Vol.69: e26250876, 2026 [
https://doi.org/10.1590/1678-4324-2026250876 BAB I
ISSN 1678-4324 Online Edition

Review — One Health

Nanocosmetics: Regulatory Frameworks and Safety
Assessment from a One Health Perspective

Patricia Mazureki Campos™'* Marcela Novak Gumy'
https://orcid.org/0000-0003-2659-8023 https://orcid.org/0000-0001-5476-5816
Fabiola Garcia Praga? Wanessa Silva Garcia Medina*
https://orcid.org/0000-0001-6485-9963 https://orcid.org/0000-0002-6879-7699
Bruna Horne Larocca?® Patricia Mathias D6ll-Boscardin’
https://orcid.org/0000-0002-1371-5465 https://orcid.org/0000-0001-6092-043X

Brenda Alves Lopes'
https://orcid.org/0000-0002-4658-0333

TUniversidade Estadual de Ponta Grossa, Departamento de Ciéncias Farmacéuticas, Ponta Grossa, Parana, Brasil;
2Universidade de Sao Paulo, Faculdade de Ciéncias Farmacéuticas de Ribeirdo Preto, Ribeirdo Preto, Sdo Paulo,
Brasil; 3Instituto Sul Paranaense de Oncologia, Ponta Grossa, Parana, Brasil; “MsG Cursos & Capacitagdes, Cravinhos,
Sao Paulo, Brasil.

Editor-in-Chief: Paulo Vitor Farago
Associate Editor: Paulo Vitor Farago

Received: 05-Feb-2026; Accepted: 13-May-2026

*Correspondence: pmcampos@uepg.br; Tel.: +55 42 3220-3127 (P.M.C.).

HIGHLIGHTS
o Regulatory frameworks are necessary on ensuring the safety and efficacy of nanocosmetics.
o Adoption of alternatives tests, and ecological risks assessment are more responsible practices.

o Global harmonization, sustainability and one health are gaining relevance.

Abstract: Nanoparticles, defined as materials with at least one dimension smaller than 100 nanometers,
have increasingly been incorporated into cosmetic formulations, giving rise to the field of nanocosmetics.
This narrative review examines regulatory frameworks and safety assessment strategies for nanocosmetics
from a One Health perspective, considering their implications for human health, animal welfare, and
environmental integrity. An overview of major classes of nanocarriers used in cosmetic products is presented,
together with key physicochemical properties relevant to risk assessment. Current international regulatory
approaches governing nanocosmetics are discussed, highlighting existing challenges, regulatory gaps, and
the lack of global harmonization. Consumer safety and methodological evaluation strategies, including
alternative testing methods, are critically addressed in the context of One Health principles. Overall, this
review underscores the need for integrated, life-cycle—based regulatory and safety frameworks to support
the responsible and sustainable development of nanocosmetics.

Keywords: Skincare nanomaterials; Delivery systems; Environmental health; Consumer safety; Regulatory
science.
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GRAPHICAL ABSTRACT

COSMETICS

Nanoparticles in
skin care
products

Nanoparticles
< 100nm

Challenges and
regulatory frameworks

INTRODUCTION

Nanotechnology represents the differentiation of the physical-chemical properties of materials that are
not presented by the same in bulk form. The reduction to the nanometric scale results in an increase in the
quantity of surface atoms, surface area, reactivity, and functionality [1,2]. Nanoparticles, defined as particles
with at least one dimension less than 100 nanometers, have garnered significant attention in the field of
nanocosmetics because it offers great commercial and investment opportunities for the cosmetic industry.
Plus, growing interest in nanotechnological-based products is focused on antiaging, sunscreens, hair and
skin care [2,3].

In general, the low solubility, limited dissolution, and adequate number of substances at the skin layers
are the main obstacles for the application of topical products. One way to circumvent these issues is the
nanotechnology added to the stability and permeability amelioration to the cosmetics [4]. Specifically,
molecules may be encapsulated at high rates, released in a controlled manner and through transportation,
they can reach located sites with or without occlusion to promote increased efficacy of the topical treatment
[2,5]. Examples are liposome, niosome, nanoemulsion, lipid nanoparticles, polymeric nanoparticles, metal
nanoparticles, nanocrystals, among others [6,7].

Nanoparticle size, surface charge, and composition are the main determinants of skin interaction and
penetration. Smaller particles may access deeper layers of the stratum corneum, while surface charge
influences cellular interaction and uptake. Penetration may occur through intercellular, transcellular, or
transappendageal pathways, depending on nanocarrier type and formulation characteristics [8—13].

The understanding of the safety and usefulness of nanoparticles can be marked out by the solubility,
format, and surface charge. Related to insoluble nanoparticles, it was found that the spherical PEG-coated
particles located at viable epidermis and dermis, the positively charged elliptic quantum dots remained at
epidermis and carboxylic-coated ones failed into the skin penetration [14].

