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Abstract

Skin-on-a-chip (SOC) models are emerging as next-generation tools in the preclinical evaluation of
cosmetics and pharmaceutical compounds. These models accurately replicate the 3D anatomical
organization and physiological functions of human skin. Additionally, they are more economical and
realistic as compared to the conventional 2D cell culture systems and animal models. Engineering an
ideal skin equivalent requires construction of a SOC system wherein the anatomical development of in
vitro human skin is integrated with a microfluidic assembly, so that it can comprehensively mimic the
in-vivo complexity, functionality and flow conditions. SOCs are based on the principle of 3Rs i.e.,
replacement, reduction, and refinement (RRR) in animal models to support more humane scientific
experiments. In this article, we have briefly discussed about the SOC technology. Further, we have
reviewed the application of this technology in pre-clinical investigations of new topical
pharmaceutical and cosmetic molecules to accelerate their transition into markets.
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Human skin as the major administration route for topical pharmaceutical and cosmetic
molecules

Skin is an intricate, the most accessible, and the largest organ system of the human body. It
acts as a first physical barrier, having a large surface contact area (1). It performs several
anatomical and physiological functions, such as sensory detection, thermoregulation, fluid
homeostasis, immune defense, and protection from external environmental, mechanical, and
pathological agents (2). Due to these advantages, it is considered as the most appropriate
route for administration of various topical pharmaceutical and cosmetic molecules (3). Thus,
it becomes crucial to identify and assess potential factors associated with the dosing and
efficacy, mode of action, adverse reactions, allergies, and to conduct overall risk analysis of
these compounds with respect to the human body (4,5).
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Ethical regulations, challenges, and development of on-chip skin model for pre-clinical
evaluation

During the time period of 2009 and 2013, validation across Europe, USA, Canada, and Japan
established the “International Cooperation on Alternative Test Methods” (ICATM), which later
involved Korea, Brazil and China (6). Apart from the organization for economic cooperation and
development (OECD) member states, many countries are extensively using animals for pre-
clinical testing of cosmeceuticals, pharmaceuticals and their formulations, which is costly,
time-consuming, ethically questionable and does not precisely replicate the human conditions

(7).

Conventional 2D cell culture systems are well established but cannot predict the complicated
effects of drug metabolism in actual skin (8). To be able to comply with the principle of 3Rs, it is
imperative to establish human-relevant pre-clinical models which may recapitulate complex
cell-cell and cell-matrix interaction systems, ultimately representing the tissue polarity and
morphology of in-vivo skin (9). The in-situ developed human skin equivalents (HSEs) or 3D
reconstructed organotypic skin tissue models (SMs), using standard cell culture inserts, such as
reconstructed human epidermis models (RHE) like SkinEthic™, EpiSkin™, Phenion® epiCS,
StratiCELL, StrataTest®, LabCyte EPI-MODEL and reconstructed human full-thickness skin
models (FT) such as Vitrolife-Skin™, Phenion® FTskin, EpiDerm-FT™, CELLnTEC FTskin,
Biomimiq FTskin, T-Skin™ etc. are anatomically similar to in-vivo skin but lack the vascular
network that is responsible for in-vivo blood circulation to native skin cells and is hence of
limited functional relevance (10).

These alternative models also present challenges such as batch-to-batch variability, nutrient
medium circulation, harvesting constituents from reconstructed skin tissue for extended
biological investigations, accurate control over a spatiotemporal chemical gradient, suitable
physicomechanical factors, sampling of luminal constituents for quantitative analysis of
adsorption, distribution, metabolism, excretion/elimination, and toxicity (ADMET) of topical
molecules. These issues have been overcome by integrating microfluidic platforms and/or
sensing technologies along and microfabrication techniques like 3D bioprinting with the
existing models to develop skin-on-a-chip (SOC) technology (10,11). The concept of SOC
technology and its diverse and vast applications in pre-clinical evaluation of topical
pharmaceutical and cosmetic molecules has been represented in Figure 1.

