
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).
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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 LC
(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.
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Table 1: Overview of implementations of SOC models for pre-clinical evaluation of topical compounds and
formulations

19APTI Women's Forum Newsletter, Vol 1, Issue 1 | Jan – April, 2022 



References                                                                              
Zhang Q, Sito L, Mao M, He J, Zhang YS, Zhao X. Current advances in skin-on-a-chip models for drug testing. Microphysiol Syst. 2018;1:1–1. 1.
Abaci HE, Guo Z, Doucet Y, Jacków J, Christiano A. Next generation human skin constructs as advanced tools for drug development. Exp Biol
Med (Maywood). 2017 Nov;242(17):1657–68. 

2.

Van Gele M, Geusens B, Brochez L, Speeckaert R, Lambert J. Three-dimensional skin models as tools for transdermal drug delivery: challenges
and limitations. Expert Opinion on Drug Delivery. 2011 Jun 1;8(6):705–20. 

3.

Jusoh N, Ko J, Jeon NL. Microfluidics-based skin irritation test using in vitro 3D angiogenesis platform. APL Bioengineering. 2019
Sep;3(3):036101. 

4.

Jeon B, Lee G, Wufuer M, Huang Y, Choi Y, Kim S, et al. Enhanced predictive capacity using dual-parameter chip model that simulates
physiological skin irritation. Toxicology in Vitro. 2020 Oct;68:104955. 

5.

Costin G-E, Norman KG. Application of In Vitro Methods in Preclinical Safety Assessment of Skin Care Products. In: Farage MA, Miller KW,
Maibach HI, editors. Textbook of Aging Skin. Berlin, Heidelberg: Springer Berlin Heidelberg; 2017. p. 1503–21.

6.

Flaten GE, Palac Z, Engesland A, Filipović-Grčić J, Vanić Ž, Škalko-Basnet N. In vitro skin models as a tool in optimization of drug formulation.
European Journal of Pharmaceutical Sciences. 2015 Jul 30;75:10–24. 

7.

 Edmondson R, Broglie JJ, Adcock AF, Yang L. Three-Dimensional Cell Culture Systems and Their Applications in Drug Discovery and Cell-Based
Biosensors. ASSAY and Drug Development Technologies. 2014 May;12(4):207–18. 

8.

Bédard P, Gauvin S, Ferland K, Caneparo C, Pellerin È, Chabaud S, et al. Innovative Human Three-Dimensional Tissue-Engineered Models as an
Alternative to Animal Testing. Bioengineering. 2020 Sep 17;7(3):115. 

9.

Hasan A, Paul A, Vrana NE, Zhao X, Memic A, Hwang Y-S, et al. Microfluidic techniques for development of 3D vascularized tissue. Biomaterials.
2014 Aug 1;35(26):7308–25. 

10.

Smith Q, Gerecht S. Going with the flow: microfluidic platforms in vascular tissue engineering. Curr Opin Chem Eng. 2014 Feb;3:42–50. 11.
 Wufuer M, Lee G, Hur W, Jeon B, Kim BJ, Choi TH, et al. Skin-on-a-chip model simulating inflammation, edema and drug-based treatment. Sci
Rep. 2016 Dec;6(1):37471. 

12.

Valencia L, Canalejas-Tejero V, Clemente M, Fernaud I, Holgado M, Jorcano JL, et al. A new microfluidic method enabling the generation of
multi-layered tissues-on-chips using skin cells as a proof of concept. Sci Rep. 2021 Dec;11(1):13160. 

13.

Mohammadi MH, Heidary Araghi B, Beydaghi V, Geraili A, Moradi F, Jafari P, et al. Skin Diseases Modeling using Combined Tissue Engineering
and Microfluidic Technologies. Advanced Healthcare Materials. 2016;5(19):2459–80. 

14.

Kim JJ, Ellett F, Thomas CN, Jalali F, Anderson RR, Irimia D, et al. A microscale, full-thickness, human skin on a chip assay simulating
neutrophil responses to skin infection and antibiotic treatments. Lab Chip. 2019;19(18):3094–103. 

15.

Lim HY, Kim J, Song HJ, Kim K, Choi KC, Park S, et al. Development of wrinkled skin-on-a-chip (WSOC) by cyclic uniaxial stretching. Journal of
Industrial and Engineering Chemistry. 2018 Dec;68:238–45. 

16.

Abaci HE, Gledhill K, Guo Z, Christiano AM, Shuler ML. Pumpless microfluidic platform for drug testing on human skin equivalents. Lab Chip.
2015;15(3):882–8. 

17.

Jeon HM, Kim K, Choi KC, Sung GY. Side-effect test of sorafenib using 3-D skin equivalent based on microfluidic skin-on-a-chip. Journal of
Industrial and Engineering Chemistry. 2020 Feb;82:71–80. 

18.

Sriram G, Alberti M, Dancik Y, Wu B, Wu R, Feng Z, et al. Full-thickness human skin-on-chip with enhanced epidermal morphogenesis and
barrier function. Materials Today. 2018 May;21(4):326–40. 

19.

Sasaki N, Tsuchiya K, Kobayashi H. Photolithography-free Skin-on-a-chip for Parallel Permeation Assays. Sensors and Materials. 2019;31(1):9. 20.
Ramadan Q, Ting FCW. In vitro micro-physiological immune-competent model of the human skin. Lab Chip. 2016;16(10):1899–908. 21.
 Biglari S, Le TYL, Tan RP, Wise SG, Zambon A, Codolo G, et al. Simulating Inflammation in a Wound Microenvironment Using a Dermal Wound-
on-a-Chip Model. Advanced Healthcare Materials. 2019; 

22.

Kwak BS, Jin S, Kim SJ, Kim EJ, Chung JH, Sung JH. Microfluidic skin chip with vasculature for recapitulating the immune response of the skin
tissue. Biotechnology and Bioengineering. 2020 Jun;117(6):1853–63. 

23.

Kim J, Kim K, Sung GY. Coenzyme q10 efficacy test for human skin equivalents using a pumpless skin-on-a-chip system. International Journal
of Molecular Sciences. 2020; 

24.

Kim K, Jeon HM, Choi KC, Sung GY. Testing the Effectiveness of Curcuma longa Leaf Extract on a Skin Equivalent Using a Pumpless Skin-on-a-
Chip Model. IJMS. 2020 May 29;21(11):3898. 

25.

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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