Nanoparticles in sizes bigger than 100 nm of titanium dioxide and zinc oxide nanoparticles, often used
in sunscreen formulations to protect against ultraviolet radiation, possess skin transparency in a function of
their size and agglomerate, staying on the skin surface regardless of their covering, neither into the stratum
corneum [15]. On the other hand, soluble nanoparticles (flexible and non-flexible liposomes, polymeric and
lipid nanoparticles) can somehow increase the substance entrance into the skin; they may create increased
diffusion by film formation on the skin or transpose the corneum stratum by the flexibility or accumulate on
the apertures [15]. So, how these factors affect penetration is essential for the development of safe and
effective nanocosmetic products, reinforcing the need for comprehensive regulatory guidelines to address
potential safety concerns.
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The commercial landscape for nanocosmetics has expanded rapidly as technological advancements
enabling the development of innovative products with enhanced efficacy and targeted delivery. Nanocarriers
are now integral to a diverse range of cosmetic formulations, reflecting their ability to improve the performance
and stability of active ingredients. The growing use of nanocarriers in these products reflects their ability to
enhance performance and consumer satisfaction. However, it is crucial for manufacturers to adhere to
regulatory guidelines and ensure comprehensive safety evaluations to maintain consumer trust and product
efficacy. As nanotechnology continues to advance, the development of new nanocosmetic products is
expected to offer even more innovative solutions for skin and hair care [16-20].

Here, we reviewed some of the prominent classes of commercial nanocosmetic products currently
available in the market (Table 1).

Table 1. Overview of Nanoparticles in Skin Care. This table provides a concise overview of how different types of
nanoparticles are used in skin care, highlighting their applications, the active ingredients they deliver, the potential
benefits they offer, and some representative brands that incorporate these technologies.

Application Type Active Ingredients Potential Benefits Brands
. Broad-spectrum UV protection, Neutrogena, La
Sunscreens UV Filters L L
minimized whitening effect Roche-Posay
Anti-Aging Retinoids, Peptides, Enhanced skin penetration, reduced Estée Lauder,
Products Antioxidants wrinkles, improved elasticity Olay
Moisturizers Hyalur(_)nlc Acid, Prolon_ged hydration, prot(_actlon of active Nivea, L'Oréal
Ceramides ingredients from degradation
Brightenina Agents Vitamin C, Stabilized brightening agents, effective Clinique,
9 979 Niacinamide reduction of hyperpigmentation Garnier
Benzoyl Peroxide, Antibacterial action, reduced .
Acne Treatments e . . : Proactiv, Murad
Salicylic Acid inflammation, targeted treatment of acne

Despite the growing technological and commercial appeal of nanocosmetics, their evaluation still lacks
a truly integrated One Health perspective. The widespread and routine use of these products results in
continuous exposure not only to consumers but also for the environment, particularly through the release of
nanomaterials into wastewater systems during rinsing and disposal. These materials may reach aquatic
ecosystems and interact with microorganisms, plants, and animals, raising significant concerns related to
skin penetration, long-term toxic or adverse effects, bioaccumulation, and ecosystem impacts. However, such
issues remain insufficiently addressed in current risk assessment frameworks, which often prioritize short-
term human safety while overlooking the complex and interconnected effects on environmental and animal
health [21,22].

In this context, a clear gap emerges between the rapid advancement of nanotechnology in cosmetic
products and the capacity of existing regulatory frameworks to adequately assess and manage their potential
risks. Although innovation in nanocosmetics offers promising benefits for skin and hair care, development is
not always aligned with sustainability principles, responsible production, and proper disposal practices. The
lack of harmonized regulatory criteria, combined with limitations in physicochemical characterization and
safety assessment methodologies, undermines the accurate evaluation of nanocosmetics throughout their
life cycle. Therefore, strengthening regulatory oversight and adopting One Health—based approaches are
essential to ensure that innovation does not progress at the expense of human, animal, and environmental
health [21,22].

Literature search strategy and scope

This manuscript is a narrative review aimed at critically discussing regulatory frameworks, safety
assessment strategies, and One Health implications related to nanocosmetics. Publications were retrieved
from major electronic databases, including PubMed, Scopus, Web of Science, ScienceDirect, and Google
Scholar covering the period from 2000 to 2025. The search strategy combined the following keywords:
“nanocosmetics”, “nanomaterials”, “cosmetic regulation”, “nanomaterial safety”, “toxicology”, “environmental
impact”, and “One Health”.

Articles written in English, Portuguese, and Spanish were considered. Priority was given to peer-
reviewed journal articles, books, book chapters, and official regulatory documents from international agencies
such as the U.S. Food and Drug Administration (FDA), European Commission (EC), Organisation for
Economic Co-operation and Development (OECD), Scientific Committee on Consumer Safety (SCCS), and
the Brazilian Health Regulatory Agency (ANVISA).
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A total of approximately 82 references were included, of which about 60% were peer-reviewed journal
articles, about 25% of the regulatory and institutional documents (FDA, EC, OECD, ANVISA, SCCS), and
about 15% books or book chapters. Selection was based on scientific quality, citation frequency, regulatory
relevance, and contribution to the understanding of nanotechnology in cosmetics. In addition, grey literature
(e.g., guidelines, technical reports, regulatory notes) was incorporated to ensure coverage of evolving
regulatory frameworks. Studies focusing exclusively on pharmaceutical nanotechnology without application
to cosmetic science were excluded.

The references used in this review reflect the most cited and updated sources on nanocosmetics, safety,
efficacy and regulatory frameworks, thus ensuring a comprehensive and balanced overview of the topic.

Challenges and current legal framework

The integration of nanotechnology into cosmetics presents both significant opportunities and complex
challenges, particularly concerning regulatory oversight and consumer and environmental safety. Due to
unique inherited properties, they cannot be analyzed isolated, considerations must be made for the vehicle
and other formulation components that integrate the nano systems since they contribute to the final product
performance and may modify the permeability, therefore, creating a bigger risk for action in areas they were
not supposed to reach and systemic effects [23,24].

