolated efforts and committees of
different organisations and governments that need to agree and
join the information.

In the United Kingdom (UK) there are some regulatory
authorities that participates in the nanotechnology regulation
in different areas such as cosmetic, food, agroindustry's, etc.
The UKOffice for Product Safety and Standards (OPSS) regulates
consumer products except food, medicine, and vehicles,
participating in regulation of nanomaterials applied on
cosmetic products.151 The Department of Environment, Food &
Rural Affairs (DEFRA) is the governmental organisation in
charge of the improvement and environmental conservation
that has emitted documents about the labelling of food con-
taining nanomaterials and the potential risk of NMs in the
environment.105 The Health and Safety Executive (HSE) is the
British national regulator for laboral safety in workplaces that in
2013 emitted a guidance document about the control of expo-
sure to manufactured nanomaterials and has published other
documents. Other organisations in UK responsible for NMs
regulations are the Health Security Agency (HSA) and the Food
Standard Agency (FSA).152,153

In Germany, organism such as the German Federal Institute
for Risk Assessment, the Federal Ministry for Food and Agri-
culture, The German Chemical Industry Association and The
German Environment Agency have developed recommenda-
tions and legislations about NMs used in food, cosmetics,
etc.,154–157 while in Spain, the only known regulatory authority on
NM Superiore di Sanità is the institution that has published
research and document about risk assessments, character-
isation and toxicological assays of NMs.158
The United States of America

As mentioned previously, the United States is the leading
country in nanotechnology research and one of the countries
where a wide variety of consumer products comprise many NMs
© 2024 The Author(s). Published by the Royal Society of Chemistry
and NPs. Through national institutions and initiatives, the
United States authorities have been responsible for developing
regulatory frameworks and legislations that address the use and
necessary restrictions of NMs and nanotechnology in different
industries. In this respect, the most critical regulatory authori-
ties are the Food & Drug Administration (FDA), the Environ-
mental Protection Agency (EPA), the National Institute of
Occupational and Safety Health (NIOSH), and the Institute for
Food and Agricultural Standards (IFAS). These organisations
have been responsible for developing protocols in the United
States about the risks of NMs and nanoproducts.136,159

The EPA classies NMs according to their chemical proper-
ties under the Toxic Substances Control Act (TSCA) jurisdiction
that prompts them to collect, publish, and review the tests
made on chemical substances. In 2011, EPA worked in a 4-edge
regulatory approach that included: (1) pre-manufacturing
notications, (2) a signicant new use rule, (3) an information
collection rule, and (4) a test rule.133 Also, manufacturers must
provide detailed information about NMs, a provision previously
voluntary through the Nanoscale Materials Stewardship
Program.137 Under this approach, EPA gives a 90 days deadline
for manufacturers to submit information about their NMs.127 By
2015, EPA had revised more than 160 new “nanoscale” chemical
substances issuing actions aimed at the use and limitations of
NMs in terms of limiting emissions to the environment and,
with it, the use of protective equipment and the test applica-
tions to generate information about environmental and health
effects.137

The FDA regulatory approaches, however, are restricted and
only address terminology or classication issues around
handling nanoproducts but not nanotechnology, which means
that the processes to produce NMs are not included in the FDA
regulatory initiatives. Furthermore, regulations emitted by this
governmental agency only reach a limited class of products,
regulating only those the sponsor requests.146,160 In June 2001,
the FDA published the guidelines for NMs identication that
are valid in all industries that use NMs in food, medical devices,
drugs, cosmetics, and other products entitled “dra guidance
for industry considering whether an FDA-regulated products
involves the application of nanotechnology”.133 Among the
actions undertaken by the FDA include the creation in 2006 of
the FDANanotechnology Task Force to determine the regulatory
approaches for the development of new products that incor-
porate NPs, as well as cooperation programs with the National
Institute of Health/National Institute of Environmental Health
Sciences.133,146 In addition, by 2013, the FDA launched the
“nanotechnology regulatory science research plan”, which
addresses the execution and management of various NPs and
nanoproducts.148 With this plan, the FDA increases collabora-
tion with external and international stakeholders to contribute
to the solution of emerging challenges, regulatory science
knowledge, facilitate innovation and coordination of policy to
full FDA's mission.161

Other regulatory organisations that endeavour to develop
frameworks, regulations, and standardisations on NMs used in
different areas aiming for their safe and responsible use are the
IFAS,71 the National Cancer Institute through the
Nanoscale Adv., 2024, 6, 1583–1610 | 1595
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Nanotechnology Characterisation Laboratory,73 the American
Society for Testing and Materials, the Institute of Electrical and
Electronics Engineers,133 and the NIOSH.159 In addition, in 2000,
during Bill Clinton's administration, the National Nanotech-
nology Initiative (NNI) was created to span around 20 agencies
and departments (including EPA) to work on the research and
development (R&D) of NMs, and their impact on the environ-
ment, health, and safety;127,146,161–165 and in 2003, President
George W. Bush signed the Nanotechnology Research and
Development Act.6 Since its creation, NNI has strengthened
nanotechnology development, increasing research capacity by
supporting postdoctoral researchers, graduate students from
a broad range of scientic areas, imparting courses, and
investing in the technician training,166 boosting the develop-
ment of high training human resources.

Agencies in charge of NM regulatory framework develop-
ment are ruled under federal laws. As previously mentioned,
EPA is governed under TSCA, and the Federal Insecticide,
Fungicide, and Rodenticide Act (FIFRA).137 Other federal laws
that can be useful for regulatory framework development
include the Clean Air Act, the Comprehensive Environmental
Recovery Compensation and Liability Act, the Resource
Conservation and Recovery Act,133 the Federal Food, Drug, and
Cosmetic Act, the Personal Care Products Council, and the
Voluntary Cosmetic Registration Program.136 Although these
regulatory agencies can settle a starting point for broader
regulations, some of them, such as FIFRA have limitations on
NMs, therefore, research about NM effects is needed for devel-
oping regulatory frameworks that can be applied according to
the needs of the products using NMs.

