Table S4.  Summary of studies included in the literature review on dermal exposure to MNPs, NMs, and plastic additives 
	Author/Year 
	Study coverage
	Phys Chem Properties
	Methods & Study Design
	Results

	
	Substance 
	Resource Type
	Polymer, particle, chemical reported
	Shape/Size
	Study details (model, exposure scenario, replication)
	Concentrations 
	Exposure duration
	Key findings
	Conclusions

	WHO (2022) 
	MNP, NM 
	Report 
	PS, latex (negative charge), cosmetics, pharmace-uticals 
	Spherical PS 40-200nm 
 
Latex 50 and 500 nm 
 
~600 nm (not linked) 
 
	Observational summary of multiple experimental studies, including: 
Mahe et al. (penetration of PS-NPs into hair follicles) 
Vogt et al. (penetration of 40 nm particles) 
Kohli and Alpar (vaccine-related study using pig skin) 
General studies on transdermal delivery via intact and damaged skin, with or without enhancers 
	- 
	- 
	The stratum corneum presents a strong barrier to particles >1 µm. 
  
Hair follicles act as key entry points, particularly when skin is flexed or massaged. 
  
Follicular penetration is influenced by size (~600 nm is optimal), shape, charge, and hydrophobicity. 
  
Nanoparticles with negatively charged, hydrophobic surfaces show enhanced follicular absorption. 
  
Latex particles under 0.1% permeation; significant barrier function of healthy skin confirmed. 
  
Techniques such as occlusion, lipid-based delivery, and hydration gradients can increase uptake in experimental settings. 
  
Dermal uptake under realistic environmental conditions remains uncertain. 
	There is limited and variable evidence regarding NMP penetration across intact skin. 
Follicular uptake may occur under certain physicochemical conditions, but systemic dermal uptake is likely minimal. 
More research is needed on dermal absorption of ambient NMPs, especially for damaged skin and environmentally relevant exposures. 
Dermal exposure assessments should build on pharmaceutical nanotechnology research but account for differences in exposure intent and mechanisms. 
Improved methods are needed to quantify <10 µm particles in ambient dust to assess potential dermal exposure pathways. 


	Abafe et al. (2024)  
	MNP, NM, Plastic additive
	Primary research
	Polyethylene (ERM-EC-590), Polypropylene (ERM-EC-591)

PBDEs: BDE-28, -47, -99, -100, -153, -154, -183, -209, -77, -128, ¹³C₁₂-BDE-100, ¹³C₁₂-BDE-20
	- Secondary particles
- Cryomilled to <0.45 mm
	- 3D human skin equivalent model (EPISKIN™) 
- Static diffusion cell setup - Stratum corneum facing up - Exposure under dry (10 µL SSFL) and hydrated (50 µL SSFL) skin conditions 
- Triplicate measurements - Reference materials from JRC (Belgium) 
- Statistical analysis: paired t
-test and Mann
-Whitney U test
	0.0496–0.0503 mg
	24 h - Samples taken at fixed time points
	- PBDEs detected in both skin tissue and receptor fluid 
- Absorbed fraction in receptor fluid ≤0.14% of applied dose 
– Hydrated skin increased PBDE uptake 
- Higher uptake for highly brominated congeners 
- Permeability coefficient associated with molecular weight and logKOW - LogKOW negatively associated with accumulation 
- Water solubility positively associated with uptake from PP
-MPs, negatively for PE-MPs 
- Vapor pressure moderately negatively associated with uptake in both matrices
	- Dermal exposure to PBDE
-contaminated MPs leads to skin accumulation but limited systemic uptake 
- Hydration increases dermal permeability 
- PE MPs accumulate more in skin than PP MPs, but systemic absorption is similar

	Song et al. (2024) 
	MNP
	Primary research
	Fragmented polystyrene (fPS); pristine and Nile Red
-labelled
	- Irregular (SEM) 
- <10 µm average size (2.97 µm) 15% <1 µm 
- produced via cryo-milling
	- HaCaT and HDF cell lines (24 h exposure)- 3D human skin model (Neoderm®
-ED), 1–24 h and alternate day for 7 days- Mouse dorsal skin (daily application for 2 weeks)- Human abdominal skin (daily for 10 days)- Replication: mice (3 groups of 10), human skin (3 groups of 3), cell line replication not reported
	HaCaT/HDF viability: 6.25–800 µg/mL

Internalisation: 100 µg/mL

Gene/protein assays: 25, 50, 100 µg/mL

3D skin: 75, 300 µg (alternate days); 25, 100 µg (time points)

Mouse/human skin: 25, 100 µg/day
	Cell assays: 24 h

3D model: 1–24 h, and alternate days for 7 days

Mouse: daily for 14 days

Human skin: daily for 10 days
	fPS particles <2 µm penetrated the dermal layer in 3D human skin within 1 h; maximum penetration depth for <2 µm particles was 4.7 µg
Dose-dependent cytotoxicity observed in HaCaT and HDF cells above 200 µg/mL
-Dose-dependent internalisation and associated morphological changes
-fPS penetrated all skin models, including mouse and human abdominal skin
-Inflammatory gene expression (IL-1β, IL-6, IL-8, etc.) increased at both mRNA and protein levels in a dose-dependent manner

	fPS particles <2 µm can penetrate skin, inducing inflammation, and disrupting barrier integrity. Dose
-dependent skin penetration and toxicity were observed across all models, indicating risk of dermal exposure to environmental NMPs.

	Zhao et al. (2023) 
	MNP
	Review
	Polystyrene nanoparticles (PS NPs); poly(L-lactide
-co-glycolide) (PLGA) nanoparticles
	– PS NPs: spherical, 30, 40, 50, 70 nm 
– PLGA NPs: spherical, 70 and 300 nm
	– Literature synthesis with references to in vivo and in vitro models 
– Human, murine, porcine skin models; goldfish larvae 
– Healthy and inflamed/compromised skin scenarios
	–
	–
	– 30 nm PS NPs deposited to 2–3 µm but did not reach viable skin layers 
– 40 nm PS NPs absorbed by Langerhans cells 
– 50 nm PS NPs penetrated skin, entered bloodstream, and caused ER stress and cytotoxicity 
– 70 nm PS NPs penetrated goldfish larvae skin and muscle 
– PLGA (70 nm) showed higher skin accumulation than 300 nm, particularly in inflamed skin (penetration depths 5–17 µm vs 9 µm)
 – Only NPs <100 nm likely to be absorbed directly – Hair follicle accumulation observed for rigid particles
	– NPs <100 nm may penetrate via damaged skin or appendages 
– Size, inflammation, and skin condition critically affect dermal uptake
 – Nanoplastics may reach circulation and organs, raising long
-term toxicity concerns

