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Professional Certificate in Nanotechnology Applications in Cosmetics

Skin Penetration And Permeation

Stratum corneum — the outermost layer of the skin, composed of dead, flattened keratinocytes called
corneocytes embedded in a lipid matrix. It acts as the primary barrier to the penetration of substances,
providing both mechanical protection and a highly ordered, “brick-and-mortar” structure that limits
diffusion of hydrophilic molecules while allowing limited passage of lipophilic agents. Understanding its
composition is essential for designing nanocarriers that can disrupt or bypass the barrier without causing
damage.

Epidermis — the thin, avascular layer beneath the stratum corneum that consists of several sublayers
(stratum lucidum, granulosum, spinosum, and basale). Although the epidermis does not contain blood
vessels, it houses Langerhans cells and keratinocytes that can influence the fate of penetrated compounds
through metabolic activity and immune surveillance.

Dermis — the thick, connective-tissue layer below the epidermis, rich in collagen, elastin fibers, blood vessels,
lymphatics, and nerve endings. Once a molecule reaches the dermis, it can enter systemic circulation via the
capillary network, making the dermis a critical gateway for systemic delivery.

Lipid matrix — a mixture of ceramides, free fatty acids, and cholesterol that fills the intercellular spaces of the
stratum corneum. The organization of these lipids (lamellar versus hexagonal phases) strongly influences
permeability; nanocarriers that fluidize or disorder the lipid matrix can enhance penetration.

Corneocytes — the “bricks” of the stratum corneum, composed of heavily cross-linked keratin filaments and
a protein envelope. Their rigidity and low water content create a hydrophilic barrier that must be negotiated
by any penetrating entity.

Transappendageal route — also known as the follicular pathway, this route exploits hair follicles, sebaceous
glands, and sweat ducts to bypass the tightly packed intercellular lipids. Nanoparticles with diameters below
500nm can accumulate in follicles, serving as reservoirs for prolonged release.

Intercellular route — the predominant pathway for most small molecules, where diffusion occurs through the
lipid matrix surrounding corneocytes. The tortuous nature of this route means that diffusion coefficients are
typically low, requiring strategies such as lipid-based nanocarriers to increase fluidity.

Transcellular route — a less common pathway that involves direct passage through corneocytes, requiring
the molecule to partition into both lipid and aqueous domains repeatedly. Highly lipophilic nanocarriers
may transiently disrupt corneocyte membranes to facilitate this route.

Permeability coefficient (Kp) — a quantitative measure of the rate at which a substance passes through the
skin, expressed as cms™. It incorporates both diffusion and partitioning processes and is derived from Fick’s
first law. A higher Kp indicates greater skin permeation potential.
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Partition coefficient (Kp) — the ratio of a compound’s concentration in the stratum corneum lipid phase to its
concentration in the aqueous phase. It reflects the compound’s affinity for the lipid environment; optimal
values (often between 1 and 10) balance solubility and driving force for diffusion.

Diffusion coefficient (D) — a parameter that describes how quickly a molecule moves within a particular
medium, measured in cm?s™". In the context of skin, D is usually lower in the lipid matrix than in aqueous
environments, thus limiting the overall flux.

Flux (J) — the amount of substance crossing a unit area of skin per unit time, expressed as pgcm=2h™".
Calculated from Fick's law (J = Kp x AC), flux is a practical metric for comparing the performance of different
nanocarrier systems.

Fick’s first law — an equation that relates the flux of a substance to its concentration gradient (J = -D dC/0x).
In skin permeation studies, the law is used to predict how changes in formulation or barrier properties affect
delivery rates.

Fick’s second law — describes the time-dependent change in concentration within a medium (8C/0t = D 6°C/
9x%). It is employed in modeling drug release from nanocarriers and in interpreting in-vitro diffusion data.

Lag time (tlag) — the interval between the application of a formulation and the appearance of a steady-state
flux. It is influenced by the thickness of the barrier, the diffusion coefficient, and the vehicle properties. Short
lag times are desirable for rapid onset cosmetics, whereas longer lag times may be advantageous for
sustained release.