It can be pointed out some parallelism between the United
States and the European Union efforts to regulate NMs; both
have legislation for the registration and management of
chemical substances, including NMs, REACH in the case of the
European Union and TSCA in the United States, besides, in both
cases, frameworks and guidelines have been developed, not
only for NMs but for products containing NMs such as food,
pharmaceutics, and cosmetics that are consumed by humans
and could be dangerous for human health and environmentally
risky. Despite this, denitions of NMs are still different, so
a homologated purpose and legislation are still off the table.

Nevertheless, with the many initiatives and agencies in
charge of developing frameworks and guidelines for the safe
management and use of NMs, the non-mandatory application is
still an issue that needs to be solved due to the vast elds of
applications of NMs. Therefore, governmental, and non-
governmental agencies should coordinate among themselves
to develop mandatory frameworks, considering the urgency of
the signicant number of products using NMs and the waste
generated that could lead NMs to natural environments.
Other countries in the world

Other countries with outstanding R&D of nanotechnologies and
NMs have developed or started developing projects, guidelines,
RA, and/or regulatory frameworks that allow the responsible
and controlled application of NMs, such as the Asian countries.
1596 | Nanoscale Adv., 2024, 6, 1583–1610
Japan, in the last 20 years has focused its efforts on creating
research platforms, testing methods of standardisation, data
collection, and RA of NMs supported by governmental agencies
such as the Ministry of Education, Culture, Sports, Science and
Technology, the Ministry of Economy, Trade, and Industry, the
Ministry of Health, Labour and Welfare, the Ministry of Envi-
ronment, the National Institute of Material Science and the
National Institute of Advanced Industrial Science and Tech-
nology Council for Science, Technology, and Innova-
tion.26,127,137,146 China and South Korea have also worked in the
development of regulatory policies for NMs using regulatory
frameworks such as the Act of Registration and Evaluation of
Chemicals or the Development Promotion Act, the involvement
of some government departments as well as cooperation with
international organisations (in the case of Korea)127 or the
creation of agencies, such as the Chinese Academy of Sciences,
or the National Centre for Nanoscience and Technology in
China.146 These organisations/initiatives address guidance and
regulatory issues such as terminology, safety requirements, and
trade regulations useful for nanotechnology development and
boosting China and Korea as technological leaders in this eld.

In Canada, regulations are led by the Canadian Environ-
mental Protection Act, the Pest Control Product Act, and the
Fertiliser, Feeds, Food, and Drug Act;137 however, these legisla-
tions are not specic to NMs. NMs are regulated by different
government organisations and frameworks; for cosmetics, the
Cosmetic Regulation Act (1977) and Food and Drug Act (1985)
regulates nanomaterials in cosmetic products;167 NMs in food
products are regulated by the Canadian Food Inspection Agency
(CFIA) and the Public Health Agency of Canada (PHAC)168 and
the nanotechnology-based agri-products are regulated by the
Canada Environmental Protection Act 1999 (CEPA), the Food
and Drug Act, The Pest Control Product Act (PCPA)and the
Canada Agricultural Products Act (CAPA).169 In Australia, there
are at least four national chemical schemes that are relevant for
NM regulation: Food Standards Australia-New Zealand, the
National Industrial Chemicals Assessment Scheme, Thera-
peutic Good Administration, and the Australian Pesticides and
Veterinarian Medicines Authority,159 all these legislations are
applicable for food products containing NMs, particularly
nanosilver. It is worth mentioning that Canadian and Austra-
lian regulatory initiatives are non-specic for NMs and were
designed to regulate a wide range of products, which consider
NMs or products containing NMs, so the importance of
designing and developing specic regulations for NMs cannot
be ignored.

Those regulatory initiatives and policies are based on other
international or foreign frameworks; their criteria or at least
some regulations have coincident points that encompass each
country's needs and environmental or health goals. Therefore,
the cooperation between countries, governmental institutions,
private companies, and non-governmental plays a key role due
to the synergic that can be accomplished (Table 1).

In the race for nanotechnology development leadership,
Mexico and other Latin American countries recently started to
develop this area through the newest economic and techno-
logical tendencies that would allow them to create their
© 2024 The Author(s). Published by the Royal Society of Chemistry
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technologies. Unlike the leading countries in nanotechnology,
the development of NMs in Mexico is not considered an
emerging area. In terms of funding, the public amounts inves-
ted in nanotechnology research in Mexico are minimal
compared to the investment in countries such as the United
States, China, and Germany. In perspective, Camarillo et al.
(2019) estimated that nanotechnology investment in Mexico
was only US60 million in the period 2005–2010,170 while in the
United States, only in 2005, the funding from the NNI was USD
982 million.171 This valuation contrasts with Anzaldo et al.
(2014), who pointed out that public investment in México until
2009 amounted to USD 128 million.172 Nevertheless, these are
not isolated facts since the estimate for 2011 in public invest-
ment in Mexico for science and technology was equivalent to
0.43% Gross Domestic Product (GDP). Meanwhile, in many
OECD country members, the investment amount is around 2%
GDP.173 Furthermore, regarding public funding distribution to
nanotechnologies, 37% was captured by private companies,
followed by the National Council of Humanities Sciences and
Technologies (CONAHCyT) research centres (17%) and public
universities (16%).172

The balance recorded from 1994 to 2020 by the country is
that 559 Mexican nanotechnological patents were registered in
the World Intellectual Property Organisation (WIPO)
Table 1 Some examples of regulatory frameworks on nanomaterials in

Country Framework

United States Toxic substances
Dra guidance fo
products involve
Nanotechnology
National nanotec
Nanotechnology
Federal insecticid
Clean air act
Comprehensive e
Resource conserv
Federal food, dru
Voluntary cosme

European countries Globally harmon
Action plan for E
Scientic commi
European classi
Approved code o
Risk assessment
ACOP of the dan
EU cosmetic regu
Directive 76/768/

China Act of registratio
Development pro

Canada Canadian enviro
Pest control prod
Fertiliser, feeds,

Australia Food standards A
National industr
Therapeutic good
Australian pestic

Korea Act of registratio
Development pro

© 2024 The Author(s). Published by the Royal Society of Chemistry
Pantescope.174 By 2012, 86 companies used nanotechnology in
their products175 and by 2014 the number of companies went up
to 188,170 including Investigación y Desarrollo de Nanomaterials
SA de CV, Nanomaterial SA de CV and Nanobio, Tronics SA de
CV, Nano AZT, Nanomat S.A de CV19 and Nanoquem176 in Apo-
daca, Nuevo León as examples.

