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Abstract: Nanotechnology is an interdisciplinary science that has developed rapidly in recent 

years. Metallic nanoparticles (NPs) are increasingly utilized in dermatology and cosmetology, 

because of their unique properties. However, skin exposure to NPs raises concerns regarding 

their transdermal toxicity. The tight junctions of epithelial cells form the skin barrier, which 

protects the host against external substances. Recent studies have found that NPs can pass through 

the skin barrier into deeper layers, indicating that skin exposure is a means for NPs to enter 

the body. The distribution and interaction of NPs with skin cells may cause toxic side effects. 

In this review, possible penetration pathways and related toxicity mechanisms are discussed. 

The limitations of current experimental methods on the penetration and toxic effects of metallic 

NPs are also described. This review contributes to a better understanding of the risks of topically 

applied metallic NPs and provides a foundation for future studies.
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Introduction
Nanomaterials are different types of materials in which at least one dimension is 

on the nanometer scale. In principle, a single unit of a nanomaterial is 1–100 nm in 

size. This size is equivalent to the scale of 10–100 closely packed atoms.1 The ratio 

of surface atomic numbers and the surface:volume ratio are increased due to this 

small scale. A larger surface:volume ratio gives nanomaterials unique physical and 

chemical properties relative to other materials, including enhanced hardness, plasticity, 

conductivity, diffusivity, optical properties, and chemical reactivity.2,3 The concept of 

nanotechnology was first mentioned by Richard Feynman in 1959. After 30 years of 

rapid development, nanotechnology has become a major technology. More than 1,800 

kinds of nanotechnology-based products have been applied in various areas, such as 

in the machinery and textile industries, cosmetics, and medicine.4

Metallic (metal or metal oxide) nanoparticles (NPs) are increasingly used in derma-

tology and cosmetology. For example, ZnO and TiO
2
 NPs have been widely added to 

sunscreens since the 1980s to confer better ultraviolet (UV) protection than traditional 

inorganic sunscreens.5 Due to enhanced antibacterial activity and reduced side effects, 

AgNP-based products, such as detergent, bandages, catheters, antibacterial sprays, 

shoes, and food-storage containers, are used widely in our daily lives.6 SiO
2
 NPs are 

used in a number of fields like coatings, rubber, ceramics, and a variety of cosmetics as 

antisetting and thickening agents, but they tend to evaporate because of the low density.7 

Fe
3
O

4
 NP-based cancer therapy is increasingly used in the biomedical field, because 

such nanoscale NPs can easily enter tumor cells and lead to apoptosis or necrosis.8 

Metallic NPs, such as AuNPs and CuNPs, were introduced to the dermatology field 
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for the prevention and treatment of infections and wound 

healing, because of their excellent antibacterial properties.9 

All these aspects have greatly increased skin exposure to 

metallic NPs.10

The skin is the largest organ of the human body, with a 

surface area of 1.5–2 m2, and is composed of the epidermis 

and dermis. The stratum corneum (SC), sebum membrane, 

lipids, and tight intercellular junctions between keratinocytes 

in the epidermis form a physical barrier to protect the host 

against toxins and pathogens. Metallic NPs can pass through 

not only the SC of healthy skin but also hair follicles and 

sebaceous glands.11 As a matter of fact, the skin barrier is 

not always intact. It can be altered in many ways, such as by 

mechanical damage, chemical irritants, UV exposure, inflam-

matory infiltrates, and microbial colonization.12 For example, 

atopic dermatitis (AD) and psoriasis are common inflamma-

tory skin disorders characterized by skin-barrier dysfunction. 

Disturbances in skin integrity allow NPs to penetrate deeper 

dermal layers. In fact, reports have demonstrated NP pen-

etration through skin cells in healthy and damaged skin by 

transcellular and follicular penetration pathways.13

While NPs offer advantages, their disadvantages include 

efficient penetration, poor elimination, and tissue accumula-

tion, in addition to toxicity. Indeed, increasing skin exposure 

(and ultimately systemic absorption) raises serious safety 

concerns. Once NPs infiltrate the skin, they can exhibit 

various toxic effects, such as oxidative stress, cell apop-

tosis, mitochondrial dysfunction, and cytomembrane and 

DNA damage.14 Some in vitro data have demonstrated their 

toxicity to human epidermal keratinocytes and hair-follicle 

stem cells.15,16 Additionally, the metallic ions released by 

metallic NPs may cause sensitization and irritation following 

exposure. However, despite intensive studies on transdermal 

toxicity, the penetration mechanisms of NPs remain largely 

unexplored. It is also unknown whether their toxic effects are 

related to unique penetration pathways. Another question is 

whether new injury mechanisms exist in the penetration of 

damaged skin. Even if no new mechanisms exist, what are 

the toxicity differences between intact and damaged skin?

This review aims to discuss the possible routes of metallic 

NP penetration into the skin and provide a detailed introduc-

tion to recent advances in explorations of their toxic effects 

and related mechanisms. Finally, we emphasize the limita-

tions of current research methods and propose hypotheses for 

better understanding of transdermal risks in future studies.

Skin absorption of metallic NPs
The skin is a barrier that protects an organism from envi-