Implementations of SOC technology for research in topical molecules

SOC devices are the micro-engineered fluidic systems that precisely regulate the
physiochemical parameters like mechanical force, medium circulation, gaseous exchange,
critical fluid behaviors, and gradients of biochemicals etc. These factors are important for
maintaining the dynamic structural organization and functional microenvironment of human
skin cells/tissue, to closely simulate the complexity of human skin at the microscale, in a 3D
format, as shown in Figure 2 (14,15,17).
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Figure 1: Overview of applications of skin-on-a-chip (SOC) technology and its importance as an alternative-
to-animal model. SOC image adapted from (12).

Implementations of SOC technology for research in topical molecules

SOC devices are the micro-engineered fluidic systems that precisely regulate the
physiochemical parameters like mechanical force, medium circulation, gaseous exchange,
critical fluid behaviors, and gradients of biochemicals etc. These factors are important for
maintaining the dynamic structural organization and functional microenvironment of human
skin cells/tissue, to closely simulate the complexity of human skin at the microscale, in a 3D
format, as shown in Figure 2 (14,15,17).
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Figure 2: Examples of two SOC system design and characterization studies

[A] (a)(b) Assembly of SOC chip (c) cross-section of culture chambers; upper chamber (UC) for air, topical
drugs/or culture medium; a porous membrane separating lower chamber (LC) for flow of nutrient medium, (d)
tube connections (top view), (e) overview of device and its connections to the pump, inlet and outlet tubing’s L.C
(green) and UC (blue), (f) SOC device and pump setup, (g) confocal images of SOC depicting fibroblasts (Fbs) and
keratinocytes (KCs) as green and reddish colored respectively, [adapted from (13)].

[B] (h)(i) device cross-section (j) pattern of 3D multicell skin culture, (k) microanatomy images of SOC
(Haematoxylin and eosin staining) depicting distinguish skin layers, [adapted from (12)].

Microfluidic SOC models encompass a laminar fluid flow in hollow microchannels, which do not allow mixing
of neighbouring fluids, thus permitting analysis of micro volumes of samples

Microfluidic SOC models encompass a laminar fluid flow in hollow microchannels, which do
not allow mixing of neighbouring fluids, thus permitting analysis of micro volumes of samples.
Hence, they are associated with limited utilization of reagents and may be employed even for
smaller volumes of patient-derived samples (14). Furthermore, they are also known to provide
higher sensitivity during detection of normal and diseased skin-specific biomarkers (14). This
miniaturization helps to conduct extensive pre-clinical testing of new, expensive, and less
available topical molecules and their formulations.

Table 1 presents a comprehensive overview of implementation of SOC models for pre-clinical
evaluation of topical pharmaceutical and cosmetic molecules and their formulations. 18
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Table 1: Overview of implementations of SOC models for pre-clinical evaluation of topical compounds and
formulations

SOC Models | Aim and Sourcecell Studies conducted (testing Outcome/Significance
applications = features)

Fullthickness Efficacy testing

(FT), exvivo  [antibiotic)
FT,3D co- Skinwrinkling,
culture cosmetic testing
Pump free
mathematical
FT,3Dco- transdermal
culture transport model for
drug testing
Compared multiple
FT,3Dco- collagensources,
culture toxicity testing
Drug efficacy
Multicell, FT

separated FT
tri-skin layers

Multicell, FT

Microchannel
swith
epidermal
layers

study

SENSOS

Multicell, FT
RHE

senskvity,

6B Microchannel Wound healing
separatedtri- model
skinlayers
Multicell, FT  Inflammation
FT, 3D co- Pumpless, efficacy
culture testing

Microchannel Skinirritation,
diseas= modelling

Micro-milling, shear
stressstudies, in
vitro analysis system

3 parallek, diffusion

3 parallelk-TEER

30 co-culture integrated, immune
assay system

Skin irritation,

specificity, accuracy

Skin micro-
biopsy,
Staphylococcus
aureusculture

Fbs, KCs

Fbs, KCs

Fbs, KCs

HaCaTs, Fbs,
Human
umbilicalvein
endothelial cells
[HUVECs)

