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Abstract: Cosmetics have always been in demand across the globe among people of all age groups.
In the modern cosmetic world, nanostructured materials have proven hugely advantageous in
producing cosmeceuticals or ‘nano-cosmeceuticals’ and various beauty products. The application
of nanostructured materials in cosmetic products possesses some challenges in terms of short- and
long-term safety and environmental issues, despite their growing popularity. The nanostructured
particles in cosmeceuticals provide a targeted route of administration due to their high penetrability,
site selectivity, high effectiveness, prolonged activity, and drug encapsulation potential. However,
standard methods for toxicity evaluation may not be relevant for cosmeceuticals, leading to the need
for an alternative methodology. This review article compiles detailed descriptions of all significant
aspects of nanostructured materials in the cosmetics industry, which include the synthesis and
characterization of relevant nanostructured materials for cosmeceuticals, state-of-the-art practices,
mechanisms for the synthesis of advanced materials, toxicological concerns in terms of health risks in
humans, and environmental concerns. Also, a proposal for new approaches in terms of regulatory
measures to mitigate these problems has been suggested. The primary focus of this article is to
provide a comprehensive outlook on this subject area and contribute to the exploration of new
prospects and emerging roles of nanostructured materials in the cosmetics industry.

Keywords: nanostructured materials; cosmetics; toxicity; nano-cosmeceuticals; sustainability; regulatory
measures

1. Introduction

The word ‘nanotechnology’ is made up of two words; the first word is the Greek
word ‘nano’, which means tiny (e.g., of the nanometer length scale of ~1 to 100 nm), and
the second word is ‘technology’ [1]. Nanotechnology possesses immense potential to
improve a wide range of materials in research and applications and is therefore capable
of gaining considerable attention in medical and pharmaceutical domains [2]. In recent
years, the cosmetics industry has gained huge advantages through nanotechnology [3,4].
Cosmetics are designed to be applied on skin, sprayed, powdered, sprinkled or penetrated.
These products are useful for enhancing a person’s attractiveness or modifying one’s
appearance, and include skin moisturizers, fragrances, lipsticks, nail paints, eye and
face makeup products, cleaning shampoos, permanent waves products, hair colors and
deodorants, etc., as along with any material intended as a component of a cosmetic [5].
Nanostructured materials are useful in certain cosmetics, such as sun protection lotions,
long-lasting cosmetics, and skin creams, as well as in pigment manufacturing [6]. These
materials are helpful in creating enhanced properties such as improved fixation to the
skin, penetration into the deeper layers of the skin, and the imparting of a consistent
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effect. Cosmeceuticals are cosmetic products which impart medicinal or druglike effects
and benefits. The term ‘cosmeceuticals’ is not recognized by the United States FD&C
Act (Federal Food, Drug and Cosmetic Act). However, this term is used by cosmetics
industries and manufacturers to combine these two classes of products, i.e., cosmetics and
pharmaceuticals, to create a new class of products, i.e., medicinal cosmetics. Cosmetics
temporarily treat the skin, and the effect is immediate and fast, while cosmeceuticals
are designed to treat the root cause of skin problems and create long-lasting results. For
example, anti-aging and photoprotective nano-cosmeceuticals can penetrate deep into
the skin’s layers and establish dynamic aftereffects [7]. A variety of nano-cosmeceuticals
containing cubosomes, liposomes, nano-emulsions, nanocrystals, hydrogels, and other
nanostructured materials are extensively utilized in branded cosmetic products and have
proven advantageous in terms of the dynamic stability of molecules, particularly in the
inner skin layers [8], to obtain enhanced beauty effects [9].

The nanostructured materials in cosmetics have an edge over their conventional bulk
counterparts such as improved activity, distinctive smoothness, clarity, reduced degrada-
tion, and less irritation to skin [10]. Oxides of zinc and titanium, which are white and
opaque in their physical appearance at the bulk scale, create transparent formulations at
the nanoscale and are employed in moisturizers and foundations [11]. Aluminum oxide
nanoparticles are also useful to impart a calming effect in foundations, face powders, and
high-end concealer sticks to reduce visible flaws and expression lines [12]. This review
article is an endeavor to compile the different aspects of nanostructured materials em-
ployed in cosmetics, viz., synthesis, characterization, and applications. A comprehensive
discussion on the range of products in commercial production employing various nanoma-
terials along with the toxicological aspects, health risks, environmental concerns, regulatory
requirements, and future directions are also presented in this article.

1.1. Significance of Nanomaterials

Nanotechnology has been utilized since ancient times by the Indians, Romans, Greeks,
and Egyptians in the form of hair dyes and pigments. Indian data for cosmetic use span
back many centuries (to more than 4000 BC), much like those from other regions of the
world. Indians continue to utilize ritual-based as well as tradition-related items today in
everyday life, even if some of them blend with modern cosmetics, such as carbon black
(kajal) hair dyes and pigments. Historically, cosmetic goods were either made from natural
ingredients or from natural ingredients modified in some way and are classified as herbal,
e.g., sandalwood (Santalum album), red-vermillion (Bixa orellana), turmeric (Curcuma longa),
amla or gooseberries (Phyllanthus emblica), reetha (Sapindus mukorossi), chickpea flour (Cicer
reticulatum), henna (Lawsonia inermis), etc.), mineral (fuller’s earth, black earth, and red
earth), or animal (milk, wax, honey, and curd); as well, some cosmetics are made from black
soot and mineral powders [13]. ‘Kajal’ is similar to kohl, or carbon black; it is technically
made from carbon nanoparticles and has been used for eye-liner makeup since ancient
times by the people in the Indian subcontinent.

For over four decades, modern nanotechnology has been employed in the areas of
processing skin repair and health-care products [14,15].

The term ‘cosmetics’ was coined by Raymond Reed in 1961, a founding member of
the Cosmetic Chemists US Society. Cosmeceuticals have skin care solutions that enhance
the skin tone and texture, and improve cleanliness and skin complexion [14]. These are
physiologically and therapeutically active substances utilized in beauty products in order
to add to their therapeutic values, e.g., healing of hyperpigmentation, uneven complex-
ion, dark spots, skin irritation, photo-aging, wrinkles, hair damage, etc.; furthermore,
they provide several additional benefits, e.g., drug-releasing capability is one of the most
promising benefits of nano-cosmeceuticals which relies on parameters such as production
process, the ratio of additives and drugs in the composition, and chemical or physical
interactions between different components [16]. Nanostructured materials are tiny and can
easily penetrate the deeper layers of the skin; therefore, they actively transfer the active
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components [17]. Most nanostructured-material-based cosmeceuticals can deliver both
hydrophilic and lipophilic drugs [18]. Better distribution of cosmetic bioactive compounds
into the skin is one probable explanation cited by several academicians and researchers
for the significant interest raised regarding the usage of these materials in cosmetics [19].
However, the outcomes of several research studies do not tend to support such a conclu-
sion. This might be attributed to the non-reproducibility of data from various groups of
researchers [4]. The key purpose of nano-cosmeceuticals is to attain, enhance, and sustain
the desired properties in the target part of the body by releasing the correct amount of
nanomaterials. Therefore, nanostructured particles are used in perfumes to help the aroma
sustain for longer durations, in skin-whitening treatments, moisturizers, and antiwrinkle
creams to improve the attractiveness of the skin, and in sunscreens and other skin care
products to boost sunscreen effectiveness by increasing UV protection [20–22]. Although,
nanostructured materials in cosmetics and cosmeceuticals have advantages as discussed
above, there are also several adverse effects that have raised serious concerns for cosmetics
and health scientists as well as environmentalists. Ratio and types of nanostructured materi-
als utilized in the manufacturing of personal care products and in cosmetic applications are
shown in Figure 1a,b. The relative pros and cons of nanostructured materials in cosmetics
are shown in Figure 2.

Figure 1. Nanostructured materials in cosmetics and cosmeceuticals (a) and types of nanostructured
materials in cosmetic applications (b).
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Figure 2. Relative merits of nanostructured materials in cosmetics and cosmeceuticals.

1.2. Worldwide Scenario of Cosmetics Production

The global cosmetic sector was valued at ~USD 380.2 billion in the year 2019. It
is predicted to grow up to USD 463.5 billion by 2027, with a compound annual growth
rate (CAGR) of 5.3 percent in the years 2021 to 2027. In this, the share of nano-cosmetic
pigments in the market size has been estimated to be ~USD 1.1 billion by the year 2026
after increasing at a CAGR of 6% during the years 2021 to 2026. It has been observed that
consumers for commercial cosmetics and cosmeceuticals come from every corner of the
globe, irrespective of age, gender, culture, ethnicity, and economic status, probably because
people are becoming alarmingly mindful of their physical appearance in addition to skills
and intelligence. The market for skin care products has five major categories: moisturizers,
face creams, body lotions, sun protection creams, and anti-aging creams. Hair care, skin
care, bath and shower, oral care, men’s grooming, deodorants, and antiperspirants are the
major segments of the beauty and wellness product market. The cosmetic products market
also includes the sections of lips, nails, eyes, and facials [23].

1.3. Market Analysis of Nano-Cosmetic Pigments on the Basis of Type, Application, and Geography

The demand for nanopigment-bearing cosmetics for coloring materials has gained
significant attention and demand due to their efficiency of easy customization of makeup
products to match unique choices and requirements to enhance the attractiveness of skin,
hair, and overall appearances [24]. The share in the nano-cosmetics pigments market is
dominated by inorganic nanoparticles and shows a growing rate, at a CAGR of 6.45%,
during the years 2021–2026. Since inorganic metallic nanoparticles including TiO2, ZnO,
SiO2, and Al2O3 play a significant role in the cosmetics industry for enhancing color,
coating capability, and achieving a smooth texture, these have therefore been termed
‘nano-cosmetic pigments.’ These pigments can combine with organic materials to improve
the overall quality and effectiveness of cosmetics [25]. Nontoxic in nature and showing
hydrophilic, and biocompatible behavior as well as high stability are some of the features
which are offered by these pigments over organic nanoparticles. Mostly, ZnO and TiO2
nanostructured particles are employed in sunscreens and similar skin-care products. These
show appreciable results and enhance cosmetic effects because of better dispersion as UV
filters; they begin at the particle size of 20 nm. TiO2 particles makes sunscreens more
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effective due to a higher sun protection factor (SPF) at the nanoscale. Therefore, inorganic
nanostructured particles are expected to increase the demand for the development of future
nano-cosmetic pigments in many regions. The facial makeup segment dominates the nano-
cosmetic pigments market, which includes titanium dioxide, zinc oxide, carbon black, and
iron oxide as key materials. This segment is expected to grow at the CAGR of 7.3% from
the year 2021 to 2026. Titanium oxide is widely used in foundations, blushers, and powders
to enhance the skin’s clarity and appearance. Sun protection is a significant feature of face
powders, which act by scattering light by means of nanoparticles like ZnO. The size and
distribution of the nanoparticles also play an important role in these products by regulating
their appearance, stability, and protection against sunrays. Therefore, the demand for these
pigments increased to 41% in European industries in the year 2020. One of the largest
markets in Europe is in France, worth EUR 720 million (according to the Centre for the
Promotion of Imports from developing countries (CBI) and the Ministry of Foreign Affairs).
In the year 2017, the cosmetics industry of Italy had the turnover of USD 12.3 million
(according to the International Trade Administration (ITA)). It is anticipated that this is due
to increase in market value, and demand for nano-cosmetic pigments will also rise in the
coming years. The different global cosmetics/cosmeceuticals market statistics are shown in
shown in the Figure 3.