Since the early 21st century, Mexico has considered nano-
technology a strategic area in the “National Development Plan
2001–2006”.177 Thus, the nanotechnology area should be
developed, boosted, and managed mainly by decentralised
public organisms for being considered as a matter of “national
security interest” or a social benet. The rst nanotechnological
initiative was the National Technical Committee for Stand-
ardisation of Nanotechnologies which is jointly coordinated by
the Ministry of Economy and the National Centre of Metrology,
in charge of issuing Mexican non-mandatory regulations in
nanotechnology and validating existing norms that have their
equivalents in ISO standards;170,177–179 however, this committee
does not have official attributions for the development of
mandatory guidelines or regulations.

In 2012, the “High-level Council for Regulatory Coopera-
tion,” a binational Mexico-United States initiative (2012), was
created and presented the document “Working Group on
Regulations for Nanotechnology”177 that established the
different countries

control act
r industry considering whether an FDA-regulated
s the applications of nanotechnology
regulatory science research plan
hnology initiative
research and development act
e, fungicide and rodenticide act

nvironmental recovery, compensation and liability act
ation and recovery act
g, and cosmetic act
tic registration program
ised system
urope 2005–2009
ttee on emerging and newly identied risk
cation, labelling and packaging of substances and mixtures
f practice
guideline of the control of substances, hazardous to health regulations
gerous, substances and explosive atmosphere regulation
lation 1223/2001
EEC
n and evaluation of chemicals
motion act
nmental protection act
uct act
food and drug act
ustralia-New Zealand
ial chemical assessment scheme
administration

ides and veterinarian medicines authority
n and evaluation of chemicals
motion act
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guidelines for developing future regulations on nanotechnology
or products containing NMs. Similarly, in 2014, the valid
declaration of some Mexican standards related to nanotech-
nology was issued, and later (2017–2019), another three stan-
dards were published. In recent years, at least three Mexican
non-mandatory standards (2019–2020) and standard projects
approved as listed in Table 2.

In 2015 the National Nanotoxicological Evaluation System
initiative (SINANOTOX) was created, belonging to the Thematic
Network of Nanoscience's and Nanotechnology of the CON-
AHCyT. This initiative is a shared effort of several research
groups in Mexican Universities and research centres that aims
to create a platform and protocols to evaluate and analyse the
impact of NMs for multiple purposes in the Mexican territory.
SINANOTOX offers a system of evaluation in various biological
models, such as rodents, zebrash, Caenorhabditis elegans, cell
cultures, and isolated tissue systems, among others, offering
valid information regarding the health and environmental
safety of NMs produced by public and private sectors.180 In
Mexico, nanotechnology is developing in a lax legal regulatory
scheme if we consider that existing approved standards and
their validity provide security for producers and consumers.
Nevertheless, the application and compliance are not manda-
tory. Mexico's situation regarding the regulation of NMs is still
developing and requires more support for its optimal develop-
ment. Therefore, SINANOTOX expects to settle the bases for the
future development of regulatory frames to collaborate to the
safe obtention, use, and disposal of products derived from
nanotechnology in the following years.

Besides Mexico, only Brazil participates as a permanent
member of ISO/TC 229, an organisation in charge of worldwide
Table 2 Examples of Mexican standards related to nanotechnology

Mexican standards with declaration
of validity and projects (2014–2020) Description

NMX-R-10867-SCFI-2014 For single-layer carbon nanotub
infrared photoluminescence spe

NMX-R-10929-SCFI-2014 Multi-layer carbon nanotubes sa
NMX-R-27687-SCFI-2014 Terminology and denitions for

nanober, and nano silver
NMX-R-80004-1-SCFI-2020 Nanotechnologies vocabulary-pa
NMX-R-80004-3-SCFI-2020 Nanotechnologies vocabulary-pa
PROY-NMX-R-12901-1-SCFI-2020 Nanotechnologies-occupational

manufactured nanomaterials. P
approaches

NMX-R-80004-5-SCFI-2015 Nanotechnologies vocabulary-pa
NMX-R-12901-2-SCFI-2016 Nanotechnologies-occupational

manufactured nanomaterials. P
approach

NMX-R-80004-4-SCFI-2019 Nanotechnologies-vocabulary-pa
materials

NMX-R-80004-6-SCFI-2015 Nanotechnologies-vocabulary-pa
characterisation

NMX-R-13121-SCFI-2019 Nanotechnologies – risk assessm
PROY-NMX-R-21363-SCFI-2019 Nanotechnologies-measuring pa

distributions using transmission
PROY-NMX-R-80004-1-SCFI-2019 Nanotechnologies-vocabulary-pa

cancel the NMX-R-80004-1-SCFI-

1598 | Nanoscale Adv., 2024, 6, 1583–1610
standardisation, management, and risk assessment of nano-
technologies. Argentina and Jamaica were the other two Latin
American countries participating in the same group as observer
countries in 2005.127,181 In 2021, Mexico, Brazil, and Colombia
participated as permanent members, while Argentina, Peru,
and Costa Rica participated as observing members.132 Stand-
ardisation agencies from Latin America also participate in this
committee, as shown in Table 3. Their presence in this
committee has allowed these countries to develop national
frameworks and legislative initiatives that serve as starting
points for broader regulations on NMs.