Occlusion — a condition in which the skin surface is covered, preventing water loss. Occlusive dressings or
formulations increase the hydration of the stratum corneum, swelling the keratin network and enlarging
intercellular pathways, thereby enhancing permeation. However, excessive occlusion can lead to irritation.

Hydration effect — the increase in skin permeability that occurs when the stratum corneum absorbs water.
Water disrupts the lipid lamellae and expands the corneocyte volume, reducing the barrier function. Many
nanocarriers incorporate humectants to exploit this effect.

Vehicle — the non-active component of a formulation that carries the active ingredient. In skin delivery, the
vehicle must solubilize the active, promote contact with the skin, and sometimes act as a penetration
enhancer. Common vehicles include ethanol, propylene glycol, and various oils.

Penetration enhancer — a substance that temporarily reduces the barrier resistance of the stratum corneum.
Examples include oleic acid, terpenes, and surfactants. When combined with nanocarriers, enhancers can
synergistically increase flux without permanent damage.

Nanocarrier — a nanoscale delivery system designed to encapsulate, protect, and transport active
ingredients across the skin barrier. Types include liposomes, solid lipid nanoparticles (SLN), nanostructured
lipid carriers (NLC), nanoemulsions, polymeric nanoparticles, dendrimers, and nanocapsules. Each possesses
distinct physicochemical properties that influence skin interaction.

Liposome — a spherical vesicle composed of one or more phospholipid bilayers surrounding an aqueous
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core. Liposomes can carry both hydrophilic and lipophilic actives, fuse with skin lipids, and release their
payload in a controlled manner. Their size (typically 50-200 nm) allows for follicular accumulation.

Solid lipid nanoparticle (SLN) — a particle formed from solid lipids (e.G., Glyceryl behenate) that remain solid
at room and body temperature. SLNs provide stability, protect sensitive actives from degradation, and can
be engineered to release drugs over days to weeks.

Nanostructured lipid carrier (NLC) — an evolution of SLN that incorporates a mixture of solid and liquid
lipids, creating an imperfect matrix that can accommodate higher drug loads and reduce drug expulsion
during storage. NLCs often have mean diameters below 300 nm.

Nanoemulsion — a thermodynamically unstable but kinetically stable dispersion of oil droplets in water (or
vice versa) with droplet sizes in the 20-200 nm range. Nanoemulsions provide a large interfacial area,
enhancing the solubilization of lipophilic actives and facilitating penetration through the lipid matrix.

Polymeric nanoparticle — a solid colloidal particle formed from biodegradable polymers such as PLGA
(poly(lactic-co-glycolic acid)) or chitosan. These particles can be engineered for surface charge, targeting
ligands, and controlled release kinetics.

Dendrimer — a highly branched, monodisperse macromolecule with a central core, interior layers
(generations), and terminal functional groups. Dendrimers can encapsulate actives within their internal
cavities or attach them covalently to surface groups, offering precise dosing and the possibility of
multivalent targeting.

Nanocapsule — a vesicular system where the active ingredient is confined within a cavity surrounded by a
polymeric or lipid shell. The shell controls release, while the core can be either aqueous or oily, providing
flexibility for different actives.

Surface charge (zeta potential) — the electrical potential at the slipping plane of a nanoparticle, measured in
millivolts (mV). Positive or negative charges influence interaction with the negatively charged skin surface,
stability in suspension, and cellular uptake. Typical values range from -30mV to +30mV.

Particle size distribution — the range and frequency of particle diameters within a formulation. Narrow
distributions (low polydispersity index) are preferred for reproducibility and predictable skin interaction. Size
influences both penetration depth and the extent of follicular accumulation.

Polydispersity index (PDI) — a dimensionless number (0-1) that quantifies the breadth of the particle size
distribution. Values below 0.2 Indicate a uniform population; higher values suggest aggregation or
multimodal distributions that may affect performance.