Fbs, KCs,
endothelial cells

Fbs, N/TERT-1
KCs

HaCaTs

HaCaTs, human
leukemic
monocyte
Ilymphomacell
line(U937)
HaCaT, Hs27
[Fbs), HUVECS

Fbs, HUVECs,
macrophages

Fbs, HaCaTs,
HUVECs, HL-
B0[leucocytes)

Fbs, KCs

MNeutrophil migrationto skin
infections, penicillin treatment

Wrinkleformation and KCs
migration in HSE using oyclic
[magnetic) stretching

Microfluidic mathematical 50C
maint@ining skin barrier
functionsfor 3weeks,
doxorubicincauses toxicity and
resulted inspatial detachment
of the basal layer inthe HSE

Side effect test of sorafenib

Tumaor necross factor-alpha
[TMF-ou)-induced inflammation
and cedema, therapeutic
dexamethasone doszge

Induction of angicgenese using
sodium lauryl sulfate and
steartrimonium chloride

Microfluidic chipcontaining
independent tissueculture (Fbs
with N/TERT KCs) and analysis
units, permeation studies using
caffeine
Parallel permeation assays
using FITC dextran (tracer),
potassium dichromate (model
irritant)

3-tiered culiure differential
stimulation of skin barrier
integrity using
lipopolysaccharide and UV,
Paracellular permeability

OECD TG 439 testingchemicals
for comparison betweenseveral
madels

Replicatingwound
inflammation by TNF-o
induction for tri-culturing with
macrophage. Dexamethasone
treatment

Permeability test across
endothelium, doxorubicin
toxicity- inflammatory
response, leucocyte migration
in responseto UV irradiation
Anti-aging effect of curcumin
and coemeyme Q10 (CO10)

Biomarker assay device for
skinand soft tissue
infections

Induction of aging,
decreaseincollagen,
fibronectin, keratin
production, cellular
proliferation

Intrinsic skin
transport/permesion
properties [diffusionrate,
drug partitioning, doszge),
independent of skin
thickness

Effective for clinical use

Drrug toxicity, disease
modelling

Mimics contact dermatitis
pathophysiology. Clinical
testing system for cosmetic
drug ingredients, allergens,
corrosives, common and
uncommaon irrtants

Epithelial tissue culturing,
improved S0C functionality

Real-time microscopic
imaging device. Evaluation
of drug candidates, irritant,
allergen testing for
dermatitis

KCs layer-protection barrier
to external hazards, skin
allergy model (contact
dermatitis

S0OC gave B0 accuracy
compared to in vivodata,
better predictivecapacity
for differentiaing skin
irritants and non-irritants

Wound-on-a-

chip for screening anti-
inflammatory drug
properties

Drugs screening for dermal
diseases and cosmetic
product

Epidermal celldensity and
proliferation increases with
curcumin and COQ10
concentration
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Conclusion

SOC models may be employed for many applications by designing normal and disease models
based on physiological and pathological processes such as skin cancer, wound healing, skin
aging, genodermatosis, disease modelling like fibrosis, vitiligo; irritation, inflammation, drug
reaction, angiogenesis, oxidative damage and in-vitro regeneration. Thus, SOCs are more
reproducible and vital tools for preclinical evaluation of topical compounds as well as for
studying the omics of skin physiology and pathology.

In the future, we may be able to achieve a robotic human skin emulation and pre-clinical SOC
technology may be integrated with artificial intelligence-based software tools for automated
handling and efficiently analyzing cellular, proteomic, and genomic status/profile of the
individual-specific human skin. This may also allow quick comparison and recording of the
statistically relevant data on cloud-web interfaces and ultimately enable the prediction of
pros and cons of newer topical compounds based on real-time standards.
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