Variability in definitions and testing protocols across regions worldwide can lead to inconsistent
regulatory approaches and complicated international trade. For example, while the FDA and Europe, the
Middle East and Africa (EMEA) have established guidelines for nanomaterial safety, the specific requirements
and interpretations of these guidelines can differ, leading to potential confusion and regulatory hurdles for
manufacturers. Another challenge is ensuring comprehensive and enough safety assessments for
nanocosmetics. The unique physicochemical properties of nanoparticles, such as their size, shape, surface
charge, and aggregation behavior, necessitate specialized testing to evaluate their potential toxicity and
interactions with biological systems.

The lack of harmonized international regulations not only complicates market authorization but also limits
the implementation of integrated risk assessment strategies aligned with the One Health approach. Current
regulatory frameworks primarily emphasize consumer safety, while environmental and ecological risks are
often addressed in a fragmented or secondary manner. Incorporating One Health principles into regulatory
guidelines could foster more comprehensive safety assessments, encouraging the inclusion of environmental
fate, ecotoxicity, and long-term exposure data alongside traditional toxicological evaluations.

From a One Health perspective, a major limitation of current regulatory frameworks is their predominant
focus on consumer safety, while environmental fate, ecological toxicity, and indirect exposure of animals are
rarely incorporated as core decision-making elements. Most regulations do not require systematic evaluation
of nanomaterial persistence in aquatic or terrestrial environments, nor long-term ecosystem effects.
Consequently, existing frameworks only partially address the One Health dimensions of nanocosmetics,
reinforcing the need for regulatory evolution toward integrated human—animal—-environment risk assessment.

In the European Union (EU), the responsible person for the product (i.e. manufacturers, importers, or
third persons) must register cosmetic products containing nanomaterials on the cosmetic products notification
portal (CPNP) and follow the European Commission's Cosmetic Products Regulation (Regulation (EC) No
1223/2009)[24] that provides safety rules for cosmetics products to be available on the internal market,
including the label description of nanomaterial containing. Article 16 requires the draft of an annual report on
the use of nanomaterials in cosmetics, in which their first report was in 2021 and addressed three main points:
the nanomaterials regulatory framework in the EU, the market status for cosmetics containing nanomaterials,
and proposals for review of the provisions concerning nanomaterials in the EU Cosmetics Regulation [25,26].

The FDA is responsible for regulating cosmetics in the United States. The Guidance for Industry Safety
of Nanomaterials in Cosmetic Products [1] provides all information and protocols regarding the use of
nanomaterials in cosmetics. The FDA has a product-based regulatory policy which means that different
classes of products must follow specific regulations that also apply to nanomaterials, while a premarket
review is required for drugs, biologics, food additives, color additives, and certain human devices and dietary
ingredients to answer questions related to the safety and effectiveness, if applicable, that is not mandatory
to cosmetics, except color additives. However, post-market monitoring is continuously done by the FDA to
all classes of products, including cosmetics, to ensure consumer safety, and acts when necessary [27,28].

Japan is the third-largest cosmetic market in the world and is constantly launching new and innovative
products. The Ministry of Health, Labour, and Welfare (MHLW) regulates cosmetics and quasi-drugs in the
country, while it recognizes the use of nanomaterials in their products, and it, currently, does not have specific
legislation targeting nanomaterials. In 2009, they release a report with safety measures for nanomaterials
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bringing what was known about nanomaterials and the main nanomaterials on the market, where they were
being used, as well as safety issues. For cosmetic products, the main safety mechanism related to the use
of nanomaterial is a guideline with a list of substances that can be used as ingredients and those prohibited
or restricted for use [29]. Like the FDA, the MHLW encourages manufacturers to conduct safety assessments
and provide notification for nanomaterials.

The China National Medical Products Administration (NMPA) also does not have specific regulations for
nanomaterials in cosmetic products. However, for medical devices they are well established on the Technical
Guidelines for the Evaluation of Safety and Effectiveness of Nanomaterials in Medical Devices: System
Framework (2021)[30]. The definition of nanomaterials according to the national standard GB/T30544.1 is
very similar to the International Standard Organization (ISO), with nanomaterials being materials with any
external dimension, internal or surface structure at the nanoscale with the size range between 1 nm and 100
nm [30]. Recently, the NMPA updated the regulation for cosmetic products with Cosmetic Ingredient Quality
and Safety Information Code, which is now mandatory for the cosmetic industry to provide the quality and
safety data for all cosmetic raw ingredients in cosmetic product formulas, soon, it is expected that the NMPA
will adress the nanomaterials use in cosmetics [31].

Existing safety frameworks, such as those from the FDA and the Scientific Committee on Consumer
Safety (SCCS)[32], emphasize the need for rigorous characterization and risk assessment, but the evolving
nature of nanotechnology often outpaces the development of regulatory guidelines. Furthermore, the
environmental impact of nanomaterials is an emerging concern. The persistence and potential
bioaccumulation of nanoparticles pose risks that are not fully understood, raising questions about their long-
term effects on ecosystems and human health. The current legal framework aims to address these challenges
by providing guidelines for nanomaterial characterization, risk assessment, and labeling. Nonetheless,
ongoing updates and harmonization of regulations are crucial to keep pace with technological advancements.
International collaborations, such as those facilitated by the International Cooperation on Cosmetics
Regulation (ICCR)[33], are working towards establishing unified standards to enhance regulatory clarity and
consumer protection. As the field of nanocosmetics continues to evolve, it is imperative for regulatory bodies,
industry stakeholders, and researchers to work together to address these challenges and ensure the safe
and effective use of nanocarriers in cosmetic products.

