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Professional Certificate in Nanotechnology Applications in Cosmetics

Toxicology And Safety Assessment

Nanoparticle refers to a particle with at least one dimension in the range of 1 nm to 100 nm. In cosmetics,
nanoparticles are often employed to improve product texture, stability, or UV‑filtering performance. For
example, titanium dioxide (TiO₂) nanoparticles are widely used in sunscreens to provide broad‑spectrum
protection while maintaining a transparent appearance on the skin. The small size of these particles gives
them a high surface‑to‑volume ratio, which can enhance reactivity and, consequently, alter toxicological
profiles compared with bulk material.

Nanomaterial is a broader term that includes nanoparticles, nanofibers, nanoplates, and any other material
that exhibits nanoscale dimensions in at least one dimension. The definition used by regulatory agencies
such as the European Union is based on the proportion of particles below 100 nm; a material is considered a
nanomaterial if more than 50 % of its number‑based size distribution falls under that limit. Understanding
whether a cosmetic ingredient is a nanomaterial influences the type of safety data required and the depth
of risk assessment.

Size distribution describes the range and frequency of particle sizes within a sample. Techniques such as
dynamic light scattering (DLS), electron microscopy, and nanoparticle tracking analysis (NTA) are employed
to generate size distribution curves. A narrow distribution (monodisperse) simplifies toxicological
interpretation, whereas a broad distribution (polydisperse) may contain sub‑populations that behave
differently in biological systems. For instance, a polydisperse TiO₂ sample might contain a fraction of
particles below 30 nm that can penetrate deeper into the stratum corneum than larger particles.

Surface area is a critical determinant of a nanoparticle’s interaction with biological membranes, proteins,
and cells. The specific surface area (SSA) is usually reported in m² g⁻¹ and measured by gas adsorption
methods such as BET analysis. Higher SSA can increase the generation of reactive oxygen species (ROS) and
amplify oxidative stress pathways. In safety assessment, comparing the SSA of a test material to that of a
reference material helps contextualize observed toxicological effects.

Agglomeration and aggregation describe the tendency of nanoparticles to cluster together. Agglomerates
are loosely bound collections that can often be redispersed, while aggregates are strongly bonded and
usually irreversible under normal conditions. The degree of agglomeration influences the effective particle
size seen by cells and can affect dermal absorption. For example, a zinc oxide (ZnO) nanomaterial that
remains well‑dispersed in a cosmetic base may exhibit higher skin penetration than the same material that
forms large agglomerates.

Dissolution refers to the process by which solid particles release ions into surrounding media. For
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metal‑based nanomaterials, dissolution can be a primary driver of toxicity because released ions may
interact with cellular components. In an in‑vitro skin model, ZnO nanoparticles may dissolve to release Zn²⁺
ions, which can cause cytotoxicity at concentrations that are not observed with inert particles. Consequently,
dissolution testing under simulated physiological conditions (pH 7.4, 37 °C) is a standard component of the
safety assessment workflow.

Toxicokinetics encompasses the absorption, distribution, metabolism, and excretion (ADME) of a substance.
In the context of nanomaterials, toxicokinetic studies often focus on how particle size, surface coating, and
charge affect each ADME step. For example, a positively charged gold nanoparticle coated with
polyethylene glycol (PEG) may exhibit prolonged circulation time and reduced clearance by the
mononuclear phagocyte system compared with an uncoated particle.

Toxicodynamics examines the interaction of a substance with biological targets and the resulting adverse
effects. With nanomaterials, toxicodynamic mechanisms may include membrane disruption, oxidative stress,
inflammation, and interference with intracellular signaling pathways. Understanding toxicodynamics helps
to link observed cellular responses (e.g., apoptosis) to the underlying physicochemical properties of the
nanomaterial.

Dose‑response relationships describe how the magnitude of a toxic effect varies with the amount of
exposure. In nanotoxicology, dose may be expressed as mass concentration (µg mL⁻¹), particle number
concentration (particles mL⁻¹), or surface area concentration (cm² mL⁻¹). Selecting the appropriate dose
metric is essential because different metrics can lead to divergent interpretations of toxicity. For instance,
two TiO₂ samples with identical mass concentrations may differ in particle number, leading to different ROS
generation rates.