Encapsulation efficiency (EE) — the proportion of the total active ingredient that is successfully incorporated
into the nanocarrier, expressed as a percentage. High EE reduces waste and ensures that the delivered dose
is consistent.

Drug loading (DL) — the amount of active ingredient relative to the total weight of the carrier, also expressed
as a percentage. High drug loading is desirable for cosmetic products where the total formulation weight
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must remain low.

Release kinetics — the temporal profile of active ingredient release from the nanocarrier. Common models
include zero-order (constant rate), first-order (concentration-dependent), Higuchi (diffusion-controlled), and
Korsmeyer-Peppas (anomalous transport). Understanding kinetics aids in predicting in-use performance.

In-vitro diffusion study — an experimental setup, typically using Franz diffusion cells, that measures the
amount of active crossing a synthetic or biological membrane under controlled conditions. These studies
provide initial permeability data but must be correlated with in-vivo outcomes.

Franz diffusion cell — a widely used apparatus comprising a donor compartment (where the formulation is
placed) and a receptor compartment (filled with a suitable medium). The skin or synthetic membrane
separates the two, and samples are taken from the receptor over time to determine flux.

In-vivo permeation study — a clinical or animal experiment that assesses the actual delivery of an active
ingredient into or through the skin of a living organism. Such studies account for physiological factors like
blood flow, metabolism, and immune response.

Ex-vivo skin model — a laboratory method that uses freshly excised human or animal skin to evaluate
penetration. Ex-vivo models retain the natural barrier architecture, providing a more realistic assessment
than synthetic membranes while avoiding the ethical concerns of in-vivo work.

Human epidermal membrane (HEM) — a commercially available, heat-separated epidermis that lacks the
dermis. HEM is frequently used in in-vitro studies to isolate the stratum corneum barrier and evaluate
formulation performance.

Permeation enhancer — a class of compounds that temporarily disrupts the stratum corneum’s lipid
organization, increasing permeability. Common enhancers include fatty acids (oleic, linoleic), terpenes
(menthol, limonene), and surfactants (sodium lauryl sulfate). When paired with nanocarriers, enhancers can
reduce the required carrier concentration for a given effect.

Transdermal drug delivery — the intentional administration of a therapeutic agent across the skin to achieve
systemic exposure. While cosmetics usually aim for local effects, the principles of transdermal delivery are
relevant for anti-aging actives that benefit from deeper dermal penetration.

Local delivery — the application of an active ingredient to achieve a therapeutic or cosmetic effect within the
skin layers (epidermis or dermis) without significant systemic absorption. Most cosmetic nanocarriers are
designed for local delivery to improve skin appearance, texture, or hydration.

Bioavailability — the fraction of the administered dose that reaches the target site in an active form. For
topical applications, bioavailability is expressed relative to the amount applied to the skin and is influenced
by barrier properties, formulation, and nanocarrier characteristics.

Dermal reservoir — a depot of active ingredient that accumulates within the skin layers, often within hair
follicles or the intercellular lipid matrix, and releases the active over an extended period. Nanocarriers that
preferentially localize in follicles create a dermal reservoir effect.
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Hair follicle targeting — a strategy that exploits the follicular pathway to deliver actives directly to the
pilosebaceous unit. Nanoparticles sized below 600 nm, especially those with a slightly negative charge, can
penetrate deep into follicles and remain there for days.

Sebum interaction — the relationship between a formulation and the oily secretion of sebaceous glands.
Lipophilic nanocarriers may dissolve in sebum, altering release rates and potentially providing a continuous
source of active for oily skin types.

Skin irritation — an adverse response characterized by erythema, edema, or itching following topical
application. Irritation can result from high concentrations of penetration enhancers, acidic pH, or
destabilized nanocarriers. In-vitro cytotoxicity assays (e.G., Keratinocyte viability) and patch testing are used
to assess irritation risk.

Sensitization — a delayed hypersensitivity reaction that develops after repeated exposure to an allergen.
Certain surfactants, preservatives, or nanomaterial impurities can act as sensitizers. Formulators must
conduct repeated insult patch tests (RIPT) to evaluate sensitization potential.