In addition, there are constraints in the development and application of nanotechnology with bottlenecks
starting in: i) types of raw materials used; ii) equipment and differentiated production processes with specific
steps and controls; iii) education, training and technical knowledge on the part of the employees involved; iv)
safety and efficacy assessment; v) environmental impacts; vi) regulatory issues. Reinforcing that, there is no
specific legislation or guidance that deals with products that contain nanotechnology in a hegemonic way,
what is true for cosmetic products, in which guidelines for physic-chemical characterization and safety and
efficacy assessments orientate for conduction on a case-by-case basis [34].

Collectively, these regulatory frameworks remain predominantly human safety centered, with limited
mandatory integration of environmental fate, ecotoxicity, and indirect animal exposure data. This fragmented
structure restricts the operationalization of One Health principles and highlights the need for regulatory
evolution toward integrated, life-cycle—based risk assessment and globally harmonized governance
strategies.

Beyond, amendments should standardize assessment protocols to reduce differences for regulatory
approvals and to increase mutual recognition agreements. European Union adopted precautionary approach
and, recently, banned silver, gold, copper and platinum nanoparticles as well as styrene/ acrylates copolymer
nanoparticles from cosmetics. Plus, the concentration of hydroxyapatite in toothpaste and mouthwashes was
limited. FDA and United States Environmental Protection Agency (EPA) pursue requirements for nanoscale
materials extrapolating the toxic substances control act. Other countries worldwide strength forces and
initiatives toward alignment with international standards to export and prevent environmental and
occupational hazards. In this evolving landscape, Brazil has emerged as a paramount actor in Latin America,
led by agencies such as Brazilian Health Regulatory Agency (ANVISA) and Brazilian Institute of Environment
and Renewable Natural Resources (IBAMA). It has been advancing discussions on the governance of
nanomaterials, promoting risk assessment frameworks, and participating in international forums such as the
OECD Working Party on Manufactured Nanomaterials. Besides, due to proper communication for public and
lifecycles of nanomaterials, regulatory systems must bridge transparency and international collaboration
among governments, organizations and industry.
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Nanocosmetics consumer safety

Within a One Health framework, consumer safety assessment must be interpreted as part of a broader
safety paradigm that also encompasses animal welfare and environmental protection.

Over the past decades, governmental organizations such as the FDA, EMEA, ANVISA, the Organization
for Economic Cooperation and Development (OECD), and the World Health Organization (WHO) have
expressed increasing concern regarding the safety of nanotechnology-based products, focusing both on
consumer health and environmental protection. The primary safety concerns associated with nanocosmetics
revolve around the potential local or systemic harmful effects resulting from consumer exposure to
nanomaterials. This concern has been reflected in the development of more specific regulatory guidelines for
assessing nanoparticle toxicity using appropriate methodologies and tools. Regulatory guidance is crucial for
the development and commercialization of nanomaterials. Without it, manufacturers, healthcare providers,
the public, and policymakers lack the necessary clarity and legal certainty [35].

One of the primary regulatory challenges is the lack of global standardization in nomenclature, testing
methods, and characterization techniques. Both FDA and SCCS guidance documents emphasize
physicochemical characterization, exposure assessment, and toxicity testing as central elements of safety
evaluation [1,36].

Similarly, the European Union released specific guidance on the safety evaluation of nanocosmetics in
2019, supplementing the Cosmetic Regulation (EC) No 1223/2009 [24]. This guide, issued by the Scientific
Committee on Consumer Safety (SCCS), is structured into sections that cover safety assessment
requirements akin to those described by the FDA, including the physicochemical characterization of
nanocosmetics, exposure assessment, hazard identification, dose-response characterization, and risk
assessment of nanomaterials in cosmetics [32]. Additionally, an international group of regulatory authorities
from Brazil, Canada, Chinese Taipei, the European Union, Japan, the Republic of Korea, and the United
States (ICCR, 2021) [33] has been meeting annually since 2007 to establish unified criteria and guidelines
aimed at maintaining the highest levels of global consumer and environmental protection [37]. Brazil, in
compliance with different publications, technical standards, legislation and technical documents worldwide,
presented regulatory guidance related to the risk of products containing nanomaterials with guidance for
safety assessments for nanomaterials used in health devices [38].

Consumer safety in nanocosmetics should include not only direct exposure, especially through the skin,
but also indirect and long-term exposure throughout the product’s life cycle, as proposed by the One Health
approach. However, this perspective is rarely applied in current regulatory practice, as agencies mainly focus
on short-term assessments and direct exposure to the final user. This limited approach creates important
gaps in risk assessment by ignoring the environmental release of nanomaterials, their ecotoxicological
effects, impacts on environmental microbiota, and the resulting re-exposure of humans and animals. The
lack of regulatory requirements addressing cumulative exposure and cross-sector effects reduces the ability
to predict long-term risks and weakens the protection of human, animal, and environmental health. This
integrated perspective highlights that safety assessment strategies for nanocosmetics inherently contribute
to One Health by reducing human health risks, minimizing animal testing, and limiting environmental
contamination.

Regulatory agencies worldwide are increasingly requiring comprehensive data on the toxicological
profiles of nanomaterials, reflecting a shift from historically permissive frameworks toward more stringent,
mandatory reporting regimes. Mainly, this evolution is driven by growing scientific evidence highlighting the
potential risks associated with nanoscale substances and concerns are implicated to enhance public trust in
emerging technologies. Considering these international efforts, the subsequent sections of this manuscript
will address these regulatory and safety concerns in greater detail.