Brazil has a remarkable share in the nanotechnology market
and has also worked in a regulatory system of NMs for some
years, creating government initiatives dating from 2004 to
establish regulatory frameworks that allow the responsible use
of NMs, such as the Brazilian Nanotechnology Initiative.
However, there are some regulatory policies in Brazil that are
more related with an industrial approach taking aside the
environmental issues.182–185

Argentina has carried out actions to standardise the use of
NMs, taking into consideration, as in the case of Brazil and
many other countries, the guidelines established by regulatory
authorities and some other regulatory guidelines, such as those
shown byMercosur, a trademark initiative of South America has
led to the publication of 1417 articles related with food additives
by the Argentinean Food Code, including NMs.186–188 To reach
a broader legislation that ensures environmental and health
safety, responsible use, and life quality improvement, invest-
ment in research is a cornerstone to achieving broad regula-
tions in Latin America.
Year of issuance of
declaration of validity Reference

es characterisation by near-
ctroscopy

2014 267

mples characterisation 2014 267
nano-objects-particles, 2014 267

rt 1: core concepts 2022 267
rt 3: carbon nano-objects 2022 267
risk management applied to
art 1: principles and

2020 (project) 268

rt 5: nano/bio interface 2017 268
risk management applied to
art 2: using the band control

2019 268

rt 4: nanostructured 2020 268

rt 6: nano-object 2019 268

ent on nanomaterials 2020 268
rticle size and shape
electron microscopy

2020 (project) 268

rt 1: basic concepts (will
2014)

2020 (project) 268

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Some regulatory agencies from Latin American countries that participate in the ISO Technique Committee 229.269

Country Standardisation agency

Brazil Brazilian Association of Technical Standards (ABNT)
Colombia Colombian Institute of Technical Standards and Certication (ICONTEC)
Mexico General Directorate of Standards (DGN) of the Ministry of Economy through National Centre of Metrology (CENAM)
Argentina Argentine Normalisation and Certication Institute (IRAM)
Peru National Institute of Quality (INACAL)
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Other countries in Latin America that have started to develop
the nanotechnology area are Costa Rica, Uruguay, and Ven-
ezuela. In 1999, Costa Rica created the National Centre of High
Technology (CENAT), and by 2004 the National Laboratory of
Nanotechnology was created (LANOTEC),189 which is also
attached to CENAT, and among its activities included: R&D,
innovation and entrepreneurship, normalisation, teaching, and
divulgation. By 2020, LANOTEC had published 26 articles, 13
projects, and 81 technology transfers.190 Uruguay established
the nanotechnology laboratory “NanoMat” from Technological
Polo Institute of Pando aiming for R&D of materials with
industrial applications; Venezuela, in 2005 established the
“National Plan of Science, Technology, and Innovation 2005–
2030” recognising the importance of nanotechnology although
is not considered as a priority, and to date, four institutions
communicate nearly 80% of nanotechnology-related publica-
tions: the Venezuelan Institute of Scientic Research, the
Central University of Venezuela, Simón Boĺıvar University and
Los Andes University.189

These series consist of numerous reports about NMs guid-
ance documents, health and environmental reports, risk and
life cycle analysis, chemical, and physical properties, etc., aim-
ing to develop future NMs regulations and legislations.

Challenges and advances towards
a standardised regulatory process

Beyond the efforts of countries to generate regulatory frame-
works and legislations for NMs and nanotechnologies, some
challenges can emerge, limiting adequate regulations. Con-
ceptualisation, characterisation techniques, toxicity/ecotoxicity
tests, and even synthesis methods are still not homologated
among countries.191

Concerning the NM and NP concept, while it is true there is
an agreement with the size ranges from 1 to 100 nm, there may
be some variations such as the number of dimensions less than
100 nm, accumulation, and if they are biologically active or not,
their solubility and even their biopersistence. Thus, Table 4
compiles NM denitions according to four organisms, where
slight variations are translated in the rst challenge for applying
regulations to nanotechnological products.

Other conceptual variations persist in the NM classications;
today, it is known that the most accepted category is the one
proposed by the EPA that groups them into four main types:
carbon-based, metal-based NPs, dendrimers, and composites.
However, there are other classications proposed by ISO or the
research group of Bystrzejewska, based on aspects such as
© 2024 The Author(s). Published by the Royal Society of Chemistry
generations sources, properties, dimensioning, uniformity,
morphology, and aggregation.2,23,25,127,138,160,192–201

Importantly none of these denitions are legal. Thus,
although the particle size is relevant for nanotechnological
products, it is insufficient for mandatory regulations.

Another challenge is that the characteristics of NMs could
vary during different stages in their life cycle, ranging from
material acquisition, purication, manufacture, commercial
use, and nal disposal. Thus, regulations must follow every
step, and life cycle assessment (LCA) constitutes an important
tool.

LCA is a standardised method that assesses the possible
impacts that various products, services, and processes could
exert on the environment. LCA consists of four phases accord-
ing to provisions of ISO 14040: (a) denitions of goals and
scopes; (b) inventory analysis; (sc) impact assessments, and (sd)
interpretation.202–204 These assessments reinforce the protocol
arsenal for issuing regulations and legislation for responsible
control, production, and consumption of NMs and nanotech-
nologies. However, these assessments may still have some
limitations; one includes conceptualisation since depending on
the interpretation of the term “life cycle” or the scientic area
where it is being used, its application may vary.205 Salieri et al.
(2017) compiled three aspects to consider about the use of
LCAs: (1) the lack of inventory information on average life cycle,
(2) characterisation factors, and (3) the need for an adequate
functional unit for NMs.203 We can point to the work by Khanna
et al. (2008) as an example of how a LCA is designed: they
designed an LCA for carbon nanobers which due to the lack of
information about requirements, emissions, and outputs from
the carbon nanobers synthesis processes they were only able to
assume its boundaries pointing that this could be an error and
uncertainty factor in the LCA.206

LCAs have gained greater relevance at a practical level. Some
reports carry out a partial LCA (cradle to gate), which generates
information related to the possible environmental impact of
NMs but only during their early stages (NMs acquisition to their
synthesis).207–216 Another type of LCA is the “cradle to grave”,
which can be considered a broader analysis since it spans from
the material acquisition to their nal disposal, including reuse
and recycling processes.204 Temizel-Sekeryan & Hicks (2021)
performed an LCA on AgNPs embedded in textile polyester and
found that the released silver impact on human and environ-
mental health is not signicant.217

Together with LCAs, another helpful tool is the RA which can
be dened as «a quantitative and qualitative assessment of the
risk involved to health and/or environment due to the presence
Nanoscale Adv., 2024, 6, 1583–1610 | 1599
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Table 4 Definition of nanomaterial according to various organisations.136,186,270,271

FDA Material that has at least one dimension in the range of approximately 1 to 100 nm and exhibit dimension-dependent
phenomena

OECD Manufactured nanoparticle refers to particles that have a physical size of less than 100 nm in at least two dimensions that are
deliberately produced rather than merely emerging as a by-product in activities not targeted to produce these particles