ronmental allergens, chemicals, and harmful materials. This 

unique barrier is composed of the epidermis, dermis, hypo-

dermis, and many appendages, such as hair follicles, sweat 

glands, and sebaceous glands. The epidermis is important 

from a barrier perspective. Skin-barrier function is attributed 

mainly to the SC, the outermost layer of the epidermis. The 

ability of metallic NPs to overcome this skin barrier and 

penetrate deep-skin layers is a subject of debate.17

In the last decade, an increasing number of studies have 

focused on skin penetration by metallic NPs; however, dif-

ferent conclusions have been reported. An earlier mainstream 

hypothesis suggested that metallic NPs did not pass through 

the skin barrier. This hypothesis was revised with improved 

techniques to analyze NPs inside the skin. An increasing 

number of research articles have reported skin penetration by 

metallic NPs. Statistically, the frequency of these articles rose 

from 38% in 2008 to 67% in 2010. However, this increase 

was possibly due to differences in experimental protocols and 

approaches to enhance skin penetration (Table 1).18–28

Such factors as size, shape, charge, formation, and surface 

modification can critically influence the skin absorption of 

metallic NPs. In general, smaller NPs tend to be able to move 

in and out of cells. It has been presumed that NPs ,4 nm in 

size can penetrate intact skin, NPs 4–20 nm can probably pen-

etrate both intact and damaged skin, and NPs 21–45 nm can 

penetrate only damaged skin, whereas NPs .45 nm cannot 

penetrate intact or damaged skin.10 Other data have indicated 

that positively charged NPs are more likely to be ingested by 

skin cells. AuNPs with terminal amine penetrated the skin at 

two to six times in amount of NPs with a carboxylic group.29 

Indeed, the diffusion performance of metallic NPs also relies 

on formulation composition. The semisolid formation of 

Fe
3
O

4
 NPs can influence NP penetration in comparison to 

aqueous suspensions. Fe
3
O

4
 NPs loaded in Cetomacrogol 

cream allow high permeability, while cold-cream formula-

tions prevented their penetration by aggregating the NPs on 

the skin membrane.30 Tak et al13 suggested that rod-shaped 

AgNPs penetrated deep layers of the SC more easily compared 

to triangular or spherical AgNPs. In mice, the highest silver 

concentration in blood resulted in topical application of rod-

shaped AgNPs (108 ng/mL), while silver concentrations in 

blood that had penetrated from triangles or spheres were 39 

and 50 ng/mL, respectively. However, not all metallic NPs are 

systemically absorbed by skin exposure. There were no signifi-

cant differences in titanium concentrations in primary organs 

of mice after topically applied TiO
2
 NPs for 4 weeks.20

Possible pathways through the skin barrier
Based on toxicity studies, NPs must be able to reach living 

cells under the SC. Despite their limitations, previous 
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skin-permeation investigations have revealed the main 

skin-delivery routes of transdermal NPs, which are shown in 

Figure 1.31 The intercellular route penetrates the SC through 

intercellular spaces between keratinocytes on intact skin. Hair 

follicles are open to the skin surface and freely accessible 

from the outside, allowing NPs to lodge within them. Even 

though hair follicles occupy only 0.1% of the skin surface, 

this follicular route plays a chief role in skin penetration.13

Lipophilic infiltration
The structure of the SC in the epidermis is characterized as 

a lipoid “brick wall”. Highly arranged keratinocytes hinder 

efficient substrate transport, and the lipid matrix is embed-

ded in the “brick wall”. The intercellular route is a tortuous 

pathway: NPs diffuse through intercellular lipids. Because 

the tissue below the SC is an aqueous environment, these 

lipid molecules can easily distribute in the SC. Lee et al 

showed that Fe
3
O

4
 NPs penetrated superficial skin incisions 

by intercellular and intracellular mechanisms. However, this 

penetration occurred only near the incision. Beyond a certain 

distribution distance, NPs were viable only in intercellular 

spaces.32 Intercellular penetration depends mainly on lipids 

in intercellular spaces, which are arranged in a head-to-

head and tail-to-tail manner. The two tops of the lipids form 

hydrophilic and aqueous pores, enabling the penetration of 

hydrophilic and hydrophilic penetrants, respectively. Trans-

mission electron microscopy (TEM) examination has been 

used to trace the localization of NPs inside the skin, and 

most NPs were detected in the intercellular lipids of the SC 

layer.33 Furthermore, the surface hydrophobicity of NPs was 

an important factor favoring skin penetration. Hydrophilic 

AuNPs did not penetrate the deep skin layer. In contrast, 

AuNPs with modified hydrophobic surfaces were distributed 

in deeper layers, indicating that AuNPs are expected to pen-

etrate through intercellular lipoid channels.29

Follicular route
Recently, the follicular route has been considered an effi-

cient penetration route for topically applied NPs. Hair fol-

licles are surrounded by capillaries and sebaceous glands. 

Table 1 Skin absorption of metallic NPs

Species Study 
duration

Analysis 
method

Observation Reference

ZnO NPs Human 2, 4 hours ZnO NPs and 
NAD(P)H signals 
quantified by 
TCSPC-FLIM

No ZnO-NP penetration detected in human skin after  
2 and 4 hours’ treatment; free NAD(P)H signal significantly 
increased in tape-stripped viable epidermis treated for  
4 hours with ZnO-NP compared to vehicle control

19

TiO2 NPs Hairless rat 2, 4, and  
8 weeks

Histopathological, 
TeM, eDS

Particles located only in stratum corneum layer of epidermis 
and follicular epithelium histopathologically; TeM and eDS 
analysis failed to show TiO2 NPs in viable skin areas

20

TiO2 NPs Porcine back skin 8, 24, 48 hours PIXe, RBS, STIM, 
SeI

TiO2 NPs penetrated SC into SG but not SS within 8 hours; 
NPs not detected in hair follicles

21

TiO2 NPs and 
ZnO NPs

Human 2, 48 hours Nuclear 
microscopy, PIXe

NPs observed only in the 70%–90% depth of SC and 
openings of follicles

22

AuNPs Human 2 hours Multiphoton 
microscopy

AuNPs detected up to 14 µm deep in human skin, whereas 
a wide range of detectable depths (20–100 µm) observed in 
reconstructed skin

23

AgNPs Porcine ear skin 24 hours TPT-FLIM, CRM, 
SeRS

TPT-FLIM, CRM, SeRS showed depths of 12–14,  
11.1±2.1, and 15.6±8.3 µm, respectively

24

AgNPs Human 4–6 days Histopathological, 
SeM, XRD

A limited number of NPs noted histopathologically; metallic 
particles seen within the dermis by SEM; XRD confirmed 
these were AgNPs

25

AuNPs Human 0.5, 2, 6, and  
24 hours

Franz method, 
multiphoton 
microscopy

AuNPs penetrated SC into deeper skin layers after 24 hours’ 
skin exposure

26

CoNPs Human intact and 
abraded skin

2, 4, 8, 16, and 
24 hours

Franz method, 
ICP-AeS

NPs able to penetrate human skin in an in vitro cell-diffusion 
system; cobalt concentration in damaged skin significantly 
greater than in intact skin

27

NiNPs Human intact and 
needle-abraded 
human skin

4, 8, 16, and  
24 hours

Franz method, 
ICP-AeS

NiNPs caused increase in nickel content into skin and 
significant permeation flux through skin in vitro, higher when 
damaged-skin protocol used

28

Abbreviations: TCSPC, time-correlated single-photon counting; FLIM, fluorescence-lifetime imaging microscopy; TEM, transmission electron microscopy; EDS, energy-
dispersive X-ray spectroscopy; SG, stratum granulosum; SS, stratum spinosum; PIXe, particle-induced X-ray emission; RBS, Rutherford back-scattering; STIM, scanning 
transmission ion microscopy; SeI, secondary electron imaging; TPT, two-photon tomography; CRM, confocal Raman microscopy; SeRS, surface-enhanced Raman scattering; 
XRD, X-ray diffusion; ICP-AeS, inductively coupled plasma–atomic-emission spectroscopy; NPs, nanoparticles. 
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Pilosebaceous units are the key components of hair follicles, 

and can act as reservoirs for NP lodgment. Generally, these 

deposited NPs cannot be eliminated easily by shower gels or 

natural skin metabolism, but they can sometimes be removed 

by hair growth and sebum secretion.13 NPs stored in hair 

follicles can be continuously absorbed into deep-skin layers. 