Figure 3. Cont.
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Figure 3. (a) Global cosmetic market (2020–2030) (b) cosmeceutical market size (c) cosmeceuticals, and
nano-cosmetic pigments market by revenue, (d) type andapplication, (e) geographic region [26–32].
* Others: hair color products; special effect and special purpose products; and miscellaneous products.

2. Synthesis of Nanostructured Materials

Nanostructured materials can be created using several methods, viz., top-down and
bottom-up methods, in addition to conventional chemical synthesis, physical, and biological
techniques.

2.1. Phytogenic and Microbial Biosynthesis of Metallic Nanoparticles

Nanotization has been reported as one of the microbial defense mechanisms against
metallic-ion-induced stress. This process exploits various biological reducing agents in an
eco-friendly condition [33]. Some specific biomolecules present in the microbial biomass
can prevent agglomeration of the particles and inhibit steric effects by covering the metallic
nanostructured particles (meta-NPs) and are called capping agents. These biomolecules
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can alter biological activity and surface chemistry of meta-NPs as well as prepare a stable
medium for biosynthesis [34]. Meta-NPs can exert an influence on microbial cells by protein
channels, efflux pump, or feasible penetration through the cell membrane [35].

Bacteria, algae, fungi, yeasts, and plants have been used as biofactories of meta-NPs
that encourage the development of green chemistry. Also, vigorous viruses have the poten-
tial to engage in transferring meta-NPs. Therefore, these are identified to be potent carriers
for meta-NPs, and are well-established for encapsulation [36]. Some biological reducing
agents, such as enzymes, electron shuttle quinones, peptides, proteins, and polysaccharides,
have been known to play an essential role in transforming metallic salt/ions to meta-NPs
including silver, gold, platinum, palladium, copper, cadmium, titanium oxide, zinc oxide,
and cadmium nanoparticles [37].

Bacterial biosynthesis of meta-NPs occurs in the presence of endogenous enzymes,
proteins, and pigments. This technique requires a low consumption of energy and therefore
creates an eco-friendly method. Fungi secrete considerable amounts of reducing agents,
such as enzymes and proteins, which can provide a befitting media for the extracellular
generation of meta-NPs [38]. The fungal cell wall is composed of functional molecules
suitable for the intracellular biomineralization of Ag-NPs. Thus, the application of fungi
in the biosynthesis of silver nanostructured particles has been elaborately explored [39].
Cytochrome b5 reductase enzyme, which is extracted from the fungus Mucor racemosus,
is known to be a potent generator of meta-NPs. It can produce well-dispersed and stable
meta-NPs within the size range of 70–180 nm [40]. The development of fungi-oriented
systems for microbial biosynthesis of meta-NPs has emerged as an advancing, key branch
of myco-nanotechnology. Also, fungi have appeared to be an efficient candidate for the
generation of stable, polydispersed, and appropriately sized meta-NPs [41]. In addition, a
variety of meta-NPs such as Ag-NP, Au-NP, Se-NP, CdS-NP, Fe-NP, Pa-NP, and ZnS-NP
have been synthesized using edible mushrooms [42]). The generation of meta-NPs using
yeast extract is an efficient process, due to amino acid components which tend to be used
as a capping agent for covering meta-NPs. Amino acids can induce a negative net charge
on the molecular surface of meta-NPs and maximize electrostatic repulsion in alkaline
solutions [43].

Certain classes of algae, such as cynophyceae, chlorophyceae, phaeophycea, and
rhodophyceae, have been reported to couple with the synthesis of meta-NPs both intra-
and extracellularly. This is due to the presence of bioactive compounds, such as algal
phytopigments and antioxidants, which exhibit reductase activity with the highest biocom-
patibility [44].

Moreover, the use of plants or plant extracts in biosynthesis of NPs is known as a phy-
togenic biosynthesis of meta-NPs, which can be categorized as an environmentally friendly,
bottom-up strategy. Figure 4 illustrates the different sources of phytogenic biosynthesis as
well as microbial biosynthesis of meta-NPs.
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Figure 4. Cont.



ChemEngineering 2023, 7, 66 9 of 45

Figure 4. Biosynthesis of meta-NPs. (a) Phytogenic biosynthesis of meta-NPs via exploiting plants
and algae. (b) Microbial biosynthesis of meta-NPs via employing bacteria, fungi, yeasts, and viruses.
(c) Intra/extracellular microbial biosynthesis of meta-NPs. This nanotization process is conducted by
employing reductase, capping agents, and metallic ions. (The figures were created using the website
Canva.com (accessed on 1 May 2023)).

2.2. Chemical and Physical Methods of Synthesis

The two main approaches to synthesizing nanomaterials, viz., top-down and bottom-
up techniques, are illustrated in Figure 5.

Chemical synthesis is a bottom-up method to synthesize nanostructured materials
from molecules, compounds, or complexes. On the other hand, cutting, grinding, and
engraving methods, employed in the top-down strategy, necessitate the size reduction of
the particles down to nanosized dimensions [45]. Chemical reduction, micro-emulsion
formation, electrochemical synthesis, sol-gel synthesis, microwave assistance synthesis,
and hydrothermal synthesis are a few examples of chemical processes employed to create
nanomaterials. The physical processes include mechanical milling, vacuum vapor deposi-
tion, and laser ablation methods [46]. Physically manufactured nanostructured materials
often possess a lower quality than those created by chemical methods. In addition, the
finished product of the physical procedures requires expensive equipment, e.g., a vacuum
system. On the other hand, the procedures involved in the bottom-up approach are easier
to control and are more efficient compared to the top-down approach; therefore, these are
frequently employed in industries [47]. The different methods of synthesis of NPs have
been summarized in Table 1.

Canva.com
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Figure 5. Synthesis of nanostructured particles: (A) top-down and bottom-up approaches; (B) ball-milling
method of a top-down approach; and (C) sol-gel and hydrothermal methods of a bottom-up approach.

Table 1. Methods and mechanism of NPs synthesis.

Synthesis Method Method Specifications Mechanism Involved Ref.

Microbial/phytogenic
biosynthesis of

NPs

• Fungi and bacteria are frequently
employed to create desired
nanostructured materials.

• Fungal production of NPs has an
edge over other microbial
biosynthesis methods due to fungi’s
tolerance and capacity for metal
bioaccumulation.

• Unicellular and multicellular
microorganisms can create
inorganic materials
intracellularly as well as
extracellularly.

[48]

Intracellular
synthesis

• By interaction of metal ions with
enzymes in the microbe cell.

• Particles synthesized inside the cell
have a greater size than those
generated outside the cell.

• Metal ions become attached to
the microbial cell.

• Ions then come in contact with
the enzyme to be converted to
NPs.

• Microorganisms can change
the solution’s saturation level
to more or less supersaturated
with respect to a particular
phase than previous.

[49]

Extracellular
synthesis

• Ag NPs are prepared by the fungus
Fusarium oxysporum through
extracellular synthesis.

• Protein secretion is higher in fungal
cells compared to bacterial cells.

• Au NPs are prepared by extracellular
phytogenic biosynthesis from
Sargassum wightii algae.

• Maximum production (95%) can be
achieved within 12 h of incubation.

• The NPs are formed by the
enzymatic activity of
NADH-reductase and hence
are more stable.

• Ag and Au NPs are used in
food, animal feed, medicines,
paper, and the textile industry.

• Safety concerns are raised
because of the pathogenic
nature of some fungi and
bacteria.

[50,51]
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Table 1. Cont.

Synthesis Method Method Specifications Mechanism Involved Ref.

Chemical synthesis

Sol-gel method

• Inorganic polymerization is utilized
in the synthesis of oxides,
inorganic/organic hybrids, and
composites.

• Post-treatment such as annealing is
necessary to eliminate impurities and
other coproducts.

• Polycondensation takes place
after the hydrolysis of metal
alkoxide in the presence of
acid/base.

• Polycondensation changes the
phase into gel due to
separation of water molecules
and viscosity of solution
increases.

• Finally, gel converts into
powder postcondensation
upon heating.

[52–56]

Chemical vapor
deposition

(CVD)

• An inexpensive technique for NP
synthesis with high production
efficiency and simplicity of scaling
up.

• By using catalysts, it is possible for
thin films to be deposited at relatively
lower temperatures [45].

• A substrate area interacts
chemically with the gaseous
phase.

• The molecules from the
gaseous phase condense and
deposit on the substrate.

• Three crucial components of
CVD infrastructure:

• Heating chamber, which is
filled with metal–organic
precursor and heated to a high
temperature. The precursor
melts and evaporates.

• Reaction chamber, where the
gases are introduced from the
heating chamber, is operated at
a high temperature ranging
between 500 and 1200 ◦C.
Nitrogen and argon are
utilized as carrier gases. The
heated substrate meets the
gases, causing condensation
via nucleation and
development of clusters.

• Cooling chamber, where the
clusters or reaction products
are transferred from the
reaction chamber and are
cooled using liquid nitrogen.

• The nanoparticles are collected
using a scraper. CVD has an
edge over arc discharge and
laser-assisted approaches for
scaling up.

[57,58]

Hydrothermal
method

→ NPs created by this method are of
good quality with controlled
composition.

→ The smallest sized NPs can be
synthesized through this method for
biological applications.

• Requires high temperature,
pressure, and constant stirring.

• First divalent and trivalent
metal ions are mixed in the
mole ratio of 1:2 in an organic
solvent to obtain a
homogenized solution.

• The mixture solution is heated
at high pressure in an
autoclave.

• Temperature and pressure are
adjusted according to the NPs.

[59–64]
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Table 1. Cont.

Synthesis Method Method Specifications Mechanism Involved Ref.

Coprecipitation
method

• NPs are less crystalline in nature and
less uniform in size.