Physicochemical-Related Aspects

The toxicity of nanoparticles has been linked to their physicochemical properties, including structural
shape, particle size, composition, surface charge, and aggregation capacity. These factors contribute to toxic
effects such as inflammation, protein and cell membrane damage, inhibition of cell growth, and necrosis
[5,39,40]. Due to these concerns, it is essential to evaluate a broad spectrum of physicochemical properties
to determine whether a substance produced with nanotechnology is safe for its intended use [1]. The unique
characteristics resulting from the nanoscale size of materials can lead to distinct interactions with biological
systems, creating new physicochemical interactions that are significant. Generally, smaller nanoparticles
have a higher surface-area-to-volume ratio, which enhances their chemical and biological reactivity [5].

Additionally, nanoparticles with biocompatible and biodegradable compositions, such as lipid-based
nanocarriers or those derived from biodegradable polymers, typically present low or negligible toxicity risks.
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However, literature lacks conclusive reports on the long-term use of biopersistent and bioaccumulative
nanoparticles, such as titanium dioxide nanoparticles and carbon nanotubes, which may pose toxicity
concerns. It is important to recognize that the unique properties of nanoparticles are intrinsically linked to
their physical nanostructure. If a nanoparticle loses its nanostructure—due to solubilization, degradation, or
interaction with other substances—it may no longer behave differently from its non-nano equivalent [32].

Both the FDA and EMEA recommend comprehensive characterization of nanomaterials as they exist in
raw materials, formulations, test media, and relevant biological environments for toxicological testing. This is
crucial for in vitro studies to assess potential biological interactions and effects [1]. Nanomaterial
characterization data, presented in a safety dossier, must provide an unequivocal identification of the tested
nanocosmetic. Industry should determine the following: (i) particle size and distribution, (ii) aggregation and
agglomeration characteristics, (iii) surface chemistry including zeta potential/surface charge, surface coating,
functionalization, redox potential, and catalytic activity, (iv) morphology such as shape, surface area, surface
topology, and crystallinity, (v) solubility, (vi) density, (vii) stability, and (viii) porosity [28,32].

Measurements should be conducted using validated methods and techniques, with the use of multiple
techniques strongly encouraged. Common techniques for evaluating the physicochemical properties of
nanomaterials intended for cosmetic use include Dynamic Light Scattering, Atomic Force Microscopy,
Transmission Electron Microscopy, Nuclear Magnetic Resonance, X-ray Diffraction, Laser Doppler
Electrophoresis, Scanning Probe Microscopy, Fourier Transform Infrared Spectroscopy, Analytical
Ultracentrifugation, Positron Annihilation Lifetime Spectroscopy, among others [41]. Regulatory agencies
may accept results from methods that have not been specifically validated for nanomaterials, but provided
that appropriate nanoscale controls are applied.

Nanomaterials Safety Based on Exposure Assessment and Hazard ldentification/Dose-Response
Characterization

Guidance addressing nonclinical safety studies, supported by the International Council for Harmonization
(ICH) and adopted by EMEA and FDA, is generally applicable to nanomaterials intended for cosmetic use.
The biological fate of nanomaterials and their potential safety impacts should be determined through risk
assessment studies, which include evaluating potential routes of exposure, dermal penetration, cytotoxicity,
and biodistribution parameters (absorption, distribution, metabolism, and excretion, or ADME). This is crucial
because, once in the body, the distribution of nanomaterials is strongly influenced by particle size and surface
characteristics, can sometimes cross biological barriers, leading to increased penetration of the blood-brain
barrier or placenta. Nanoparticles may pose health risks by accessing biological tissues at varying degrees
depending on the route of exposure, such as inhalation, or dermal application [5, 39, 40].

Consumers may be exposed to nanoparticles through inhalation when using products such as perfumes,
powders, and aerosols. Oral exposure occurs unintentionally through the application of nanotechnology-
containing cosmetics on the lips, such as lipsticks and balms. For dermal applications, the rate of
nanomaterial penetration through the skin may vary based on skin condition, such as damaged or diseased
skin. Additionally, increased nanoparticle penetration through hair follicles and their distribution to local lymph
nodes should be considered [1,5]. Thus, hazard identification and dose-response characterization of
nanomaterials should be evaluated based on the behavior of insoluble or partially soluble forms, aggregation
and agglomeration tendencies, potential skin penetration, and interactions with biological entities at local and
systemic levels [42].

For dermal absorption or local effect assessments, the OECD TG 428 provides technical guidelines for
in vitro studies using vertical diffusion cells and intact human skin. Human skin from surgeries remains the
gold standard for testing dermal absorption, although reconstructed human epidermis or 3D bioprinted skin
models can also be used if adequately justified [43]. It is important to note that animal testing for cosmetics
is banned in most countries due to the international recognition of alternative methods that reduce, refine, or
replace animal use in cosmetics testing [44, 45]. Consequently, the toxicological profile assessment of
nanomaterials in cosmetics and their exposure routes (as required by SCCS Notes of Guidance and in line
with FDA) should be determined through various tests endorsed by the Cosmetic, Toiletry and Fragrance
Association (CTFA) and OECD. These tests include skin irritation (OECD, 439)[46], skin corrosion (OECD
431)[47], phototoxicity (OECD 432)[48], opacity (OECD, 434)[49], ocular irritation (OECD, 437)[50], and,
especially, genotoxicity and mutagenicity assessments, such as bacterial reverse mutation (OECD, 471)[51],
in vitro mammalian chromosome aberration (OECD, 473)[52], in vitro mammalian cell micronucleus (OECD,
487)[53], in vitro mammalian cell gene mutation (OECD 476)[54], micronuclei, and comet assays [42,56,57]