LD₅₀ (lethal dose, 50 %) is the dose that causes death in 50 % of test animals. While LD₅₀ values are less
commonly required for cosmetic ingredients due to the principle of non‑animal testing, they remain a
reference point for certain hazard classifications. When LD₅₀ data are available from historical studies, they
must be interpreted in the context of particle size and coating, as these factors can markedly alter acute
toxicity.

NOAEL (no‑observed‑adverse‑effect level) and LOAEL (lowest‑observed‑adverse‑effect level) are pivotal
points derived from dose‑response studies. The NOAEL is the highest dose at which no statistically or
biologically significant adverse effects are observed, whereas the LOAEL is the lowest dose at which such
effects are detected. In cosmetic safety assessment, the NOAEL from a repeated‑dose dermal study is often
used to calculate a margin of safety (MoS) when compared with the anticipated human exposure.

ADI (acceptable daily intake) represents an estimate of the amount of a substance that can be ingested
daily over a lifetime without appreciable health risk. For nanomaterials used in oral cosmetics (e.g., lip
balms), the ADI may be derived from the NOAEL applying appropriate safety factors. The ADI is expressed in
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mg kg⁻¹ body weight day⁻¹ and is a key reference for risk managers when setting permissible concentration
limits.

Safety factor (also known as uncertainty factor) is applied to the NOAEL or ADI to account for inter‑species
differences, intra‑species variability, and data gaps. Typical safety factors range from 10 (for inter‑species) to
100 (combined inter‑ and intra‑species). When nanomaterial data are limited, an additional factor of 10 may
be introduced to address uncertainties specific to nanoscale behavior, resulting in an overall factor of 1000.

Risk assessment is a systematic process that integrates hazard identification, dose‑response assessment,
exposure assessment, and risk characterization. In the cosmetic sector, risk assessment determines whether
a nanomaterial can be safely incorporated into a product at a given concentration. The outcome is
expressed as a margin of safety; a MoS greater than 100 is generally considered acceptable for dermal
exposure under the EU framework.

Hazard identification involves determining whether a substance possesses the intrinsic potential to cause
adverse health effects. For nanomaterials, hazard identification may rely on a combination of in‑vitro assays
(e.g., cytotoxicity, genotoxicity), in‑silico predictions (e.g., quantitative structure‑activity relationships, QSAR),
and, where available, in‑vivo data. The identification process is guided by OECD test guidelines that have
been adapted for nanoscale testing.

Exposure assessment quantifies the magnitude, frequency, and duration of human contact with a
nanomaterial. In cosmetics, exposure routes include dermal, inhalation (e.g., aerosolized powders), and oral
(e.g., lip products). Modeling tools such as the Monte Carlo simulation can be employed to estimate realistic
exposure scenarios based on product usage patterns, population demographics, and physicochemical
properties of the nanomaterial.

Route of exposure determines the relevant toxicological endpoints and testing strategies. Dermal exposure
is the primary route for most cosmetic products, and therefore skin irritation, sensitization, and penetration
studies are central to safety assessment. Inhalation exposure may be relevant for aerosolized foundations,
requiring assessment of lung deposition and clearance. Oral exposure is considered for ingestible cosmetics,
prompting evaluation of gastrointestinal absorption and systemic distribution.

Dermal absorption measures the fraction of a substance that penetrates the skin and enters systemic
circulation. For nanoparticles, absorption is influenced by particle size, surface chemistry, and the presence
of a vehicle. In vitro skin permeation studies using Franz diffusion cells and reconstructed human epidermis
models provide quantitative data on the amount of nanomaterial that traverses the stratum corneum over
time.