Stability — the ability of a nanocarrier system to retain its physicochemical properties (size, charge, EE) over
time under defined storage conditions. Instability may manifest as aggregation, phase separation, or active
leakage, compromising efficacy and safety.

Aggregation — the irreversible clumping of nanoparticles, often driven by high ionic strength, pH changes,
or insufficient surface charge repulsion. Aggregates increase effective particle size, reducing penetration
and potentially causing occlusion.

Lyophilization (freeze-drying) — a preservation technique that removes water from a nanocarrier suspension
by sublimation, producing a dry powder that can be reconstituted later. Cryoprotectants such as trehalose
are added to prevent aggregation during the freeze-dry cycle.

Cryoprotectant — a substance that protects nanoparticles from damage during freezing and thawing.
Common cryoprotectants include sugars (sucrose, trehalose) and polyols (glycerol). The choice and
concentration of cryoprotectant affect the reconstitution behavior of lyophilized powders.

Scale-up — the process of translating laboratory-scale production of nanocarriers to industrial
manufacturing while maintaining quality attributes (size, PDI, EE). Scale-up challenges include controlling
shear forces, temperature gradients, and solvent removal.

Good Manufacturing Practice (GMP) — regulatory guidelines that ensure products are consistently produced
and controlled according to quality standards. For cosmetic nanotechnology, GMP compliance guarantees
batch-to-batch uniformity and safety.

Regulatory framework — the set of laws and guidelines governing the use of nanomaterials in cosmetics. In
the European Union, the Cosmetic Regulation (EC) No 1223/2009 requires safety assessment, labeling of
nanomaterials, and adherence to the Scientific Committee on Consumer Safety (SCCS) opinions. In the
United States, the FDA monitors nanomaterials under the Federal Food, Drug, and Cosmetic Act,
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emphasizing safety data submission.

Safety assessment — a comprehensive evaluation that includes toxicological studies (acute, sub-chronic,
genotoxicity), dermal irritation and sensitization testing, and environmental impact analysis. For
nanocarriers, additional considerations involve particle size-dependent toxicity and potential for systemic
absorption.

Nanotoxicology — the study of the adverse effects of nanomaterials on biological systems. Key parameters
include particle size, shape, surface chemistry, and dissolution rate. In the context of skin, concerns focus on
oxidative stress, inflammation, and barrier disruption.

Oxidative stress — an imbalance between reactive oxygen species (ROS) production and antioxidant
defenses. Certain metal-based nanocarriers (e.G., Silver nanoparticles) can generate ROS, leading to lipid
peroxidation and cellular damage. Formulators may incorporate antioxidants (vitaminE, ferulic acid) to
mitigate this risk.

Inflammatory response — the activation of immune pathways in the skin, often manifested as cytokine
release (IL-1a, TNF-a). Nanocarriers that cause membrane perturbation or release irritant substances can
trigger inflammation. In-vitro cytokine assays using keratinocytes help screen for pro-inflammatory
potential.

Particle shape — the geometric form of a nanocarrier (spherical, rod-like, disc-shaped). Shape influences
cellular uptake, diffusion through intercellular spaces, and interaction with skin lipids. Spherical particles
typically exhibit the most predictable diffusion behavior, while elongated shapes may align with lipid
lamellae.

Surface functionalization — the modification of nanoparticle surfaces with ligands, polymers, or charges to
enhance targeting, stability, or penetration. Examples include PEGylation (attachment of polyethylene
glycol) to reduce opsonization, or the addition of cell-penetrating peptides (CPPs) to promote transcellular
transport.

Cell-penetrating peptide (CPP) — short amino-acid sequences (e.G., TAT, penetratin) that facilitate the
passage of attached cargo across cell membranes. When conjugated to nanocarriers, CPPs can increase
transcellular delivery, but may also raise safety concerns due to non-specific uptake.