• Crystallinity can be enhanced by heat
treatment.

• Regulating parameters are pH and
temperature of the medium, type of
base, and ratio of salt selected.

• Aqueous solutions of two or
more divalent and trivalent
metal salts are mixed.

• Reduction of ions is carried out
to obtain precipitate.

• Continuous stirring is required
during the process.

[65–75]

Physical synthesis of NPs Laser ablation

• Bottom-up approach utilized
especially for magnetic NPs.

• Carbon nanotubes, nanowires,
semiconductor quantum dots, and
core-shell NPs are created using this
technique.

• Uses a laser as an energy source. It
evaporates material from a solid
phase to gaseous phase.

• High-purity NPs are created.
• Difficult to managing size

distribution and aggregation.

• In this technique, NPs are
created by laser vaporization
and fast condensation and
nucleation due to the steep
temperature gradient.

• To create high-quality
nanostructured particles, the
vapor must be quenched very
quickly.

• The size of the particles and
magnetic phase can be changed
by adjusting the laser power
and atmosphere composition
in the evaporation chamber.

[76–80]

Ball-milling
method

• High-energy ball mills, e.g., tumbler
ball mills, vibratory mills, planetary
mills, attritor mills, etc., are typically
employed for synthesis of NPs from
metal oxides.

• Steel balls strike the substrate
powder and milling medium in
a closed cylindrical drum. This
causes large particles to be
reduced to smaller particles by
grinding and constant collision
against the walls of the
cylinder and the balls.

• Under high intensity impact,
the particles in the powder
mixture fractures and
cold-welds.

[81]

3. Organic Nanostructured Materials in Cosmetics Industry

Organic NPs are variable in size, biodegradable, nontoxic, and sensitive to thermal
and electrical radiation. These are used in different pharmaceutical applications, such as
skin care and transdermal drug delivery [82]. Nanotubes, carbon nanofibers, carbon nano-
fullerenes, graphene, and nanosized soot and activated carbon are examples of carbon-only
NPs [83]. Nano-emulsions, nanostructured crystals, vesicular delivery methods for nano-
encapsulation, micelles, polymeric nanostructured capsules, solid lipid nanostructured
particles (SLN), nanostructured lipid carriers (NLCs), liposomes, niosomes, and dendrimers
are some examples of organic NPs [84]. Various organic NPs used in cosmetics industries
are shown in Figure 6.

3.1. Liposomes

The term ‘liposome’ is derived from the terms ‘lipo’ and ‘soma’, which refer to fat
bodies. The structure of a liposome includes hydrophobic phospholipid bilayers containing
an aqueous medium within spherical vesicles [85].

Liposomes form from cholesterol and natural phospholipids in an aqueous environ-
ment with proper lipid-to-water ratio [86]. The lipid bilayer is made up of phospholipids
and considered as a safe or low-risk component for skin [87]. Liposomes can improve skin
smoothness, minimize acne rashes, and diminish wrinkles in clinical tests. These have been
also designed to distribute vitamins, phytochemicals, and perfumes in waterless products
like lipsticks, deodorants, body sprays, and antiperspirants [88]. Phospholipids are non-
toxic and may be unsaturated or saturated. For example, unsaturated phosphatidylcholine
originates from a natural source that is less stable but more permeable. Long acyl chains
produce a hard, impermeable bilayer structure in the saturated ones, such as dipalmitoyl
phosphatidylcholine [89].
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Figure 6. Organic nanostructured materials used in cosmetics industries.

3.2. Nano-Emulsions

Nano-emulsions, closely related to micro-emulsions, are liquid droplets that are spread
in another liquid on the nanoscale. These are flexible, and their morphologies may be altered
by manipulating the parameters during the production process [90]. Nano-emulsions can
be made from a variety of components that are typically harmless. They possess better
stability and are efficient in delivering active chemicals in cosmetics due to their size [91].
Molecules are encapsulated or stabilized as nano-emulsions for the manufacturing of skin
creams to increase skin penetration [92] and are widely utilized in cosmeceuticals, e.g.,
lotions, shampoos, nail polishes, and hair conditioners, as a medium for the regulated
release of biologically active chemicals [93]. Nano-emulsions more effectively deliver
lipophilic chemicals compared to liposomes. Nanopigments can be also incorporated, in
addition to nano-emulsions, to obtain a product with enhanced properties [94].

3.3. Niosomes

These are nanosized vesicles generated in an aqueous media using non-ionic surfac-
tants and cholesterol [95]. In the 1970s, a popular cosmetic company developed the first
niosomes from synthetic liposomes and patented their product in the year 1987 [96]. Choles-
terol and non-ionic surfactants, such as alkyl amines, alkyl ethers, spans, polyoxyethylene,
sorbitan esters, tweens, and bridges; steroid-bound surfactants; and crown esters are all
important elements in the synthesis of niosomes [97]. Niosomes can be utilized to carry
drug/medications that are not easily absorbed or entrapped. Niosomes have also been used
as a carrier of iobitridol, which is a diagnostic agent used for X-ray imaging [98]. Several
noisome-based cosmeceutical products are available in the market, including conditioner,
shampoo, moisturizer, skin-lightening creams, and antiwrinkle creams [99].

3.4. Nanocapsules

Nanocapsules, either solid- or liquid-core, contain cosmetically active components
in a cavity surrounded by a synthetic or natural polymer membrane. These are utilized
in cosmetics to safeguard essential active ingredients [100]. The various components
are encapsulated by polymeric nanocapsule solutions and can be directly applied to the
skin. The properties of a nanocapsule can be altered by employing various polymers
and detergents [101]. These nanocapsules are employed in a variety of deodorants due
to their biocompatibility [102]. Polymeric nanocapsules are used to deliver retinol to the
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deeper layers of the skin in some cosmetics [103]. Nanocapsules also shows to restrict the
penetration of UV-filtered octyl methoxycinnamate in faux leather compared to non-nano-
size capsules [104].

3.5. Solid Lipid Nanostructured Particles (SLN)

Solid lipid NPs are solid nanostructured components at normal room temperature.
The structure contains stabilizers and lipid droplets which crystallize to form SLN and are
known to protect the skin’s surface [105]. Active compounds in SLN-based formulations
enter the deeper layers of the skin more easily [106]. SLN can also increase skin moisture
compared to saline. Other benefits include improved hydration, bioavailability, stability,
skin coverage, etc. [107]. These are also employed in the production of fragrances and
perfumes to ensure the perfume’s long-lasting aroma. Due to UV-resistant characteristic,
they are utilized in sunscreen creams to guard against deterioration of the skin [108].

3.6. Cubosomes

Cubosomes are self-assembled fluid–crystalline structures which include specified
amphiphilic lipids in their arrangement and are organized into three-dimensional ordered
bilayers resembling a honeycomb structure [109]. When water is combined with a surfactant
system and aqueous lipids, the microstructure of cubosomes is generated in a defined
ratio [110]. The cubic phases have a unique geometry, capable of releasing hydrolyzed
active substances, such as medicines and proteins, as well as cosmetic active compounds, in
a regulated manner, and they are physiologically friendly [111]. Due to their geometry, their
surfaces are quite large, and due to low density, these can be readily prepared from very
dilute solutions. Due to the high moisture ratio, cubosomes exhibit special features. They
have benefits from both polar and nonpolar groups and possess good thermal stability [112].

3.7. Dendrimers

The word ‘dendrimer’ is formed from two Greek words, viz., ‘dendron’, which means
tree, and ‘meros’, which means portion [113]. Dendrimers are monodispersed, monomolec-
ular, hyper branched, treelike structures having a diameter of roughly 20 nm [114]. Den-
drimers can have monomolecular, monodispersion, or micellar structures. Different func-
tional groups attached are responsible for their functionality [115]. These functional groups
are associated with different applications like drug transport, catalysis, photo-activity,
modulation of molecular weight, size measurement, and rheology [116]. Multiple per-
mutations of these components can be employed to create a variety of forms and sizes of
product with protected inner cores which are excellent for biological and materials science
applications [117]. An individual nanostructured material has its specific function and
application(s) in different cosmetics.

Basic structures of organic nanostructured particles used in cosmetics industries are
displayed in Figure 7. Some of the nanostructured materials, their properties, and specific
applications are given below in Table 2.
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Figure 7. Basic structures of different organic nanostructured materials used in cosmetics industries.

Table 2. Organic nanostructured materials in various cosmetics, structure properties, and their
applications in different cosmetic products.

Types Size
(nm) Composition Functions Relative Merits Cosmetics Usage Ref.

Liposomes 100–200 Natural/synthetic
lipids.

Helps to absorb
active

ingredients.

- Biodegradable,
biocompatible,
amphiphilic,
increased skin
penetration.

- Risk to immune
response, decrease
reproducibility,
physiochemical
flimsiness.

Moisturizers,
serums, facial
tonic, day face

creams

[88,89]
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Table 2. Cont.

Types Size
(nm) Composition Functions Relative Merits Cosmetics Usage Ref.

Nanocapsules 10–1000
Polymeric capsules

surrounded by a
watery or oily core.

Protects sensitive
active ingredients;

removes
unwanted odor.

- Protection of
ingredients, sustained
release formulation.

- Additional
purification step is
required in
nanocapsule
formation.

Serums [100,102]

Nano-emulsions 20–200

Emulsifiers are
surfactants/co-

surfactants;
combine oil and

water into a single
phase.

Penetration of
active ingredients
into deeper skin

layers.

- Stable, transparent,
and amphiphilic.

- Acid-sensitive,
decreased action,
preparation is
difficult.

Face creams, face
wash, foams,

moisturizers, skin
toner

[92,118,119]

Dendrimers 1–20

Symmetric
branching units are
constructed around
a tiny molecule or a
linear polymer core
in monodispersing
macromolecules.

Controls release
of active

molecules,
extends shelf life,

enhances
solubilization.

- Good stability,
increased solubility of
the lipophilic drug,
controlled-drug
release formulations.

- Not good for
hydrophilic drugs,
high manufacturing
cost, high cellular
toxicity.

Hair gels,
shampoo,
anti-acne

products, face
scrubs

[115,116]

SLN 50–1000 Solid particle
matrix. As active carriers.

- Ease of large-scale
production, increased
duration of action,
increased
biodegradability, and
bioavailability.

- Decreased drug
encapsulation, short
shelf life.

Physical and
molecular
sunscreens

[105,106]

Niosomes 10–1000

Non-ionic
surfactants,

hydration medium,
and lipids, such as

cholesterol.

Improves
solubility and

stability.

- Stability of drugs,
enhanced efficiency,
bioavailability,
enhanced
penetration.

- Time-consuming
production, increased
cost of production,
instability.