Inhalation toxicity testing is required when a cosmetic product is expected to generate airborne particles,
such as spray deodorants or powder foundations. The OECD guideline 413 outlines subchronic inhalation
studies in rodents, which can be adapted for nanomaterials by incorporating aerosol generation systems

Read online: https://shortcourses.lsibonline.com/guides/5264059/
toxicology-and-safety-assessment

London School of International Business · 28 Jun 2026



G U I D E

that maintain particle size distributions comparable to real‑world use.

Ingestion studies are relevant for lipsticks, lip balms, and flavored toothpastes that may be inadvertently
swallowed. Acute oral toxicity tests (OECD 401) and subchronic oral studies (OECD 408) provide data on
systemic effects. For nanomaterials, the gastrointestinal pH and enzymatic environment can influence
dissolution and subsequent ion release, thereby affecting toxicity outcomes.

In‑vitro assays are increasingly favored for nanotoxicology because they reduce animal use and allow
high‑throughput screening. Common assays include the MTT or resazurin cell viability tests, the comet
assay for DNA damage, and the ELISA‑based cytokine release assay for inflammatory responses. Care must
be taken to avoid assay interference caused by the optical properties of nanomaterials (e.g., light scattering
by TiO₂).

In‑vivo studies remain a cornerstone for confirming findings from in‑vitro work, especially when regulatory
dossiers require whole‑organism data. Ethical considerations and the push toward alternative methods have
led to the development of refined protocols that limit animal numbers and employ humane endpoints.
When in‑vivo testing is unavoidable, the study design must adhere to Good Laboratory Practice (GLP) and
be justified by a weight‑of‑evidence approach.

OECD guidelines provide internationally recognized test methods that have been adapted for
nanomaterials. For example, OECD TG 406 (skin irritation) and TG 428 (skin sensitization) have specific
recommendations for nanoparticle dispersion, concentration limits, and reporting of particle
characterization data. Compliance with these guidelines facilitates regulatory acceptance of safety data.

GLP (Good Laboratory Practice) ensures the quality and integrity of safety data. GLP compliance requires
documented standard operating procedures, validated analytical methods, and traceable data records. For
nanomaterial testing, GLP also mandates thorough characterization of the test material before, during, and
after the study to account for potential changes in particle size or surface chemistry.

QSAR (quantitative structure‑activity relationship) models predict toxicological properties based on
chemical structure and physicochemical descriptors. While traditional QSARs were developed for small
molecules, emerging nano‑QSAR frameworks incorporate parameters such as particle size, surface charge,
and coating type. These in‑silico tools can prioritize nanomaterials for further testing, reducing the need for
extensive experimental work.

SAR (structure‑activity relationship) focuses on the relationship between chemical structure and biological
activity. In the context of nanomaterials, SAR may involve correlations between surface functional groups
(e.g., –COOH, –NH₂) and observed cytotoxicity. Understanding SAR helps formulators select safer surface
modifications for cosmetic applications.

Genotoxicity evaluates whether a substance can damage genetic material. Standard assays include the
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bacterial reverse mutation test (Ames test), the in‑vitro micronucleus assay, and the comet assay.
Nanoparticles can cause genotoxic effects through direct interaction with DNA or indirectly via oxidative
stress. For instance, silver nanoparticles (AgNPs) have been shown to induce DNA strand breaks in cultured
keratinocytes at concentrations that also generate ROS.

Carcinogenicity assesses the potential of a substance to induce cancer. Long‑term rodent studies (OECD
452) are the gold standard, but for cosmetics, the requirement is often limited to a weight‑of‑evidence
evaluation that includes mechanistic data, SAR, and any available epidemiological information.
Nanomaterials with persistent oxidative stress or chronic inflammation may raise concerns for carcinogenic
potential.

Reproductive toxicity examines effects on fertility, embryonic development, and post‑natal growth. OECD
TG 421 (reproduction/developmental toxicity screening) can be adapted for nanomaterials, with special
attention to particle translocation across the placental barrier. Studies on pregnant rodents have
demonstrated that certain metal oxide nanoparticles can cross the placenta and accumulate in fetal tissues,
prompting careful risk evaluation for products used by women of child‑bearing age.