PEGylation — the covalent attachment of PEG chains to a nanoparticle surface, providing steric hindrance
that reduces aggregation, prolongs shelf life, and minimizes protein adsorption. PEGylated carriers often
show reduced immunogenicity and improved stability.

Targeting ligand — a molecule (antibody fragment, aptamer, sugar) that binds specifically to a receptor or
biomarker expressed on skin cells (e.G., Fibroblast-specific protein). Incorporating targeting ligands can
concentrate actives at desired sites, enhancing efficacy while lowering overall dose.

Thermal stability — the resistance of a nanocarrier to temperature-induced changes such as melting of lipid
matrices or polymer degradation. Thermal stability is crucial for products stored in variable climates or
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subjected to manufacturing heat.

pH stability — the capacity of a formulation to maintain its structure and function across a range of pH
values. Skin surface pH is typically 4.5-5.5; Formulations that deviate significantly may cause irritation or
alter carrier charge, affecting penetration.

Viscosity — the resistance of a liquid to flow, influencing spreadability and residence time on the skin. High
viscosity can improve occlusion and prolong contact, but may impede uniform distribution. Rheological
modifiers (carbomers, xanthan gum) are used to fine-tune viscosity.

Spreadability — the ease with which a formulation can be evenly distributed across the skin surface.
Spreadability is linked to viscosity, surface tension, and the presence of plasticizers. Adequate spreadability
ensures consistent dosing and user satisfaction.

Surface tension — the cohesive force at the liquid-air interface, affecting droplet formation and wetting.
Lower surface tension promotes better wetting of the skin, facilitating closer contact and potentially
improving penetration. Surfactants reduce surface tension but must be balanced against irritation risk.

Surfactant — an amphiphilic molecule that reduces interfacial tension, stabilizes emulsions, and can act as a
penetration enhancer. Common surfactants include polysorbates, sodium lauryl sulfate, and cetyl alcohol.
Selection hinges on compatibility with nanocarriers and safety profile.

Emulsion — a mixture of two immiscible liquids (oil and water) stabilized by surfactants. In cosmetics,
oil-in-water (O/W) emulsions are prevalent, providing a vehicle for lipophilic actives. Nanoemulsions are a
specialized class with droplet sizes in the nanometer range, enhancing optical clarity and penetration.

Microemulsion — a thermodynamically stable, isotropic system with droplet sizes below 100 nm. While
similar to nanoemulsions, microemulsions form spontaneously without high shear, offering ease of
preparation but limited flexibility in composition.

Pharmacokinetics (PK) — the study of the absorption, distribution, metabolism, and excretion (ADME) of a
substance. For topical nanocarriers, PK focuses on skin absorption rates, depth of penetration, and clearance
from the dermal reservoir.

Pharmacodynamics (PD) — the relationship between drug concentration at the site of action and the
resulting effect. In cosmetic applications, PD may involve measurable outcomes such as collagen synthesis,
melanin reduction, or barrier repair.

In-silico modeling — computational approaches that predict skin permeation based on molecular
descriptors, carrier characteristics, and barrier properties. Techniques include quantitative structure-activity
relationship (QSAR) models and molecular dynamics simulations, which aid in formulation screening before
experimental work.

Quantitative structure-activity relationship (QSAR) — a statistical method that correlates chemical structure
with biological activity, such as permeability coefficient. QSAR models can estimate the impact of functional
groups, molecular weight, and lipophilicity on skin penetration.
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Molecular dynamics (MD) simulation — a computer-based technique that models the motion of atoms and
molecules over time, providing insight into how nanocarriers interact with lipid bilayers, disrupt lamellae, or
fuse with cell membranes.

Skin microanatomy — the detailed structural organization of the skin, including the thickness of the stratum
corneum (typically 10-20 um), the presence of epidermal ridges, and the distribution of hair follicles
(approximately 1cm™ on the scalp, less on the forearm). Knowledge of microanatomy guides the selection
of appropriate carrier size and route.