If systemic absorption is anticipated, further investigation through ADME studies is necessary to confirm
the behavior of nanomaterials within the body and their targeted organs [28,41]. To date, no validated
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alternative methods fully cover the scope of ADME studies, but in vitro models, such as Caco-2 cell cultures
for gastrointestinal absorption or isolated hepatocytes, HepaRG™ cells, and their cultures for
biotransformation studies, may contribute to the assessment [57]. Furthermore, the acceptable dose metric
prediction should adhere to the criteria outlined in the World Health Organization (WHO) guidance (IPCS,
2010), where the ratio between simulated and observed data should generally be within a factor of 2. If this
ratio (for parent compounds and/or metabolites) exceeds a factor of 2, the model must be refined and updated
with additional ADME data [57].

Alternatives to animal testing in cosmetics

Alternative testing methods are strongly aligned with One Health principles, as they simultaneously
promote human safety, reduce or replace animal use, and may decrease environmental burden by minimizing
in vivo experimentation and chemical waste.

Over the past three decades, animal testing has been the standard method for evaluating the safety and
toxicity of cosmetics. However, ethical, efficiency, and economic concerns have led to significant changes.
In recent years, animal testing has been largely phased out, guided by the 3Rs policy, which includes: (i)
Refinement: techniques that minimize animal suffering and enhance welfare; (ii) Reduction: strategies that
decrease the number of animals used in experiments; and (iii) Replacement: methods that prevent or
substitute the use of animals. These principles are enshrined in the European Directive (EC Regulation
1223/2009) and are widely incorporated into guidelines for cosmetic product development globally (OECD
203, 210, 212, 229, 236). Additionally, in 2019, the EPA committed to reducing mammal studies by 30% by
2025 and eliminating them by 2035 [58,59].

This shift has elevated the welfare of experimental animals and spurred the development of alternative
technological models, which can be broadly categorized into silico, in chemical, in vitro, and ex vivo
approaches. These methods utilize human cell models, alternative organisms, computer simulations, and
more [60-63]. Alternative methods are often more efficient and cost-effective compared to animal testing,
providing results in a shorter timeframe and reducing expenses related to breeding, feeding, housing, and
testing.

In vitro models using human cells can reconstruct the epidermis from cells obtained from volunteers who
have undergone cosmetic procedures, transplants, or biopsies. Notable three-dimensional human skin
models used for regulatory purposes include EpiSkin™ (L’Oréal, Lyon, France), EpiDerm™ (MatTek
Corporation, Ashland, MA, USA), reconstructed human epidermis (SkinEthic™, Lyon, France), and EpiCS®
(CellSystems, Troisdorf, Germany) and others Figure 1-A. These commercial skin models mimic human skin
in terms of morphological, histological, physiological, and biochemical features. Furthermore, the
methodological comparison of bioprinting with the traditional manual dispersion system for in vitro
reconstructed human epidermis models preparations showed that both models exhibited a well-stratified
epidermis with multiple layers (Figure 1-B). Reconstructed human skin models have emerged as a key tool
in the safety assessment of cosmetic ingredients and formulations. These systems reproduce native human
skin, enabling reliable evaluation of endpoints including skin irritation, corrosion, and permeation. Their use
has been formally integrated into international regulatory frameworks, particularly within the European Union,
where animal testing for cosmetics has been banned and validated alternative methods are required.
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Figure 1. Alternative technological models to animal testing in cosmetics. Comparison between in vivo native human
skin and in vitro reconstructed human skin models (A) and manual/bioprint reconstructed skin (B). Histological cross
section (hematoxylin/eosin staining, magnification 20x). Note that, reconstructed human skin shown similar epidermal
layers when compared to native human skin and it was confirmed from different obtained process as manual or bioprint.
Morphology of reconstructed human epidermis (RhEs) where N-RHE is the model with a nylon N6/6 scaffold and the
control model is the USP-RHE model. (C) Comparison between the control (USP-RhE) model and N-RhE model by
H&E staining: Stratum corneum (SC), stratum granulosum (SG), stratum spinosum (SS), stratum basal (SB).
Immunohistochemical analysis of epidermal melanocytes in RhE Pigmented skin (D). Melamocytes in the basal layer
were identified by staining for tyrosinase or S-100 proteins. Scale bars, 50 um. Zebrafish at nanotec such as have been
used as an alternative model to study toxicity and efficacy of chemicals, natural products, bioactive compounds and
nanomaterials (E). Molecular dynamic simulation of nanoparticle and protein interaction (F). (F-a) Silver nanoparticle
and human serum albumin interaction and (F-b) Root-mean-square deviations and root-mean-square fluctuations plots
on silver nanoparticle and human serum albumin interaction. (F-c) Ovispirin and lysozyme corona formation on gold
nanoparticles with size 3.2 nm (upper, small sized particles) and 10 nm (lower, bigger size). Ovispirin protein orientation
distribution profile with regard to the surface of gold nanoparticle, (F-d) adsorption of protein at orientation angle 6, and
(F-e) distribution of 8 for proteins on 3.2 and 10 nm gold nanoparticle surfaces. Adapted from:(lIVS, 2024; Bagatin et
al., 2023 and Reijnders et al., 2015; Hall et al., 2022; Camarena et al., 2020; Suresh K. et al., 2023; Katoh M, et al.,
2009.) [64-70]