Anti-aging
creams, face

masks, lotions,
face serum,
activators

[97,98]

Cubosomes 10–500

Nanostructured
systems

self-assembled from
amphiphilic lipids
in water with the

aid of suitable
stabilizers.

Oil-in-water
stabilizers,
pollutant

absorbents.

- High efficiency and
penetration of
cosmetic delivery into
skin.

- Poor solubility, large
molecular size, poor
absorption.

Antiperspirants [98,112]

Nanopigments 10–400 Melanin pigments. UV protection,
anti-allergy.

- Protect skin from
being damaged,
rehydrate skin.

- Penetration into deep
skin layers, cause
serious skin problems,
such as
irritation/allergies.

Sunscreens [120]
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Table 2. Cont.

Types Size
(nm) Composition Functions Relative Merits Cosmetics Usage Ref.

Nanosponges 1–1000 Carbon-containing
polymer.

Antibiotic,
antidotes, drug
target delivery.

- Improve solubility of
lipophilic drugs in
aqueous medium,
protect the drug from
physicochemical
degradation.

- Include only small
molecules, in
crystalline form.

Skin medicare [121]

4. Inorganic Nanostructured Materials in Cosmetics Industries

Inorganic NPs are made up of metal/metal oxides. The different types of inorganic
NPs employed in cosmetics industries are shown in Figure 8. Some of the inorganic
nanostructured materials and their characteristic properties are discussed here.

Figure 8. Types of inorganic nanostructured particles used in cosmetics.

4.1. Nanostructured Particles of Silver and Gold

Silver and gold NPs are well-known to possess antimicrobial properties. Deodorants,
face creams, anti-aging creams, and moisturizers include Ag and Au NPs. Some cosmetics
industries report that Ag NPs employed in cosmetics give day-long protection from mi-
croorganisms. Ag NPs are employed at an amount of 12% in the composition in most of the
nano-cosmetics formulations across the world [122]. Similarly, Au NPs possess unique capa-
bilities of drug/medication delivery and discharge, ease of synthesis and functionalization,
and are one of the most popular ingredients employed in cosmetics. The functionalization
of Au NPs are usually carried out via thiol linkages, which enable easier conjugation with
cosmetic components, resulting in enhanced product quality. Au NPs have been reported
to be included in toothpaste formulations to provide efficient mouth cleansing [123]. Ag
NPs’ antimicrobial activity has been attributed to the release of silver ions, and analogous re-
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search on nanostructured silver particle based products have been undertaken extensively to
harness their unique antibacterial and antifungal capabilities. Similar studies have also been
conducted on Au nanostructured particles as well. A TEM image of skin toner containing
silver nanostructured particles is shown in Figure 9 [124].

Figure 9. TEM image of Ag nanoparticles from TEM in a skin toner [124].

4.2. Silica Nanostructured Particles

Several cosmetic sectors have paid close attention to the addition of silica NPs to
cosmetic products. Silica NPs have attracted huge attention due to their unique qualities,
such as their pleasant touch and ability to encapsulate and entrap lipophilic and hydrophilic
molecules to their site of action [125]. Furthermore, silane chemistry, adaptability for surface
functionalization, low-cost manufacturing, and ease of large-scale synthesis are additional
important characteristics. Silica NPs are commonly employed in toothpaste, cosmetics,
hair products, deodorants, and skin care. These provide emulsifying, emollient, and
water-barrier activities, with the unique potential of improving protection against sunburn.
Silica NPs make sunscreen formulations easier to distribute and reduce phototoxicity or
deterioration [126]. Silica NPs with diameters ranging in size size of 5 and 100 nm are
stabilized as nanodispersions and characterized by different microscopic techniques, viz.,
SEM (Figure 10a–c) and TEM (Figure 10d).

Figure 10. SEM-based characterization of synthetic silica particles (a–c) [101]; (d) TEM-based charac-
terization of synthetic silica particles [126].

4.3. Titanium Oxide and Zinc Oxide Nanostructured Particles

UV filters made from titanium oxide (TiO2) and zinc oxide (ZnO) NPs have been
effectively integrated into a variety of cosmetic items. ZnO NPs are likely to reflect UVA
radiation, whereas TiO2 NPs are accountable for reflecting UVB rays. When these two
oxides are employed together, it enhances effectiveness in terms of protection against
sunburn and other desirable properties, viz., transparency, spreadability, and superior
texture, without causing skin inflammation [127]. Since TiO2 and ZnO nanostructured
particles accumulate on the outer surface of stratum corneum, the UV protection offered
by these systems is frequently utilized. Due to its antibacterial characteristics, ZnO has
also proven to be a desirable solution in the pharmaceutical and cosmetic sectors. The
antibacterial effect of these nanostructured particles is attributed to the generation of ROS
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and subsequent release of Zn2+ ions, which are poisonous to bacteria and cause instability
of bacterial cell walls [128]. However, the chemicals employed in topical formulations have
a significant impact on the efficiency of ZnO NPs since they can mask the surface of the
particle and reduce the ZnO antibacterial activity [129]. ZnO and TiO2 NPs observed under
SEM and TEM are shown in Figures 11 and 12.

Figure 11. SEM images of (a) MMC-TiO2-ZnO and (b) MMC; and a TEM image of (c) MMC-TiO2-
ZnO [127].

Figure 12. Analysis of marketed sunscreens with inorganic nanoparticles (TiO2 and ZnO) using
transmission electron microscopy (TEM). (a–f). Images taken at a magnification of 10,000–20,000 with
an incident light of 200 kV [129] (Black and red arrows indicated metal oxide NPs and the formulation
matrix, respectively).
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Each inorganic nanostructured material has unique properties and function in various
kinds of cosmetics. Some of the inorganic nanomaterials with their respective functions
and uses in cosmetics are listed below in Table 3.

Table 3. Functions of inorganic nanostructured materials in various cosmetics.

Types Size Range
(nm)

Synthesis
Methods Functions Relative Merits Used in

Cosmetics Ref.

Silver NPs 5–100

Laser ablation,
electrochemical,

microbial
(extracellular)

synthesis, sol-gel
process

Anticancer,
antifungal,
antiviral,

antibacterial.

- Uniform shape, size,
and branch length,
antibacterial,
antifungal activity.

- Suppress cellular
growth, toxic effect on
cells, and
multiplication and
causing cell death.

Moisturizers,
serums, sanitizers,
day face creams,

face wash

[124,130]

Gold NPs 5–400

Turkevich
method,

γ-irradiation
technique

Protects sensitive
actives

ingredients,
removes

unwanted odor.

- Chemical stability,
antiseptic, tuned
pharmacokinetics and
biodistribution.

- Damages human cells
and DNA at high
doses, can affect liver.

Serums, face
masks, face gels,

moisturizers
[123]

Titanium oxide
NPs 200–300 Hydrothermal

synthesis, CVD

Invisible
application,

noncomedogenic,
gentle on

sensitive skin,
blocks UVA and

UVB.

- Chemical inertness,
nontoxicity, high
oxidation efficiency,
low-cost production.

- Cross- selectivity,
leakage in template,
limited application in
biology.

Lotions,
sunscreen, loose

powder cosmetics
[127]

Zinc oxide NPs 50–60

Sol-gel method,
hydrothermal,

chemical
synthesis

Antimicrobial,
noncomedogenic,

drug carrier,
strong sun
protection.

- Hydrophilic,
biocompatible, safe,
and stable.

- Pulmonary toxicity.

Sunscreens,
anti-acne
products,

anti-aging,
moisturizers

[128]

Aluminum oxide
NPs 2–50

Electrochemical
process,

coprecipitation
method

Active drug
carriers, enhance

texture and
hardness.

- Chemically stable,
antifungal,
antibacterial,
antiviral.

- Severe brain damage
effects, cytotoxicity
and adverse effect on
immune system.

Concealers,
foundations,

mineral
foundation

[131]

Silica NPs 5–100

CVD, sol-gel
process,

micro-emulsion
method, plasma

synthesis

Improves
solubility and

stability, enhances
texture.

- Hydrophilic, low
manufacturing cost.

- Pulmonary toxicity.

Face powders,
collagen boosters,

serums,
exfoliation
treatment

[126]

5. Major Cosmetic Products Containing NPs

Cosmetics are not limited to a particular kind; they have various subbranches, and
these branches consist of different types of products specifically formulated and manu-
factured for specific skin/body parts. Similarly, nano-cosmeceuticals are used in various
personal-care products; their subcategories are shown in Figure 13.
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Figure 13. Categories of nano-cosmeceuticals.

5.1. Skin Care

Skin-care products enhance the function and quality of the skin by promoting collagen
formation and combating damage caused by free radicals. These improve the texture of the
skin by maintaining the moisture level and protecting skin’s outer layer from various dust
particles present in the environment. The most popular cosmetic products that contain
nanostructured particles are moisturizers. The water in skin-care products evaporates
quickly, creating cracks and dryness. This problem can be solved using nanostructured
particles, which generate a thin moisture-retention layer to prevent water from evaporating
too quickly [132]. As a result, the moisture content in the skin is preserved, resulting in a
more youthful appearance. The frequently utilized nanostructured particles in moisturiz-
ing formulations are liposomes, nano-emulsions, and solid lipid nanostructured particles.
These can also be used to treat skin diseases like dermatitis, psoriasis, and itching [133]. The
use of sunscreen to protect our skin from the sun’s damaging UV radiation is widespread.
Besides nanostructured particles, microstructured particles of metal oxides, such as in-
soluble blooms of ZnO and TiO2, are also used in several sunscreen actives. Sunscreen
formulations containing TiO2 nanostructured particles are less oily and are clear, odorless,
and visually attractive, and the nanostructured particles do not leave a chalky white deposit
on the skin like other larger particles do [134].

5.2. Lip Care

Lipsticks and lip glosses designed to nourish and beautify consumers are now infused
with NPs to impart bioactivity which softens and soothes lips by limiting water loss from
the surface and keeping them hydrated. Nanocapsules of vitamin E reduce the bleeding
caused by wrinkles and cracking. Lip volumizers with liposomes enhance volume effects
of lips, fill in wrinkles, shape lips, and hydrate them. Silica NPs in the formulation ensure
even distribution of colors throughout the composition. Pigment transfer into the fine
creases of the lips is avoided, resulting in a much-improved elegant quality [135].