	Grote et al. (2023)  
	MNP
	Review
	- Micro- and nanoplastics (MNPs) - Polystyrene nanoparticles - Poly(l-lactide
-co-glycolide) (PLGA) nanoparticles - Quantum dots (in cosmetic context)
	- Spherical (implied) 
- Sizes: 20 nm, 25 nm, 50 nm, 70 nm, 100 nm, 200 nm, 300 nm, 5–17 µm 
	- Zebrafish (PS MPs impair skin and ion regulation) 
- In vitro pig skin (20 nm and 200 nm PS NPs, no deep penetration) 
- In vitro pig skin (confocal imaging, no penetration to viable epidermis) 
- Murine and porcine atopic dermatitis models (PLGA 70 and 300 nm) 
- Ex vivo human skin (25–100 nm PS NPs, DMSO/ethanol/water vehicles, 24 h at 4°C or 37°C, tape
-stripping) 
- Ex vivo human and mouse skin (quantum dots with cosmetic lotions)
	–
	–
	- Smaller PS NPs (20–50 nm) accumulate in follicular openings but do not penetrate intact skin 
- No deep dermal uptake observed for 20 or 200 nm PS NPs in pig skin 
- PLGA 70 nm NPs penetrate inflamed murine/pig skin more than 300 nm - Penetration in inflamed skin can reach viable epidermis and hair follicles (up to 100 µm) 
- PS NPs (25–100 nm) showed deeper penetration with DMSO vehicle - Cosmetic lotions can facilitate quantum dot penetration in ex vivo skin models
	- Skin barrier generally prevents NP uptake unless damaged or inflamed 
- Penetration depth is size- and condition
-dependent 
- Follicular accumulation is common, but systemic uptake is limited without barrier disruption 
- Vehicle composition (e.g. DMSO) and use of cosmetic products can enhance penetration under some conditions

	Eom et al. (2024) 
	MNP
	Primary research
	- Polystyrene microplastics 

	- Spherical (confirmed by SEM)
- Sizes: 100, 500, 1000, 3000 nm
- Hydrodynamic diameters: 115.3 ± 3.5, 495.9 ± 11.1, 988.3 ± 5.8, 2996.8 ± 81.4 nm
- Surface charge: negative (assessed by DLS)
	- Human dermal fibroblast
-derived spheroids (HDFS) - Exposure to four sizes of PS
-MPs (100 nm to 3 µm) 
- Confocal laser scanning microscopy used to assess penetration 
- 3 biological replicates per exposure group 
- Statistical analysis via one
-way ANOVA with Games–Howell post hoc test
	100 µg/mL
	One 24 h exposure
	- PS -MP penetration was size -dependent - Small particles (100 and 500 nm) penetrated the spheroids - Larger particles (1 µm and 3 µm) primarily adhered to the spheroid surface - Spheroids were approximately 200 µm in diameter to avoid necrotic core formation
	- Smaller PS
-MPs readily penetrated 3D fibroblast spheroids - Larger particles remained at the surface - Highlights the importance of particle size in determining microplastic behaviour in 3D dermal tissue models

	Fröhlich and Roblegg (2016) 
	MNP
	Review
	Silver nanoparticles (Ag NPs); polystyrene (PS NPs); metal oxides (ZnO, TiO₂, Co, Ni, Cr)
	– Ag NPs: 50 nm (spherical, rod
-shaped, triangular); 19 ± 5 nm (oral mucosa study) – PS NPs: 20–200 nm – Metal NPs: 7–20 nm (Co, Ni, Cr)
	– In vivo mouse skin model  Ex vivo human skin  – Ex vivo porcine oral mucosa ) – TR146 buccal epithelial model with artificial saliva  – Stratified human oral mucosa model
	– Not fully quantified – Typical dermal exposure estimate: 0.05–1 mg/cm² (from cosmetics) – Oral mucosa study used 19 ± 5 nm Ag NPs, dose not specified
	– Variable; not all studies report duration – TR146 model developed over 28–30 days – Exposure periods typically 16–24 h
	– Ag NPs of 50 nm penetrate mouse skin; no % dose reported – PS and metal oxide NPs localised to hair follicles in human skin – Zn penetration through human skin <0.03% of dose – Porcine oral mucosa absorbed Ag mainly via ions – PS
-COOH NPs showed minimal uptake in oral model; non
-functionalised PS NPs showed highest uptake
	– Penetration through intact skin negligible for NPs >4 nm – Shape and charge influence uptake – Oral mucosa more permeable than skin – Agglomeration and pellicle affect transport – Human skin barrier stronger than murine or porcine models

	Akhatova et al. (2022) 
	MNP
	Primary research
	- Polystyrene microbeads - Sizes: 100 nm, 200 nm, 500 nm, 1000 nm
	- Spherical (identified via hyperspectral microscopy)
- Sizes: 100–1000 nm
- Surface charge: not reported
- Dispersibility: suggested as isolated in cytoplasm; aggregation noted
	- Human skin fibroblasts - Uptake studied using atomic force microscopy and hyperspectral microscopy - No time course or replication details reported - No specific assay medium or dosing protocol described beyond particle size and dose
	- 10 µg/mL
	–
	- Polystyrene particles observed both on the membrane and within the cytoplasm - 500 nm particles clearly identified inside cells using modulus and deformation contrast - Particles mostly remained well
-isolated in cytoplasm with some aggregation - Internalised vs surface
-bound particles distinguished by deformation properties - No fluorescent labelling or cell sectioning required for uptake analysis
	- Atomic force microscopy can differentiate internalised versus surface
-bound MPs - Human skin fibroblasts internalise PS beads up to 1 µm - Method applicable to toxicity studies involving other microplastic chemistries

	Peng et al. (2024) 
	MNP
	Primary research
	- Polystyrene nanoplastics (PS
-NPs)
	- Sizes: 50, 500, 1000 nm (FTIR confirmation)
	- Human fibroblast cell lines: BJ
-5ta (male) and HDF/TERT164 (female) - Fish fibroblast cell line: SJD.1 (zebrafish, caudal fin) - Cells incubated in 24
-well plates (25,000 cells/well), washed prior to imaging - 1000 nm PS
-NPs applied at 1 µg/mL - Uptake assessed by microscopy and ImageJ analysis - Each experiment included 6 technical replicates and was repeated twice - Statistical analysis by two
-tailed Student’s t
-test
	- 1 µg/mL (for uptake) - 0.001–10 µg/mL used in other physiological assays (not detailed)
	- 72 h
	- PS
-NPs (1000 nm) taken up into the cytoplasm surrounding the nucleus in all fibroblast lines - Significant differences in uptake observed between human cell lines (potentially linked to age and sex) - GFP
-labelling altered uptake behaviour; plain PS
-NPs used to avoid artefacts - Pre
-incubation and washing removed free particles before assays - Uptake expressed as particle/µm² cell area (quantified and statistically analysed)
	- All fibroblast cell types internalised PS
-NPs - Uptake occurred into cytoplasm, not surface only - Cellular response depended on particle size, concentration, and cell
-specific properties (including donor sex and age) - Plain PS
-NPs preferred over GFP
-labelled particles to avoid misleading uptake data

	Ramsperger et al. (2023)  
	MNP
	Review
	Polystyrene nanoparticles (PS NPs)
	– Spherical (assumed) 
– 4–500 nm (50, 100, 200, 500 nm tested; size thresholds defined)
	– Review of literature on human and pig skin – Includes mechanically stressed skin and intact/damaged conditions 
	– 
	– 
	– 50 and 500 nm negatively charged PS NPs penetrated pig skin (Kohli & Alpar) – 40 nm PS NPs entered CD1a+ Langerhans cells in human epidermis (Vogt et al.) – Transappendageal route viable but limited to 0.1–1.3% of skin surface – Larese Filon et al.: → <4 nm can cross intact skin → 4–20 nm may cross intact or damaged skin → 21–45 nm cross damaged skin only → >45 nm cannot cross intact skin – Particle properties (e.g. charge, density) and skin condition influence penetration
	– Penetration through intact skin likely limited to <20 nm NPs – Transappendageal route possible but spatially limited – Negatively charged NPs may have enhanced skin interaction – Human skin has complex barrier properties not well modelled by animals – Further studies needed on translocation under real
-life exposures