However, the underlying mechanism is still being investi-

gated. In fact, a tight-junction barrier exists in hair follicles. 

This barrier structure has been investigated by detecting the 

expression and location of tight-junction proteins, and the 

barrier function examined using a biotin-labeled extracellular 

tracer molecule. The results showed that functional tight 

junctions formed a follicular barrier from the infundibular to 

suprabulbar region, which indicates that two barriers exist in 

the upper infundibulum: the SC and follicular tight junctions. 

However, only the follicular barrier exists from the isthmus 

to suprabulbar region, and no barrier was detected in the 

bulbar region. The bulbar region may be the main channel 

of the follicular route.34

Many researchers have attempted to investigate the folli-

cular penetration of metallic NPs. Senzui et al35 observed TiO
2
 

NPs on intact and hair-removed skin. The results showed that 

hair removal promoted skin penetration, and scanning electron 

microscopy (SEM)–energy-dispersive X-ray spectroscopy 

images showed that TiO
2
 NPs were detected in empty hair 

follicles. However, follicular penetration seems to depend 

on hair-follicle type and density and the physicochemical 

properties of topically applied NPs. A study found that hydro-

phobic AuNPs had enhanced penetration into hair follicles. 

As AuNPs are distributed into hair follicles, their hydrophilic 

substances may be found in the sebaceous gland system.36 

It is understandable that higher follicular density results in a 

higher absorption rate, which was confirmed several decades 

ago.37 In addition, each hair follicle has a growth cycle. Inac-

tive hair follicles have neither hair growth nor sebum flow, 

which may provide weakened absorption ability.

However, due to physiological and anatomical dif-

ferences, follicular penetration studies in both in vivo 

and in vitro models may not completely simulate human 

hair-follicle exposure. Hair removal is one of the simplest 

approaches, but it creates a risk of destroying normal struc-

tures and barrier functions. After hair removal, penetration 

may be influenced by contractive elastic fibers, which sur-

round the hair follicles and reduce the follicular reservoir. 

A selective hair-follicle-closing technique was developed to 

investigate follicular and nonfollicular penetration. A special 

wax mixture was applied to close hair follicles. This method 

preserved follicular structures and inhibited the penetration 

process.38 Future studies should consider these factors when 

interpreting follicular penetration.

Percutaneous absorption in damaged skin
The SC provides an efficient barrier against exogenous 

materials. However, the barrier is not always impervious, 

Figure 1 Skin penetration of metal NPs.
Notes: Three main possible skin-penetration pathways are illustrated: the intracellular pathway, intercellular pathway, and follicular pathway. Metal NPs may penetrate the 
stratum corneum in healthy skin. In damaged skin, more NPs may penetrate the epidermis and dermis. They may move to the lymph modes and be engulfed by macrophages. 
During penetration, metal NPs release metal ions, which induce metal ion-specific CD4+ T-cell and IL17-mediated immunoreactions.
Abbreviation: NPs, nanoparticles.
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because the skin is assaulted by UV exposure, mechanical 

damage, microbial pathogens, and chemical irritation.39 

In skin diseases, skin structure and function can be disrupted. 

In inflammatory skin diseases, such as psoriasis and AD, 

the differentiation of keratinocytes, composition of lipids, 

and function of tight junctions are affected by pathogenic 

processes. People with intact skin barriers and those with 

dysfunctional skin barriers could be exposed to metallic 

NPs in many situations. Studies have demonstrated that 

penetration may be enhanced in damaged skin (Figure 1).40–42 

Transdermally applied NiNPs cause penetration into both 

intact and damaged skin, but the penetration is significantly 

deeper and of higher quantity in damaged skin.28 An in vitro 

cell-diffusion system was used to explore the skin absorption 

of CoNPs in full-thickness human skin and abraded skin. 

Higher cobalt content was found in the receiving fluid when 

damaged skin was used, and inductively coupled plasma 

atomic emission-spectrometry analysis confirmed the pres-

ence of cobalt in the epidermis and dermis.27

However, discrepancies have been found between studies. 

TiO
2
 NPs were unable to penetrate intact or damaged mouse 

skin after topical application. In a cell-diffusion experiment, 

most TiO
2
 NPs remained in the uppermost layers of the SC, 

and titanium was not detected in the receptor solution.43,44 

These discrepancies might have been due to differences in 

skin models, analytical methods, and type of NPs and their 

physicochemical properties. In terms of particle size, SiO
2
 

NPs with a diameter of 40 nm were able to be detected in the 

epidermis after topical application, but particles with a diam-

eter of 750 or 1,500 nm were not observed. Another study 

using mouse skin with AD showed that 20 nm ZnO NPs (but 

not 240 nm NPs) penetrated deeply into the epidermis.45,46

Immune effects of metallic NPs 
upon skin exposure
The applications of metallic NPs have become indispens-

able in everyday life. People can encounter metallic NPs in 

many products, such as cosmetics, medicines, electronics, 

and clothes. However, the increasing use of metallic NPs 

has raised concerns about their safety. In particular, their 

unique properties, large surface area, smallness, and high skin 

penetration might make them hazardous.47 Among the toxic 

effects of metallic NPs, the immune effect is of particular 

interest. Immune cells in the skin can recognize external 

substances. Metallic NPs that enter the skin cause immune 

responses, activating certain immune cells to proliferate and 

secrete. The host immunoresponse may lead to the onset or 

aggravation of sensitization reactions.

Skin sensitization induced by metallic NPs
Allergic and irritant dermatitis are the most common mani-

festations of skin sensitization by chemicals in humans. Metal 

allergy is a major cause of allergic and irritant dermatitis. 

