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functionalization, critically determines their interaction with the skin and subsequent biological 

responses. 

This paper critically evaluates the dermatological safety and biological fate of nanomaterials 

following topical application. Key concerns include penetration beyond the stratum corneum, 

systemic absorption, cytotoxicity, genotoxicity, oxidative stress, allergic sensitisation, and 

long-term accumulation risks. Evidence from in vitro, ex vivo, and in vivo studies is examined, 

alongside advanced testing models such as reconstructed human epidermis and three-

dimensional skin equivalents. 

Regulatory perspectives from major authorities, including the European Union, U.S. FDA, and 

OECD frameworks, are discussed to highlight safety assessment requirements for 

commercialisation and scientific publication. Finally, emerging trends such as stimuli-

responsive nanocarriers, bio-inspired systems, green nanotechnology, and artificial 

intelligence–assisted formulation design are explored as future directions in nano-cosmetics. 
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1. INTRODUCTION 

Over the past two decades, the global cosmetic and personal 

care industry has experienced a profound technological 

transformation. This evolution has been fueled by rapid 

advancements in material science, polymer chemistry, 

biotechnology, nanotechnology, and dermatological research. 

The industry has shifted from purely aesthetic enhancement 

toward scientifically engineered formulations designed to 

deliver measurable biological benefits. Modern consumers 

increasingly seek multifunctional products that combine 

cosmetic appeal with therapeutic-like performance—often 

referred to as cosmeceuticals. These products are expected not 

only to improve appearance but also to promote skin health, 

delay ageing, protect against environmental stressors, and 

support long-term dermatological safety. 

Despite substantial progress, conventional cosmetic 

formulations continue to face fundamental limitations. The 

outermost layer of the skin, the stratum corneum, functions as a 

highly effective biological barrier. Composed of corneocytes 

embedded in a lipid matrix, often described by the “brick-and-

mortar” model, this structure restricts the penetration of most 

topically applied compounds. As a result, many active 

ingredients such as antioxidants, peptides, retinoids, botanical 

extracts, and vitamins exhibit limited bioavailability when 

delivered through traditional creams, lotions, or gels. 

Furthermore, conventional systems often struggle with: 

• Poor physicochemical stability, leading to degradation of 

sensitive actives due to light, oxygen, or temperature. 

• Uncontrolled release profiles, causing rapid depletion of 

actives rather than sustained action. 

• Low solubility of lipophilic or hydrophilic compounds, 

reducing formulation efficiency. 

• Skin irritation, frequently arising from high concentrations 

of actives or harsh penetration enhancers used to overcome 

barrier resistance. 

 

These limitations have motivated researchers and industry 

professionals to explore nanotechnology-based strategies as a 

means of optimising topical delivery systems. The integration 

of nanoscale engineering into cosmetic science has given rise to 

the rapidly expanding field of nano-cosmetics, where active 

ingredients are incorporated into nanostructured carriers 

designed to enhance performance while minimising adverse 

effects. 

Nano-engineered cosmetic delivery systems typically range 

from 1 to 1000 nanometers in size. At this scale, materials 

exhibit distinctive physicochemical properties that differ 

significantly from their bulk counterparts. These include 

increased surface area-to-volume ratio, enhanced solubility, 

improved dispersion stability, tunable surface charge, and 

modifiable hydrophilic–lipophilic balance. Such characteristics 

allow precise manipulation of interaction dynamics between 

nano-carriers and the skin surface. 

The nanoscale dimension enables closer and more controlled 

interaction with the stratum corneum and associated 

appendages such as hair follicles and sebaceous glands. Nano-

carriers can enhance topical delivery through multiple 

mechanisms, including: 

• Intercellular lipid pathway diffusion 

• Follicular targeting and reservoir formation 

• Temporary modulation of lipid organisation 

• Hydration-induced barrier plasticization 

• Controlled and sustained release of encapsulated actives 

 

Importantly, nano-delivery systems do not necessarily function 

by aggressively penetrating deep into systemic circulation; 

rather, many are designed to optimise localised dermal action 

while maintaining barrier integrity. 