	Li et al. (2023a) 
	MNP
	Primary research
	Polyethylene (PE), polypropylene (PP) microplastics and nanoplastics (MPs/NPs); surface
-adsorbed chemicals (BFRs, BPA, PAEs)
	– <100 nm (NPs); MPs – shape and size not detailed
	– Consensus review citing in vitro, in vivo, and risk assessment sources – Includes reports from the German Federal Institute for Risk Assessment and scientific literature
	–
	–
	– PE and PP MPs can be absorbed in tissues and induce inflammation and cytotoxicity – Skin barrier generally protects against penetration, but hair follicles, sweat glands, and damaged skin allow entry – NPs <100 nm may cross dermal barrier (Revel et al., 2018; Sykes et al., 2014) – Additives (e.g. BFRs, BPA, PAEs) may settle on skin and enhance NP penetration – Co
-exposure to MPs/NPs and surface
-bound chemicals may result in deeper absorption and synergistic toxicity
	– Skin penetration of MPs is limited but can occur via appendageal routes or damaged skin – NPs <100 nm pose higher risk for transdermal absorption – Additives may facilitate cutaneous uptake and enhance toxicological effects through co
-exposure

	Bhat et al. (2023) 
	MNP
	Review
	Micro- and nanoplastics (MNPs); additives including BFRs, BPs, TCS, phthalates
	– NPs <100 nm; synthetic fibres <25 µm
	– Review with reference to human exposure assessments and additive absorption studies
	– BFRs: 76.9–101 ng/kg bwd/day – BPs: 12.1 ng/kg bwd/day – TCS: 0.012 ng/kg bwd/day – DEP: 78 µg/kg bwd/day – DEHP: 0.82 µg/kg bwd/day – DnBP: 0.36 µg/kg bwd/day – DMP: 0.03 µg/kg bwd/day
	– Not specified
	– Dermal barrier can be crossed by NPs, small fibres, monomers and additives – Additive absorption depends on contact amount, duration, concentration and physiochemistry – Negative correlation between lipophilicity (log Kow) and skin absorption – Lipophilic additives less likely to cross hydrophilic epidermis
	– No documented human intake of MPs via skin, but additive exposure poses toxicological risk – Potential for synergistic or antagonistic toxic effects from co
-exposure to particles and additives

	Yee et al. (2021)  
	MNP
	Review
	Polystyrene NPs; leachable additives including BPA, phthalates, BFRs
	– Spherical PS NPs: 20–200 nm – Fluorescently labelled; leaching of additives
	– In vitro and ex vivo pig skin; skin explants with follicular stripping; confocal and fluorescence microscopy
	– 
	– Not specified
	– 20 nm PS NPs accumulate more in follicles than 200 nm NPs – Neither 20 nor 200 nm NPs penetrate below stratum corneum – Leaching of additives such as BPA poses systemic toxicity risks
	– NPs can localise in upper skin layers or follicles but generally do not cross intact stratum corneum – Leachable additives from plastics are a major toxicological concern

	Rahman et al. (2021) 
	MNP, NM
	Primary research
	Micro- and nanoplastics (MPs/NPs); including those in personal care products
	– NPs <100 nm penetrate dermis; MPs >100 nm generally do not
	– Review of in vitro and in vivo data (e.g. human epithelial cells, mice, surgical implant studies)
	– Not specified
	– Not specified
	– MPs in cosmetics may cause local inflammation and cytotoxicity – MPs and NPs can cause oxidative stress and foreign body responses – Surgical plastics can induce inflammation; characteristics affect response
	– Dermal exposure to MPs is an emerging concern – Further research needed on particle
-type specific outcomes

	Dong et al. (2023) 
	MNP
	Review
	Micro- and nanoplastics (MNPs); with or without adsorbed PAHs
	– <100 nm (penetration threshold); lipophilic additives enhance permeation
	– Review of human and animal literature, based on secondary sources
	– Not specified
	– Not specified
	– Particles <100 nm can cross stratum corneum – Skin not fully covered by stratum corneum: sweat glands, lesions, and follicles enable entry – Lipophilic organics increase risk of dermal absorption – Particles may reach capillaries or accumulate in subcutaneous tissues
	– Dermal exposure to MNPs remains underexplored – Entry into circulation possible via appendageal routes and barrier
-compromised skin

	Wu et al. (2022)  
	MNP
	Review
	Micro- and nanoplastics (MNPs); additives including BFRs, BPs, TCS, phthalates
	– NPs <100 nm; synthetic fibres <25 µm
	– Review with reference to human exposure assessments and additive absorption studies
	– BFRs: 76.9–101 ng/kg bwd/day – BPs: 12.1 ng/kg bwd/day – TCS: 0.012 ng/kg bwd/day – DEP: 78 µg/kg bwd/day – DEHP: 0.82 µg/kg bwd/day – DnBP: 0.36 µg/kg bwd/day – DMP: 0.03 µg/kg bwd/day
	– Not specified
	– Dermal barrier can be crossed by NPs, small fibres, monomers and additives – Additive absorption depends on contact amount, duration, concentration and physiochemistry – Negative correlation between lipophilicity (log Kow) and skin absorption – Lipophilic additives less likely to cross hydrophilic epidermis
	– No documented human intake of MPs via skin, but additive exposure poses toxicological risk – Potential for synergistic or antagonistic toxic effects from co
-exposure to particles and additives

	Chen and Lin (2024) 
	MNP
	Review
	- Nanoplastics (NPs) - Xenobiotics including metals, organic pollutants, and engineered polymeric NPs (e.g. PS, TiO₂) - Review includes data from studies using cosmetic vehicles and environmental exposure models
	- Various NPs discussed:   • PS and TiO₂   • Sizes ≤40 nm discussed for follicular penetration   • Also mentions microparticles >10 µm (retained on skin)
	- Review of in vitro, in vivo, and modelling studies - Includes human, pig, and reconstructed skin models - Emphasis on real
-world vehicles (e.g. cosmetics) vs lab solvents - Specific uptake data drawn from multiple cited studies
	–
	–
	- NPs ≤40 nm can penetrate via intercellular, intracellular, and appendage (follicle/sweat gland) pathways - Surface chemistry and vehicle (e.g. cosmetics vs solvents) significantly influence dermal uptake - Particles >10 µm generally retained on skin surface - Evidence of Ti detected in follicles of depilated skin - Predictive models (e.g. DM
-PBTK) reviewed for estimating skin permeability of NPs based on particle and vehicle properties
	- NPs ≤40 nm show potential for follicular and limited epidermal penetration - Surface chemistry, shape, vehicle composition, and skin condition are critical factors - Penetration by larger MPs unlikely through intact skin - Modelling tools offer promise for predicting skin absorption of NPs in realistic exposure settings

