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Current advances in skin-on-a-chip models for drug testing
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Abstract: Skin-on-a-chip models are highly desirable in drug testing compared to conventional 2D cell

culture and animal models as they can replicate organ-specific 3D structural organization and physiological

functions at a relatively low cost. To engineer a physiologically relevant skin model, human skin structures

have been integrated onto microfluidic platforms to construct skin-on-a-chip systems that can mimic the

complex 7z vivo situation. In this mini-review, we first briefly introduce some critical technologies employed

to develop in vitro skin-on-a-chip models. We then review the applications of the state-of-the-art skin-on-

a-chip models in drug testing, with a focus on using models of full-thickness skin equivalents (FTSEs), skin

models with additional components such as vasculature, immune cells and hair follicles as well as multi-

organ-on-a-chip models. Finally, we discuss some current challenges and future directions of development of

complex, and in vivo-like skin-on-a-chip models.
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Introduction

Skin is an intricate organ of the human body and serves many
essential physiological functions for human survival such
as fluid homeostasis, thermoregulation, immune defence,
and sensory detection. It forms an efficient physical barrier
to protect the body against environmental pathogens, toxic
chemicals, mechanical disturbances, and UV radiation (1).
Due to its accessibility and large surface contact area, skin
is considered as a suitable and vital route for administration
of drugs or application of cosmetic products (2,3). Testing
of these substances on the skin is thus of crucial importance
to assess the dosing and therapeutic efficacy, to identify the
potential adverse skin reactions and mode of action, and to
analyze human environmental risks (4).

Currently, animal models are extensively used for such
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drug testing, but they are usually lacking availability, highly
time-consuming and costly, ethically questionable and may
not represent the physiology, immunity and metabolism of
the human skin, resulting in a limited ability to extrapolate
to human conditions (5). Thus, human skin equivalents
(HSEs) for drug testing using developed iz vitro skin models
are considered valuable tools for studying the molecular
basis of cellular responses in skin physiology and pathology
(6,7). Conventional two-dimensional (2D) culture models
have involved cultures of keratinocytes or co-culture of
keratinocytes with immune cells and dermal fibroblasts on
petri-dishes or microtiter plates (1). These models are well-
established and straightforward to use; however, they fail
to reconstitute the complex three-dimensional (3D) cell-
cell and cell-matrix interactions found in the body, limiting
their accuracy in predicting the complicated effect of drug
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metabolism on the actual skin.

To tackle these limitations, development of 3D skin
models with cells cultured in extracellular matrix (ECM)-
like materials (e.g., hydrogels) is rapidly gaining significant
attention as they can better simulate the architectural and
chemical complexity of living tissues (8-10). Typically, a
3D HSE should contain three distinct layers including
epidermis, dermis and subcutaneous adipose tissue (10).
In addition, cells grown in 3D skin models should form
prevalent gap junctions and tight junctions. These subtle
cellular structures can enhance the communication of
different skin cells, maintain skin tissue integrity and
function, and facilitate in vitro drug testing (11). Especially
in terms of drug diffusion, drugs in 3D culture models
need to diffuse across multiple layers of cells to reach the
final targets. Formed stratum corneum structures in the 3D
models can reduce the drug diffusion rate and significantly
reduce the bioavailability of drugs, which resembles human
skin’s barrier function. However, this barrier function
cannot be found under the 2D culture condition as these
subtle structures cannot be maintained on rigid culture
dish (11). Nevertheless, most of the traditional 3D skin
models still have some serious limitations such as weak
barrier properties, lack of vasculature and skin appendages
(e.g., sweat glands and hair follicles), and thus are incapable
of fully recapitulating the multicellular complexity of the
human skin tissue (12). Moreover, these 3D skin models
cannot offer precise control over spatiotemporal chemical
gradients and physical environmental factors (e.g.,
temperature, mechanical forces, gas), and may pose many
technical challenges such as sampling luminal contents
for analysis of the adsorption, distribution, metabolism,
elimination and toxicity (ADMET) of drugs as well as
harvesting cellular components in specific positions for
extended biological analysis (8,13). Therefore, there is an
urgent need to fabricate more physiologically mimicking
and functional skin models for drug testing.