Several metals, such as nickel, cobalt, chromium, palladium, 

and gold, are well-known skin allergens. Most are available 

as commercially engineered metallic NPs.48 Mechanical fric-

tion between these commercial metallic NPs and skin can 

cause abrasion, reduction in skin thickness, and skin irrita-

tion. More importantly, metallic ions released from metallic 

NPs play an important role in metal allergies. These metallic 

NPs are naturally generated from metal accessories, such as 

necklaces, earrings, and bracelets.

We are extemporaneously exposed to spontaneously 

generated metallic ions when we wear these accessories. 

Therefore, we should pay attention to skin sensitization by not 

only metallic NPs but also metallic ions. Nickel is prevalent 

in jewelry and can release Ni ions into the epidermis and 

cause allergic dermatitis. Because of their smallness and 

high surface:volume ratio, metallic NPs containing sensitiz-

ing metals trigger sensitization responses more easily than 

bulk materials with the same composition.49 Journeay and 

Goldman50 reported allergic reactions to NiNPs, including 

facial flushing, nasal congestion, and asthma, which indicated 

that airborne particulates released by metallic NPs may also 

contribute to the sensitization process.

An in vivo sensitization test using rat-ear skin reported 

that topical exposure to 4 mg/mL TiO
2
 NPs increased the 

titanium concentration in draining lymph-node cells and the 

stimulation index relative to the control group. However, 

no significant differences were seen in silver or SiO
2
 NP 

groups relative to the control group.51 Moreover, a water-in-

oil emulsion formulation containing 10 wt% TiO
2
 NPs did 

not induce acute skin irritation. However, after subchronic 

exposure, skin inflammation characterized by parakeratosis 

and spongiosis was observed. These reports reflect that the 

onset of sensitization varies with the type of metallic NP 

and exposure duration. In addition, dose-dependent effects 

have also been taken into consideration.16 Auttachoat et al52 

evaluated the sensitization potential of dermal exposure to 

TiO
2
 NPs at levels of 1%, 2.5%, 5%, and 10% (w:v). No 

significant effects were detected by local lymph-node assays 

or mouse ear-swelling tests. However, mice exposed to high 

concentrations (5% and 10%) had statistically significant 

results in an irritancy assay, which was a useful method for 

detecting the sensitization potential of chemicals. However, 

the low sensitization potential of many metallic NPs might 

be because the NPs do not penetrate healthy skin easily after 
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topical application. Therefore, intradermal subcutaneous 

administration or tests on damaged skin are alternative routes 

for detecting the sensitization potential of metallic NPs. There 

was an investigation of topically applied ZnO NPs in a mouse 

model of AD. The results demonstrated that the application of 

ZnO NPs showed anti-inflammatory properties, diminishing 

the infiltration of T cells and suppressing the production of 

cytokines in sensitized mice. However, significantly elevated 

systemic IgE antibodies were detected in response to ZnO NP 

application. This result provided new evidence of metallic 

NPs aggravating sensitization reactions.45

Immunoresponses to transdermally 
applied metallic NPs
Many studies have suggested that metallic NPs can trigger 

sensitization reactions. However, there is an urgent need to 

clarify the immunologic effects of skin exposure to metallic 

NPs, especially in how they aggravate allergies. Although 

many studies have been conducted to explore toxicity fol-

lowing skin exposure to metallic NPs, there is a lack of 

knowledge of immunologic mechanisms. In general, haptens 

are involved in immunoreactivity, but are not immunogenic. 

They have the potential to modify self-protein binding to 

obtain immunogenicity.53 In contrast to classic haptens, 

transition metals produce coordination complexes instead of 

stable covalent modifications with binding proteins. These 

coordination complexes are reversible and exchange aller-

genic metallic ions among different sites.54

When foreign substances enter the body, immune cells, 

such as antigen-presenting cells and leukocytes, recognize 

them and activate immunodefenses. In Smulders et al, 

increased Ti concentration was observed in draining lymph-

node cells after topical application of TiO
2
 NPs, indicating 

that TiO
2
 NPs penetrated the skin and were transferred to the 

lymph nodes.51 Human macrophages were found partially to 

dissolve ZnO NPs based on evaluations of ZnO NP counts 

with X-ray fluorescence and SEM.55 Therefore, one of the 

potential immunologic mechanisms after metallic NPs are 

topically applied might be that the NPs move to the lymph 

nodes, where they are engulfed by macrophages. On the other 

hand, metallic NPs activate adaptive immunoresponses. It 

has already been shown that TiO
2
 and SiO

2
 NPs can acti-

vate murine dendritic cells by upregulating costimulatory 

molecules.56 Metallic ions, such as Ni ions, were capable of 

activating metallic ion-specific CD4+ T cells in the lymph 

nodes, and IL17 was produced in response to metallic ions. 

In addition, the smaller the metallic NPs were, the stronger 

the immunoreaction was (Figure 1).57,58 On the basis of these 

studies, metallic NPs have been speculated to act as carriers 

to transport metallic ions into the lymph nodes for CD4+ T 

cell- and IL17-mediated immunoresponses. In the case of 

inflammatory skin diseases, such as AD and psoriasis, the 

exact immunoresponses and whether these responses can 

infect skin inflammation are not yet fully understood.

Possible toxicity mechanisms of 
metallic NPs with skin cells
Increasing skin exposure of metallic NPs from a variety of 

nanotechnology applications has raised concerns regarding 

potential adverse effects on human health. Of all possible 

entry routes, skin absorption may serve as the first portal for 

metallic NP exposure. As mentioned, transdermally applied 

metallic NPs can penetrate damaged or even intact skin. 

The high activity of metallic NPs has raised debate on their 

interactions with skin cells. Although some studies have 

been conducted to assess these interactions, their results were 

inconclusive (Table 2).15,59–75 The proposed mechanism is that 

metallic NPs generate oxidative stress, mitochondrial dam-

age, and DNA damage, and accelerate the apoptosis of skin 

cells.10 The cellular mechanisms associated with metallic NP-

mediated toxicities are presented in the following sections.

