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The safety assessment of cosmetic ingredients is a rapidly progressing field of research, including 
evaluation of alternative approaches suitable for regulatory implementation and development of 
both in vitro, in chemico and in silico methodologies avoiding any use of animals. The emerging 
need of new integrated approaches for testing and assessment originated from the marketing 
ban of cosmetics ingredients, as well as finished products, tested on animals within the European 

Union through the Cosmetics Regulation (EU No. 1223/2009) [1]. This step was taken after the Organization for 
Economic Co-operation and Development (OECD) approved in vitro methods for skin irritation, eye irritation, and 
skin sensitization. It was a milestone to support the ban for animal testing [2] (Table 1).
Table 1: Summary of selected in vitro assays available or under evaluation to support skin research 
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compounds.42,43 The corrosion assay has been formally
validated for use in the EpiSkin™ SM, EpiDerm™ EPI-200,
SkinEthic™ RHE, and epiCS® models with EpiSkin™ SM,
EpiDerm™ EPI-200, SkinEthic™ RHE, and LabCyte EPI-
MODEL24 recommended in the irritation assay. Both protocols
rely on reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) as the primary
endpoint.42,43 By employing either the top-down or bottom-up
approach, the two assays enable the determination of
corrosives as UN-GHS11 category 1A, category 1B/1C, and
irritants as category 2. The assays are currently unable to
differentiate between corrosive categories 1B and 1C, in part
due to the minimal number of representative category 1C
compounds available for assay validation.42 Additionally, OECD
Test Guideline 439 provides a designation of “irritating” or
“non-irritating”, but is unable to identify mild irritants (UN-
GHS category 3) from non-irritating/no category compounds.
Thus, there is currently no direct in vitro method capable of
identifying mildly irritating compounds or formulations, which

are of greater likelihood (versus strong irritants and corrosives)
in pharmaceutical development.

Skin sensitization is a term used to indicate the potential of
a chemical to produce allergic contact dermatitis, a delayed-
type T-cell-mediated hypersensitivity response.13,14 As
mentioned previously, the development of allergic contact
dermatitis can primarily be described in two phases: induction
and elicitation, which have been described in detail within the
skin sensitization AOP generated by the OECD.15 During
induction, the agent must gain access to the epidermis where
it can form a hapten, a small molecule–protein complex.14

Haptens may form through spontaneous conjugation with
endogenous proteins, such as that observed with highly
reactive molecules, or be processed via attachment to a carrier
protein by antigen presenting cells (APC) such as Langerhans
cells, the resident dendritic cells of the skin. In vivo, the
Langerhans cells migrate to local draining lymph nodes where
the antigenic complex is then presented to T lymphocytes,
leading to activation and proliferation, and subsequent

Table 2 Summary of selected in vitro assays available or under evaluation to support skin research

Category Assay Available models
OECD
TG Primary endpoint

Corrosion Transcutaneous electrical resistance
(TER) test method

Excised skin 43044 TER

Membrane barrier test method Corrositex (artificial membrane) 43545 Color change in receiver fluid
Reconstructed human epidermis
(RHE) test method

EpiSkin™, EpiDerm™,
SkinEthic™, epiCS®

43142 Viability via MTT reduction

Irritation Skin irritation epidermis method EpiSkin™, EpiDerm™,
SkinEthic™, epiCS®,
EPI-MODEL

43943 Viability via MTT reduction

Sensitization Direct peptide reactivity assay In chemico 442C4,46 HPLC detection of unbound peptides5,47

ARE-Nrf2 luciferase test method KeratinoSens™, (HaCaT
human keratinocytes)

442D48,49 Luciferase activity8,50

NCTC 2544 IL-18 test NCTC 2544 cells (human
keratinocyte cell line)

N/Aa IL-18 levels via ELISA51,52

LuSens assay Immortalized keratinocytes N/Aa Luciferase activity53,54

SENS-IS® assay EpiSkin™ N/Aa qPCR analysis of selected
biomarkers5,12,55

SenCeeTox® assay In chemico GSH reactivity N/Aa GSH depletion
Activation of Nrf2 pathway in
HaCaT cell or EpiDerm™

qPCR analysis of selected Nrf2
target genes56

Human cell line activation
test (h-CLAT)

THP-1 cells (human monocytic
leukemia cell line)

442E5,57 Upregulation of CD86 and CD5458

U-SENS™ U937 cells (human myeloid
cell line)

N/Aa Upregulation of CD86 and CD5459,60

GARDskin (genomic allergen
rapid detection)

MUTZ-3 cells (dendritic cell-like
human myeloid cell line)