However, the very properties that confer enhanced functionality 

also generate scientific and regulatory concerns. The small size, 

high reactivity, and potential for surface functionalization of 

nanoparticles raise important questions regarding: 

• Barrier disruption and lipid matrix alteration 

• Enhanced systemic absorption beyond intended levels 

• Induction of oxidative stress 

• Inflammatory or immunological responses 

• Long-term accumulation within skin tissues 

 

The skin is not merely a passive covering but a dynamic organ 

performing critical protective, sensory, metabolic, and 

immunological functions. It maintains homeostasis, prevents 

microbial invasion, regulates water loss, and acts as the first 

line of defence against environmental stressors. Any 

intervention that modulates its barrier structure must therefore 

be carefully evaluated through rigorous toxicological and 

dermatological assessment. 

Consequently, the relationship between formulation 

architecture, including particle size, morphology, surface 

charge, composition, flexibility, and biodegradability and 

cutaneous biological response becomes a central research focus. 

A rational formulation strategy must consider how nano-

systems interact with keratinocytes, fibroblasts, immune cells, 

and extracellular lipid structures. Understanding these 

interactions is essential to ensure that the enhancement of 

efficacy does not compromise safety. 

In addition, regulatory agencies worldwide have recognised the 

need for specific evaluation frameworks for nanomaterials used 

in cosmetic products. Safety assessments now increasingly 

incorporate advanced methodologies such as reconstructed 

human epidermis models, 3D skin equivalents, high-resolution 

imaging, and molecular toxicology screening. Scientific 

publications in high-impact, Scopus-indexed journals demand 

mechanistic evidence, reproducibility, and comprehensive risk 

evaluation to support translational and commercial applications. 

Within this context, the present paper provides a comprehensive 

scholarly analysis of nano-engineered cosmetic delivery 

systems, emphasising the interplay between formulation design 

and skin barrier modulation. It critically evaluates penetration 

pathways, biological fate, toxicological considerations, and 

regulatory expectations. By integrating formulation science, 

dermatology, nanotoxicology, and regulatory frameworks, this 
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work aims to bridge the gap between laboratory innovation and 

clinical application. 

Ultimately, this research seeks to contribute to the development 

of next-generation nano-cosmetic products that achieve optimal 

therapeutic performance while maintaining dermatological 

safety. Establishing a scientifically grounded framework for 

formulation–skin interaction will support responsible 

innovation, consumer trust, and sustainable growth in the 

evolving nano-cosmetics sector. 

 

2. Skin Barrier Structure and Its Relevance to Nano-

Delivery Systems  

The skin barrier plays a decisive role in determining the success 

or failure of topical nano-delivery systems. The outermost layer 

of the skin, the stratum corneum (SC), is the principal regulator 

of percutaneous absorption and serves as the body’s first line of 

defence against environmental aggressors, pathogens, allergens, 

and chemical substances. 

 

2.1 Structural Organisation of the Stratum Corneum 

The stratum corneum is typically 10–20 µm thick and consists 

of 10–25 layers of flattened, terminally differentiated 

keratinocytes known as corneocytes. These cells are embedded 

in a highly organised extracellular lipid matrix composed 

primarily of: 

• Ceramides (≈ 40–50%) 

• Cholesterol (≈ 20–25%) 

• Free fatty acids (≈ 10–15%) 

 

This arrangement is commonly described by the “brick-and-

mortar” model, where corneocytes represent the “bricks” and 

intercellular lipids form the “mortar.” The lipid matrix is 

arranged in lamellar bilayers that provide remarkable 

impermeability to most hydrophilic and high-molecular-weight 

substances. 

The barrier also regulates transepidermal water loss (TEWL), 

maintaining skin hydration and mechanical flexibility. 

Disruption of lipid organisation increases TEWL and 

compromises skin integrity. 