Membrane damage
The cell membrane, which prevents extracellular materials 

from entering cells, is mainly composed of phospholipid 

bilayers. When metallic NPs enter the cell through the 

membrane, there is a risk of membrane disruption and cell 

toxicity.10 Indeed, membrane damage is one of the major 

concerns with regard to NP toxicity. The effects of Fe
3
O

4
 

and ZnO NPs on mouse dermal fibroblast cells have been 

evaluated in vitro. SEM images provided information on the 

interactions of metallic NPs with the cell membrane. After 

exposure, a number of endocytic vesicles were detected 

on the cell membrane, and metallic NPs were visualized 

in either the cytoplasm or cytoplasmic vesicles, indicating 

that metallic NPs seemed to be phagocytosed by cells. In 

addition, cell morphology was observed by inverted phase-

contrast microscopy, showing that NP-treated cells formed 

irregular shapes due to cytoplasmic shrinkage or were even 

completely necrotic at high NP concentrations. Meanwhile, 

cytoplasmic lactate dehydrogenase was detected in the extra-

cellular fluid, indicating that the strong interactions between 

metallic NPs and the cell membrane led to morphological 

alterations and cell-membrane leakage.76,77 Studies have 

explored the potential mechanisms of NP–membrane interac-

tions. NP attachment caused membrane rupture, increased 
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cell-membrane permeability and influenced cell-membrane 

fluidity.78,79 Moreover, the combination of electrostatic attrac-

tion and hydrogen bonding between NPs and membranes 

was probably one of the reasons for membrane disruption 

and gelation.80

Oxidative stress
Reactive oxygen species (ROS) are generated by molecular 

oxygen during cellular oxidation. These oxygen species 

affect intracellular signaling pathways and lead to mac-

romolecular damage, such as DNA disruption, protein 

Table 2 Risk evaluation of metal NPs in skin cells

Size 
(nm)

Concentration Cellular 
model/
organism

Impact Reference

AgNPs 20 1, 10 ng/mL Murine 
fibroblasts

No significant cytotoxicity on cell viability 59

AuNPs 15 25, 500 µg/mL Human dermal 
fibroblasts

No morphological changes observed 60

TiO2 NPs 10–60 5% Hairless mouse 
skin

Changed production of MDA and reduced HYP expression 
in skin samples

61

SiNPs 20 500, 1,000,  
2,000 mg/kg

Mouse skin No systemic toxicity 62

AgNPs 75–90 1–100 µg/mL HaCaT 
keratinocytes

Reduced cell viability; toxicity influenced by NP shape and 
concentration

63

TiO2 NPs 10±4 1% Human dermal 
fibroblasts

Initiated oxidative stress 64

TiO2 NPs 50 20, 40, 80,  
160 µg/mL

Mouse 
fibroblasts

Initiated collagen deformation, inflammation, and protein 
structural deformations

65

TiO2 NPs, 
ZnO NPs

21.5±0.6, 
18.2±0.4

25% Hairless mouse 
skin

No histological changes seen in skin; elevated Ti detected  
in mouse livers

66

AgNPs 15, 30, 55 20, 30, 40,  
50 µg/mL

Human 
neonatal skin 
stromal cells

Caused apoptosis or necrosis 67

AgNPs 10, 30, 60 1.0 mg/mL HaCaT 
keratinocytes

Impact on cell viability and metabolism; downregulated 
glycolysis and disrupted energy production common to 
AgNPs; ROS mediated impact on metabolic pathways, such 
as GSH synthesis, glutaminolysis, and the Krebs cycle

68

AgNPs 4.7, 42 0.1–1.6 µg/mL for  
4.7 nm; 0.1–6.7 µg/mL  
for 42 nm

Human dermal 
fibroblasts

Induced DNA-strand breaks in dose- and size-dependent 
manner

69

SiO2 NPs 15 2.5, 5, 10 µg/mL HaCaT 
keratinocytes

Decreased DNMT1, DNMT3A, and MBD2 levels at mRNA 
and protein levels, implying global epigenomic response

70

ZnO NPs 15.38±1.47 10 µg/mL Mouse 
epidermal skin

Led to cell death through autophagic vacuole accumulation 
and mitochondrial damage via ROS induction

71

Fe3O4 NPs 25 25, 50, 100 µg/mL Human skin 
epithelial A431 
cells

Depleted glutathione and induced ROS and lipid 
peroxidation; significantly upregulated caspase 3 expression

72

ZnO NPs 30 1 mg/day applied on 
murine skin

Murine facial 
hair follicle 
stem cells

Caused obvious DNA damage and induced apoptosis; 
perturbed genes associated with cell communication and 
differentiation

15

PtNPs 4.8±11.7 25, 50, 100, 200,  
400 µg/mL

Human 
foreskin 
fibroblasts

Inhibited DNA replication and affected secondary structure 
of DNA; genotoxic stress activated p53 and subsequently 
induced activation of p21, leading to proliferating cell nuclear 
antigen-mediated growth arrest in S phase and apoptosis

73

TiO2 NPs 20–30 0–1,000 µg/mL Human 
fibroblast skin 
cells

Promoted cytotoxicity and oxidative damage; fatty-acid 
composites could reduce toxicity

74

AgNPs 
and 
AuNPs

0.1, 1, and 10 µg/mL Human 
fibroblast skin 
cells

Decreased collagen, laminin production, and percentage 
of cells expressing collagen receptor; may influence 
fibroblast function by negatively modulating ECM deposition 
and altering eCM-receptor expression, cytoskeletal 
reorganization, and cell migration

75

Abbreviations: NPs, nanoparticles; ROS, reactive oxygen species.
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denaturation, mitochondrial dysfunction, and membrane 

and cellular lipid breakdown. Although ROS occur naturally 

during cell metabolism, their overproduction can cause 

oxidative stress, which is often regarded as the main cause 

of NP cytotoxicity.81

Many reports have shown that metallic NPs can significantly 

enhance the formation of ROS in skin cells.8,82,83 Increased NO/

NO
2
 and decreased GPx in fibroblasts and HaCaT cells have 

been observed after exposure to metallic NPs, indicating that 

NPs caused inflammatory responses and metabolic changes. 

Additionally, NPs affected the gene expression of SOD and 

GPx. The presence of NPs increased the activities of SOD to 

promote the generation of hydrogen peroxide, which signifi-

cantly decreased the protective molecule glutathione. Mean-

while, decreased GPx led to a reduction in toxic peroxides in 

cells.16,68,82 Similarly, an in vitro study showed that oxidative 

stress was the key cause of mitochondrial membrane damage, 

cell-cycle arrest, and DNA damage after mouse-skin fibroblast 

cells had been exposed to MoNPs.84 The secondary effect of 

ROS caused the activation of cell-death-mediated signaling 

via NFκB. NFκB is the transcription factor of apoptosis and 

leads to programmed cell death.85

Unlike other cells, skin cells are often exposed to UV-ray 

irradiation, and the photocatalytic activity of metallic NPs 

has raised concerns because of harmful ROS generation. 