5.3. Nail Care

Nano-cosmetic nail-care products have a significant advantage over traditional nail-
care treatments. Nanotechnology-based nail polishes include characteristics such as
longevity, rapid drying, enhanced durability, scratch resistance, and ease of application due
to their elastic nature [135]. NPs can protect the nails from infections that enter through
skin tissues. Along with this, these also promote the keratin production for healthy nails.
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5.4. Hair Care

Conditioners, shampoos, hair-growth accelerators, styling treatments, and coloring
agents are all examples of nano-cosmetic hair products. Unique NP sizes and intrinsic
features enable targeting of the shaft or hair follicles, and release an increased number of
active substances [136]. NPs in shampoos lock in moisture in the cuticles and extend the
time of contact with hair follicles and scalp by forming protective coatings. Unlike typical
hair products, nano-emulsions used in hair cosmetics do not break the hair cuticle. NPs used
in conditioners provide shine, softness, stickiness, and an increase in hair detangling [137].
A summary of NPs used in different cosmetics and their effects is provided in Figure 14.
Functions of nanostructured materials in various marketed cosmetics are given in Table 4.

Figure 14. Summary of NPs used in different cosmetics and their effects.
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Table 4. Functions of nanostructured materials in various marketed cosmetics.

Nanoparticle Product Name Category Manufacturer References

Nanocapsules

Hydra Zen cream Moisturizer Lancome [138]

Neova Anti-aging ProCyte Corporation [139]

Shampoo Hidratante
com Batana Oil Shampoo Facinatus Cosmé

ticos [140]

Primordiale
Optimum Lip Lip care Lancôme [141]

Soleil Soft-Touch
Anti-Wrinkle Sun Cream SPF 15 Sunscreen Lancôme [141]

Liposomes

Lip tender Lip moisturizer Kara vita [142]

Celazome Anti-acne Celazome new zeal and limited [143]

Decorte Moisture
Liposome Face
Cream

Moisturizer Decorte [3]

Longevity-C Serum Anti-aging Setare [22]

Acnel Lotion N Cleanser Dermaviduals [144,145]

Fillderma Lips Lip
Volumizer Lip care Sesderma [84]

Sunsreen Capture total Dior [3,146]

Fullerene
Sircuit skin Anti-aging Sircuit skin cosmeuticals [141]

Zelens Fullerene
C-60 Night Cream Anti-aging Zelens [141]

Nanospheres

Clear it! Complexion Anti-acne Ordinary [147]

Fresh As A Daisy
Body Lotion Moisturizer Kara Vita [141]

Nanosphere Plus Anti-aging DermaSwiss [141]

Hydralane Ultra
Moisturizing Day
Cream

Moisturizer Hydralane Paris [3,148]

6. Toxicity Factors in Cosmetic Products

Due to the advanced properties and extensive use of nanomaterials in cosmetic sys-
tems, safety concerns are important to address. Therefore, there is a necessity to evaluate
and identify certain parameters to ensure safe cosmetic formulation. If nanostructured parti-
cles invade the hepatic circulation, they can cause hepatotoxicity [149,150]. Nanostructured
particles are easily absorbed in the gastrointestinal system (upon accidental ingestion), and
might enter the bloodstream through the vessel wall and spread to other bodily organs.
Oral intake of copper nanostructured particles has been proven to cause serious damage to
the liver, spleen, and kidneys of rats [151]. Metal-based NPs, such as TiO2 NPs, have been
shown to cause the production of cytokines, which can lead to inflammatory processes
and potential demise. TiO2 has been classified as hazardous for the respiratory system.
Several investigations have been carried out to figure out the extent of damage caused by
nanostructured particles of various metals to their micro- and large-scale equivalents. The
observations suggest that the nanostructured materials cause more harm to organs [152].
The different ways of exposure of NPs to the interior body organs and soft tissues are
summarized in Figure 15.
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Figure 15. Ways of exposure and organs affected by nanoparticles.

When preliminary tests on gold nanostructured particles were carried out, it was
discovered that they are safe and possess low toxicity. Nanostructured particles with a
diameter of less than 10 nm can easily permeate the epidermal layer and nuclear membrane,
posing a risk of genotoxicity. Therefore, toxicity-triggering characteristics attributable to
the shape, structure, elemental composition, and concentration of the nanostructured par-
ticles should be considered when manufacturing nanostructured particles for cosmetic
goods [153]. Manufactured nanomaterials are used in a wide range of products, including
electronics, cosmetics, paints, and even drugs, but little is known about how they affect the
environment. In a recent laboratory investigation, researchers discovered that saltwater
mussels and oysters accumulate and retain considerable amounts of produced nanopar-
ticles from seawater in the form of so-called marine snow clumps [154]. Guidelines on
the safety of nanostructured materials in cosmetics have been published by the Scientific
Committee on Consumer Safety (SCCS) under the title “Guidance on the Safety Assess-
ment of Nanomaterials in Cosmetics” [53,155] and followed by industries in the European
Union (EU) [10,84,89]. Concerns regarding the NMs’ inherent negative impacts on the
environment and human health have grown as their use is in both consumer and indus-
trial items is growing at an exponential rate. Nanomaterials are mostly sunk in aquatic
environments, where they enter the marine ecosystem through a wide range of direct and
indirect routes. For the removal of contaminants from aquatic environments, a variety of
nanomaterials have been utilized, including nanoscale zero-valent copper, nanocomposites
made of Fe2O3 and biochar, and nanocomposites of magnesium oxide. These membranes
made of nanomaterials can be created with characteristics like antifouling, antibacterial,
photodegradation, and good permeability, creating new possibilities for highly selective,
quick water-purification systems. As a result, toxicological issues may arise from the
presence of nanoparticles in many environmental contexts. A new area of toxicology
called nanotoxicology examines the hazards and risks associated with the toxicological
characteristics of nanoparticles and their impacts on the environment and living things.
Nanomaterials’ properties differ from those of their bulk counterparts in that they depend
on their size, shape, and structure. The toxicity of nanomaterials in different organisms is
influenced by these material characteristics, especially concentration. These characteristics
affect how quickly nanomaterials are absorbed by cells. Humans and mammals can be
exposed by oral, cutaneous, inhalation, paints and coatings, food, dietary supplements, and
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medical applications that use NMs [156]. Biosafety research on nanostructured materials
is a challenge for 21st-century frontier science and technology, as well as raising serious
scientific concerns for the scientific community in several nations [157]. Nanotechnology’s
rapid development involves the implementation of additional safety evaluation approaches
and procedures. Biodegradability, biocompatibility, and biodistribution of nanostructured
materials hence become a prime concern regarding their safety and effectiveness in clinical
and domestic usages. Nanostructured materials with poor biocompatibility, biodistribution,
and biodegradability can harm the body by causing oxidative stress, DNA damage, and
inflammation. However, as technology progresses, it is extremely likely that these problems
will be rectified in the future [158]. Human health can be severely affected by the toxicity of
nanostructured particles. NPs have been observed to cause higher toxicity per unit mass of
blood passing through the blood vessels. The toxicity spreads because of their size, structure,
and surface properties. The NPs tend to accumulate, agglomerate, and adhere to the skin
surface of the workers involved in the manufacturing process. The adverse effects that may
arise in skin and body organs via chemical and biological activities are listed in Table 5.

Table 5. Safe concentration of some metallic nanoparticles and their target organs.

Types of
Nanoparticles

Safe Concentration in
Cosmetics Target Organs References

TiO2 Maximum up to 25%. Eyes, nose, throat, lungs,
liver, kidney, nervous system [149,152]

ZnO Maximum up to 25%. Liver, kidney, spleen, testis,
pancreas, stomach, heart [129,150]

Gold 0.001–0.1% wt/w. Lungs, heart, liver, stomach,
intestines, skin [122,159]

Silver Based on 0.01–1 mg/mL
concentration.

Liver, kidney, spleen, heart,
testes, brain [123]

Silica

Utilized at up to 82% in
cosmetics for the face and

neck and at 50% in mascaras.
Up to 53% of ‘other’ nail-care

products and up to 35% of
rinse-off ‘other’ skin-care

preparations contain kaolin.

Lungs, brain, heart, internal
organs [131]

7. Health and Environmental Aspects

The two main categories of nanostructured materials used in cosmetics are solu-
ble/biodegradable particles and insoluble/non-biodegradable particles. The organic nanos-
tructured particles function as nanocarriers to improve product stability and active ingre-
dient absorption while reducing harmful effects of irritants. Applications in beauty and
personal-care products must anticipate their fundamental interactions with human tissues
and resulting physico-chemical effects [160]. Compared to reactive carrier-mediated trans-
port, passive diffusion is a popular transport technique for delivering active substances
through the skin. The skin pores and hair follicle openings are typically the only places
where nanostructured particles can enter the body. Nanostructured materials in cosmetic
goods are exposed to humans through the skin [161]. Figure 16 illustrates the structure of
human skin and penetrating nanostructured particles at the bases of the hair follicles.

The epidermis, the top layer of skin; the dermis, which houses sweat glands, hair
follicles, and tough connective tissues; and the subcutaneous layer are the three layers
of the skin. Due to its hydrophilic nature and high cell cohesion, the stratum corneum,
the epidermis’s topmost layer, serves as a barrier [162]. Nanostructured particles of a
size less than 10 nm can diffuse through the stratum corneum and enter the dermis via
intercellular or intracellular pathways; however, particles larger than 20 nm can only be
ingested by transappendageal pathways like the hair follicle or sweat glands. Smaller
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nanostructured particles (1–100 nm) easily interact with cellular components and pass
through cell membranes [163].

Figure 16. Penetration of nanostructured particles in skin.

It is possible to perceive the special qualities of nanostructured particles employed
in cosmetics as a two-edged sword. On the one hand, they provide alluring advantages
with the added benefits of aesthetics, and on the other, they have been observed to cause
unfavorable effects on the body’s systems [164]. This raises safety issues and health
risks, especially given that when particles are shrunk down to the nanoscale, their known
characteristics may quickly change. Additionally, it is yet unclear how hugely harmful the
nanostructured particles are and what the extent of the damage is [165]. Nanostructured
particles are being produced and utilized in various applications frequently in our everyday
lives. Nanostructured particles made of metals and metal oxides have been employed to
clean up air and water pollution. Since these are being used extensively, this increases the
probability of their occurrence in waste discharges and causes environmental problems.
This has led to their entry into water systems through the dumping of toxic wastewater,
municipal sewage treatment plants, surface runoff to agricultural lands, underground water
tables, and oceans [166]. Production, transportation, usage, and disposal all result in their
discharge to the environment. Silver nanostructured particles physically interface with
bacteria, triggering the creation of pits that enhance membrane permeability and eventually
lead to cell death by allowing critical components to seep out. Nanostructured particles with
such bactericidal characteristics will significantly impede wastewater treatment, especially
when microbial communities are used to remove organic pollutants [167].