 

2.2 Deeper Skin Layers and Delivery Challenges 

Beneath the stratum corneum lies the viable epidermis, 

composed of metabolically active keratinocytes, followed by 

the dermis, which contains: 

• Blood vessels 

• Lymphatic channels 

• Fibroblasts 

• Collagen and elastin networks 

• Immune cells (e.g., Langerhans cells, macrophages) 

 

For cosmetic actives to achieve functional efficacy, they 

must either: 

1. Remain localised on the surface (e.g., moisturisers), 

2. Penetrate the viable epidermis (e.g., antioxidants, 

brightening agents), 

3. Reach the dermis (e.g., anti-ageing peptides targeting 

fibroblasts). 

 

However, penetration must be controlled. Excessive disruption 

of the barrier can induce inflammation, irritation, or unintended 

systemic exposure. 

 

2.3 Penetration Pathways Relevant to Nanocarriers 

Nano-delivery systems interact with the skin via three primary 

pathways: 

1. Intercellular route – diffusion through lipid domains. 

2. Transcellular route – passage through corneocytes (less 

common). 

3. Appendageal route – penetration via hair follicles and 

sebaceous glands. 

 

Hair follicles serve as important reservoirs for nanoparticles, 

particularly those sized between 200 and 600 nm. Follicular 

localisation allows prolonged retention and gradual release 

without widespread barrier disruption. 

 

2.4 Influence of Biological Variability 

Nano–skin interactions are not uniform. Several biological 

variables affect penetration behaviour: 

• Age (reduced lipid content in elderly skin) 

• Ethnicity (differences in SC thickness and lipid 

composition) 

• Skin hydration state 

• Disease conditions (eczema, psoriasis, acne) 

• UV-induced damage 

 

These variations necessitate robust in vitro, ex vivo, and in vivo 

evaluation models to predict nano-delivery behaviour 

accurately. 

 

3. Nano-Engineered Cosmetic Delivery Systems  

Nano-cosmetic carriers differ in structure, composition, 

stability, and interaction profile with the skin barrier. 

 

3.1 Liposomes 

Liposomes are phospholipid vesicles containing one or multiple 

bilayers surrounding an aqueous core. Their amphiphilic nature 

enables encapsulation of both hydrophilic (in core) and 

lipophilic (within bilayer) actives. 

 

Mechanistic Advantages: 

• Fusion with skin lipid bilayers 

• Enhanced hydration due to phospholipid deposition 

• Improved stability of oxidation-sensitive compounds (e.g., 

vitamin C) 

 

However, conventional liposomes may suffer from oxidation 

and leakage unless stabilised through cholesterol incorporation 

or polymer coating. 
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3.2 Niosomes 

Niosomes are vesicular systems formed from non-ionic 

surfactants. Compared to liposomes, they: 

• Exhibit greater chemical stability 

• Are less expensive 

• Have improved shelf life 

 

Their surfactant components can transiently fluidise SC lipids, 

enhancing penetration. However, excessive surfactant 

concentration may increase irritation risk. 

 

3.3 Solid Lipid Nanoparticles (SLNs) 

SLNs consist of a solid lipid core stabilised by emulsifiers. The 

lipid remains solid at room and body temperature. 

 

Key Benefits: 

• Controlled and sustained release 

• Occlusive film formation 

• Reduction of TEWL 

• Photo protective enhancement in sunscreens 

 

Their occlusive property increases hydration, indirectly 

improving penetration of co-applied actives. 

 

3.4 Nanostructured Lipid Carriers (NLCs) 

NLCs combine solid and liquid lipids to overcome the 

crystallisation limitations of SLNs. 

 

Advantages: 

• Higher loading capacity 

• Reduced drug expulsion during storage 

• Improved long-term stability 

 

Their imperfect crystalline structure provides greater space for 

active incorporation. 

 

3.5 Nano-emulsions 

Nano-emulsions typically have droplet sizes between 20 and 

200 nm. 