UVB radiation is known to cause DNA oxidation through 

ROS generation.86 Interestingly, coexposure to UV rays 

and metallic NPs, such as ZnO/TiO
2
 NPs, had a synergistic 

effect on phototoxicity by generating higher ROS levels 

and decreasing antioxidant-enzyme activity. Metallic NPs 

can overtake the antioxidant system by generating hydroxyl 

radicals to oxidize proteins and nitrogenize tyrosine residues 

of proteins in skin cells.87,88 Moreover, coexposure to UV rays 

and metallic NPs promoted the translocation of NPs into the 

nucleus, causing further oxidative stress and DNA and mito-

chondrial membrane damage, which led to cell-cycle arrest 

and apoptosis.89 However, ZnO and TiO
2
 NPs are commonly 

used in commercial sunscreen. It is possible that prolonged 

coexposure may cause persistent ROS generation and lead 

to continuous oxidative stress and inflammation.

DNA damage
Because metallic NPs are small and have special surface 

effects, they can interact with DNA molecules and cause 

direct and indirect genotoxic effects. DNA damage has been 

observed in primary human epidermal keratinocytes after 

exposure to ZnO NPs for 6 hours at concentrations of 8 and 

14 g/mL. However, the internalization of ZnO NPs was 

investigated by SEM at only 14 g/mL, indicating that even if 

the NPs could not enter the nucleus, they still caused DNA 

damage during mitosis when the nuclear membrane was 

broken down.16,90 Siddiqui et al studied the genotoxic effects 

of MoNPs in mouse-skin fibroblast cells by comet assay and 

found the induction in percentage tail DNA and fold change 

in Olive tail moment and tail length, whereas the healthy 

chromosome should be spherical.84 ROS generation caused 

by NPs has a tremendous impact on mutagenicity, since DNA 

is a critical target of ROS. The genotoxicity of ROS has been 

confirmed by increases in the DNA-damage markers H2AX 

and 8-hydroxyguanosine after NP exposure, which was con-

sidered to be indirect genotoxicity by metallic NPs.89 ROS 

can oxidize the histones in nucleosomes and make free DNA 

more susceptible to damage. Hydroxyl radicals, which are 

oxygen-based ROS, can react with the deoxyribose-phosphate 

backbone and bases to damage the structure of DNA mol-

ecules. 8-Hydroxyguanosine was produced when hydroxyl 

radicals attacked guanosine and caused further oxidative 

damage.91 On the other hand, hydroxyl radicals abstract H 

atoms from DNA and lead to free modified sugars with broken 

DNA strands. The deoxyribose sugar of DNA can easily lose 

its free modified sugar and cause DNA-strand breakage.92 

Furthermore, cell-cycle arrest in the G
2
/M phase has been 

observed after DNA damage. Afterward, the G
2
/M checkpoint 

prevented DNA damaged cells from entering a mitotic state for 

repair.93 DNA damage in skin cells may initiate the develop-

ment of skin cancer or even genetic skin diseases.

epigenetic modulation
Epigenetic processes are a series of biological changes in 

gene expression that do not alter the DNA sequence. These 

changes are stable and may persist after the external stimu-

lus is removed, and they can even be passed down from one 

generation to the next. Epigenetic modifications regulate 

DNA replication and recombination by DNA methylation 

and hydroxymethylation, chromatin remodeling, histone 

modifications, and ncRNA-mediated events.94,95 Recently, 

studies identified the epigenetic variations of skin cells after 

exposure to metallic NPs. Nanosized SiO
2
 induced global 

genomic hypomethylation by decreasing the expression of 

methyltransferases DNMT1, DNMT3, and MBD2 in HaCaT 

cells.70 In the catalysis of DNMT, the cytosine residues at 

CpG dinucleotides are selected and methyl groups added 

at the C5 position. DNA methylation can cause gene inac-

tivation, whereas hypomethylation activates certain genes. 

Furthermore, the expression of PARP1, a key gene in DNA 

repair, was dramatically decreased by SiO
2
 NP exposure. An 

increase in the level of PARP1 methylation was observed, and 

decreased expression of PARP1 was rescued when DNMT1 
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was inhibited or knocked down, indicating that PARP1 methy-

lation after SiO
2
 NP exposure may mediated by DNMT1.96

Chromatin is a complex that is mainly composed of DNA 

and histone. Posttranslational modifications of histones, such 

as methylation, acetylation, phosphorylation, SUMOylation, 

and ADP ribosylation, can greatly influence gene expression. 

In human epidermal keratinocytes, exposure to ZnO NPs 

causes hypermethylation of histone H3K9 and hypoacety-

lation of H4K5. These posttranslational modifications 

may change the signal for DNA-repair proteins and DNA 

accessibility to transcription factors. Modified histones and 

DNA methylation synergistically participate in transcrip-

tion regulation.93,97 Given that epigenetic processes have 

gene-reprogramming ability via the modification of specific 

genes, such as CASP3, a pivotal terminal-shearing enzyme 

in cell apoptosis, epigenetic dysregulation may directly 

regulate cell proliferation, differentiation, and apoptosis.98 

Additionally, epigenetic dysregulation is also considered to 

initiate cancers by activating silent oncogenes or inactivating 

tumor-suppressor genes. Therefore, it is possible that metallic 

NPs can cause skin tumors after skin exposure.

Autophagy
Autophagy is a nonapoptotic cell-death process in which 

cytoplasmic proteins or organelles are self-degraded by 

the formation of autophagosomes, which involves the 

microtubule-associated protein LC3, p62, and Beclin 1.99 

Metallic NPs, such as TiO
2
 NPs, can also induce autophagy 

in primary human keratinocytes to maintain intracellular 

homeostasis and degrade insoluble NPs to protect cells 

against damage. However, autophagy does not stop damage 

and leads to cell death at high concentrations of TiO
2
 NPs.100 

Meanwhile, ZnO NPs can lead to mitochondrial damage 

and autophagic cell death through the generation of ROS 

in normal skin cells. Autophagy is considered an important 

cytotoxic mechanism of metallic NPs.71 Moreover, TiO
2
 

and Fe
3
O

4
 NPs have been shown to induce autophagy with 

increased lysosomal membrane permeabilization and over-

expression of autophagy-related proteins in macrophages 

and monocytes. The autophagy process plays a protective 

role in preventing the inflammation induced by metallic NPs. 