	Winiarska et al. (2024) 
	MNP
	Review
	- Micro- and nanoplastics (MNPs) - Polystyrene nanoparticles (PS
-NPs) used in cosmetics, textiles, polluted water
	- Spherical PS
-NPs - Sizes discussed: 40, 750, 1500 nm - Textile NPs also referenced but not specified
	- Narrative review citing in vitro and ex vivo studies - Includes human and porcine skin models - Focus on cosmetic, textile, and environmental exposures
	–
	–
	- Skin exposure occurs through cosmetics and textiles - Penetration limited under normal skin conditions - PS
-NPs (20–200 nm) found in stratum corneum and upper hair follicles - Only 40 nm NPs shown to enter Langerhans cells near follicles - Larger NPs (750, 1500 nm) not detected in immune cells - Hair follicles, sweat glands, and damaged skin identified as potential penetration routes
	- Only NPs around 40 nm demonstrated uptake into immune cells of human skin - Penetration of larger NPs not supported by current evidence - Skin integrity and entry through appendages (e.g. follicles) are important factors - More human
-relevant data needed to refine risk assessments

	Li et al. (2024)  
	MNP
	Review
	Micro- and nanoplastics (MPs/NPs) Additives: BPA, other plasticisers
	– NPs < 100 nm can penetrate skin – Most MPs > 300 µm in personal care products – Skin pores: 10–50 µm
	– Review of human dermal exposure, including studies with pig skin, skin lesions, personal care products – Based on prior in vivo and ex vivo studies
	– 1.9–71.9 mg/g in personal care products 
	–
	– Compromised skin (cuts, dermatitis) increases penetration – Sweat glands, hair follicles, lesions are major routes – NPs penetrate stratum corneum; MPs typically do not – Additives may leach and increase transdermal delivery
	– MPs/NPs can enter through damaged or appendageal routes – Systemic distribution possible post
-entry – Cosmetic use is a major exposure route – Further research is needed under realistic exposure conditions

	Chen et al. (2024) 
	MNP, NM
	Primary research
	Nanoparticles (NPs); polystyrene; TiO₂; AgNPs
	– NPs < 40 nm penetrate intercellular layers and follicles – IND
-NPs: 79–216 nm – AgNPs: 70–300 nm (rod and triangular) – TiO₂: 35 nm
	– In vitro dermal penetration (Franz diffusion) – Human and mini
-pig skin – Confocal microscopy and SEM
-EDS imaging – Studies on endocytosis pathways in vivo and in vitro
	–
	– 16–24 h typical for penetration – 24 h for TiO₂ tests
	– NPs ≤ 40 nm penetrate SC and accumulate in hair follicles – Penetration through sweat glands and hair follicles confirmed – Endocytic pathways (CavME, CME, MP) mediate absorption of larger NPs (79–216 nm) – AgNPs show shape
-dependent permeability – TiO₂ penetrates depilated but not intact skin – Penetration varies by pH and composition of synthetic sweat
	– Particle size, shape, charge, and formulation medium affect penetration – Hair follicles are critical routes for <40 nm particles – Endocytosis contributes to absorption of larger NPs – Skin condition (e.g. hair removal) alters penetration potential

	Cao et al. (2024) 
	MNP, NM
	Primary research
	- Phycocyanin nanoparticles (PCNPs) - Not a synthetic polymer; prepared via genipin
-crosslinking
	- Spherical - Size by TEM: 70–100 nm - Average size by DLS: 175.2 nm - PDI measured (value not reported)
	- In vitro: Franz diffusion cell using nude mouse skin (n=3) - In vivo: topical application to dorsal skin of nude mice - In vivo sample size unclear; exposure measurements in triplicate
	- In vitro: 0.4 ml of 10 mg/ml suspension - In vivo: gel with 0.7 g PCNP (approx. 1.3 mg/g)
	- In vitro: 12 h - In vivo: 1 application, 24 h
	- In vitro: PCNP cumulative permeation in 12 h = 8.746 µg/cm², cumulative rate 0.219% - Significant difference at 12 h vs. 2 h timepoint - In vivo: PCNP remained in or on the stratum corneum; DEACCA control reached deeper layers after 4 h
	- PCNPs showed limited skin penetration in both in vitro and in vivo settings - Suggests confinement to outer skin layers and minimal risk of systemic absorption

	Xiong et al. (2022) 
	MNP, NM
	Primary research
	- Silver nanoparticles (AgNPs) modified with: chlorogenic acid (ChlAgNPs), gallic acid (GalAgNPs), glycyrrhizic acid (GlyAgNPs), trisodium citrate (TSC
-AgNPs), and polyvinylpyrrolidone (PVP
-AgNPs)
	- Spherical (HRTEM) - ChlAgNPs: 10.07 ± 3.13 nm - GalAgNPs: 13.64 ± 3.96 nm - GlyAgNPs: 7.19 ± 1.18 nm - TSC
-AgNPs: 10.07 ± 3.13 nm - PVP
-AgNPs: 9.25 ± 2.43 nm
	- In vivo: Bama miniature pigs - One application daily for 7 days - Two groups: intact skin and tape
-stripped (×25) skin - 6 patches per pig (5 AgNPs + 1 control) - Ag content measured by ICP
-MS post
-euthanasia
	- 100 mg/L for all AgNP hydrogels - Formulated with 1% w/w carbomer, pH 7.2
	- Once daily application for 7 consecutive days
	- Ag detected in skin layers by ICP
-MS - Ag content significantly higher in tape
-stripped (damaged) skin than intact skin for all AgNPs (p < 0.05) - Silver accumulation seen in live epidermis
	- All AgNP types penetrated deeper when skin barrier was compromised - Surface modification influenced dermocompatibility, but all showed enhanced penetration in damaged skin - Highlights importance of barrier integrity in nanoparticle exposure

	Adler and DeLeo (2020) 
	MNP
	Review
	- Zinc oxide nanoparticles (ZnO
-NPs) - Titanium dioxide nanoparticles (TiO₂
-NPs) - Included both coated and uncoated particles as used in sunscreens
	- ZnO
-NPs: < 100 nm - TiO₂
-NPs: < 15 nm (only particles <15 nm detected in plasma/urine)
	- Multiple human in vivo studies reviewed - ZnO
-NP: 5 healthy adult volunteers, applied hourly for 6 h or daily for 5 days - TiO₂
-NP: 6 volunteers, application to 80% BSA over 3 days with and without UVR exposure - Other studies involved artificial skin damage, psoriatic skin, and UVB
-burned skin in 2–25 subjects
	- ZnO
-NP applied at 2 mg/cm² - TiO₂
-NP in commercial sunscreens, applied twice daily
	- ZnO
-NP: hourly × 6 h or daily × 5 days - TiO₂
-NP: twice daily × 3 days; up to 7 days for other TiO₂ trials
	- ZnO
-NP: no penetration beyond stratum corneum; no evidence of cytotoxicity; solubilised Zn²⁺ detected - TiO₂
-NP: detected in plasma/urine but not EBC; <15 nm particles found in systemic circulation; stratum corneum was effective barrier under most conditions, but trace titanium observed in deeper layers in UVB
-burned skin - Elevated biomarkers of oxidative stress only from UVR, not sunscreen use
	- ZnO
-NPs and TiO₂
-NPs mostly remain on skin surface with limited penetration - Only very small TiO₂
-NPs (<15 nm) detected systemically - Skin damage may allow deeper penetration - Findings support general dermal safety of NPs in sunscreens under normal use, but highlight systemic detection in specific scenarios