N/Aa Array analysis of 196–200 genes4,5,33,61,62

VITOSENS™ Human CD34+ dendritic cells N/Aa Gene expression analysis of CCR2 and
CREM63,64

Human T cell priming assay
(hTCPA)

Human monocyte-derived
dendritic cell and naïve T cell
co-culture

N/Aa Flow cytometry analysis of T cell
activation markers (e.g., IFN-γ and
TNF-α)65,66

Genotoxicity Reconstructed skin
micronucleus assay

EpiDerm™ N/Aa % micronuclei (modification of
TG 487)34,37,67,68

3D skin comet assay EpiSkin™, EpiDerm™ FT,
Phenion® FT

N/Aa Comet tail (based on TG 489)69–71

Phototoxicity 3T3 NRU assay Balb/c 3T3 fibroblasts 43272 Viability ± UVR
EpiDerm™ Phototoxicity test EpiDerm™ H3D-PT N/Aa Viability ± UVR (based on TG 432)72,73

Absorption Skin absorption: in vitro
method

Excised dermatomed or full
thickness skin

42874 Concentration in receptor fluid, skin
surface (wash), and skin layers

a Not available and/or not yet approved.
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Recently, 3D cell culturing techniques have improved the relevance of the available models and 
demonstrated the synergistic effects that different cell types have on each other. These models 
can be assembled into complex structures to simulate physiologically relevant conditions. Both 
Reconstructed Human Epidermis (RHEm) and Full-Thickness Skin models (FTSm) have been used for 
many applications including basic, pharmacological and cosmetic research. Innovative techniques 

such as 3D printing and scaffolds are promising approaches to increase the relevance of these models [3]. In this 
line, recent development in microfluidic-based cell culture technology has demonstrated the feasibility of using 
micro-scale in vitro physiological models “organs-on-a-chip” models for drug screening. These Organ-on-a-Chip 
devices (OoC) aim to mimic the architecture and function of an organ by combining 3D bioengineered constructs 
such as multicellular spheroids and organoids, and bioprinted constructs (Figure 1). 

Opportunities for development
of new in vitro models

for skin toxicity 

Pharmaceutics 2022, 14, 682 3 of 30

state-of-the-art SoC devices will be presented, and the major advancements and drawbacks
will be highlighted.
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Figure 1. Methods used for preclinical studies of skin-targeted drugs. Comparison between the 
different methodologies regarding controllability and reproducibility as well as physiological 
relevance and complexity. The figure highlights the potential significance of organ-on-a-chip (OoC) 
technology to provide a reproducible and physiologically relevant approach to systematically 
evaluating skin responses. 

2. Organ-on-a-Chip Technology 
OoC technology combines advancements in tissue engineering and microfluidics to 

reproduce critical functional aspects of human tissues and organs [15]. The key features 
of OoC platforms include the presence of biomechanical forces and the integration of 
multiple cell types to model their complex interactions [16]. Perfusion channels are 
included on the OoCs to model fluid flow across the tissues. These channels act as 
engineered vasculature, delivering cell culture media to the cells within the culture 
chamber and removing associated cell metabolites and detritus. By growing tissues inside 
a controlled environment and mimicking in vivo-like forces, it has been possible to create 
more advanced models better suited for pharmaceutical applications and disease 
modeling. This technology can substantially reduce the total costs of drug screening due 
to the decrease in reagent volumes and the possibility of testing various drug candidates 
in parallel [9]. Additionally, the close-loop environment in OoC makes possible the 
integration of various biosensors for real-time monitoring of tissue function [17]. The 
sensors can be useful for monitoring the formation of healthy tissues and monitoring 
disease conditions in response to drug candidates. 

The potential of OoC platforms has been extensively demonstrated in the last decade. 
It was shown that the stimuli applied on the chip lead to alterations in cell behavior, 
including improved cell morphology and differentiation and more in vivo-like 
interactions between cells and the ECM [18]. Some important examples include the 
reconstruction of a lung-on-a-chip capable of recreating relevant in vivo mechanical forces 

Figure 1. Methods used for preclinical studies of skin-targeted drugs. Comparison between the dif-
ferent methodologies regarding controllability and reproducibility as well as physiological relevance
and complexity. The figure highlights the potential significance of organ-on-a-chip (OoC) technol-
ogy to provide a reproducible and physiologically relevant approach to systematically evaluating
skin responses.