The PI3K–Akt–mTOR signaling pathway is inhibited in the 

NP-mediated autophagy pathway (Figure 2).101,102

κ

Figure 2 Possible toxic mechanisms of metal NPs in HaCaT cells.
Notes: Metal NPs induce ROS explosion intracellularly, and the accumulation of NPs might result in the following effects: cell-cycle arrest, which is associated with DNA 
damage and chromatin structure remodeling caused by oxidative stress (G2/M cell-cycle arrest prevents DNA-damaged cells from entering mitosis to repair DNA and 
induce apoptosis); expression of epigenetic related genes, resulting in modifications of chromatin structure and alterations in gene expression; and mitochondrial damage and 
alteration of apoptosis and autophagy-related genes, which lead to autophagy and mitochondrial apoptosis.
Abbreviations: NPs, nanoparticles; ROS, reactive oxygen species.
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Apoptosis
Apoptosis is a complicated process of programmed cell death 

mediated by genes and causes self-destruction. Chromatin 

condensation, nuclear fragmentation, decreased mitochondrial 

activity, and apoptosis are observed in the TiO
2
 NP-treated 

human skin keratinocyte cell line HaCaT. Mohamed et al pro-

posed an underlying mechanism for these changes. TiO
2
 NPs 

caused the generation of ROS and in turn induced chromo-

somal aberrations and DNA damage, which were considered 

the essential factor in cell-cycle arrest. The cells underwent 

apoptosis during extensive cell arrest beyond their DNA-repair 

ability.85,103 Similarly, studies have confirmed the internaliza-

tion of ZnO NPs in keratinocytes by SEM and observed mor-

phological changes, mitochondrial inhibition, DNA damage, 

cell-cycle arrest, and apoptosis, which indicated that ZnO NPs 

triggered apoptosis.16,89 The expression of proapoptotic genes 

PUMA, BAX, and NOXA significantly increased, whereas the 

expression of antiapoptotic BclxL decreased (Figure 2). The 

BCL gene family is relevant to the mitochondrial apoptotic 

pathway, and Bax protein was a necessary gateway to mito-

chondrial dysfunction in the p53-related pathway. The authors 

proposed that ZnO NPs underwent mitochondria-dependent 

apoptosis through the p53–Bax pathway in skin cells.93 

Additionally, in ZnO NP-treated human dermal fibroblasts, 

mitochondrial dysfunction with upregulation of p38 MAPK 

and p53 was observed. The activation of p38 MAPK and 

phosphorylation of p53 were detected at Ser33 and Ser46 

sites, suggesting that the apoptosis process in human dermal 

fibroblasts may be mediated through p53–p38 pathways.104 

Another study showed different apoptosis pathways by metal-

lic NPs: AgNP exposure led to not only the activation of p38 

kinase but also increased caspase 3/7 activity.105

Recently, hair follicles have been considered an important 

penetration route for metallic NP delivery through the skin. 

The impact of NPs on hair follicles has raised concerns. In 

newborn mice treated with continuous topical application 

of ZnO NPs for 7 days, elevated Bax and caspase 3 were 

detected in hair follicles, whereas Bcl2 decreased. An in 

vitro study of hair-follicle stem cells showed that ZnO NPs 

inhibited the proliferation and differentiation of cells and 

induced apoptosis. These results were confirmed by the 

dysregulated expression of proliferation-related genes, such 

as JTB, PRKD1, and FRK, and differentiation related genes, 

such as PIK3R1, FRS2, SPEN, ACVR1B, and BMP4, by FGF 

signaling and BMP signaling. The observation of cell-cycle 

arrest, annexin V–PI analysis and increased caspase 3 further 

confirmed apoptosis execution.15

Limitations and possible future 
research prospects
Until now, our understanding of metallic NP toxicity has been 

insufficient to draw conclusions about the specific mecha-

nisms of transdermally applied metallic NPs. Theoretically, 

the toxicity is based on NPs penetrating the SC. There is still 

debate as to whether metallic NPs can penetrate the skin bar-

rier. Additionally, the interactions of metallic NPs and skin 

cells remain controversial. These inconsistent results may 

be caused by several factors, such as different types of NPs 

and physicochemical characterizations, varying experimental 

approaches, and various cellular or animal models. In-depth 

studies are needed on these influencing factors. Here, we 

note these limitations and provide some suggestions for 

further research.

First, detailed penetration mechanisms are imperative in 

future studies, as different penetration pathways may result 

in different toxicological reactions. Recent research has 

confirmed that metallic NPs can pass through the skin barrier 

through an intercellular route.17 The intracellular route (in 

which NPs penetrate keratinocytes) is recognized as one of 

the main skin-absorption routes.31 In addition, the follicular 

route has been considered, as NPs tend to accumulate in hair 

follicles.36 Few experimental data exist on detailed penetra-

tion mechanisms, especially for the latter two approaches. 

Future studies should include the relationships between these 

three main routes and their respective weights, as well as the 

qualitative and quantitative distribution of metallic NPs in the 

skin and the effects of metallic NPs on skin keratinocytes, 

fibroblasts, immune cells, and hair-follicle cells.

In experimental studies, penetration and toxicity are 

influenced largely by critical determinants, including physi-

cochemical factors, such as type, size, shape, surface coating, 

charge, stability, and protein corona, experimental factors, 

such as concentration and exposure time, and formulation 

factors, such as dispersing vehicles.13,49,106 External factors, 

such as UV exposure, hyperthermia, and aggregation of NPs, 

should also be considered.18 These determinants may be the 

reason for the inconsistent conclusions in recent studies. 

Generally, the lipophilic nature of the vehicle, sphericity, 

and small dimensions favor more penetration, and toxicity is 

size- and concentration-dependent. However, our understand-

ing of detailed mechanisms is still limited. This difficulty is 

due to an inability to design single-factor experiments that 

exclude other interfering factors. Moreover, the interaction 

between NPs and skin is a complex process that is affected by 

not only univariate parameters but also the interplay between 
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individual parameters. It is difficult to duplicate “perfect” 

parameter control completely, as found in the human body.

Cells are embedded in an extracellular matrix (ECM), 

which consists of a network of fibers and proteins (ECM-

affiliated proteins, collagens, proteoglycans, and glycopro-

teins). Recent studies have shown that physical features of the 

cell microenvironment can modulate a range of cell behavior, 

such as adhesion, differentiation, migration, proliferation, and 

survival.107 Most cells need substrates to function normally. 