Consumers are likely to be at risk from the distinctive negative effects of any specific
nanostructured material arising from the usage of cosmetic products [168]. Considering
this, a general assessment of the safety of all nanostructured materials is required, including
tests addressing the characteristic properties of nanostructures. The mechanism of exposure
of nanostructured materials to the human skin and interior vital organs of the body is
one of the most crucial factors to consider. The stratum corneum, the very first layer of
the epidermis, is exposed directly. Exposure of tissues in the deeper layers of the skin to
nanostructured materials via penetration through the skin barrier to influence functional
activities has been under active research in recent years [169]. When nanostructured parti-
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cles are absorbed into the skin, damage to the skin, lungs, brain, and other organs (through
the blood) may occur [170]. Inorganic nanostructured materials like SiO2, TiO2, and ZnO
produce significant toxicity to microorganisms by generating reactive oxygen species and
cause oxidative stress effects. Certain nanostructured particles can have dangerous im-
pacts on the brain. ZnO and TiO2 nanostructured particles are extensively utilized as UV
blockers in cosmetic products. These are also recognized for producing ROS following
photo-excitation. It has been reported that the existence of ROS in water bodies is detrimen-
tal to phytoplankton, seriously harming the aquatic ecology. An experiment for 21 days
involving extended exposure of zebra fish to TiO2 nanostructured particles was observed
to impair their reproduction significantly by lowering the fraction of viable embryos. Ad-
ditionally, the genetic complement of an individual, which offers the biochemical toolbox
through which it may adapt or combat harmful compounds, determines the toxic effects
of almost any nanostructured particle on an organism. Inhaled nanoparticles have been
linked to lung cancer, emphysema, asthma, bronchitis, and neurological illnesses. Also,
colon cancer and Crohn’s disease can be caused by the presence of nanostructured particles
in the digestive tract [171]. Furthermore, the growth of arteriosclerosis, blood clots, arrhyth-
mia, heart disorders, and eventually cardiac mortality have been reported to be caused
by the presence of nanostructured particles in the circulatory system. The development
of autoimmune illnesses such as chronic erythematosus, scleroderma, and rheumatoid
arthritis as well as diseases of multiple organs, such as the liver, spleen, and so on, are
related to exposure to certain nanostructured particles [172]. For nanostructured materials
to be safe for living beings, the organisms must be capable of modifying, accumulating,
and degrading them, thus eliminating from circulating further. The current understanding
on nanostructured particle safety is limited. Therefore, research that focuses on synthesis
techniques, properties, safety evaluations in both in vitro and in vivo methods, and dose
calculations is required [173]. Figure 17 provides a schematic of the human body showing
the impacted organs, diseased areas, and pathways of nanostructured particle exposure.
Researchers stress that not all nanostructured particles have harmful effects on human
health; rather, the toxicity arises from several characteristics, such as size, accumulation,
composition, crystalline nature, surface functionalization, etc. [174].

Figure 17. Schematic of the human body showing the impacted organs, diseased areas, and pathways
of nanostructured particle exposure from epidemiological, in vivo, and in vitro research.
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7.1. Toxicity of Inorganic Nanoparticles on Skin

Nanoparticles (NPs) and nanostructured materials in pharma/cosmeceutical industry
has emerged. They have been designed to create sustainable and target-oriented deliv-
ery of drugs and active ingredients in a controlled manner [175]. The capability of NPs
and nanostructured materials to distribute into human organs and cross every cell mem-
brane can cause cell injury and nanotoxicity [173]. Here, the biological routes of NPs and
nanostructured material in cosmetics have on the skin is elaborated in Figure 18 [176].

Figure 18. Biological routes of nanoparticle and nanomaterial toxicity on skin.

7.1.1. Copper Oxide Nanoparticles (CuO-NP)

In-vitro treatment of copper oxide nanoparticles on intact epidermis has shown a
significant decrease in cell vitality. Furthermore, it can stimulate an immunogenic re-
sponse through the induction of pro-inflammatory cytokines, such as IL-1α, IL-6, and
TNF-α. The histological study revealed the presence of atypical organelles, including
degraded mitochondria, disappeared chromatin texture, and increased lysosomal vacuoles,
which are indicative of oxidative stress caused by the topical application of copper oxide
nanoparticles [177].

7.1.2. Iron Oxide Nanoparticles (FeO-NP)

Iron oxide nanoparticles in the form of a colloidal suspension were applied to human
keratinocytes (HaCat cell line) at concentrations of 5, 10, and 25 µg/mL. The results showed
no significant reduction in cell proliferation, indicating their nontoxic nature. In addition,
an in vivo study of iron oxide nanoparticles revealed minor changes in physiological skin
parameters but no significant decrease in skin barrier function. Therefore, iron oxide
nanoparticles can be suggested as a safe but not highly efficient agent for transdermal
delivery in topical applications [178].

7.1.3. Zinc Oxide Nanoparticles (ZnO-NP)

Zinc oxide nanoparticles were applied to epidermal samples excised from human
skin, and no significant transmission into cells was observed. Therefore, the nanoparticles
accumulated on the surface of the epidermis (stratum corneum), leaving the cytoplasm
unaffected by toxic action. This may be the most crucial factor that makes it a commonly
used nanoparticle in broad-spectrum sunscreen formulations. In addition, the toxicity of
agglomerated zinc oxide nanoparticles was evaluated in volunteers, and no local toxicity
was observed on their skin [179]. Recent in vitro experiments were conducted on human-
derived keratinocytes (HaCat) and reconstructed human epidermis (RHE), which revealed
a dose-dependent decrease in cell proliferation and an increase in damaged DNA [180].
Photo-corrosion can result in the degradation of chemical ingredients and cause poor stabil-
ity. This can lead to of genotoxicity, which is manifested by DNA fragmentation [131,147].
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7.1.4. Silver Nanoparticles (Ag-NP)

The topical application of silver nanoparticles in gel-based formulations has shown
a safe toxic profile and can serve as an alternative agent for use in topical antibacterial
formulas. In vivo studies have demonstrated that silver nanoparticles can induce oxidative-
stress-induced cell death. However, they can also stimulate the cell’s antioxidant defense
system, including glutathione (GSH), superoxide dismutase (SOD), and catalase (CAT),
which allows cells to overcome oxidative damage and apoptotic cell death [181]. Given
the ever-growing cosmetics industry, silver nanoparticles have been incorporated into
nail polish to exert antifungal activity. Additionally, they can be used as nanopigments in
colored cosmetics such as lipstick and eye shadow. However, the mechanism of action and
toxic effects of silver nanoparticles as nanopigments in cosmetics have not been explored
widely [182]. Only mild irritation of eyes and nose has been shown [125].

7.1.5. Titanium Dioxide Nanoparticles (TiO2-NP)

Titanium dioxide is a widely used nanoparticle in various industries, with cosmeceu-
ticals being one of the most well-established ones. Due to its UV-filtering capacity, it is
commonly used as a sun protection factor (SPF) in sunscreen formulations. Furthermore,
its use in day creams and lip balms. In vivo studies and clinical trials have been conducted
using different concentrations of the nanoparticle, demonstrating its safety up to 25%
in formulation. The only known route of its toxic effects on human biology is through
inhalation [183,184]. It is known as carcinogen that can disturb the immune system and
trigger oxidative-stress-induced organs’ irritation and cancer [84,149].

7.1.6. Silica Nanoparticles (Si-NP)

The accumulation of intracellular reactive oxygen species (ROS)-induced oxidative
stress has been demonstrated as the mechanism of toxicity for silica nanoparticles on ker-
atinocytes and skin fibroblasts, resulting in a reduction in cell viability. The cytotoxicity of
silica nanoparticles appears to be size-dependent, with particles of 20 nm showing greater
toxicity than larger particles of 100 nm. These findings are consistent with cutaneous irrita-
tion and skin sensitization as signs of skin toxification, as reported in previous studies [185].
In an in vivo study, the toxic effects of colloidal silica were investigated by topically apply-
ing it to rat skin for 90 days. The results showed no significant toxicity or visible alterations
in internal organs, even at a dose of 2000 mg/kg [186]. Overall, these findings suggest
that while silica nanoparticles may be toxic to skin cells in vitro, the systemic toxicity of
colloidal silica appears to be low and only causes cellular inflammation in the body’s
organs [133]. However, further studies are needed to fully understand the potential health
risks associated with exposure to silica nanoparticles.

7.1.7. Gold Nanoparticles (Au-NP)

Gold nanoparticles are known for their anti-aging properties, as they scavenge free
radicals and exhibit antioxidant activity. To evaluate the toxicity of gold nanoparticles,
normal human dermal fibroblasts (NHDF) were incubated with neutral red, a dye used
to assess cutaneous irritation and skin sensitization. Chronic light exposure was also
applied to NHDF to evaluate morphological changes in dermal fibroblasts. Our results
indicated that gold nanoparticles did not exhibit phototoxicity up to a concentration of
1000 µg/mL, and skin sensitization tests conducted in vitro showed a new gene expression
pattern associated with the skin sensitization process. However, we observed that gold
nanoparticles did not induce nuclear factor erythroid 2-related factor 2 (Nrf2), which
initiates an antioxidative signaling pathway and helps maintain redox homeostasis [187].
This non-sensitive manner towards the cellular antioxidative signaling pathway causes
skin rashes, jaundice, as well as certain systematic pathological conditions such as bone
marrow depression, stomach and intestinal bleeding, vomiting, and headaches [124,156].
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7.1.8. Aluminum Oxide Nanoparticles (Al2O3-NP)

Aluminum oxide nanoparticles have not been widely used in topical applications, but
they are abundantly produced and applied in various industries. Instead of relying solely
on dermatological toxicity tests such as skin irritation and sensitization, it may be beneficial
to consider the toxic effects of these nanoparticles on different cell lines. Studies have shown
that the toxicity of aluminum oxide nanoparticles is concentration-dependent and cell-
specific. Specifically, reduced cell viability and blood–brain-barrier-induced neural toxicity
can be attributed to the adverse effects of oxidative stress and inflammatory responses [188].

7.2. Toxicity of Organic Nanostructured Materials Carrier on the Skin
7.2.1. Nano-emulsion

The nano-emulsion is a nanostructured material commonly used in cosmeceuticals due
to its feasible permeability into the skin layers. However, its toxicity can induce local skin
irritation, which is closely related to the physicochemical properties of its constituents. To
evaluate the toxicity of nano-emulsions, MTT and LDH assays have been used to determine
the viability of skin cells. Surfactants, the main constituent of nano-emulsion, have been
identified as crucial cytotoxic agents. Ionic and highly water-soluble surfactants induce
the most skin irritation, while ionic crystalline surfactants with moderate levels of water
solubility cause less skin irritation. Non-ionic surfactants’ toxicity is linked to the chemical
linkage bond between the polar head and alkyl chain, and PEG-E esters have been found
to cause less skin irritation than PEG-E ethers. This information can guide the selection of
safe and effective surfactants for cosmeceutical formulations [189,190].