Immunotoxicity investigates how a substance modulates the immune system. Nanoparticles may act as
adjuvants, enhancing immune responses, or they may suppress immune function. In vitro lymphocyte
proliferation assays and cytokine profiling are commonly employed to detect immunomodulatory effects.
An example is the observation that certain carbon nanotubes can trigger a Th1‑biased immune response,
which may be undesirable in a cosmetic context.

Oxidative stress is a central mechanism in nanotoxicology. It occurs when the production of reactive oxygen
species (ROS) overwhelms the cellular antioxidant capacity. ROS can damage lipids, proteins, and DNA,
leading to cell death or mutagenesis. Metal oxide nanoparticles, such as ZnO and TiO₂, are known to
generate ROS under UV illumination, which is why phototoxicity testing is essential for sunscreen
formulations.

ROS (reactive oxygen species) include free radicals like superoxide (O₂⁻•), hydroxyl radicals (•OH), and
non‑radical species such as hydrogen peroxide (H₂O₂). Assays such as the DCFH‑DA fluorescence test
quantify ROS generation in cell cultures. When interpreting ROS data for nanoparticles, it is crucial to
correct for potential quenching or fluorescence enhancement caused by the particles themselves.

Inflammatory response is often measured by the release of cytokines such as IL‑1β, TNF‑α, and IL‑6. In
dermal models, elevated cytokine levels after exposure to nanoparticles can indicate irritation or
sensitization potential. However, low‑level cytokine release may be part of a normal wound‑healing process,
highlighting the importance of dose‑response context.

Cytotoxicity describes the loss of cell viability following exposure to a toxicant. Common endpoints include
membrane integrity (LDH release), metabolic activity (MTT, resazurin), and ATP content. For nanomaterials,
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cytotoxicity can be confounded by assay interference; for instance, TiO₂ particles may scatter light and
artificially lower absorbance readings in colorimetric assays. Validation of assay compatibility is therefore a
prerequisite for reliable data.

Apoptosis is programmed cell death, often triggered by DNA damage or mitochondrial dysfunction. Flow
cytometry using annexin V/propidium iodide staining can differentiate early apoptotic cells from necrotic
cells. Nanoparticles that induce apoptosis at low concentrations may raise concerns for chronic exposure,
even if acute cytotoxicity appears modest.

Necrosis is uncontrolled cell death resulting from severe membrane damage. LDH leakage assays are
frequently used to detect necrosis. Distinguishing necrosis from apoptosis is important because necrotic
cells can release intracellular contents that provoke inflammation, potentially leading to skin irritation.

Skin sensitization assesses whether a substance can elicit an allergic response upon repeated exposure. The
Local Lymph Node Assay (LLNA) is the standard in‑vivo test, while in‑vitro alternatives such as the human
Cell Line Activation Test (h-CLAT) are gaining acceptance. Nanoparticles may act as carriers for haptens,
increasing the likelihood of sensitization. A case in point is the use of nickel‑based nanocatalysts in certain
nail polishes, which have been linked to contact dermatitis.

Irritation refers to reversible inflammation of the skin or mucous membranes. The Draize test (OECD TG 404)
historically evaluated eye irritation but has been replaced by in‑vitro corneal models (e.g., the EpiOcular™
assay). For cosmetics, both skin and eye irritation data are required to ensure product safety.

Phototoxicity is the skin‑or‑eye reaction that occurs when a chemical absorbs light and generates a toxic
response. Nanoparticles that absorb UV radiation, like TiO₂ and ZnO, can produce ROS under sunlight,
leading to phototoxic effects. The OECD TG 432 outlines the in‑vitro phototoxicity test using a 3‑T3
fibroblast cell line, which can be adapted for nanomaterial suspensions.

Dermal irritation test evaluates the potential of a substance to cause reversible erythema and edema after a
single exposure. The test is performed on reconstructed human epidermis (RHE) models, and viability is
measured using the MTT assay. When testing nanoparticle suspensions, it is essential to confirm that the
test material remains homogeneously dispersed throughout the exposure period.