The interaction between adhered cells and the ECM works 

together to constitute a stable dynamic system. On the other 

hand, intracellular components like cytoskeletal protein 

actin have the function of keeping cell motility, shape, and 

mechanical stability. The cytoskeletal protein actin attaches 

to the cell membrane and communicates biochemical signals 

with the ECM by transmembrane integrins. Any changes in 

the extracellular microenvironment can influence intracel-

lular signaling and cell behavior. In this context, increased 

cell proliferation has been shown when cells were adhered 

to aligned collagen scaffolds compared to random ones. 

Substances like vitronectin enhanced cell differentiation by 

improving fibronectin absorption and fibril formation in the 

ECM.108 Adhered cells have also been subjected to a variety of 

stimuli, such as the stiffness of the ECM, polarity of charged 

substrates, and stresses from the motion of neighboring cells 

or surrounding fluid.109 Therefore, the cellular uptake of metal-

lic NPs could also be regulated by the cell microenvironment, 

which would influence the efficiency and toxicity of NPs.

A growing number of researchers are concerned about the 

long-term effects of NPs and beginning to study the genotoxic 

effects of NP exposure. A few studies have accessed the 

epigenetic effects of NPs and even fewer have considered 

the effects of skin exposure. Recent studies have identified 

DNA and histone modifications by metallic NPs after skin 

exposure. However, the subsequent consequences and their 

direct causality remain unclear. In addition, there are many 

unsolved questions, such as whether noncoding RNAs are 

changed by metallic NPs and how these changes further 

affect biological processes. Can NPs cause skin tumors by 

epigenetic alterations? Future studies are needed to explore 

broader epigenetic mechanisms in pathological and genetic 

processes.

In regard to experimental models, the selection of biologi-

cal samples and cell lines is of vital importance. The relative 

thickness of the SC varies greatly from species to species, as 

do the thickness of the epidermis and dermis and the num-

ber of skin layers. Generally, the penetration of pig skin is 

approximately four times deeper than human skin, whereas 

rat skin is up to nine times as permeable than human skin.21 

The same metallic NPs can cause entirely different results, 

depending on various animal models and cell lines. Human 

skin should be used as the perfect skin model for in vitro 

experiments. Human skin samples are usually obtained 

through biopsy for penetration studies. Animal models, such 

as mice and pigs, are applied in in vivo studies because they 

are less expensive and more easily controlled than human 

studies. However, the results may vary among different 

animal models and can be affected by unpredicted factors. 

In addition, cell numbers in epidermal layers and absorption 

functions vary in different sites, even in humans. Animal type 

and sampling site should be considered parameters.17,110

There are various types of metallic NPs, but skin-toxicity 

studies focus mostly on several kinds that are most widely 

used in dermatology, such as AgNPs, AuNPs, ZnO NPs, and 

TiO
2
 NPs. Skin-toxicity research on metallic NPs like Fe

3
O

4
 

NPs, PtNPs, NiNPs, and CoNPs is still in its initial stages. In 

regard to such NPs as MnO
2
 NPs and CuO NPs, these play 

important roles in industry and biomedical applications, 

but there are have been few studies on their skin toxicity. 

Inhalation of MnO
2
 NPs can cause central nervous system 

damage, such as Parkinson-like syndrome. In vitro study has 

shown that MnO
2
 NPs produced ROS and cell apoptosis and 

declined in mitochondrial membrane potential in human neu-

ronal cells.111 CuO NPs have been reported deposited within 

lysosomes and induced human umbilical vein endothelial 

cell death through a caspase-independent pathway.112 Future 

studies are needed to explore these metallic NPs, which may 

also have potential skin toxicity.

There is a lack of research on the barrier mechanisms of 

damaged skin, which may due to the difficulty of construct-

ing an ideal model. Skin stripping by adhesive tape and 

drawing a point are commonly used methods to break the 

physical skin barrier.35,113 Inflammatory skin diseases, such 

as AD and psoriasis, are confirmed alterations of gene and 

protein expression related to epidermal differentiation and 

degeneration. These alterations affect the integrity of the 

SC, indicating that an animal model of inflammatory skin 

diseases can be utilized as an option.45 In regard to cell lines 

in vitro, cells derived from humans can better simulate the 

true condition in humans. Multiple primary cells, such as 

keratinocytes, fibroblasts, and hair-follicle stem cells, have 

been used to test the toxicity of metallic NPs, but culturing 

of barrier-damaged cells is extremely rare.15,114 Similarly to 

animal models, cell models of inflammatory skin diseases 
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can be used. More cell experiments with barrier-damaged 

cells should be performed to evaluate the penetration and 

toxicity of metallic NPs comprehensively.

It has been concluded that metallic NPs can penetrate the 

skin barrier and reach deeper skin layers.25 Current techniques 

detecting the skin penetration of NPs are mostly based on 

qualitative analysis, such as TEM, SEM, and fluorescence 

microscopy. TEM is an imaging technique with high reso-

lution for electron-dense materials in a small fraction of a 

sample. SEM provides high-quality images for a larger por-

tion of a sample, but getting profile images of NP penetration 

and distribution is not easy.18,21 However, a great challenge 

for quantitative analysis is that metallic NPs that penetrate the 

skin are extremely small. Common quantitative approaches 

include methods of atomic absorption spectroscopy, induc-

tively coupled plasma mass spectrometry, and inductively 

coupled plasma optical emission spectroscopy. Inevitably, 

the disadvantage of these methods is the detection of elements 

instead of NPs. An accurate qualitative and quantitative 

approach for better understanding of the distribution and 

toxicity of metallic NPs in the skin is urgently needed.18 In 

regard to toxicity studies, most studies have focused on cell 

viability, apoptosis, and molecular changes by multiple meth-

ods. However, these conclusions describe only experimental 

results in general, and specific signaling pathways in toxicol-

ogy mechanisms need to be discovered in detail. In addition, 

toxicity investigations of metallic NPs on barrier-damaged 

skin and in long-term experiments and examinations of their 

related mechanisms are required in future.

Conclusion
Nanotechnology has made great contributions in dermato-

logical and cosmetic fields. Widely used transdermal applica-

tions increase skin exposure to metallic NPs. Because skin 

is the largest organ in the human body, transdermal toxicity 

studies are essential for better understanding the toxic effects 

of metallic NPs. This review provided an overview of metal-

lic NPs by summarizing penetration and toxicity mechanisms, 

proving that metallic NPs can penetrate the skin barrier and 

cause toxic side effects in skin cells; however, an under-

standing of in-depth mechanisms is required. This review 

also presented the limitations of current studies, which will 

provide new directions for further research.
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