7.2.2. Solid Lipid Nanoparticles

Solid lipid nanoparticles (SLN) have been reported to be Generally Recognized As
Safe (GRAS). However, similar to nano-emulsions, the physicochemical properties of their
constituents, particularly the surfactant, can have a significant impact on the toxicity-
induced skin irritancy of SLN. To reduce skin irritation, the implementation of non-ionic
and PEG-free surfactants has been shown to be effective in constructing SLN [191,192].
Furthermore, SLN have been used in topical applications and cosmetics to mitigate the
toxic effects of bioactive compounds by reinforcing the lipid film of the stratum corneum
and repairing damaged skin [193]. Considering the physicochemical properties of the
constituents of SLN can help ensure the safe and effective use of this nanostructured
material in cosmeceuticals.

7.2.3. Liposome

Poly 3-hydroxy butyrate (PHB) incorporation with phospholipids has resulted in the
creation of a liposome structure that exhibits high permeability through the skin layers. This
makes it an efficient nanostructured material for use in topical applications and cosmetics.
However, its safety on human biology needs to be thoroughly investigated. To this end, an
in vitro study was designed to evaluate its toxicity on two specific human keratinocyte cell
lines, HaCat and HEK. The results of the MTT assay showed no significant reduction in cell
viability, suggesting that liposomes have a safe toxic profile and can be used in skin-care
products and cosmetics [194]. This information can guide the safe and effective use of
PHB-incorporated liposomes in cosmeceutical formulations.

7.2.4. Nanocapsule

The nanocapsule tends to exhibit site-specific manner. For example, a combination
of polylactide (PLA) and poly (ethylene glycol)—block-poly (lactide) for nanocapsulation
is known as an efficient carrier for topical delivery of the anti-aging agent retinol to the
target cells embedded with oxidative stress. The toxicity of the nanocapsule has been
evaluated and showed no significant decrease in cell viability of human keratinocyte cell
line (HaCat). So, it can safely be use in skin-care products and cosmetics without any
dermal toxicity [195].
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7.2.5. Nanosponge

The nanosponge has been designed to overcome poor solubility and stability of
some volatile bioactive compounds. This formula has been carried out for improving
physicochemical properties of Bachi oil loaded with cyclodextrin onto a nanosponge. Then,
its toxic effect was evaluated by MTT assay on keratinocyte cells (HaCat cell line). The
result shows that Bachi-oil-loaded nanosponges can increase cell viability as well as an
inhibitory concentration of that compound (IC50 value). Due to this, it attenuates the toxic
effect of Bachi oil on the keratinocyte cells [196].

7.2.6. Dendrimer

The dendrimer has been reported to be proper for use in topical applications. Dermal
toxicity of different concentrations of cationic polyamidoamine (PAMAM) dendrimer has
been evaluated by skin irritation assays. In this regard, histopathological, immunohisto-
chemical, and visual examinations have been conducted. Also, a microscopic study has
shown the dose-dependent manner of dendrimers and proves their safety up to a dose of
6 mg/mL. Higher doses of dendrimers show morphological changes in keratinocytes at
the basal and spinous layer. To elaborate on it, keratinocytes have induced vacuolization as
a consequence of dendrimers’ cytotoxic effect. Also, dendrimers can induce hyperplasia of
connective tissue fibers that leads to leukocytes infiltration. Necrosis can also occur and
causes visible granulocyte infiltration in the upper dermis and sockets [197].

7.2.7. Cubosome

Cubosome cytoxicity has been determined by fluorescence-activated cell sorting
(FACS) in fibroblast cells. The result proves that its toxic effect is attributed to the lipid
component rather than internal bioactive compounds. In this regard, it has been observed
that cubosomes composed with a lipid concentration in the range of 1–100 mg/mL can
exhibit a cytotoxic effect. Also, Alamar Blue for assaying cell viability proves that this
type of lipid component has an essential role in cytotoxicity, e.g., monoolein-based cubo-
somes can induce a more toxic effect on different cell lines by interfering with nuclear and
mitochondrial membranes [198].

7.2.8. Niosome

The toxicity of niosomes in cosmetic and topical applications has not been investigated.
However, incorporation of its main constituent, non-ionic surfactant, in liquid soap and
washing products has shown niosomes’ protecting and safe effect on skin [199]. In vitro
toxicity assays have been conducted by incubation of niosomes with various cell lines.
Result shows that the niosome exhibited a higher cytotoxic effect on cancer cells compare
to a normal cell line (hGF), which were obtained from gingiva tissue [200]. This can suggest
niosomes as an absorbing nanostructured material for cosmeceutical and dermatology
researchers for use in topical applications.

The accumulation of nanoparticles in cytoplasm and cell organelles causes oxida-
tive damage, which typically appears in a form of degraded mitochondria, disappeared
chromatin, and vacuolization. They can induce NRF2 signaling pathways, resulting in
rodex homeostasis by activation of antioxidative enzymes including GSH, SOD, and CAT,
which reduces intracellular ROS. Also, the NRF2 signaling pathway [201,202] eads to
an anti-inflammatory response by proteasomal degradation of NF-κB and thus, reduced
generation of pro-inflammatory cytokines such as IL-1, IL-6, and TNF-α [203,204]. That
results in increasing the risk to the skin cells towards nanotoxicity-induced apoptosis
and necrosis. Nanoparticle-induced oxidative damage can lead to atypical changes in
organelles, such as mitochondrial degradation, chromatin disappearance, and lysosomal
vacuolization [205–207]. The biological routes of nanoparticles into the skin, nanomaterial
toxicity, and effects of nanoparticle accumulation in cell cytoplasm and cell organelles are
shown in Figures 18 and 19. Different techniques and conventional cytotoxicity assays
commonly used to evaluate the cytotoxic effects of nanomaterials are shown in Figure 20.
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Different studies on the toxic effects of nanostructured particles from published scientific
reports are listed in Table 6.

Figure 19. The effects of nanoparticle accumulation in a living cell cytoplasm and cell organelles (A);
can lead to oxidative damage, typically manifested as degraded mitochondria, disappeared chro-
matin, and vacuolization (B). NPs can also activate the NRF2 signaling pathway, resulting in redox
homeostasis by activating antioxidant enzymes, such as GSH, SOD, and CAT, thereby reducing
intracellular ROS levels (C). The NRF2 signaling pathway can also lead to an anti-inflammatory
response by proteasomal degradation of NF-κB, resulting in reduced generation of pro-inflammatory
cytokines such as IL-1, IL-6, and TNF-α TNF (D). These effects can prevent skin cells from undergoing
nanotoxicity-induced apoptosis and necrosis [203,204,206,207].

Figure 20. MTT, amber blue, LDH, and FACS techniques are commonly used conventional cytotoxic-
ity assays to evaluate the cytotoxic effects of nanomaterials (A). The red color gradient represents the
range of cytotoxicity for different categories of surfactants, the main constituents of nanomaterials (B).
There is a direct correlation between the cytotoxicity of ionic surfactants and their water solubility.
As a result, highly soluble surfactants exhibit greater toxicity compared to moderately water-soluble
crystalline surfactants (C). Non-ionic surfactants have lower cytotoxicity ranges compared to their
ionic counterparts. The cytotoxicity of non-ionic surfactants is also dependent on the chemical
linkage bond between the polar head and alkyl group of the surfactants. For instance, the PEG-ether
surfactant has been shown to have greater cytotoxicity than the PEG-esther surfactant (D).
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Table 6. Toxic effects of various nanostructured particles.

Nanostructured
Particles/

Nanomaterials

Formulation/
Concentration

Type of Skin Care
Product/Cosmetic

Material
Effect of Toxicity

Type of Study
In Vitro: Cell Line/Skin

Tissue Cultures
In Vivo: Animal Model

Clinical Trail

Ref.

CuO-NP

Cream-based
formulation,

implement the
substance at a level of

(0.15–0.75% w/w)

Rejuvenating cream,
active ingredient in

cosmetics

Ô Reduction in cell vitality.
Ô Oxidative stress-induced

organelle changes such as
degraded mitochondria,
disappeared chromatin
texture, and increased
lysosomal vacuoles.

Ô Immunogenic response:
pro-inflammatory
cytokines such as IL-1α,
IL-6, and TNF-α.

In vitro: human skin
tissue culture [208]

FeO-NP

Colloidal suspension,
implement the

substance at different
concentrations of (5,

10, 25 µg/mL)

Skin protection
against visible and

blue light, pigment in
cosmetic formulation

Ô No significant effect on
cell proliferation.

Ô Minor effect on skin
physiological parameters.

In vitro: human
keratinocyte (HaCat

cell line)
In vivo: employing an
animal model of acute

dermal toxicity

[209]

ZnO-NP

Ointment-based
formulation,

implement the
substance up to a
maximum of 25%

Broad-spectrum
sunscreen

formulation

Ô No local toxicity on
the skin.

Ô In vitro experiment
shows DNA
fragmentation and
reduction in cell
proliferation.

Clinical trial: applied
topically to human skin,

In vitro: human
keratinocyte (HaCat) and

reconstructed human
epidermis (RHE)

[210]

Ag-NP

Gel-based
formulation,
implement a

concentration range
of 0.01–1 mg/mL to

incorporate the
substance at a level of

0.001–0.1% w/w

Skin-care product
(antibacterial and

antifungal)
Cosmetics (nail

polisher, colored
pigment in lipstick
and eye shadow)

Ô Safe toxic profile on the
skin because of
antioxidant activation
through GSH, CAT, and
SOD that can combat
oxidative stress-induced
cell death.

Clinical trial: applied
topically to human skin,

In vivo: applied topically
to rat skin

[211]

TiO2-NP

Cream-based
formulation,

implement the
substance up to a
maximum of 25%

Sun protecting factor
in sunscreen cream

Ô Safe toxic profile for skin
care application.

Ô Inhalation has known as
an only route of toxicity.

Clinical trial: applied
topically to human skin,

In vivo: applied topically
to rat skin

[212]

SiO2-NP Colloidal solution
Anti-wrinkle cream,
the stabilizer agent
used in cosmetics

Ô Accumulation of ROS
(oxidative stress).

Ô Reduced cell viability
Ô No skin toxicity (signs of

irritation and
sensitization).