Recent advancements in tissue engineering have led to the development of novel three-dimensional
human skin models given that the OECD outlines in document ENV/JM/MONO(2015)27 comprehensive
guidelines for quality control (cell viability, barrier function, morphology) and performance (reproducibility).
These guidelines include performance standards (PS) for the validation of similar or modified RhE models
used in skin irritation testing, as specified in TG 439. For example, the USP-RHE comprises a well-
differentiated epidermis with a morphology that includes fully differentiated and multilayered structures such
as the stratum basale, stratum spinosum, stratum granulosum, and stratum corneum (Figure 1-C).
Additionally, it exhibits growth characteristics and the expression of epidermal differentiation markers, such
as CK10 in the suprabasal layers and CK14 in the basal layers, which are comparable to those found in
native human skin [65,71], and dimensional scaffold for human skin models such as collagen-free
reconstructed skin using nylon scaffolds, which has shown promise for evaluating dermal irritation and
corrosion of cosmetic products [68]. Addition to pigmented reconstructed skin models achieve epidermal
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pigmentation through melanocore transfer (Figure 1-D), this model could be valuable tools for the academic,
industrial, pharmaceutical and cosmetic industries for studies of skin pigmentation control mechanisms [67].
They are constructed layer-by-layer according to epidermis or skin models, initiating by keratinocytes seeded
onto a porous membrane or scaffold that supports growth submerged in nutrient medium to allow the cells to
proliferate and form a continuous layer, followed by surface exposure to air while the bottom remains
embedded with growth medium, in which stratify on multiple epidermal layers and maturate to structure
corneum stratus. The epidermis model is mainly used for irritation and barrier function. Meanwhile, full-
thickness skin models contain epidermis and dermis starting with fibroblast mixed into collagen matrix to
represent the mechanical and structural properties of the skin, proceeding with epidermal layer. Because it
is a complete model, it may be used for complex studies such as wound healing, long-term toxicity, and
interactions between different skin layers. Recently, advanced skin models included immune cells and hair
follicle-derived cells, what may detect skin sensitizers by addressing the main events in skin sensitization and
further used for regulatory applications.

On the other hand, the in vivo alternatives include the use of zebrafish (Figure 1-E), which offer higher
biological relevance than cell or invertebrate models and are a cost-effective option for cosmetic testing,
particularly for assessing nanotoxicity. Zebrafish are valuable for their ability to analyze multiple endpoints
and serve as a bridge between in vivo and in vitro testing, primarily due to the transparency of their embryos,
allowing observation of organ development, tissue damage, and physiological changes without the need for
invasive techniques. This model detects toxic effects easily and economically, making it suitable for high-
throughput screening where many substances can be tested simultaneously using multi-well plates. It is
useful for studies of skin irritation, phototoxicity, oxidative stress, inflammation, and developmental toxicity.
Despite structural differences from human skin, such as the absence of the stratum corneum and the fact
that it is an aquatic organism, zebrafish show great potential. They are not classified as animals until five
days post-fertilization, allowing researchers to conduct studies with living organisms using in vitro techniques
while adhering to 3R regulations [58]. However, sensitivity tests are still often performed on human volunteers
due to differences between animals and human skin.

Advanced computational models, or in silico techniques, predict the distribution, efficacy, and potential
toxicity of nanomaterials in cosmetic products through algorithms and software (Figure 1-F). Predictive
toxicology models and high-throughput data analysis help estimate the potential toxic effects of nanoparticles
based on their physicochemical properties, reducing reliance on animal testing, which is time-consuming and
ethically complex. Software workflows are used to correlate the structural characteristics of nanoparticles
with observed biological responses, which is fundamental for preparing safety dossiers required by regulatory
bodies. Computational frameworks can integrate exposure scenarios, hazard identification, and dose-
response relationships to support risk assessment decisions, allowing for a more comprehensive evaluation
of the safety profiles of nanomaterials in cosmetic applications [57, 61,62, 63,72]. These tools, while freely
available and user-friendly, face challenges in gaining regulatory acceptance. Key questions include the
model's adequacy for prediction, the relevance of the forecast for the intended purpose, and whether the
cosmetic ingredient falls within the model's applicability domain [73].

Thus, the adoption of in vitro, ex vivo, in silico, and zebrafish-based models represents not only a
technological advance, but also a practical operationalization of One Health in nanocosmetic safety
assessment.

International recommendations for nanocosmetics registration

Global agencies are investing significantly in research and certification efforts to ensure the proper
development and commercialization of nanotechnology-based products. It is recommended that registration
dossiers for nanocosmetic products be enhanced to address nanotechnology's specific characteristics.
Alongside mandatory cosmetic product requirements, there should be a broader assessment of physical-
chemical properties to determine nanomaterial safety for intended uses. Regulatory actions for
nanocosmetics are not standardized internationally, resulting in varied requirements during the premarket
review phase.

In the European Union, updated guidance aims to assist applicants in preparing safety dossiers for
nanocosmetics and support risk assessors and managers in implementing the Cosmetics Regulation (EC)
No 1223/2009 [32]. This guidance covers essential elements for safety dossiers, including physicochemical
characterization, exposure assessment, toxicological evaluation, and risk assessment, with stringent
conditions for pre-market notification, safety evaluation, and labeling. Notifications must be submitted
electronically through the Cosmetic Products Notification Portal and include detailed information on
nanomaterials, ensuring online availability to competent authorities (Regulation (EC) No 1223/2009 [40,41].
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Notifications are required at least six months before market entry, and a comprehensive review of scientific
literature is necessary for safety dossier submissions. During electronic notification, details on nanomaterials
must be submitted, including physicochemical characteristics, agglomeration, size distribution, impurities,
potential exposure routes, and toxicological data [28]. If nanomaterial is to be used in an existing product,
discussions with the FDA are recommended to substantiate safety, including short-term and long-term toxicity
data [43].