2. Organ-on-a-Chip Technology

OoC technology combines advancements in tissue engineering and microfluidics to
reproduce critical functional aspects of human tissues and organs [15]. The key features of
OoC platforms include the presence of biomechanical forces and the integration of multiple
cell types to model their complex interactions [16]. Perfusion channels are included on the
OoCs to model fluid flow across the tissues. These channels act as engineered vasculature,
delivering cell culture media to the cells within the culture chamber and removing associ-
ated cell metabolites and detritus. By growing tissues inside a controlled environment and
mimicking in vivo-like forces, it has been possible to create more advanced models better
suited for pharmaceutical applications and disease modeling. This technology can substan-
tially reduce the total costs of drug screening due to the decrease in reagent volumes and
the possibility of testing various drug candidates in parallel [9]. Additionally, the close-loop
environment in OoC makes possible the integration of various biosensors for real-time
monitoring of tissue function [17]. The sensors can be useful for monitoring the formation
of healthy tissues and monitoring disease conditions in response to drug candidates.

The potential of OoC platforms has been extensively demonstrated in the last decade.
It was shown that the stimuli applied on the chip lead to alterations in cell behavior,
including improved cell morphology and differentiation and more in vivo-like interactions
between cells and the ECM [18]. Some important examples include the reconstruction of a
lung-on-a-chip capable of recreating relevant in vivo mechanical forces (stretching) [19], a
liver-on-a-chip mimicking parenchymal hepatocytes and the sinusoidal space [20] and a
cardiac muscle grown on chip mimicking topographical and electrical cues, important for
achieving alignment and maturation in cardiac tissue [21]. Other relevant models produced
using OoC technology include bone, blood-brain barrier, skeletal muscle, eye, gut and
spleen [22]. Additionally, these platforms have been used to recreate multiple pathological

Figure 1. Highlights the potential significance of Organ-on-a-Chip (OoC) technology to provide a reproducible 
and physiologically relevant approach to to provide a reproducible and physiologically relevant approach to 
systematically evaluating skin responses (Zoio et al., 2022).

A physiologically relevant SoC model is expected to include the main layers of the human skin (dermis and 
epidermis) and a vascular system. The cell source and scaffold. The cell source and scaffold type are 
crucial to obtain a final model. The integration of mechanical stimuli such as cyclic stretching and shear 
stress should also be considered to reproduce the in vivo-like microenvironment. Finally, the integration of 
sensors in the SoC should be considered for real-time monitoring of skin function (Figure 2).

Key Requirements
for the Development 

of Skin-on-a-Chip Devices 

 

 

Figure 2. Development of biomimetic skin-on-a-chip platforms. Schematic drawing representing the main factors to be 
considered when developing physiologically relevant skin-on-a-chip (SoC) models, including technical and biological factors 
(cell sourcing, cell scaffold, perfusion, cyclic stretching, design and fabrication and sensor integration).  

ALI: Air-liquid interface; BM: Basement membrane; ECM: Extracellular matrix; TEER: Transepithelial electrical resistance; 
iPSC: Induced pluripotent stem cells.  
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conditions, important for future evaluation of drug candidates and therapies [23]. The
failure in drug development for cancer treatment is, in part, a result of conventional cancer
models failing to recapitulate the in vivo tumor microenvironment. Despite its complexity,
various groups are successfully using OoC technology to study cancer’s basic cellular and
molecular biology. OoC can be an important tool for future drug development in this field.
Currently, important models have been developed to model the tumor microenvironment,
cancer cells’ trans-endothelial migration and cancer-related angiogenesis [24].

OoC technology is a promising tool to increase the predictive ability of skin models,
offering continuous replenishment of oxygen, nutrients and mechanical stimulus.

3. Key Requirements for the Development of Skin-on-a-Chip Devices

A physiologically relevant SoC model is expected to include the main layers of the
human skin (dermis and epidermis) and a vascular system. The cell source and scaffold
type are crucial to obtain a final model with the desired architecture and physiology. The
integration of mechanical stimuli such as cyclic stretching and shear stress should also
be considered to reproduce the in vivo-like microenvironment. Finally, the integration of
sensors in the SoC should be considered for real-time monitoring of skin function. Figure 2
gives an overview of the main considerations when developing a SoC model.

Figure 2. Development of biomimetic skin-on-a-chip platforms. Schematic drawing representing the
main factors to be considered when developing physiologically relevant skin-on-a-chip (SoC) models,
including technical and biological factors (cell sourcing, cell scaffold, perfusion, cyclic stretching,
design and fabrication and sensor integration). The different factors should be evaluated taking
into account the specific application as well as available equipment and know-how. ALI: Air-liquid
interface; BM: Basement membrane; ECM: Extracellular matrix; TEER: Transepithelial electrical
resistance; iPSC: Induced pluripotent stem cells.

3.1. Cell Sourcing

One of the determinant factors for developing a SoC device is cell selection and
sourcing. When choosing the ideal cell types for integration in the SoC platform, the
context of use needs to be considered and the key aspects and components needed for
function identified.