 

Functional Benefits: 

• Improved sensory feel (non-greasy) 

• Increased spreadability 

• High kinetic stability 

• Enhanced delivery of lipophilic actives 

 

Their small droplet size increases interfacial contact with the 

SC, improving absorption efficiency. 

 

3.6 Polymeric Nanoparticles 

Fabricated from biodegradable polymers such as PLGA or 

chitosan, these systems allow: 

• Tunable degradation rates 

• Surface modification (PEGylation, targeting ligands) 

• Controlled and stimuli-responsive release 

Chitosan-based systems, due to their positive charge, may 

enhance interaction with negatively charged skin components. 

 

3.7 Dendrimers 

Dendrimers are highly branched, tree-like macromolecules with 

well-defined generational architecture. 

 

Unique Features: 

• Mono dispersity 

• High functional group density 

• Surface customisation capability 

 

Their multivalency enables high active loading, but cytotoxicity 

concerns, particularly with cationic dendrimers, require careful 

evaluation. 

 

4. Formulation Architecture–Skin Interaction Paradigm  

Formulation architecture determines biological response. 

 

4.1 Particle Size 

• <100 nm: Enhanced surface contact; possible deeper 

penetration. 

• 100–400 nm: Optimal for follicular targeting. 

• 500 nm: Primarily surface retention. 

 

Size influences both efficacy and safety profile. 

 

4.2 Surface Charge 

• Positive charge → Strong interaction with negatively 

charged skin proteins; may enhance penetration but 

increase irritation. 

• Neutral/PEGylated surfaces → Reduced nonspecific 

interaction; enhanced safety. 

 

4.3 Hydrophobicity/Hydrophilicity 

Hydrophobic particles associate with lipid domains; hydrophilic 

coatings limit deep penetration and promote surface action. 

 

4.4 Shape and Rigidity 

Flexible nano-carriers (e.g., deformable liposomes) may pass 

through narrower intercellular spaces compared to rigid 

particles. 

 

5. Mechanisms of Skin Barrier Modulation  

Nano-systems modulate the barrier via: 

 

5.1 Lipid Fluidisation 

Surfactants or lipid components may temporarily disrupt 

ordered lamellar structures, increasing permeability. 

 

5.2 Occlusive Hydration 

Lipid nanoparticles reduce TEWL, increasing SC hydration and 

plasticization, thereby enhancing diffusion. 
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5.3 Follicular Reservoir Effect 

Nanoparticles accumulate in hair follicles, providing sustained 

release. 

 

5.4 Surface Film Formation 

Some systems remain on the surface, acting as protective 

shields against UV or pollution. 

Controlled, reversible modulation is essential. Persistent lipid 

disruption can lead to erythema, dryness, and barrier 

impairment. 

 

6. Cutaneous Response and Biological Fate  

Following application, nano-carriers may: 

• Remain on SC surface 

• Localise in follicular ducts 

• Penetrates viable epidermis (rarely beyond in intact skin) 

 

6.1 Hydration Effects 

Lipid-based nanoparticles often improve hydration by reducing 

TEWL. 

 

6.2 Immunological Interaction 

Interaction with Langerhans cells or keratinocytes may trigger 

cytokine release if barrier disruption occurs. 

 

6.3 Oxidative Stress and Cytotoxicity 

Metallic nanoparticles (e.g., TiO₂, ZnO) may generate reactive 

oxygen species under UV exposure. 

 

6.4 Long-Term Fate 

Most biodegradable carriers degrade into biocompatible 

metabolites. However, long-term accumulation studies remain 

limited and require further research. 

 

7. Dermatological Safety and Toxicological Considerations  

The rapid integration of nanotechnology into cosmetic 

formulations necessitates rigorous and multidimensional safety 

evaluation. While nano-engineered systems offer enhanced 

delivery efficiency and improved stability, their small size, high 

surface reactivity, and tunable surface chemistry introduce new 

toxicological considerations that differ from conventional bulk 

materials. 