	Xie et al. (2024) 
	MNP
	Review
	- Engineered nanomaterials (ENMs), including AgNPs, TiO₂ NPs, SiO₂ NPs, styrene NPs
	- Size
-dependent effects described for 4–45 nm NPs - Rod
-shaped AgNPs had greater permeation than spherical or triangular - Other relevant properties: electronegativity, diffusion coefficient, partition coefficient
	- Review based on in vitro (Franz cell, reconstructed human epidermis, surgical waste human skin) and in silico models (PBPK, molecular dynamics) - Includes literature
-derived in vivo results for TiO₂, Ag, SiO₂, styrene NPs
	–
	–
	- Penetration observed for 4 nm NPs through intact stratum corneum - NPs 21–45 nm penetrated only damaged skin - Rod
-shaped AgNPs showed ~2× higher permeation than spherical - Higher skin absorption for facial areas (e.g. forehead) with dense follicles - In silico models confirm size/shape
-dependent penetration patterns
	- ENM penetration is strongly size- and shape
-dependent - Damaged skin increases permeability - Appendageal routes (follicles, glands) key for small NPs - PBPK and molecular dynamics models are useful tools but require validation

	Mohamad et al. (2022) 
	NM
	Primary research
	- PBSA (phenylbenzimidazole sulfonic acid) in various nanoparticle carriers: • nio/PBSA (niosomes) • CS/PBSA (chitosan) • CS
-nio/PBSA (chitosan–niosomes) • CS
-nio
-aloe/PBSA (with aloe vera)
	- Circular nanoparticles - Size by TEM: • nio/PBSA: 300 ± 25 nm • CS/PBSA: 250 ± 21 nm • CS
-nio/PBSA: 235 ± 18 nm • CS
-nio
-aloe/PBSA: 560 ± 43 nm
	- In vitro study using Swiss albino mouse skin (hair removed, fatty layer removed) - Formulations applied and incubated on secured skin for 2 hours at 37°C - Visualised by confocal laser scanning microscopy (CLSM) with Rhodamine B labelling
	- 1 mg per 5 mL PBS
	- 2 hours
	- CS/PBSA penetrated dermis - CS
-nio/PBSA deposited at epidermis/dermis interface - CS
-nio
-aloe/PBSA remained on surface - CS
-nio
-aloe/PBSA showed sustained PBSA release over time
	- CS
-nio
-aloe/PBSA offers surface retention and prolonged UV protection - Nanosystem design (e.g. with aloe, chitosan) influences depth of skin penetration and retention pattern - Promising non
-penetrating sunscreen delivery platform

	Ajith et al. (2022) 
	NM
	Review
	- TiO₂ nanoparticles (NPs) - AgNPs (silver nanoparticles)
	- TiO₂: 15–40 nm (SEM) - AgNPs: not specified in this review, but size
-dependent effects noted
	- TiO₂: BALB/c mice, dermal exposure via dripping NPs solution - AgNPs: human epidermal keratinocytes (HEK) in vitro and unspecified in vivo exposure (Samberg et al., 2009)
	- TiO₂: 20, 100, 500 mg/kg/day - AgNPs: not reported
	- TiO₂: daily for 42 days - AgNPs: not reported
	- TiO₂: dose
-dependent increase in ROS and oxidative stress in mice serum (Zhang et al., 2019) - AgNPs: increased inflammatory response with larger particle size; reduced HEK viability regardless of size; most AgNPs penetrated skin cells
	- TiO₂: dermal exposure induces oxidative stress linked to cardiovascular toxicity - AgNPs: size and coating influence cytotoxicity and skin penetration; damaged skin increases risk - General: dermal NP exposure can impair keratinocyte viability and may contribute to skin cancer upon long
-term exposure

	Mascarenhas
-Melo et al. (2023) 
	NM
	Review
	- Titanium dioxide (TiO₂ NPs) - Gold nanosheets (Au NMs)
	- TiO₂: 15–40 nm - Au: nanosheets <60 nm
	- Review summary - Penetration and absorption discussed based on cited primary studies - TiO₂: penetration status unclear (Crosera et al., 2015) - Au: observed follicular absorption in vivo (Cao et al., 2021)
	Not reported
	Not reported
	- TiO₂: penetration status not clearly established - Au: limited systemic absorption; detected to enter via hair follicles
	- TiO₂: further investigation needed to determine percutaneous absorption potential - Au nanosheets: minimal systemic uptake, but can access skin through follicles, relevant for cosmetic safety assessments

	Hussain et al. (2020)  
	NM
	Review
	- Zinc oxide nanoparticles (ZnO
-NPs) - Dissolved Zn ions
	- ZnO
-NPs; size not reported in review - Dissolution into Zn²⁺ ions discussed
	- Review summary - Refers to ex vivo human epidermis study (Holmes et al., 2016) - Formulations tested: oil suspension, aqueous suspension pH 6.0, aqueous suspension pH 9.0
	Not reported in review
	Not reported in review
	- ZnO
-NPs did not penetrate viable epidermis in any formulation - Zn²⁺ ions from dissolved NPs penetrated stratum corneum and epidermis - Highest Zn
-ion penetration seen with pH 6.0 formulation
	- ZnO
-NPs themselves do not penetrate human skin but dissolved ions can - Systemic absorption of Zn likely due to ionic diffusion rather than particle translocation

	Abou
-Dahech et al. (2022) 
	NM
	Review
	TiO₂ nanoparticles (review of Kiss et al., 2008 and Mortensen et al., 2008)
	–
	In vivo human skin xenografts (Kiss et al., 2008) and SKH
-1 mice with/without UV exposure (Mortensen et al., 2008)
	–
	24 h (Kiss et al.)
	- TiO₂ NPs in emulsion applied to intact skin did not penetrate beyond the stratum corneum (Kiss et al.) - UV exposure increased skin penetration of quantum dot NPs, allowing travel between corneocytes and into dermis (Mortensen et al.)
	- TiO₂ NP penetration through intact skin is limited - UV damage may enhance nanoparticle penetration

	Soliman et al. (2024) 
	NM
	Review
	- Titanium dioxide (TiO₂) - Zinc oxide (ZnO) - Silver nanoparticles (AgNPs) - Silica
-coated AgNPs
	< 10 nm noted for dermal penetration Other particle sizes not specified in the review
	- In vitro porcine skin model for TiO₂ and ZnO - HEK (human epidermal keratinocyte) uptake for AgNPs - Review references in vivo and in vitro studies, including damaged skin models
	–
	–
	- TiO₂ and ZnO do not penetrate beyond stratum corneum; recovery close to applied dose - Particles < 10 nm may penetrate stratum corneum and reach deeper layers - Damaged skin increases NP penetration - Biomolecular corona alters AgNP uptake by HEK cells (citrate
-coated vs. silica
-coated) - ZnO NP size and corona influence toxicity and cell response
	- TiO₂ and ZnO NPs show minimal dermal absorption, posing low health risk via intact skin - Penetration possible for particles < 10 nm or via damaged skin - Protein coronas significantly influence NP uptake and toxicity