Patch test is a clinical method for identifying skin sensitizers in human volunteers. Small amounts of the test
material are applied under occlusion for 48 hours, and reactions are scored after 72 hours. For
nanomaterials, the patch test must include a vehicle that stabilizes the particles to avoid aggregation, which
could otherwise alter the exposure concentration.

In‑silico modeling utilizes computational tools to predict toxicological outcomes based on physicochemical
descriptors. Software platforms such as NanoQSAR, NanoMILE, and the OECD’s (Q)SAR Toolbox provide
modules tailored for nanomaterial risk assessment. These tools can estimate endpoints like acute toxicity,
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ROS generation, and skin penetration, supporting a weight‑of‑evidence approach.

Physicochemical characterization is the foundation of any toxicological study on nanomaterials. Parameters
to be reported include primary particle size, hydrodynamic diameter, shape, surface area, zeta potential,
crystal structure, and chemical composition. Consistency of these parameters across batches ensures that
the safety data are representative of the commercial material.

Zeta potential indicates the surface charge of a particle in suspension and is measured by electrophoretic
light scattering. A high absolute zeta potential (>|30| mV) generally confers stability, reducing
agglomeration. In dermal studies, positively charged particles may interact more strongly with the
negatively charged skin surface, potentially enhancing penetration.

Surface charge influences cellular uptake pathways. Cationic nanoparticles are often internalized via
clathrin‑mediated endocytosis, whereas anionic or neutral particles may rely on macropinocytosis.
Understanding these mechanisms helps predict intracellular distribution and downstream toxic effects.

Coating and functionalization modify the surface chemistry of nanomaterials to improve stability,
biocompatibility, or target specificity. Common coatings for cosmetic nanoparticles include silica shells,
polymer layers (e.g., PEG, PVP), and natural biopolymers (e.g., chitosan). The presence of a coating can
dramatically reduce ROS generation; for instance, silica‑coated TiO₂ shows lower phototoxicity compared
with bare TiO₂.

Biodistribution describes the spatial distribution of a nanomaterial within the body after systemic
absorption. Imaging techniques such as ICP‑MS, TEM, and fluorescence microscopy are employed to map
nanoparticle localization in organs. In a dermal study, gold nanoparticles have been observed to accumulate
in regional lymph nodes, indicating migration from the skin surface.

Clearance refers to the removal of a substance from the body, primarily via renal excretion or hepatic
metabolism. Nanoparticles below 5 nm can be filtered by the glomerulus, whereas larger particles are
typically sequestered by the reticuloendothelial system. The rate of clearance influences the steady‑state
concentration and thus the chronic exposure risk.

Excretion pathways for nanomaterials include urinary, fecal, and biliary routes. Studies have shown that
silver nanoparticles are excreted largely in the feces, often after hepatic processing. Quantifying excretion
rates is essential for constructing physiologically based pharmacokinetic (PBPK) models that predict
systemic burden.

Half‑life is the time required for the concentration of a substance in a given compartment to decrease by
50 %. For nanomaterials, half‑life can be measured in blood, organs, or the skin. A short half‑life in blood
(e.g., minutes) suggests rapid clearance, whereas a long half‑life in the skin (e.g., weeks) may indicate
persistent exposure.
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Accumulation occurs when the rate of intake exceeds the rate of elimination, leading to progressive
build‑up in tissues. Chronic use of a nanomaterial‑containing cosmetic may result in measurable levels of
the particle in the stratum corneum after months of daily application. Accumulation assessments inform the
derivation of acceptable daily exposure limits.

Chronic exposure describes repeated or continuous contact with a substance over an extended period
(months to years). Toxicological studies for chronic exposure often involve 90‑day subchronic rodent tests,
which can be extrapolated to estimate lifetime risk. For cosmetics, chronic exposure scenarios are modeled
using realistic usage frequencies and product amounts.

Acute toxicity evaluates adverse effects following a single or short‑term exposure. The OECD TG 402 (acute
dermal irritation/corrosion) and TG 423 (acute oral toxicity) are commonly applied. Acute toxicity data are
used to identify immediate hazards and to set short‑term exposure limits.