Safety assessment of nano-cosmetics must address both acute 

and chronic exposure scenarios, particularly given the repeated, 

long-term application patterns typical of cosmetic use. 

 

7.1 Acute Toxicity and Irritation 

Acute dermatological safety evaluation focuses on: 

• Skin irritation potential 

• Erythema and oedema formation 

• Barrier disruption (measured via TEWL changes) 

• Cytotoxicity toward keratinocytes and fibroblasts 

 

Nano-carriers may irritate through: 

• Surfactant-mediated lipid extraction 

• Excessive lipid fluidisation 

• Generation of reactive oxygen species (ROS) 

• Electrostatic interactions with cellular membranes 

 

For example, cationic nanoparticles often exhibit stronger 

interactions with negatively charged cell membranes, 

potentially increasing cytotoxicity compared to neutral or 

PEGylated systems. 

Standard in vitro assays include: 

• MTT or Alamar Blue cell viability tests 

• Lactate dehydrogenase (LDH) leakage assays 

• Reconstructed human epidermis (RHE) models 

• TEWL measurement in ex vivo skin 

 

These methodologies align with OECD guidelines and reduce 

reliance on animal testing. 

 

7.2 Sensitisation and Immunological Response 

Repeated exposure to nanomaterials may induce: 

• Allergic contact dermatitis 

• Delayed-type hypersensitivity reactions 

• Cytokine release (e.g., IL-1α, TNF-α) 

• Langerhans cell activation 

 

Some nanomaterials may act as adjuvants, enhancing immune 

reactivity. The appendageal route (hair follicles) is particularly 

relevant for immune surveillance, as follicles contain antigen-

presenting cells. 

 

Assessment models include: 

• KeratinoSens™ assay 

• Human Cell Line Activation Test (h-CLAT) 

• Local Lymph Node Assay (historically, now reduced in EU 

frameworks) 

 

7.3 Genotoxicity and Oxidative Stress 

Genotoxic risk is a central concern in nano-safety. 

Nanoparticles, especially metallic ones such as TiO₂ or ZnO 

used in sunscreens, may generate reactive oxygen species under 

UV exposure. 

 

Mechanisms of concern include: 

• DNA strand breaks 

• Chromosomal aberrations 

• Micronucleus formation 

• Oxidative base damage 

 

Common evaluation methods: 

• Comet assay 

• Micronucleus test 

• γ-H2AX assay for DNA double-strand breaks 

 

However, current evidence suggests that intact skin 

significantly limits the penetration of most nanoparticles, 

reducing systemic genotoxic risk under normal use conditions. 

7.4 Chronic Exposure and Bioaccumulation 
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Cosmetics are applied daily, often for decades. Therefore, 

chronic toxicity assessment must evaluate: 

• Repeated dose exposure 

• Nanoparticle accumulation in follicles 

• Long-term inflammatory response 

• Biodegradability and metabolic fate 

 

Lipid-based carriers (SLNs, NLCs) generally degrade into 

physiological lipids, presenting lower accumulation risk. In 

contrast, non-biodegradable inorganic nanoparticles require 

more comprehensive fate analysis. 

 

7.5 In Vitro, Ex Vivo, and In Vivo Models 

Modern nano-safety testing integrates multiple model systems: 

 
Model Type Purpose 

In vitro cell cultures Mechanistic toxicity screening 

3D reconstructed skin models Barrier integrity and irritation 

Ex vivo human skin Penetration studies 

In vivo human patch testing Clinical tolerance 

 

Advanced tools such as high-content imaging, omics-based 

toxicogenomics, and computational modelling enhance 

predictive accuracy. 

 

7.6 Regulatory Framework and Scientific Expectations 

Regulatory authorities emphasise precautionary evaluation for 

nanomaterials in cosmetics. 

Key regulatory guidance includes: 

• SCCS guidance on nanomaterials (EU) 

• OECD safety testing frameworks 

• FDA cosmetic safety principles (U.S.) 