Hydrophilic-lipophilic balance (HLB) — a scale that expresses the relative affinity of a surfactant for water
versus oil. Surfactants with HLB values around 8-12 are suitable for O/W emulsions, while those with
HLB > 12 favor W/O systems. Proper HLB selection ensures stable emulsification and optimal carrier
formation.

Critical micelle concentration (CMC) — the concentration of a surfactant at which micelles begin to form.
Below the CMC, surfactants exist primarily as monomers; above it, micelles can solubilize lipophilic actives
and influence penetration. Formulations often maintain surfactant concentrations above the CMC to
stabilize nanoemulsions.

Solubility parameter — a numerical value that quantifies the cohesive energy density of a substance, used to
predict compatibility between the active, carrier, and vehicle. Matching solubility parameters reduces phase
separation and improves drug loading.

Thermodynamic activity — the effective concentration of a drug in a formulation, which drives diffusion into
the skin. Higher thermodynamic activity (approaching saturation) creates a stronger concentration gradient,
enhancing flux.

Sink conditions — experimental circumstances where the receptor medium maintains a concentration of the
drug far below its solubility limit, ensuring that the concentration gradient remains constant throughout the
study. Sink conditions are essential for accurate measurement of permeability coefficients.

Non-sink conditions — situations where the receptor medium becomes saturated with the drug, reducing
the concentration gradient and potentially under-estimating permeation. Adjustments such as periodic
replacement of receptor fluid are required to maintain sink conditions.

Vehicle evaporation — the loss of volatile components (e.G., Ethanol, isopropanol) from the formulation after
application. Evaporation can concentrate the remaining actives, increase skin temperature, and potentially
enhance penetration, but it may also cause drying and irritation.

Temperature gradient — the difference in temperature between the skin surface and the underlying layers. A
higher temperature gradient can increase diffusion coefficients, accelerating permeation. Some devices
(e.G,, Infrared lamps) exploit this effect for enhanced delivery.

Laser-induced permeability — a technique that uses low-energy laser pulses to transiently increase skin
permeability by creating microscopic channels or altering lipid organization. When combined with
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nanocarriers, laser treatment can significantly boost delivery without permanent damage.

Microneedle arrays — minimally invasive devices composed of micron-scale needles that create
micro-channels in the stratum corneum. Nanocarriers applied after microneedle treatment can rapidly enter
the viable epidermis, enabling efficient delivery of larger molecules such as peptides or nucleic acids.

Electroporation — the application of short, high-voltage electrical pulses to temporarily disrupt the lipid
bilayer, forming pores that allow macromolecules to pass. Electroporation can be synchronized with
nanocarrier application to enhance transdermal flux.

Sonophoresis (ultrasound-mediated delivery) — the use of low-frequency ultrasound to increase skin
permeability by cavitation and acoustic streaming. Nanocarriers can be formulated to be compatible with
sonophoresis, taking advantage of the increased convective transport.

lontophoresis — a technique that employs a mild electric current to drive charged molecules across the skin.
When nanocarriers carry ionizable actives, iontophoresis can enhance their migration through the barrier.

Transdermal patch — a dosage form that provides a sustained release of an active across the skin.
Incorporating nanocarriers into patches can improve drug loading, control release kinetics, and reduce skin
irritation compared with traditional matrix patches.

Cosmeceutical — a hybrid product that combines cosmetic benefits with biologically active ingredients that
claim therapeutic effects (e.G., Anti-aging peptides, antioxidant vitamins). Nanocarriers are central to
cosmeceutical development because they enable the delivery of actives that would otherwise be too large
or unstable.

Active ingredient — the component in a cosmetic formulation that provides the intended functional effect
(e.G., Retinol for wrinkle reduction, niacinamide for barrier repair). In nanotechnology, the active may be
encapsulated, adsorbed, or chemically linked to the carrier.

Excipient — any non-active component of a formulation that serves a functional purpose, such as a solvent,
stabilizer, or emulsifier. In nanocarrier systems, excipients can influence particle size, surface charge, and
overall stability.