	Staron et al. (2020)  
	NM
	Review
	- Zinc oxide nanoparticles (ZnO NPs) - Titanium dioxide nanoparticles (TiO₂ NPs) - Silver nanoparticles (AgNPs)
	ZnO: ~75 nm (uncoated) TiO₂: 10–15, 20, 100 nm; cubic or needle; hydrophilic/hydrophobic AgNPs: –
	- Human volunteers (ZnO and TiO₂ studies) - Miniature pigs (TiO₂, Sadrieh et al.) - In vitro and in vivo studies on intact and damaged skin - Techniques used: multi
-photon tomography (MPT), fluorescence lifetime microscopy (FLIM), TEM, scanning electron microscopy, ICP
-MS
	–
	ZnO: daily use TiO₂: 6 h (humans), 4 weeks (pigs)
	- ZnO NPs did not penetrate living epidermis in humans (intact or damaged); slight accumulation observed in sebaceous glands - TiO₂ NPs (10–100 nm) not found beyond stratum corneum in human volunteers - In miniature pigs, Ti content increased in epidermis but not in internal organs - AgNPs showed very low but detectable penetration in damaged human skin in vitro
	- No significant dermal penetration of ZnO or TiO₂ NPs through intact skin - Slight AgNP penetration observed only in damaged skin - Long
-term exposure effects require further investigation due to potential for accumulation - Results influenced by size, shape, formulation, and skin condition

	Rashed et al. (2023) 
	NM
	Primary research
	- Micro- and nanoplastics (MNPs) - Polystyrene nanoparticles (20–200 nm) - Plastic nanocarriers and skin enhancers (e.g. ethanol, urea)
	PS: spherical, 20–200 nm Penetration increased with UV damage or penetration enhancers (e.g. oleic acid, ethanol, urea)
	- Review citing in vitro and in vivo studies - Skin models include human, pig, and murine skin - Studies with intact and damaged skin conditions
	–
	–
	- PS particles up to 200 nm accumulated in upper skin layers and hair follicles; 20 nm particles showed greater follicular accumulation than 200 nm - 40 nm PS NPs found in perifollicular tissue and taken up by Langerhans cells - No PS NPs penetrated through intact stratum corneum - UV exposure and chemicals like ethanol and oleic acid increased ZnO NP penetration - Stratum corneum structure (lipid lamellae) acts as primary barrier to MNP uptake
	- MNP skin penetration depends strongly on particle size, skin condition, and use of chemical enhancers - Penetration into deeper layers is limited for intact skin, but increased under damaged or enhanced conditions - Most findings are based on model particles (e.g. PS), highlighting the need for studies with environmentally relevant MNPs

	Contri et al. (2016) 
	NM
	Primary research
	Cationic and anionic acrylic nanocapsules (Eudragit RS 100 and S 100), in aqueous suspension or chitosan gel. Fluorescent nanocapsules used for penetration experiments
	Spherical nanocapsules - NCcationic (fluorescent): 149 ± 15 nm - NCanionic (fluorescent): 164 ± 6 nm - PDI: 0.15 (cationic), 0.12 (anionic) - Zeta: +10.4 mV (cationic), –27.8 mV (anionic)
	Cryoconserved human abdominal skin (1 mm thickness), male and female donors - OECD TG 428 using Franz diffusion cells - Normal and tape
-stripped (damaged) skin - Three donors, triplicate experiments - Fluorescent signal used to assess penetration
	250 µl applied per skin sample - For CH
-NCcationic: 2.7 × 10¹³ NCs per gel formulation
	8 h
	- In intact skin, nanocapsules remained in the stratum corneum; no signal in epidermis or dermis - In stripped skin, deeper penetration was observed - Fluorescence in epidermis: NCcationic: 132.3 ± 26.4; NCanionic: 58.9 ± 18.8; CH
-NCcationic: 143.4 ± 35.0 - Fluorescence in dermis: NCcationic: 54.7 ± 8.7; NCanionic: 22.1 ± 11.9; CH
-NCcationic: 106.7 ± 14.1 - Cationic nanocapsules penetrated significantly deeper than anionic ones (*p ≤ 0.05), both in stripped skin and stratum corneum of intact skin
	Cationic nanocapsules (approx. 150 nm) enhanced dermal penetration, especially in damaged skin - Surface charge is a key factor in skin uptake - Chitosan gel vehicle did not hinder penetration, and in fact slightly improved delivery into dermis

	Kraeling et al. (2018) 
	NM
	Review
	Silver nanoparticles (AgNPs) with three surface coatings: citrate (Ag
-CIT), polyethylene glycol (Ag
-PEG), branched polyethyleneimine (Ag
-bPEI)
	Spherical, ~20 nm (Ag
-CIT: 19.9 ± 2.4 nm, Ag
-PEG: 22.9 ± 2.8 nm, Ag
-bPEI: 21.5 ± 2.1 nm), largely un
-agglomerated, confirmed by DLS and TEM
	In vitro percutaneous exposure using flow
-through diffusion cells - Human cadaver abdominal skin and pig skin - Three replicates per condition - Aqueous solutions and cosmetic O/W emulsions used as vehicles - 24 h exposure - Silver measured in different skin layers and receptor fluid
	High: 0.01% (100 ppm) Low: 0.001% (10 ppm)
	24 h
	- Highest silver content found in stratum corneum and on skin surface; - Minimal penetration to viable epidermis and dermis - Ag
-bPEI (positive charge) penetrated more than Ag
-PEG (neutral) and Ag
-CIT (negative), especially in aqueous solution - At 100 ppm aqueous dose, Ag
-bPEI reached viable epidermis (1.2 ± 1.5 µg/g) and dermis (0.1 ± 0.0 µg/g) - No Ag detected in receptor fluid for any coating - Total recovery: Ag
-bPEI 89.9%, Ag
-PEG 84.4% - Most AgNPs recovered on surface swabs, especially for PEG (93.9%) and bPEI (88.0%) - Vehicle (aqueous vs emulsion) influenced total Ag detected: higher penetration in aqueous solution than in emulsion
	Positively charged AgNPs (Ag
-bPEI) penetrated skin more effectively than neutral (Ag
-PEG) and negative (Ag
-CIT) coatings - Most Ag remained on skin surface or stratum corneum - Minimal dermal penetration observed; receptor fluid always below detection - Majority of applied dose not absorbed and removed by surface washing

	Zou et al. (2017) 
	MNP
	Review
	Polystyrene nanoparticles, red fluorescent polymer microspheres (R25, R50, R100)
	Spherical; 25, 50, 100 nm
	In vitro dermal penetration study - Human abdominal skin from 5 donors - Intact and tape
-stripped skin (barrier
-damaged) - Incubated in diffusion cells with NP suspensions - Red fluorescent PS particles applied in water, 80% DMSO, or 80% ethanol - CLSM imaging used for visualisation
	50 μM NP solution, vehicle
-dependent
	24 h
	- In water: NPs distributed in stratum corneum and hair follicles; no deeper penetration - In DMSO: 25 nm NPs observed in stratum granulosum - In ethanol: 25 nm NPs observed in stratum granulosum and deeper layers - No fluorescence in viable epidermis at 4°C or 37°C for aqueous NP exposure - Tape stripping did not increase depth of penetration
	Polystyrene NPs do not penetrate beyond stratum corneum under normal conditions - Penetration enhanced by solvent vehicle rather than barrier damage - Smaller NPs (25 nm) showed deeper distribution when dissolved in ethanol or DMSO - Confirms limited dermal penetration of polystyrene particles under physiological conditions