Subchronic toxicity involves exposure for 90 days and provides information on target organ toxicity,
dose‑response relationships, and reversibility of effects. Subchronic studies are a key component of the
safety dossier for nanomaterials that will be present in high‑concentration products such as sunscreen.

Threshold of toxicological concern (TTC) is a risk‑based approach that establishes a generic exposure limit
for chemicals with limited toxicity data. The TTC concept has been extended to nanomaterials, with separate
thresholds for different classes (e.g., metal oxides, carbon‑based nanomaterials). TTC values assist regulators
in deciding whether a full data package is required.

Cumulative risk accounts for the combined exposure to multiple substances that share a common
mechanism of action. In cosmetics, a consumer may be exposed to several nanomaterials that all generate
ROS, raising the overall oxidative burden. Cumulative risk assessment aggregates individual margins of
safety to evaluate the total risk.

Risk management involves implementing measures to reduce identified risks to acceptable levels. Strategies
include limiting concentration, altering particle size, adding protective coatings, or providing usage
instructions (e.g., “apply to skin after sunscreen”). Documentation of risk management actions is required
for regulatory submissions.

Regulatory frameworks differ across regions but share common objectives of consumer safety. In the United
States, the FDA regulates cosmetics under the Federal Food, Drug, and Cosmetic Act, while the European
Union follows Regulation (EC) No 1223/2009. Understanding the specific data requirements for each
jurisdiction is essential for global product development.

FDA classifies nanomaterials in cosmetics as “ingredients” that must be listed on the product label if they
are a component of a color additive or a separate ingredient. The agency expects manufacturers to provide
safety data that address nanoscale‑specific hazards, even though a formal pre‑market approval is not
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required for most cosmetics.

EU Cosmetics Regulation mandates that any nanomaterial used in a cosmetic product be notified to the
European Commission via the Cosmetic Product Notification Portal (CPNP) before market placement. The
notification must include a comprehensive safety assessment, which comprises a toxicological profile,
exposure assessment, and a calculated margin of safety.

SCCS (Scientific Committee on Consumer Safety) issues opinions on the safety of cosmetic ingredients,
including nanomaterials. The SCCS has published specific guidance on the safety assessment of
nanomaterials, emphasizing the need for detailed physicochemical characterization and the use of
appropriate test methods.

EMA (European Medicines Agency) does not directly regulate cosmetics but provides guidance on
nanomedicines, which can be informative for nanomaterial safety testing methods. The EMA’s reflection
paper on nanotechnology‑based medicinal products outlines best practices for characterization and
toxicology that can be adapted for cosmetic applications.

REACH (Registration, Evaluation, Authorisation and Restriction of Chemicals) applies to substances
manufactured or imported into the EU in quantities of one tonne per year or more. Some nanomaterials
may fall under REACH if they are used as raw materials for cosmetic manufacturing. Registration dossiers
must include a detailed toxicological data set, exposure scenarios, and risk characterization.

GHS (Globally Harmonized System of Classification and Labelling) provides a standardized approach for
communicating hazards. Nanomaterials may require specific hazard statements (e.g., “May cause respiratory
irritation”) and precautionary statements. Accurate labeling is critical for consumer safety and regulatory
compliance.

Labeling for nanomaterials in cosmetics varies by region. The EU requires the term “nano” to be included in
the ingredient list (e.g., “Titanium Dioxide (nano)”), while the FDA does not have a mandatory nanomaterial
labeling rule but encourages voluntary disclosure. Proper labeling enables informed consumer choice and
facilitates post‑market monitoring.

Safety data sheet (SDS) provides essential safety information for workers handling raw nanomaterials. The
SDS must contain sections on hazards, handling, storage, and disposal, and it should reflect the nanoscale
nature of the material (e.g., indicating inhalation risk for airborne particles).

Precautionary principle underlies many regulatory approaches to nanotechnology. It states that when
scientific evidence is uncertain, protective measures should be taken to prevent potential harm. In practice,
this principle translates into the application of additional safety factors, the requirement for more extensive
testing, and the adoption of conservative exposure limits for nanomaterials.