EC A natural, incidental, or manufactured material containing particles, in an unbound state or as an aggregate or as an
agglomerate and where, for 50% or more if the particles in the number size distribution, one or more external dimensions is
the size range 1 to 100 nm

ISO A material with any external dimension in the nanoscale or having internal structure or surface structure in the nanoscale
Health Canada Anymanufactured product, material, substance, ingredient, device, system, or structure if: (1) it is at or within, the nanoscale

in at least one spatial dimension, or (2) it is smaller or larger than the nanoscale in all spatial dimensions and exhibits one or
more nanoscale phenomena
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of a particular pollutant or a mixture of pollutants».218 Based on
the National Academy of Sciences of the United States, for
chemical substances, RA is performed in four steps, including
(1) hazard identication; (2) hazard characterisation; (3) expo-
sure assessment, and (4) risk characterisation;219 but since NMs
have different properties due to their nanoscale, RA for these
substances must be modied considering their particularities.
The earliest background of RA is the regulatory framework of
the International Risk Governance Council in 2006, which is
dened as «a regulatory framework for analysis and manage-
ment related to NMs» that proposes a risk management and RA
multi-criteria decision analysis-based framework as a strategy
for NM regulation.220

On the other hand, the EC bases the performance of NMs RA
in the food industry and agriculture on the European Food
Safety Authority documents221 or in the procedures established
by REACH.7 Some of the most recent research papers consulted
oriented to RA have different approaches ranging from graphic
and probabilistic methods,222–224 environmental studies using
model organisms such as Daphnia Magna, Vibrio scheri,
Chlorella sp. or Drosophila melanogaster,225,226 occupational risk-
oriented studies222,227 or the everyday use of RA and LCA.218,228

These approaches have proven useful in predicting certain
properties and possible effects of NMs in the environment and
living organisms when a RA is developed. It is important to
address that despite being a valuable tool for RA, these
approaches have limitations, thus, a joint application of these
strategies is advisable, through a global consensus.

Current regulatory frameworks and legislations have
increasingly used both LCAs and RA due to the information they
provide about toxic effects on health, the environment, and
processes or stages that NMs go through before their nal
disposal. However, it is necessary to mention that the LCAs and
RA must be performed on NMs and not in manufactured
products since the NMs life cycles may differ. This could have
other implications at a regulatory level since the LCA and RA
approaches must be well established, and ambiguity must be
avoided when proposing and designing regulatory frameworks
and legislations, both national and international. The proto-
colary establishment of LCAs and RA in developing the regula-
tory framework worldwide provides an essential tool that opens
the way to more precise and assertive legislation. Their useful-
ness can be synergistic if applied jointly.
1600 | Nanoscale Adv., 2024, 6, 1583–1610
Technological progress in the last 70 years has contributed to
expanding researchers' technical capacity, allowing the gener-
ation of relevant information in all areas. Without a doubt,
nanotechnology is one of them. In this sense, regulations in
nanotechnology aim to asset sophisticated devices and equip-
ment that provide morphological, chemical, and physical data
of NMs, as well as regulations in the studies focused on toxi-
cological and/or eco-toxicological analysis.

The set of tools used for NMs characterisation has been well
documented, especially in research papers that have yielded
a large amount of information about the effect of NMs on living
organisms or the environment.84,88,229–236

Electron microscopy in its different variants (such as trans-
mission electron microscopy, scanning electron microscopy,
scanning transmission electron microscopy, and high-
resolution transmission microscopy) is the primary tool for
knowing the morphology of NMs. This equipment and tech-
niques may include accessory features that enable information
generation, such as the selected area diffraction pattern, or
other coupled technologies, such as X-ray diffraction. Besides
the morphological characteristic, chemical element analysis
provides relevant data in the study of NMs. This information is
provided by chromatography liquid, gas, high-performance
chromatography, coupled to mass spectrometry, ultraviolet-
visible spectroscopy, dynamic light scattering equipment,
Fourier transform infrared spectroscopy, and X-ray
diffraction.237–241

These and other techniques have already been compiled in
terms of regulation, as in the review of Karamanidou et al.
(2021), which refers to the different approaches, methodologies,
and regulatory frameworks used in the cosmetics industry as
well as the information the sector provides about the used
NMs.201 Paterson et al. (2011) also addressed the technical
aspects of monitoring anthropogenic NPs and included the
analysis techniques for their characterisation;242 Linsinger et al.
(2012) pointed out the importance of validation methods for
NPs quantication.198 Jointly, the methodologies, analysis
techniques, and validation methods provide an important
source of information that could help to appraise the impact
and possible effects of NMs on human and environmental
health.

The research on nanotoxicology matters includes a wide
range of NMs and NPs. It cooperatively addresses the use of
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3na01097j


T
ab

le
5

E
xa
m
p
le
s
o
f
b
io
lo
g
ic
al

m
o
d
e
ls
u
se
d
fo
r
n
an

o
p
ar
ti
cl
e
e
va
lu
at
io
n

A
pp

ro
ac
h

B
io
lo
gi
c
m
od

el
N
an

op
ar
ti
cl
es

Fi
n
di
n
gs

A
ut
h
or

In
vi
tr
o

C
ac
o-
2
ce
lls

A
gN

Ps
C
ac
o-
2
an

d
SW

48
0
ce
ll
li
n
es

ex
po

se
d
to

N
Ps

pr
od

uc
e
ce
ll
st
re
ss

an
d
ce
ll
de

at
h

24
3

SW
48

0
ce
lls

Zn
O
N
Ps

T
iO

2
N
Ps

B
uc

ca
l
ep

it
h
el
ia
l

ce
lls

(T
R
14

6)
A
gN

Ps
N
Ps

(1
00

m
g
L−

1
)
co
n
ce
n
tr
at
io
n
in

po
ta
bl
e
w
at
er

pr
od

uc
ed

cy
to
to
xi
ci
ty

in
or
al

an
d
ga

st
ro
in
te
st
in
al

sy
st
em

s,
de

cr
ea
si
n
g

fr
om

Zn
O
N
Ps

to
A
gN

Ps
to

T
iO

2
N
Ps

83

H
um

an
co
lo
n

m
uc

os
al

ep
it
h
el
ia
l

ce
lls

(N
C
M
46

0)