	Martin et al. (2024) 
	MNP
	Primary research
	Polystyrene nanoparticles (fluorescent, 100 nm)
	100 nm (no confirmation of shape or surface)
	Ex vivo partial
-thickness human skin culture model (epidermis + thin dermis) - Skin obtained from Cooperative Human Tissue Network (CHTN) - Grafted to cell strainers and exposed apically to 1 ppm PS NPs - Conditions: with intact stratum corneum vs tape
-stripped skin (stratum corneum removed) - 48 h incubation - Fluorescent microscopy for particle localisation - Ki
-67 immunostaining to assess cell proliferation
	1 ppm
	48 h
	- Intact stratum corneum prevented penetration of 100 nm PS NPs; most fluorescence remained on surface - Removal of stratum corneum resulted in increased penetration of PS NPs into all epidermal layers - Fluorescent intensity used as proxy for NP uptake - NPs were also taken up by dermal fibroblasts and keratinocytes after 16 h (not fully detailed in this paper) - Suggested upregulation of IL
-17 pathway and increase in myofibroblast cells, indicating inflammation
	PS NPs (100 nm) do not penetrate intact human skin but can infiltrate epidermal layers if the stratum corneum is compromised - Barrier integrity is key to preventing nanoplastic exposure - Accumulation in skin cells may alter immune signalling and inflammatory responses, reinforcing the need for dermal protection in patients with impaired skin barrier

	Doge et al. (2018) 
	MNP
	Primary research
	Polystyrene (FluoSpheres, red and blue fluorescent, 20 nm and 200 nm)
	20 and 200 nm, spherical, carboxylate
-modified; no further characterisation
	Ex vivo human scalp skin from 3 plastic surgery donors - Intact skin only (damaged skin excluded) - 20 µg/cm² NP suspension topically applied for 16 h - Skin mounted on styrofoam and kept in humid chamber (37 °C, 5% CO₂, 100% humidity) - Penetration analysed via tape stripping, cryosection imaging, CD1a⁺ cell isolation, flow cytometry, 2
-photon microscopy (2PM), and TIRF microscopy
	20 µg/cm² (0.1% solution), no justification
	16 h
	- Most nanoparticles remained in stratum corneum (SC) - Rare events of deeper penetration observed, especially near hair follicles and skin folds - Flow cytometry confirmed uptake of both 20 nm and 200 nm particles in CD1a⁺ epidermal cells - 2PM imaging showed deeper penetration of 20 nm > 200 nm in viable epidermis (variability noted) - TIRFM showed NP presence in skin furrows and lipid channels beneath SC
	Penetration of polystyrene NPs across intact human skin is rare and focal, associated with particle aggregation at skin folds and hair follicles - Both 20 and 200 nm NPs were detected in viable epidermis in rare cases - Findings suggest that intact SC largely prevents NP penetration but occasional deeper entry can occur, warranting further attention to exposure in compromised skin regions

	Sengupta et al. (2016) 
	NM
	Primary research
	Diclofenac diethylamine (DDA) in hydrogel with or without enhancer (triethanolamine)
	Micro and nanosized particles (~10 nm for nano
-DDA); shape not reported
	In vitro: human cadaver abdominal skin (area 1.68 cm²), diffusion cells (modified Keshaey
-Chien), 10 h exposure In vivo: Wistar rats, hair removed, hydrogel applied to 10 cm² area, 6 h exposure Replication: in vitro n=5 per timepoint; in vivo n=4 per timepoint
	1.1% w/w DDA; 1 g gel used per application Effective dose for in vitro = 6.5 mg/cm²
	In vitro: 10 h In vivo: 6 h
	- Nanosized DDA had higher skin flux and permeability coefficient than microsized - Enhancer significantly improved penetration in microsized DDA hydrogel but offered little extra benefit with nano
-DDA - Nanosized DDA with enhancer had highest flux (44.77 µg/cm²/h) and permeability (2.633×10⁻³ cm/h) - Marketed formulation had intermediate values between microsized and nanosized formulations
	Nanosizing diclofenac diethylamine significantly enhances skin penetration compared to microsized forms - Use of a permeation enhancer is beneficial with microsized but not necessary with nanosized formulation

	Rangsimawong et al. (2016) 
	NM
	Primary research
	PEGylated liposomes, niosomes, and solid lipid nanoparticles (SLNs) loaded with sodium fluorescein (NaFI)
	68–228 nm (DLS), PDI and zeta potential reported in Table 2
	In vitro study using Franz diffusion cells and abdominal porcine skin from stillborn piglets (0.6–0.7 mm thick), subcutaneous fat removed Tape stripping performed post 8 h for SC analysis Replication: all measurements in triplicate
	Approx. 2 mL of NaFI
-loaded nanocarriers applied to donor compartment Size measured at 10% dilution in water
	8 h (sampling also at 1, 2, 4, 6, 8, and 24 h)
	- Penetration profile followed Fick's law - Confocal microscopy showed localisation and permeation into skin layers - FTIR confirmed skin hydration effects - NaFI released from PEGylated niosomes and SLNs prior to skin permeation - Skin hydration found to be more critical than particle size or entrapment efficiency for permeation
	Skin hydration had a stronger influence on skin permeation of NaFI than nanoparticle physicochemical properties for PEGylated niosomes and SLNs; release from carriers occurred prior to skin permeation

	Saweres
-Arguelles et al. (2023) 
	NM
	Review
	Inorganic nanoparticles (various types, not specified individually)
	–
	Review of in vivo and in vitro studies using human, animal, and synthetic skin models Includes both acute and some long
-term exposure studies; highlights gaps in methods such as underuse of synthetic membranes and lack of chronic exposure data
	–
	–
	- Most in vivo studies involve NP
-containing sunscreens - Penetration generally limited to outer skin layers; bloodstream or systemic penetration rare - In vitro models often show higher absorption than in vivo - Factors such as UV exposure, temperature, NP state, and skin condition affect penetration but are understudied
	The field lacks standardised protocols and adequate models for chronic exposure Synthetic membranes may offer more ethical and controlled alternatives Greater focus needed on developing realistic exposure models and better mimics of human skin

	Osorio
-Blanco et al. (2020) 
	NM
	Primary research
	Nanogels (NGs) with silica core (SiO₂@NGs) and nanocapsules (NCs) loaded with Atto Oxa12
	Spherical; 180–340 nm (TEM and DLS, Fig 2)
	Ex vivo human skin from healthy donors undergoing plastic surgery, used within 3–6 h post
-surgery; damaged areas excluded; 20 µL applied to 1 cm² skin and incubated at 37°C for 1000 min; skin sectioned and imaged by confocal LSM; repeated 3 times, 10 sections analysed per sample
	20 µL of 3 mg/mL suspension
	1000 minutes (single exposure)
	- NCs penetrated deeper into the stratum corneum (SC), reaching the stratum compactum, while SiO₂@NGs remained in the upper SC (stratum disjunctum) - NCs significantly enhanced D₂O uptake (3–4× higher than D₂O alone or SiO₂@NGs) - NCs and NGs enhanced delivery of Atto Oxa12 vs. aqueous solution - 30% DMSO had no enhancement effect for macromolecules like Atto Oxa12
	NCs show superior penetration into deeper SC layers and improve skin hydration due to their deformability and hollow core. DMSO ineffective for macromolecule penetration.