In vitro: human skin
keratinocyte and

fibroblast
In vivo: applied topically

to rat skin

[213]

Au-NP

Colloidal solution,
implement the
solution up to a

maximum of
15% w/w

Variety of
cosmeceutical-

related materials for
skin, hair, lips, nails,

and teeth

Ô No skin toxicity (signs of
irritation and
sensitization).

Ô No phototoxicity against
chronic light exposure
shows.

In vitro: normal human
dermal fibroblasts

(NHDF)
[214]
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Table 6. Cont.

Nanostructured
Particles/

Nanomaterials

Formulation/
Concentration

Type of Skin Care
Product/Cosmetic

Material
Effect of Toxicity

Type of Study
In Vitro: Cell Line/Skin

Tissue Cultures
In Vivo: Animal Model

Clinical Trail

Ref.

Al2O3-NP

Micro-emulsion,
implement the

substance at 1 M
aqueous

concentration

Not used in skin-care
and cosmetics

Ô No evaluation for skin
toxicity, but it has shown
toxic effect on various cell
lines (signs of oxidative
stress and inflammation
on neural cells).

In vitro: treatment on
multiple cell lines, but

not on skin cells
[16]

Nanoemulsion

The formulation is an
oil-in-water emulsion
with a weight ratio of

lipophilic phase to
emulsifying phase

greater than 0.5

Wild range of
cosmetic products

Ô Reduction in cell viability
that is attributed to the
type of surfactant and can
cause skin irritation.

In vitro: human skin
keratinocyte and

fibroblast
[215]

Solid lipid
nanoparticle (SLN)

Solid lipid core
surrounded by a

surfactant layer is
commonly used in

conventional
oil-in-water cream,

up to a maximum of
4%

Variety of cosmetic
product and

sunscreen cream

Ô It is Generally
Recognized As Safe
(GRAS).

Ô It can reduce toxic effect
of bioactive ingredients
of cosmetics.

Ô Prevent skin irritation
and sensitization.

Ô It has a potential to repair
damaged skin by
reinforcement of lipid
film of stratum corneum.

In vitro: human skin
keratinocyte and

fibroblast
[216]

Liposome

Poly
3-hydroxybutyrate
incorporation with

phospholipid
bilayers

Skin care product
(cream and lotion),

cosmetics (as an
enhancer of product’s

quality)

Ô Safe toxic profile on the
skin (no significant
reduction in cell viability).

In vitro: human-skin
keratinocytes (HaCat and

HEK cell lines)
[217]

Nanocapsule

Combination of Poly
lactide (PLA) and

Poly (ethylene glycol)
–block-poly (lactide)
are commonly used
for nanocapsulation
of anti-aging agent

(retinol)

Skin care product
(Anti-aging cream
containing retinol)

and cosmetics

Ô Safe toxic profile on the
skin (no significant
reduction in cell viability).

In vitro: human skin
keratinocytes (HaCat) [195]

Nanosponge

Using cyclodextrin in
nanosponge
synthesis can

solubilize
hydrophobic oil as

bioactive compound

Encapsulation of
skin-care product
such as Bachi oil

loaded by
cyclodextrin

Ô It can reduce toxic effect
of bioactive ingredients
of cosmeceuticals and
prevent skin irritation.

In vitro: human skin
keratinocytes (HaCat) [196]

Dendrimer

Polyamideoamine
(PAMAM-NH2) at

different
concentrations of 0.3,

3, 6, 30, and
300 mg/mL

Anionic surfactant as
a bioactive

compound in
cleanser product and
cationic dendrimer as

an anti-irritancy
activity

Ô Safe toxic profile up to
the dose of 6 mg/mL.

Ô Skin irritation has shown
in higher doses that can
induce vacuolization,
hyperplasia of connective
tissue fibers that leads to
leukocytes infiltration,
and necrosis that is
shown by visible
granulocyte infiltration in
upper dermis and sockets.

In vivo: applied topically
to rat skin for acute

toxicity model
[218]
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Table 6. Cont.

Nanostructured
Particles/

Nanomaterials

Formulation/
Concentration

Type of Skin Care
Product/Cosmetic

Material
Effect of Toxicity

Type of Study
In Vitro: Cell Line/Skin

Tissue Cultures
In Vivo: Animal Model

Clinical Trail

Ref.

Cubosome

Ceramide and
phytosphingosine as
a cubosome has been

developed for
potential use in

skin-care
applications, at a

level of 10–30% w/w

Moisturizing and
rejuvenating cream

Ô Toxic effect on fibroblast
is attributed to its lipid
component.

Ô Monoolein-based
cubosome interferes with
nuclear and
mitochondrial
membranes (cytotoxicity).

In vitro: fibroblast cells [198,200]

Niosome Non-ionic surfactant
It has not been used

in skin care and
cosmeceutical

Ô Safe toxic profile for
washing products such as
liquid soup.

In vitro: human normal
cells lines (HGF) obtained

from gingiva tissue
[201,202]

8. Regulatory Affairs Involved for Safety Concerns

Although nanostructured particles have numerous advantages, there are also signifi-
cant environmental risks and toxicity issues. Specific legal laws have been implemented
to control them and offer validated limitations. The low concentration of these materials,
as well as the absence of comparative data and toxicity thresholds for specific types of
nanoparticles, is the main cause of the problems in the detection of nanostructured materials
in cosmetics, food, trash, soil, water, etc. [219]. The most significant challenges in reducing
the risk posed by nanostructured particles are associated with investigation and control
of various parameters, e.g., concentration, chemical composition, source material, and
synthesis/manufacturing methods; and technology for detecting these materials, especially
portable equipment for quick diagnosis [220].

Concerned nations have recently started to monitor and assess the working of nanos-
tructured materials in various spheres of human beings and the environment. The Danish
Legislature has decided to compile a list of mixtures and goods that release nanostructured
materials. According to the European Parliament’s resolution on ‘Regulatory Aspects of
Nanomaterials’, the public should have access to nanostructured materials while main-
taining safety. Because, as the dimensions of these materials become smaller, their toxicity
becomes worse [221]. The EC Regulation 1223/2009 serves as primary regulatory frame-
work for cosmetics in the EU. Based on this paradigm, customers should have access to a
list including all nanostructured materials used in cosmetics [222]. In the EU, the person
responsible is required to electronically communicate all cosmetic products to the EC and
through the Cosmetic Products Notification Portal (CPNP) before they are placed on the
market. This is performed for the specific purpose of algorithmic trading and for immediate
and appropriate medical treatment. According to Regulation (EC) No. 1223/2009, if a
cosmetic product contains any nanostructured materials, it must be disclosed [222,223].
The EU regulation’s fundamental premise is to increase consumer protection for EU citizens
and transparency of cosmetic items. The commission and the relevant national authorities
now have more authority. The FDA in the U.S.A. keeps a check on nanostructured mate-
rial’s usage in cosmetics. The FDA provided an evaluation of scientific and legal factors
relevant to the safety and efficacy of goods in the FDA Nanotechnology Inquiry Report
of 2007. The task force suggested that a recommendation be released outlining safety
concerns for cosmetic goods. Based on it, producers ought to think about assuring the
safety of nanostructured-material-based cosmetic goods [224]. The FDA released the ‘Final
Guideline for Industry—Safety of Nanomaterials in Cosmeceutical’ as industry guidance
in 2014. It evaluates safety concerns and offers advice to the cosmetics industry [225]. Or-
ganizations can utilize the FDA’s two points to consider assessing whether their products
include nanotechnology:
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1. If a substance or finished product is designed to have at least one intrinsic or sur-
face structure, or at least one exterior dimension, in the nanoscale range (about
1–100 nm) [225].

2. Whether a material or finished product has been designed to display characteristics or
phenomena, such as physical or chemical characteristics or biological consequences,
which are due to its parameters, even if those dimensions are beyond the nanoscale
range up to 1000 nm [225].

Physical and chemical properties, particle agglomeration and size distribution, contam-
inants, exposure pathways, and in vitro and in vivo emerging pollutants on nanomaterial
components are some of the safety issues to consider. The FDA’s biggest issue will be
conducting thorough risk assessments. Data gathering seems to be the FDA’s top priority
going ahead so that it can more effectively oversee the safety of nanoparticles used in
cosmetics and other items with nanotechnology [226].

9. Future Perspective and Conclusions

By extracting and using advanced, efficient, and secure natural components, most
of the customers’ ongoing demand for creative cosmetics may be satisfied. These chem-
icals need to be nanostructured and coupled with carriers formed from nano-emulsions
with small amounts of emulsifiers and preservatives, as initially suggested in order to
increase their efficiency [20]. Nano-cosmeceuticals are becoming more and more well-liked
worldwide. Nanotechnology and cosmetics have been shown to be effective in treating
a range of skin conditions [224]. To boost the use of nanotechnology in the cosmetics
sector, these avenues could be pursued: An extensive toxicity evaluation of TiO2 and ZnO
nanostructures could be performed before their widespread acceptance in the cosmetics
industry, because earlier studies had shown conflicting results [25]. Although they do
not wipe off and maintain the stability of the skin’s lipid bilayers, liposomes and nano-
emulsions may be employed due to their stability [225]. For more secure and cost-effective
products for consumers, nano-cosmeceuticals, a combination of cosmetics and medications,
is best recommended.

Nanotechnology is a broad area that allows for the systematic production of nanoparti-
cles and their numerous uses in various fields for a variety of reasons. There is a major lack
of information regarding how nanotechnology will impact humans and the environment
because it is still in development. It is challenging to make judgments about the impacts of
the global development of nanotechnology due to a lack of study on nanosystems. These
types of characteristics, such as transparency, solubility strength, and metal color, as well
as physical and chemical reactivity, are all included in the definition of nanoparticles in
this context, which are crucial for growth in the field of personal care and beauty, and by
promoting the cosmetic’s diffusion into the skin’s surface, they may effectively assist skin
absorption. It could be interesting to modify some of the actual cosmetic rules underlining
that both cosmetics and cosmeceuticals penetrate the skin layers until the viable skin is
without the range of the blood circulation. As a result, nanotechnology has a better future
in the cosmetics industry since it can deliver drugs more effectively and improve the texture
of cosmetics. A comprehensive overview of the application of nanotechnology in various
cosmeceuticals is provided in this article, which highlights the general and advanced
trends. Consideration is given to the creation of cosmetics and the increase in their use on
a global scale. The potential for harmful consequences, such as skin inflammation, skin
cancer, and genotoxicity, must be carefully investigated. Research in this aspect can inves-
tigate the interaction behavior of nanostructured materials with skin. A comprehensive
study is required to understand the harmful effects of nanostructured materials, since the
side-effect-free nature of personal-care products is a critical factor. This review would be
advantageous to understand the connection between biosafety and nanomaterials along
with its applications for sustainable future growth.
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