Zn
O
N
Ps

T
iO

2
N
Ps

C
ac
o-
2

A
gN

Ps
C
el
lv
ia
bi
li
ty
de

cr
ea
se
d
a

er
24

h
ou

rs
ex
po

su
re

to
co
n
ce
n
tr
at
io
n
s
of

Zn
O
N
Ps

(3
,6

,a
n
d
12

m
M
)a

n
d
A
gN

Ps
(0
.5
,1

.5
,a
n
d
3

m
M
)
pr
od

uc
in
g
ce
ll
sh

ap
e
al
te
ra
ti
on

s,
ab

n
or
m
al

n
uc

le
ar

st
ru
ct
ur
e,

m
em

br
an

e
bl
eb

bi
n
g,

an
d
cy
to
pl
as
m
ic

de
te
ri
or
at
io
n

66
Zn

O
N
Ps

In
vi
vo

W
is
ta
r
ra
ts

(m
al
e/

pr
eg
n
an

t
fe
m
al
e)

A
gN

Ps
D
es
ce
n
da

n
ts

of
pr
eg
n
an

t
ra
ts

ex
po

se
d
to

A
gN

Ps
sh

ow
ed

an
in
cr
ea
se

of
gl
ut
at
h
io
n
e
pe

ro
xi
da

se
,m

al
on

di
al
de

h
yd

e
an

d
ca
sp

as
e
9,

on
th
e
ot
h
er

h
an

d
le
ve
ls

of
gl
ut
at
h
io
n
e
de

cr
ea
se
d.

O
xi
da

ti
ve

st
re
ss

an
d
ap

op
to
si
s
in

th
e
off

sp
ri
n
g
w
er
e

ob
se
rv
ed

89

W
is
ta
r
ra
ts

A
gN

Ps
A

er

or
al

ad
m
in
is
tr
at
io
n
fo
r
55

da
ys
,s
il
ve
r
w
as

fo
un

d
in

sm
al
li
n
te
st
in
e,
ki
dn

ey
,l
iv
er
,a

n
d
br
ai
n
.I
tw

as
al
so

de
te
rm

in
ed

th
at

A
gN

Ps
ex
po

su
re

ch
an

ge
d
ur
ea

n
it
ro
ge
n
,t
ot
al

pr
ot
ei
n
s
an

d
m
ea
n
co
rp
us

cu
la
r
h
ae
m
og

lo
bi
n
in

bl
oo

d
24

8

W
is
ta
r
ra
ts

V
O
2
N
Ps

E
xp

os
ur
e
to

V
O
2
N
Ps

an
d
V
O
5
N
Ps

by
in
h
al
at
io
n
sh

ow
ed

th
at

V
O
2
N
Ps

w
er
e
m
or
e
to
xi
c
th
an

V
O
5
N
Ps

.V
O
2
N
Ps

ca
us

ed
an

in
cr
em

en
t
in

th
e
le
ve
ls

of
ox
id
at
iv
e
st
re
ss

m
ar
ke

rs
su

ch
as

m
al
on

di
al
de

h
yd

e
an

d
re
du

ce
d
gl
ut
at
h
io
n
e

27
2

V
O
5
N
Ps

Ex
vi
vo

Ze
br
a

sh
(D
an

io
re
ri
o)

A
gN

Ps
A

er

A
gN

Ps
ex
po

su
re

(2
0
an

d
11

0
n
m
),
h
ig
h
si
lv
er

co
n
ce
n
tr
at
io
n
s
of

20
n
m

A
gN

Ps
w
er
e
fo
un

d
in

gi
lls

an
d
in
te
st
in
e

de
po

si
te
d
in

th
e
ba

so
la
te
ra
l
m
em

br
an

es
,d

is
ru
pt
in
g
N
a+
/K

+
io
n
ic

ch
an

n
el
s

91

W
is
ta
r
ra
t

A
gN

Ps
A
gN

Ps
ad

m
in
is
tr
at
io
n
in

tr
ac
h
ea

is
ol
at
ed

ri
n
gs

A
gN

Ps
pr
od

uc
ed

a
co
n
tr
ac
ti
le

eff
ec
t
w
h
en

is
ad

m
in
is
tr
at
ed

si
m
ul
ta
n
eo

us
ly

w
it
h
ac
et
yl
ch

ol
in
e
in
cr
ea
si
n
g
sm

oo
th

m
us

cl
e
co
n
tr
ac
ti
li
ty
.N

it
ri
c
ox
id
e
pr
od

uc
ti
on

du
e
to

A
gN

Ps
ad

m
in
is
tr
at
io
n
w
as

as
so
ci
at
ed

w
it
h
a
ch

an
ge

in
th
e
m
us

cl
e
to
n
e

27
3

W
is
ta
r
ra
t

A
gN

Ps
Pe

rf
us

ed
is
ol
at
ed

h
ea
rt
s
fr
om

sp
on

ta
n
eo

us
ly

h
yp

er
te
n
si
ve

ra
ts

ex
po

se
d
to

A
gN

Ps
at

cu
m
ul
at
iv
e
an

d
in
di
vi
du

al
ad

m
in
is
tr
at
io
n
s
(1
0
an

d
10

0
m
g
m
L−

1
)
pr
od

uc
ed

pe
rs
is
te
n
t
va
so
co
n
st
ri
ct
io
n
du

e
to

in
du

ci
bl
e
n
it
ri
c
ox
id
e
sy
n
th
as
e
an

d
en

do
th
el
ia
l
n
it
ri
c
ox
id
e
sy
n
th
as
e
re
du

ce
d
pr
od

uc
ti
on

27
4

© 2024 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2024, 6, 1583–1610 | 1601

Review Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 3

1/
10

/2
5 

16
:4

1:
30

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3na01097j


Nanoscale Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 3

1/
10

/2
5 

16
:4

1:
30

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
high-tech equipment and their evaluation through biological
models that include cell cultures (Caco-2 colon cancer cell lines,
epithelial cell lines, and broblasts),66,83,231,243–245 murine models
(like rats or mice),88,89,245–252 aquatic models (Danio rerio,
Daphnia magna, Oncorhynchus mykiss, Xenopus laevis, Tisbe-
battagliai, Ceramium tenuicorne),84,229,253–257 insects (Drosophila
melanogaster),225 plants (Medicago sativa, Triticum aestivum)236,258

and microbiological models (Chlorella Vulgaris, Vibrio
scheri).226,259 These models for toxicological and eco-
toxicological studies of NMs have specic characteristics such
as specimen availability due to the relatively short gestation
periods, genetic homology with humans, broad or complete
genomic studies, and similarity in their biological processes
with humans or other relevant species.