Stabilizer — a substance that prevents aggregation and maintains the dispersion of nanoparticles. Common
stabilizers include polysorbates, lecithin, and poloxamers. Their selection is guided by compatibility with the
active, safety, and regulatory status.

Preservative — an antimicrobial agent added to prevent microbial growth during product shelf-life.
Preservatives must be compatible with nanocarriers; some (e.G., Parabens) may interact with lipid
membranes, while others (e.G., Phenoxyethanol) are more inert.

Fragrance — an aromatic compound added for consumer appeal. Fragrances can influence skin irritation
potential and may interact with nanocarriers, affecting their stability. Fragrance-free formulations are often
preferred for sensitive skin.
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Dermatological testing — a suite of assessments that evaluate a product’s safety and efficacy on human skin.
Tests include patch testing, repeat insult patch testing (RIPT), and clinical efficacy studies (e.G., Measurement
of skin hydration, elasticity, or wrinkle depth).

Patch test — a method where a small amount of formulation is applied to a defined area of the skin under
occlusion for 48 hours, then evaluated for signs of irritation or sensitization. Patch testing is a standard
requirement for new cosmetic ingredients.

Repeat insult patch test (RIPT) — an extended version of the patch test that involves multiple applications
over several weeks, designed to detect sensitization potential that may not appear after a single exposure.

In-vitro skin irritation assay — a laboratory technique using cultured keratinocytes or reconstructed human
epidermis to assess cytotoxicity and inflammatory cytokine release after exposure to a formulation. These
assays reduce the need for animal testing and provide rapid screening.

Reconstructed human epidermis (RHE) — a lab-grown, multilayered skin model that mimics the barrier
function of native epidermis. RHE is used for in-vitro irritation and permeability studies, offering a
physiologically relevant platform without requiring donor tissue.

Cellular uptake — the process by which skin cells (keratinocytes, fibroblasts) internalize nanoparticles. Uptake
mechanisms include endocytosis (clathrin-mediated, caveolae-mediated) and macropinocytosis.
Understanding uptake pathways helps predict intracellular delivery and potential toxicity.

Endocytosis — a cellular process that engulfs extracellular material within vesicles. Nanoparticles sized
between 50 and 200 nm are typically internalized via clathrin-mediated endocytosis, while larger or highly
charged particles may trigger caveolae-mediated pathways.

Exocytosis — the reverse of endocytosis, where intracellular vesicles fuse with the plasma membrane to
release their contents. Exocytosis can contribute to the trans-cellular transport of actives from deeper skin
layers back to the surface.

Barrier recovery — the skin's ability to restore its barrier function after disruption. Studies measure
transepidermal water loss (TEWL) over time to assess how quickly a formulation returns the skin to its
baseline state. Nanocarriers that cause prolonged barrier disruption are undesirable.

Transepidermal water loss (TEWL) — the amount of water vapor that passes from the body through the
epidermis into the environment, measured in gm™h™". TEWL is a key indicator of barrier integrity; increased
TEWL signals barrier compromise.

Skin elasticity — the ability of the skin to return to its original shape after deformation, often measured with
a cutometer. Cosmetic actives that stimulate collagen production can improve elasticity, and nanocarriers
can enhance delivery of such actives.

Collagen synthesis — the production of new collagen fibers by dermal fibroblasts. Peptides (e.G.,
Palmitoyl-pentapeptide-4) and vitamin C derivatives are common actives that aim to boost collagen, and
nanocarriers improve their penetration to the dermal layer.
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Melanin inhibition — the reduction of melanin synthesis or transfer, leading to a lighter skin tone. Agents
such as kojic acid, arbutin, and niacinamide can be encapsulated in nanocarriers to improve stability and
reduce irritation while targeting melanocytes in the basal epidermis.

Antioxidant delivery — the transport of molecules that neutralize ROS, protecting skin cells from oxidative
damage. Examples include vitaminE, ferulic acid, and polyphenols. Nanocarriers protect antioxidants from
premature oxidation and facilitate deeper penetration.