Read online: https://shortcourses.lsibonline.com/guides/5264059/
toxicology-and-safety-assessment

London School of International Business · 28 Jun 2026



G U I D E

Margin of safety (MoS) is the ratio of the NOAEL (or a similar reference point) to the estimated human
exposure. A MoS of 100 or greater is traditionally considered acceptable for dermal exposure in the EU. For
nanomaterials, some authorities recommend a higher MoS (e.g., 300) to account for uncertainties related to
nanoscale behavior.

Photostability assesses whether a nanomaterial maintains its functional properties under light exposure.
Sunscreen nanoparticles must retain UV‑filtering efficiency without degrading to potentially harmful
by‑products. Photostability testing involves exposing the product to simulated sunlight and measuring
changes in absorbance or particle size.

Environmental fate examines how nanomaterials behave after they are released into the environment, such
as during wastewater treatment or product disposal. Parameters like sedimentation, agglomeration in
natural waters, and transformation (e.g., oxidation) influence ecological risk. Environmental safety
assessments often require ecotoxicity tests on aquatic organisms.

Ecotoxicity evaluates the adverse effects of a substance on non‑human species. Standard tests include the
Daphnia magna immobilization assay, fish acute toxicity test (OECD 203), and algae growth inhibition test
(OECD 201). Nanomaterials may exhibit different ecotoxicological profiles compared with their bulk
counterparts due to increased surface reactivity.

Bioaccumulation describes the tendency of a substance to accumulate in an organism over time. For
nanomaterials, bioaccumulation is influenced by particle size, surface chemistry, and the ability to bind to
biological macromolecules. Studies on fish have shown that certain silver nanoparticles can bioaccumulate
in gill tissue, prompting concerns for aquatic ecosystems.

Regulatory toxicology integrates scientific data with legal requirements to determine whether a
nanomaterial can be marketed. It involves preparing a dossier that includes detailed study reports, a risk
assessment narrative, and supporting documentation. The dossier is reviewed by competent authorities,
who may request additional data or impose restrictions.

Human repeat‑dose toxicity studies are rarely performed for cosmetics, but data from analogous products
can be used to infer safety. In the case of a nanomaterial used in a daily moisturizer, a 28‑day repeat‑dose
study in rats can provide insight into potential skin sensitization, systemic exposure, and organ‑specific
effects.

Dermal sensitization threshold is the lowest concentration at which a substance elicits a sensitization
response in a defined proportion of the population. For nanomaterials, this threshold may be shifted by
particle size; smaller particles can present more surface area for hapten formation, potentially lowering the
sensitization threshold.

In vitro skin models such as reconstructed human epidermis (RHE) and full‑thickness skin equivalents
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provide a physiologically relevant platform for testing nanomaterial toxicity. These models retain key barrier
properties, allowing assessment of penetration, irritation, and cytokine release without animal use.
Validation of these models against in‑vivo data is ongoing but has shown good concordance for many
endpoints.

High‑throughput screening (HTS) enables rapid evaluation of large libraries of nanomaterials. Automated
platforms can conduct parallel cytotoxicity, ROS, and cytokine assays, generating dose‑response curves for
dozens of formulations. HTS data are valuable for prioritizing candidates for more detailed testing and for
constructing predictive models.

Data gaps are common in nanotoxicology because the field is relatively new and standard methods are still
evolving. Typical gaps include long‑term chronic exposure data, detailed biodistribution profiles, and
comprehensive ecotoxicity information. Addressing these gaps often requires a combination of targeted
experiments and computational modeling.

Weight‑of‑evidence approach integrates multiple lines of evidence—physicochemical data, in‑vitro results,
in‑silico predictions, and any available in‑vivo findings—to reach a balanced conclusion on safety. This
approach is especially important for nanomaterials, where single studies may not capture the full spectrum
of potential hazards.