It is known that murine models are used in nanotoxicity
studies due to their capability to replicate physiological effects
in humans, allowing a better comprehension of health and
disease processes. This model is used in many experimental
approaches, such as cytotoxicity, hepatotoxicity, nephropathy,
dermal toxicity, immunotoxicity, and cardiovascular toxicity.
The effects that NMs produce in the murine models can be
easily monitored so that researchers can have a better
perspective of the effects produced due to NMs exposure.260

More recently, aquatic models have gained great relevance in
eco-toxicology, particularly zebrash, since it is easy to handle
due to their small size, the transparency of their embryos, and
external fertilisation and development. Also, other aquatic
organisms are used (algae, small crustaceans, bacteria) in eco-
toxicological studies due to their capability to react to environ-
mental changes in which they live, changes caused by pollut-
ants of different kinds, NMs among them.192,261–264

For years, OECD has included some model organisms,
including Daphnia sp. Chlorella sp., algae, sh, rats, and in vitro
methods for toxicity and ecotoxicity studies of NMs, which also
have been applied in research papers and collected in review
articles,128,227,246,265,266 which is of great relevance since, unlike 20
years ago, nowadays there are protocols to study the effects of
NMs on health and environment. Some examples of experi-
mental approaches are shown in Table 5.

Conclusions

The regulatory area around NMs has had signicant advances
worldwide and goes hand in hand with the development of
nanotechnology and nanoscience. In the last 20 years, the
interest in NMs effects can be noticed, and this topic concerns
not only the scientic community but also the public
demanding safer products.

The progress achieved so far results from the joint efforts of
governments, international organisations, non-governmental
organisations, research, and academic groups genuinely con-
cerned about the possible harmful implications of these prod-
ucts. However, it is not surprising that due to the wide variety of
NPs, NMs, and nanotechnologies, the development of the
regulatory framework is a dynamic and extensive process, as is
the nanotechnological development, and even with the current
achievements, a long way is ongoing.
1602 | Nanoscale Adv., 2024, 6, 1583–1610
An ethical approach is needed to develop safe and accurate
legislation for NMs. Besides the theoretical knowledge, frame-
works, and legislation, consumers must be aware of the benets
and risks of using NMs. Therefore, it is necessary a clear
communication between scientic-academic institutions,
governments, and society. The use of NMs is exponential, and in
2020 this was evident with the emergency use and later com-
mercialisation of vaccines against SARS-CoV-2 Pzer and Mod-
erna, both vaccines using nanoliposomes as carriers. Thus, the
public debate and the information ow about nanotechnology
benets, risks, and prots would be helpful tools for people to
become aware of these matters. However, not only R&D of NMs
and nanotechnology issues should be regulated ethically but also
patenting; the need for proper regulation about patenting must
include the same aspects, including the application of method-
ologies and techniques with high-quality standards, RA and
communication, risk/prot evaluation, and human health and
environmental risk. The purpose of the NM regulations, beyond
established methodologies and techniques, must aim to guar-
antee the safety and usefulness of nanotechnological products to
customers to support the public opinion and keep improving
scientic development, people's life, and environmental quality.

The actions undertaken by organisations such as the OECD
and ISO, and the mutually efforts of the United States institu-
tions such as FDA/EPA and the European Union are steps
towards the unifying regulatory system as a basis for the regu-
latory system.

It is necessary to mention that all these regulatory matters
can be embedded or be related to some of the SDG: (a) good
health and well-being (3); (b) clean water and sanitation (6); (c)
affordable and clean energy (7); (d) climate action (13); (e) life
bellow water (14) and (f) life on land (15). Therefore, the
development of regulatory frameworks, legislations, and
guidelines can be considered as actions and strategies towards
achieving the SDG in all countries since they are considered
a “call for action by all countries – poor, rich and middle-income –
to promote prosperity while protecting the planet”.31

Nowadays, most of the legislation around chemicals in the
most industrialised countries is based on the OECD program's
results.143 Still, in the authors point of view, it is necessary to
link the regulatory frameworks and initiatives from countries
and organisations around the world. As it was mentioned
before, CLP serves as a complementary tool for REACH and
OECD. Still, also, OECD and UNITAR in 2006 launched
Awareness-Raising Workshops on Nanotechnology/
Manufactured Nanomaterials for Developing and Transition
Countries in a joint effort.201 We can settle parallelism between
the different international organisations developing and
promoting actions for NMs regulations, frameworks, and
legislations that are all useful tools for sustainable development
that guarantee improvement in the life quality of all human
beings.

Mexico already has some standards that can be the starting
point for broader regulation, but these regulatory frameworks
are more conceptual guidelines and are still not mandatory. In
addition, its participation in international groups such as ISO/
TC 229, will make it possible for regulatory frameworks
© 2024 The Author(s). Published by the Royal Society of Chemistry
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emanating from these groups, could serve for elaboration,
improvement, and expansion of regulatory frameworks and
legislations in this country and complement other existing
standards. In Latin America, we must also observe the
achievements and advances in other countries due to
commercial exchange in this region based on boosting R&D of
NMs, nanotechnology, and products containing NMs that are
the newest economic, industrial, and trade tendencies.

Monitoring the development of nanotechnology and nano-
science is a priority, looking forward and having as a reference
the increasingly hostile environmental conditions largely to
man's action. The regulatory frameworks that deal with NMs
will be a helpful tool that to reduce and, if necessary, amend
the damage generated by anthropogenic waste released into
the environment. In the same way, although continuous
exposure to NMs, directly or indirectly, can have consequences
that alter human beings' optimal health, regulatory frame-
works can be handy in reducing and/or preventing these
harmful effects.