Multiple in-house culture protocols have been developed and optimized over the last
decades to incorporate different cell types and biological sources on human skin mod-
els. Conventional FTSms are constructed using primary human skin cells. These cells are
isolated from healthy human skin obtained from standard surgical procedures. The clear ad-

Figure 2. Development of biomimetic Skin-on-a-Chip platforms. Schematic drawing representing the main 
factors to be considered when developing physiologically relevant Skin-on-a-Chip (SoC) models, including 
technical and biological factors (cell sourcing, cell scaffold, perfusion, cyclic stretching, design and fabrication 
and sensor integration). 

Next-generation in vitro skin models will reflect more closely the skin architecture and cell 
composition to allow for more precise toxicological profiling (Figure 3). The development of OoC 
technologies is promising. Inclusion of immune components for example in the 3D skin model 
offers a new perspective. The next step is to generate multi-OoC platforms that emulate entire 
biological processes: incorporating immune system, organ innervation and vascularization are 

the keys allowing to improve these platforms. Besides these challenges, the technology needs to be validated 
and accepted by the regulatory organizations as an efficient method . Collaborations between researchers, 
regulatory organizations and the industry would be necessary to obtain this validation (Figure 3). 

Conclusion
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of the tissue, but also analysis of pharmacokinetic
parameters (Fig. 2). Furthermore, a vascularized skin MPS
would be ideal to couple with circulating immune cells (or
immune tissue compartment) and lymphatic system, and
enable study of immune cell recruitment to damaged and/or
diseased tissue (Fig. 2).

Improved barrier function and fluidics

In vitro assessment of skin absorption has largely relied on
methods outlined in OECD TG 428, and utilize excised human
skin mounted in a static or flow-through diffusion cell.74

Measurement of drug concentrations within the skin, receptor
fluid, and wash of skin surface can enable determination of
the percentage of drug absorbed, and in some cases a
permeability constant. However, the variability of donor skin
can influence the analysis and prove problematic when
assessing compounds over time as is typical in drug
development. Additionally, due to limited availability of donor
skin, comparisons of pharmacokinetic parameters in healthy
versus diseased skin proves particularly challenging.

Reconstructed skin models such as Episkin™, Episkin™ full
thickness (FT) model, and EpiDerm™ have been investigated
for expression of drug metabolizing enzymes. Luu-The, et al.,
compared expression of phase 1 and phase 2 enzymes in the
Episkin™ and Episkin™ FT model to human epidermis,
dermis, and whole (FT) skin, and shown similarity in expression
of 61 enzymes.30 In particular, phase 1 enzymes such as
cytochrome P450 (CYP) isozymes exhibit low expression, with
CYP4B1 and CYP26B1 being the highest expressed. In contrast
to the low expression of phase 1 enzymes, phase 2 enzymes
including catechol O-methyltransferase, glutathione
transferase P1, sulfotransferase 2B1b, and N-acetyl transferase
5 are highly expressed.30 Hu, et al., similarly evaluated drug
metabolizing enzyme expression in the EpiDerm™ model
with comparison to whole skin noting considerable
congruence, and also demonstrated capability of CYP
induction with 3-methylcholanthrene.31 Thus, the metabolic
capabilities of reconstructed human skin models has been
clearly demonstrated; however, there remains a challenge in
assessing drug absorption and systemic availability in these
models.

Fig. 2 Desired physical features in future skin models. Several physical features desired in future skin models are shown including fluidics and
drug administration considerations. It is expected that many features may work in concert to achieve an improvement such as that of improved
barrier function.

Table 4 Recommended markers

Feature Markers

Skin inflammation IL-17, IL-2, IL-4, IL-6, IL-12, IL-8, IL-10, TNF-α, IgE, IFN-γ, TGF-β, MIG
Skin barrier & lipid synthesis Filaggrin, involucrin, loricrin, S100A7, keratins, elafin, cystatin A, desmosomal proteins (desmocollins &

desmogleins), sphingomyelin, phosphodiesterase, kallikrein-related peptidases, ceramide, synthases,
stearoyl CoA desaturase, ELOVL1, ELOVL6

Pruritus IL-31, TSLP, IL-4, IL-13
Skin sensory neuronal activity TRPV1, TRPA1, S1PR3, TRPM8, P2RX3, MrgprX1, HRH1, F2RL1 (PAR2), F2RL3 (PAR4), PIEZO1, PIEZO2
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Figure 3. Desired physical features in future skin models. Several physical features desired in future skin 
models are shown including fluidics and drug administration considerations. It is expected that many features 
may work in concert to achieve an improvement such as that of improved barrier function. 