Inter‑laboratory variability can affect reproducibility of nanotoxicology results. Differences in particle
preparation, dispersion protocols, and assay conditions may lead to divergent outcomes. Implementing
standardized protocols, such as those recommended by the OECD, helps reduce variability and enhances
confidence in the data.

Dispersion protocol is a critical step that ensures nanoparticles are evenly distributed in the test medium.
Common techniques include sonication, use of surfactants, and pH adjustment. The protocol must be
described in detail in any safety dossier, and the stability of the dispersion should be monitored over the
course of the experiment.

Assay interference occurs when the physical or chemical properties of a nanomaterial affect the readout of a
toxicity assay. For example, metallic nanoparticles can absorb at the same wavelength as the MTT assay,
leading to false‑positive results. Controls that include particles without cells, as well as alternative assay
formats, are essential to identify and correct for interference.

Benchmark material is a reference nanomaterial with well‑characterized toxicological properties used for
comparison. Benchmarking helps contextualize the hazard potential of a new nanomaterial. For instance, a
newly synthesized silver nanoparticle can be compared to a standard AgNP with known ROS‑generation
capacity to assess relative risk.

Regulatory submission packages typically consist of a technical dossier, a safety assessment report, and
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supporting documents such as certificates of analysis and batch records. The dossier must be organized
according to the specific format required by the regulatory authority (e.g., the EU’s Cosmetic Product
Information File, CPNP).

Post‑market surveillance monitors adverse events reported by consumers or healthcare professionals after a
product is launched. For nanomaterial‑containing cosmetics, manufacturers are encouraged to track any
incidents of skin irritation, sensitization, or unexpected systemic effects. Surveillance data can trigger
re‑evaluation of safety assumptions and, if necessary, product reformulation.

Risk communication involves conveying safety information to stakeholders, including consumers, regulators,
and internal teams. Clear communication about the presence of nanomaterials, their intended function, and
any precautionary measures helps build trust and facilitates informed decision‑making.

Ethical considerations in nanotoxicology include the use of animal testing, the potential for unequal
exposure among vulnerable populations, and the long‑term environmental impact of nanomaterial release.
Adoption of alternative methods, transparency in data reporting, and adherence to the precautionary
principle are ways to address these concerns.

Future trends in toxicology and safety assessment for cosmetic nanomaterials point toward greater reliance
on in‑silico modeling, organ‑on‑a‑chip platforms, and machine‑learning algorithms that can predict adverse
outcomes from physicochemical descriptors. These advances aim to reduce the need for animal testing,
accelerate product development, and improve the precision of risk assessments.

Case study: Zinc oxide nanoparticles in sunscreen illustrates many of the concepts discussed. ZnO
nanoparticles are used for UV‑B protection while maintaining a non‑white appearance. Physicochemical
characterization shows a primary particle size of 30 nm, a SSA of 55 m² g⁻¹, and a zeta potential of –20 mV in
a typical cosmetic base. In‑vitro skin penetration studies using RHE models demonstrate minimal
transdermal migration (Case study: Silver nanoparticles in anti‑aging cream highlights challenges associated
with antimicrobial activity. Silver nanoparticles (AgNPs) provide a preservative effect but raise concerns for
cytotoxicity and environmental release. Characterization reveals a mean diameter of 15 nm, a narrow size
distribution, and a citrate coating that confers a negative surface charge. In‑vitro cytotoxicity assays on
human keratinocytes show a dose‑dependent decrease in viability at concentrations above 10 µg mL⁻¹, with
an IC₅₀ of 25 µg mL⁻¹. ROS measurements indicate a proportional increase in oxidative stress. A short‑term
dermal irritation test on RHE shows no irritation at the intended use concentration (0.01 % w/w). However, a
chronic exposure model predicts accumulation of silver in the skin over prolonged use, prompting the
formulation team to lower the AgNP concentration to 0.005 % w/w. The revised exposure estimate yields a
MoS of 250, meeting the conservative safety criterion for nanomaterials. Environmental assessment flags
potential release during product washing, leading to a recommendation for a biodegradable carrier to
mitigate
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