In all its branches, advances in science and technology have
proven helpful for human progress. Without a doubt, nano-
science is not an exception. Therefore, it can be expected that
the trend to incorporate NMs will continue its growing inertia
maintained over the last 20 years. The need to develop legis-
lation and regulatory frameworks that guarantee consumers'
and workers' environmental safety, and health will continue to
become evident. Likewise, it is essential to permanently
incorporate informative and educational programs to
communicate aspects related to the science of NMs and the
uses and applications of nanotechnology in all sectors of
society, and thereby raising awareness about its use, manage-
ment, and disposal.

In summary, in the globalised world, the position regarding
NMs regulations may vary between countries and regions.
However, there is a growing consensus on the need to establish
adequate regulations to ensure the protection and safety of
health and the environment impact of NMs. Many countries
and international organisations identify that NMs have unique
characteristics and properties that can have both positive and
potentially negative impacts. It is, therefore, crucial to have
effective regulations that address the risks associated with
using and exposing NMS while promoting innovation and
responsible development of this technology.

The position of the global world regarding regulations in this
matter tends to favour adopting measures to guarantee this
technology's safety and sustainability while promoting innova-
tion and responsible development and achieve a harmonised
system in the near future.
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CLP
 European classication, labelling and packaging
of substances and mixtures
CNTs
 Carbon nanotubes

CONAHCyT
 National Council of Humanities, Sciences and

Technologies (Consejo Nacional de
Humanidades, Ciencias y Tecnoloǵıas)
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175 D. A. López de la Mora, Rev. Med., 2019, 10, 221–228.
176 Xignux, Nanoquem, https://nanoqem.com/, (accessed Jul

11th, 2023).
177 G. Foladori and E. Zayayo, in Nanomedicina: Aspectos
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223 A. Spinazzè, C. Zellino, F. Borghi, D. Campagnolo,
S. Rovelli, M. Keller, G. Fanti, A. Cattaneo and
D. M. Cavallo, Nanomaterials, 2021, 11, 1–11.

224 H. J. P. Marvin, Y. Bouzembrak, E. M. Janssen, M. van der
Zande, F. Murphy, B. Sheehan, M. Mullins and
H. Bouwmeester, Nanotoxicology, 2017, 11, 123–133.

225 E. Demir, Nanotoxicology, 2020, 14, 1271–1279.
226 N. Erdinçmer and D. T. Sponza, Asian Basic Appl. Res. J.,

2020, 2, 37–42.
227 M. Pelin, S. Sosa, M. Prato and A. Tubaro, Nanoscale, 2018,

10, 15894–15903.
228 J. A. Shatkin and B. Kim, Environ. Sci. Nano, 2015, 2, 477–

499.
229 R. Pecoraro, F. Marino, A. Salvaggio, F. Capparucci, G. Di

Caro, C. Iaria, A. Salvo, A. Rotondo, D. Tibullo,
G. Guerriero, E. M. Scalisi, M. Zimbone, G. Impellizzeri
and M. V. Brundo, Front. Physiol., 2017, 8, 1011.

230 T. Garcia, D. Lafuente, J. Blanco, D. J. Sánchez, J. J. Sirvent,
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527, 12–20.
Nanoscale Adv., 2024, 6, 1583–1610 | 1609

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3na01097j


Nanoscale Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 3

1/
10

/2
5 

16
:4

1:
30

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
235 O. D. Hendrickson, S. G. Klochkov, O. V. Novikova,
I. M. Bravova, E. F. Shevtsova, I. V. Safenkova,
A. V. Zherdev, S. O. Bachurin and B. B. Dzantiev, Toxicol.
Lett., 2016, 241, 184–192.

236 C. Larue, H. Khodja, N. Herlin-Boime, F. Brisset,
A. M. Flank, B. Fayard, S. Chaillou and M. Carrière, J.
Phys.: Conf. Ser., 2011, 304, 1–7.

237 Z. Guerra Que, H. Perez Vidal, M. A. Lunagómez Rocha,
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2013, 1, 1–11.
1610 | Nanoscale Adv., 2024, 6, 1583–1610
253 A. Macken, H. J. Byrne and K. V. Thomas, Ecotoxicol.
Environ. Saf., 2012, 86, 101–110.

254 A. C. Carew, M. E. Hoque, C. D. Metcalfe, C. Peyrot,
K. J. Wilkinson and C. C. Helbing, Aquat. Toxicol., 2015,
159, 99–108.

255 S. A. Johari, M. R. Kalbassi, I. J. Yu and J. H. Lee, Comp. Clin.
Pathol., 2015, 24, 995–1007.

256 Y. Wu and Q. Zhou, Environ. Toxicol. Chem., 2013, 32, 165–
173.

257 H. J. Yen, J. L. Horng, C. H. Yu, C. Y. Fang, Y. H. Yeh and
L. Y. Lin, Aquat. Toxicol., 2019, 215, 105273.

258 A. T. Harris and R. Bali, J. Nanopart. Res., 2008, 10, 691–695.
259 X. Hu, S. Ouyang, L. Mu, J. An and Q. Zhou, Environ. Sci.

Technol., 2015, 49, 10825–10833.
260 B. Siddhardha, M. Dyavaiah and K. Kasinathan, Model

Organisms to Study Biological Activities and Toxicity of
Nanoparticles, Springer, 2020.

261 D. A. Mosselhy, W. He, D. Li, Y. Meng and Q. Feng, J.
Nanopart. Res., 2016, 18, 222.

262 C. Chakraborty, A. R. Sharma, G. Sharma and S. S. Lee, J.
Nanobiotechnol., 2016, 14, 1–13.

263 R. de Lima, A. B. Seabra and N. Durán, J. Appl. Toxicol.,
2012, 32, 867–879.

264 F. V. Leimann, O. H. Goncalvez, L. Sakanaka,
A. S. B. Azevedo, M. V. Lima, F. Barreiro, and M. Shirai, in
Food Packaging and Preservation, Academic Press, 2018,
pp. 87–135.

265 S. Park, J. Woodhall, G. Ma, J. G. C. Veinot, M. S. Cresser
and A. B. A. Boxall, Nanotoxicology, 2014, 8, 583–592.
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