Photostability — the resistance of a compound to degradation upon exposure to UV or visible light. Many
cosmetic actives (e.G., Retinoids, certain pigments) are photolabile; encapsulating them in lipid-based
nanocarriers can shield them from light-induced breakdown.

Synergistic formulation — a combination of ingredients that produce a greater effect together than the sum
of their individual effects. For instance, a nanocarrier containing both a penetration enhancer and an
antioxidant may achieve superior skin brightening than either component alone.

Manufacturing process — the series of steps used to produce nanocarriers at scale, including lipid melt
emulsification, high-pressure homogenization, microfluidization, and solvent evaporation. Each method
influences particle size, polydispersity, and encapsulation efficiency.

High-pressure homogenization — a technique where a coarse emulsion is forced through a narrow gap at
high pressure (typically 500-1500 bar), generating intense shear and cavitation that reduce particle size to
the nanometer range. This method is widely used for SLN and NLC production.

Microfluidization — a process that forces the formulation through microchannels at high velocity, creating
uniform shear forces that yield monodisperse nanoparticles. Microfluidization offers precise control over
particle size and is scalable for industrial use.

Solvent evaporation — a method in which the active and carrier are dissolved in an organic solvent,
emulsified in an aqueous phase, and then the solvent is removed under reduced pressure, leaving behind
solid nanoparticles. This technique is common for polymeric nanoparticle preparation.

Lyophilization cycle — the sequence of freezing, primary drying (sublimation), and secondary drying
(desorption) steps used to convert a liquid nanocarrier suspension into a dry powder. Optimizing the cycle
parameters (temperature, pressure) prevents collapse of the nanoparticle structure.

Reconstitution — the process of restoring a lyophilized powder to its original liquid form by adding a
suitable solvent. Successful reconstitution demonstrates that the nanocarrier retains its size, charge, and
encapsulation properties after drying.

Stability testing — the systematic evaluation of a product’s physical, chemical, and microbiological properties
over time under defined storage conditions (e.G., 25°C/60% RH, 40°C/75 % RH). Stability data support
shelf-life determination and regulatory submissions.

Accelerated stability — testing conducted at elevated temperature and humidity to predict long-term
behavior in a shorter period. Results must be correlated with real-time data to confirm reliability.
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Real-time stability — monitoring product quality under normal storage conditions over the intended
shelf-life. Real-time data are essential for confirming that the product will remain safe and effective
throughout its marketed period.

Regulatory dossier — the compilation of all required documentation for product registration, including safety
assessments, toxicology reports, manufacturing processes, and labeling. For nanotechnology-based
cosmetics, the dossier must address nanomaterial characterization (size, shape, surface chemistry) and
provide risk assessment data.

Labeling requirements — guidelines dictating how products must be presented to consumers. In many
jurisdictions, any ingredient that exists as a nanomaterial must be indicated in the INCI list with the term
“nano” (e.G., "Titanium Dioxide (nano)"). Additional labeling may include warnings for sun-sensitivity or
usage instructions.

Consumer perception — the attitudes and beliefs that end-users hold regarding nanotechnology in
cosmetics. Transparency, safety communication, and evidence of efficacy influence acceptance; marketers
often emphasize “advanced delivery” and “clinical-grade performance” to build trust.

Risk-benefit analysis — a systematic comparison of the potential hazards of a nanocarrier (e.G., Toxicity,
environmental impact) against its anticipated benefits (enhanced efficacy, reduced dosage). This analysis
informs formulation decisions and regulatory approval.

Environmental impact — the effect of nanomaterials on ecosystems, particularly regarding persistence,
bioaccumulation, and toxicity to aquatic organisms. Life-cycle assessment (LCA) studies evaluate the
environmental footprint of production, usage, and disposal.

Life-cycle assessment (LCA) — a methodology that quantifies the environmental impacts associated with all
stages of a product’s life, from raw material extraction to end-of-life. LCA helps identify opportunities for
greener formulation and manufacturing practices.
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