	Bosch et al. (2024) 
	NM
	Primary research
	Synthetic amorphous silica (SAS) in standard cosmetic oil
-in
-water (O/W) formulations
	–
	Test system 1: Pig skin (suckling pigs, 6–8 weeks), 400 µm thick, tested for integrity (electrical resistance), exposed in Franz cells at 32°C, 24 h. Test system 2: Human skin (female donors aged 54–86, abdomen/back), 400 µm thick, kinetic sampling at 0–24 h. Six replicates for pigs, eight test groups plus four controls for each SAS formulation in humans.
	0.5–20% SAS (2 mg/cm² of each O/W formulation)
	Test system 1: 24 h single exposure Test system 2: kinetic samples at 0, 1, 2, 4, 8, 12, and 24 h
	- No evidence of SAS particle penetration through either pig or human skin - Advanced detection (AF4/ICP
-MS, SEM
-EDX) confirmed absence in receptor fluids and viable layers - Control formulations (0% SAS) included for both test systems
	SAS in cosmetic formulations did not penetrate through intact pig or human skin and poses no toxicological concern under these conditions.

	Di Cristo et al. (2022) 
	NM
	Review
	Titanium dioxide nanoparticles (TiO₂
-NPs)
	Various shapes and sizes across studies reviewed; no single size specified
	Review of in vitro and in vivo studies, including human keratinocyte HaCaT cell assays, porcine and mouse skin models, and repeated topical application for up to 60 days. Includes both healthy and damaged skin scenarios.
	–
	Up to 30–60 days in vivo (repeated dermal application); in vitro durations varied
	- Some studies show no penetration of TiO₂
-NPs through intact skin - Others report penetration to deeper layers or bloodstream, especially in damaged skin or with chronic exposure - In HaCaT cells, TiO₂
-NPs induced dose
-dependent apoptosis, ROS, DNA damage, and p53 activation
	Risk of dermal TiO₂
-NP penetration considered low in healthy skin, but cannot be fully excluded in damaged or long
-term exposure. SCCS concluded safety up to 25% in cosmetics; further studies needed to resolve uncertainties.

	Bevacqua et al. (2023) 
	NM
	Review
	Titanium dioxide nanoparticles (TiO₂
-NPs)
	4 nm, 60 nm (in vitro study mentioned); 4.7–6.1% in sunscreen (in vivo pig study)
	Review citing in vitro dermal penetration and in vivo Yucatan minipig study (application to neck, dorsal, ventral skin 4x/day for 22 days); additional in vitro porcine skin study for 60 days exposure
	4.7–6.1% in sunscreen formulations
	22 days (4x/day, in vivo pig); 60 days (in vitro, porcine skin)
	- Accumulation of Ti in stratum corneum after short
-term use - Penetration into deeper epidermis and internal organs (liver, spleen) observed after long
-term exposure - Penetration may vary by skin condition (e.g. xerosis, atopic dermatitis) and race due to differences in skin texture and barrier function
	Long
-term dermal exposure to TiO₂
-NPs may lead to systemic uptake. Pregnant women and individuals with compromised skin barriers may be more vulnerable. Fetal safety concerns from dermal exposure highlighted.

	Wu et al. (2020)  
	NM
	Review
	Titanium dioxide nanoparticles (TiO₂
-NPs)
	4 nm, 60 nm (in vitro study mentioned); 4.7–6.1% in sunscreen (in vivo pig study)
	Review citing in vitro dermal penetration and in vivo Yucatan minipig study (application to neck, dorsal, ventral skin 4x/day for 22 days); additional in vitro porcine skin study for 60 days exposure
	4.7–6.1% in sunscreen formulations
	22 days (4x/day, in vivo pig); 60 days (in vitro, porcine skin)
	- Accumulation of Ti in stratum corneum after short
-term use - Penetration into deeper epidermis and internal organs (liver, spleen) observed after long
-term exposure - Penetration may vary by skin condition (e.g. xerosis, atopic dermatitis) and race due to differences in skin texture and barrier function
	Long
-term dermal exposure to TiO₂
-NPs may lead to systemic uptake. Pregnant women and individuals with compromised skin barriers may be more vulnerable. Fetal safety concerns from dermal exposure highlighted.

	Menichetti et al. (2024) 
	NM
	Primary research
	- Polystyrene nanoparticles (PS
-NPs) - Poly(lactic
-co
-glycolic acid) (PLGA) NPs - Microplastics and nanoplastics in general - Functionalised NPs (e.g. PS
-COOH, PS
-NH₂) - Lecithin/chitosan and PEG
-based NPs - Nanocarriers for cosmetics and drug delivery






	- Polystyrene: 100 nm, 500 nm - PLGA: 50–290 nm - Other studies included 0.2–6 µm - Shapes mostly spherical - Functional groups: COOH, NH₂, PEG chains (for surface modification)
	- Review of dermal penetration studies - Ex vivo human and animal skin (e.g. porcine, murine, 3D models) - Studies of healthy vs. tape
-stripped skin - Penetration pathways: intercellular lipids, follicles, appendages - Includes both in vitro and in vivo exposure contexts - Cited study by Martin et al. (2024) showed enhanced PS
-NP uptake in fibroblasts and keratinocytes when stratum corneum was removed - Other studies examined PEGylation, functionalisation, and anatomical site effects on uptake - Observed uptake in skin layers and systemic tissues, including lymph nodes and spleen in animal models depending on NP size and coating
	–
	–
	- NPs ≥100 nm generally cannot cross intact stratum corneum - NPs <100 nm may penetrate via follicles or damaged skin - Barrier removal (e.g. tape stripping) significantly increases uptake - Keratinocytes and fibroblasts internalised 100 nm and 500 nm PS
-NPs; 100 nm penetrated more readily - PLGA NPs (≤290 nm) showed follicular uptake; PEGylation enhanced permeation through SC - Shape, size, and surface chemistry influence depth and location of uptake (e.g. PS
-NH₂ more disruptive to lipid bilayer) - Higher uptake in humans vs. mice due to larger follicles - Particle aggregation, charge, and environmental additives (e.g. cosmetic surfactants) also implicated in altering permeability
	- Smaller and functionalised NPs (especially <100 nm) may penetrate deeper into skin under specific conditions, especially when the barrier is compromised - Appendageal and intercellular routes dominate uptake - Surface chemistry (e.g. PEG, amine groups) alters behaviour significantly - Risk from skin exposure is generally low for intact skin, but may be increased in damaged or inflamed conditions - More studies needed on cosmetic/textile
-derived NPs and mixed exposures in

	Tören (2025) 
	NM
	Review
	Ag, Au, Co, Pd, Rh, Pt nanoparticles
	– Ag: 23, 70 nm – Au: 12.6 nm – Co: 80 nm – Pd: 13 nm – Rh: 5.3 nm – Pt: 5.8 nm
	– In vitro human and porcine skin models (intact and damaged) – Ex vivo human skin organ culture – Table 2 summarises comparative skin absorption data
	– Ag: 70 µg/cm² – Au: 15–45 µg/cm² – Co, Pd, Rh, Pt: 600–1000 µg/cm²
	– 24 h (reported for diffusion cell studies)
	– Significant enhancement of nanoparticle penetration in damaged skin vs intact – Au (45 µg/cm²): Receiving fluid increased from 1.8 to 11.9 ng/cm² in damaged skin – Co: Receiving fluid increased from 4.4 to 1870 ng/cm² – Pd and Rh also showed >1000 ng/cm² dermal uptake in damaged skin – Pt remained low in both conditions
	– Damage to the stratum corneum (e.g. abrasion, chemical exposure) increases nanomaterial penetration by orders of magnitude – Systemic uptake risk is highest for reactive or soluble metals (Co, Pd, Rh) – Intact skin largely prevents nanoparticle entry; compromised skin allows significant transdermal passage