• ASEAN Cosmetic Directive provisions 

 

Nanomaterials must often be specifically labelled (e.g., “nano” 

designation in EU ingredient lists). Safety dossiers require: 

• Particle size distribution data 

• Surface characterization 

• Toxicological profile 

• Exposure assessment 

• Margin of safety calculation 

 

9. Future Perspectives and Emerging Trends  

The next generation of nano-cosmetics will move beyond 

passive delivery toward intelligent, sustainable, and 

personalised systems. 

 

9.1 Stimuli-Responsive Nano-carriers 

Stimuli-responsive systems release actives in response to: 

• pH changes 

• Temperature shifts 

• UV exposure 

• Enzymatic activity 

• Oxidative stress 

For example, UV-triggered antioxidant release in sunscreens 

could provide on-demand photo protection while minimising 

unnecessary exposure. 

Such systems improve precision, reduce irritation risk, and 

enhance long-term safety. 

 

9.2 Green Nanotechnology 

Sustainability is increasingly central to cosmetic innovation. 

Green nanotechnology emphasises: 

• Biodegradable materials 

• Plant-derived lipids and polymers 

• Solvent-free synthesis methods 

• Energy-efficient production 

• Reduced environmental persistence 

 

Eco-friendly nano-carriers aim to minimise aquatic toxicity and 

environmental accumulation, addressing growing regulatory 

scrutiny. 

 

9.3 Artificial Intelligence–Assisted Formulation Design 

AI and machine learning are transforming formulation 

development by: 

• Predicting optimal particle size distributions 

• Modelling skin penetration pathways 

• Simulating lipid–nanoparticle interactions 

• Screening excipient compatibility 

• Reducing experimental trial-and-error 

 

In silico molecular dynamics simulations already allow 

prediction of permeation enhancer effects on lipid bilayers. AI 

integration accelerates innovation while improving safety 

predictability. 

 

9.4 Personalised Nano-Cosmetics 

Future nano-cosmetics may incorporate: 

• Microbiome-targeted formulations 

• Ethnicity-specific lipid adaptation 

• Age-dependent barrier modelling 

• Wearable skin diagnostic integration 

 

This convergence of nanotechnology, biotechnology, and 

digital health may define the next paradigm shift. 

 

10. CONCLUSION 

Nano-engineered cosmetic delivery systems represent one of 

the most transformative advancements in contemporary 

cosmetic science. By enabling controlled encapsulation, 

enhanced physicochemical stability, targeted localisation, and 

sustained release of active ingredients, nanotechnology 

significantly improves the performance of conventional topical 

formulations. These systems enhance bioavailability, protect 

sensitive compounds from degradation, and optimise interaction 

with the skin barrier, particularly the stratum corneum. 

Nevertheless, enhanced functionality must be carefully 

balanced with dermatological safety. The same 
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physicochemical characteristics that enable improved delivery, 

such as nanoscale size, increased surface area, surface charge, 

and functionalization, may also influence biological interactions 

at the cellular and molecular levels. Therefore, a comprehensive 

toxicological evaluation is indispensable. Potential risks, 

including cytotoxicity, oxidative stress, inflammatory 

responses, allergic sensitisation, and long-term accumulation, 

must be systematically assessed through validated in vitro, ex 

vivo, and in vivo models. 

A rational and responsible nano-cosmetic design framework 

requires a thorough understanding of skin barrier biology, 

precise control of formulation architecture, mechanistic insight 

into nano–skin interactions, robust acute and chronic safety 

assessment, and strict alignment with international regulatory 

standards. Establishing clear correlations between formulation 

parameters and cutaneous responses is essential not only for 

scientific advancement but also for regulatory approval and 

consumer confidence. 

As nanotechnology converges with artificial intelligence and 

sustainable material science, the future of cosmetic innovation 

lies in smart, safe, and personalised nano-delivery platforms 

supported by interdisciplinary collaboration and evidence-based 

validation. 
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