In the United States, the FDA does not mandate registration of cosmetic establishments but encourages
participation in the Voluntary Cosmetic Registration Program (VCPR) for voluntary nanomaterial notification
[74]. During electronic notification, details on nanomaterials must be submitted, including physicochemical
characteristics, agglomeration, size distribution, impurities, potential exposure routes, and toxicological data
[28]. If nanomaterial is to be used in an existing product, discussions with the FDA are recommended to
substantiate safety, including short-term and long-term toxicity data [42].

Brazil, a major player in the global personal hygiene and beauty market, shows substantial innovative
potential. In 2021, approximately 7,368 new personal hygiene, perfumery, and cosmetic products were
launched, surpassing China [75]. While in 2023, the cosmetics sector in Brazil, according to ABIHPEC,
reached a figure of USD 1.74 billion. This value represents a 14.5% increase over 2022. The highlight in
2023 was exports, which reached the highest mark in the historical series that began in 1997, with an increase
of 17.4% and a record value of USD 911.2 million [75]. Additionally, the Beautycare Brazil project, promoted
by ABIHPEC in collaboration with ApexBrasil, helped support 161 companies, an increase of 30% compared
to the previous year. The project focused on actions that generated business opportunities, including
participation in international fairs and qualification events for Brazilian companies [76]. These data highlight
not only the growth of the domestic sector, but also the growing relevance of Brazilian companies in the
global cosmetics market.

The ANVISA oversees the inspection, approval, and regulation of products under Law No. 9,782/1999
[76]. Brazilian legislative initiatives began with Law No. 5.076/2005, aiming to regulate nanotechnology use
and research by establishing a National Technical Commission on Nanosecurity (CTNano). This commission
was tasked with defining safety standards for human and environmental protection and mandating specific
labeling for nanotechnology products [77, 78, 79]. The National System of Laboratories in Nanotechnology
(SisNANO) was created to support nanotechnology governance, research, and international collaborations
[78]. SisNano’s initiatives include funding research projects and promoting technological transfer, which
directly impacts the nanocosmetic market. The system helps companies navigate the complexities of
regulations while encouraging the development of novel formulations that utilize nanotechnology for improved
skin penetration, targeted delivery, and enhanced performance. Furthermore, SisNANQO'’s focus on training
and education ensures a skilled workforce capable of driving advancements in nanocosmetics. By bridging
the gap between research and industry, SisNano significantly contributes to the growth of the nanocosmetic
sector in Brazil, ultimately positioning the country as a competitive player in the global market [80].

Cosmetic products are classified by risk level under RDC No. 907/2024 [81]. Level 1 products, such as
simple shampoos and conditioners, require basic notification. Level 2 products, including those with
nanotechnology, require detailed safety and efficacy data and must be registered with ANVISA, with a
registration deadline of 60 to 90 days. Registration dossiers must include safety and efficacy data, including
toxicological profiles and physical-chemical assessments (RDC No. 288/2019) [82]. Post-approval,
registration is valid for ten years, with renewal required 21 months before expiration. The deadline for
responding to release requirements is up to 150 days.

Figure 2 shows a flowchart of nanocosmetic product registration requirements. Cosmetics using
nanotechnology face stricter regulations than conventional products and detailed information on their size,
shape, surface features, and aggregation tendencies are demanded. Nanomaterials must be labeled with
“(nano)” on ingredient lists. A comprehensive safety assessment is required, covering toxicological risks, skin
penetration, irritation, sensitization, and phototoxicity, especially for products exposed to sunlight. Companies
must also provide characterization and stability data showing how nanomaterials behave over time and
interact with other ingredients, including their potential release during use. Product Information File must
contain detailed formulation, manufacturing, safety, efficacy and nanomaterial data. Manufacturers must
adhere to Good Manufacturing Practices for quality and safe handling. Increasingly, companies must assess
environmental impacts of nanoparticles. Post-market surveillance of companies may monitor and report
adverse effects, reassess products if new safety concerns arise, and ensure ongoing compliance.
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Figure 2. Flowchart containing the mandatory requirements and suggestions for improvement and compliance for the
construction of the dossier for registration of cosmetic products containing nanotechnology.

CONCLUSION

The field of nanocosmetics represents a dynamic intersection of advanced technology, regulatory
frameworks, and consumer safety. As explored in this article, the current regulatory landscape reflects a
growing emphasis on safety and efficacy, guided by frameworks designed to protect consumer health while
fostering technological advancement. The integration of alternatives to animal testing and the evaluation of
ecological hazards are pivotal in shaping responsible industry practices. As regulatory bodies worldwide work
to adapt and refine their guidelines, international recommendations play a crucial role in harmonizing
standards and ensuring the safe use of nanotechnology in cosmetics.

From a One Health perspective, future progress in nanocosmetics must be guided by integrated
regulatory strategies that simultaneously address human health, animal welfare, and environmental
protection. This includes the incorporation of environmental fate studies, ecotoxicological data, alternative
testing approaches, and life-cycle—based risk assessment into regulatory decision-making. Strengthening
global harmonization and adopting One Health—driven governance models will be essential to ensure that
innovation in nanocosmetics advances responsibly and sustainably.
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