A novel skin model, known as “skin-on-a-chip” model
or on-chip skin model, has made considerable advances in
the field of skin tissue engineering. It can narrow the gap
between traditional 2D culture and the in vivo situation,
and thus provides the possibility of addressing all these
limitations mentioned above. “Skin-on-a-chip” is to culture
skin tissues within a microfluidic system, which can control
many physical and biochemical parameters such as medium
flow, mechanical force and gradients of biochemicals,
mimicking the 3D microenvironments of the natural
human skin. These models have the potential to create
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functional skin tissues with controlled 3D organization of
skin layers and appendages. Herein, in this paper, we begin
by providing an overview of some key technologies that are
used to construct skin-on-a-chip models. We then discuss
the recent progress on the applications of this type of
emerging in vitro skin models for drug testing. Finally, the
current challenges and future directions in the development
of skin-on-a-chip will be highlighted.

Key technologies in the development of skin-on-
a-chip models

A skin-on-a-chip model combines skin culture models
created by various microfabrication techniques with the
microfluidic technology and/or sensing technologies
(Figure ST) (14,15). The microfabrication techniques such
as photolithography, replica molding and 3D printing/
bioprinting, allow for fabrication of complex tissue-
like structures within the microfluidic chips (15-19). For
instance, Lee et a/. used 3D bioprinting of keratinocytes
and fibroblasts to engineer human skin tissues,
representing epidermal and dermal layers, respectively (20).
Compared with traditional methods to construct skin
tissues, 3D bioprinting offered many advantages such
as flexibility, reproducibility, high resolution and high-
throughput culture. These engineered skin models can be
potentially applied in transdermal and topical formulation
discovery, and dermal toxicity studies. In another study,
the nanoporous alumina mask was used to fabricate a
nanogold platform substrate with its surface nanopatterned
with the RGD (Arg-Gly-Asp) peptide, and two-photon
stereolithography techniques were used to manufacture
a three-layer-structured cell chip (21). This cell array
system can mimic 3D skin cell growth by seeding skin
fibroblasts in such designed structures. Moreover, this
device can also achieve high-throughput testing of in vitro
effects of cosmetic drugs. More detailed information about
such microfabrication techniques applied to fabricating
tissue models was reviewed by Verhulsel ez /. (22). Taken
together, the microfabrication techniques offer the ability to
precisely control cell shape, position and 3D organization
of skin layers and appendages in a skin-specific context
displaying more realistic functionality.

However, these microfabricated skin models are still
deficient in their ability to recapitulate the human skin
due to the lack of several essential cellular or structural
components (23). For example, the lack of vascular network
in most iz vitro skin models cannot simulate iz vivo blood
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circulation in their native counterparts, which is responsible
for supplying the living cells with nutrients and growth
factors (23). Microfluidics is another core technology to
tackle this problem, altering the way we study living skin
cells in both the 2D and 3D systems and allowing us to
develop a more ideal skin-on-a-chip models (24). In general,
microfluidic technology can manipulate or process small
amounts (107 to 10" L) of fluids in hollow microchannels,
and because of their small sizes, the fluids in the microfluidic
systems exhibit specific physical properties such as the laminar
flow (14,23). When different fluids flow beside each other
in the same hollow microchannel, they are entirely laminar
and virtually do not mix between neighboring fluids (23).
This interesting property enables a small sample volume
to be analysed, and thus addresses the limited access to the
patient-derived samples and reduces the consumption of
the chemicals. The decrease in the sample size also reduces
the amounts of drugs to be tested and results in a higher
sensitivity for detecting biomarkers of skin tissues (23). For
instance, Mah et al. fabricated a microfluidic system for i
vitro skin permeation studies, which was able to utilize a
small amount of medium (70-200 pL) and a small area of
skin tissue (0.283 cm’) (25). Due to its miniaturization, this
device can be useful in conducting extensive pre-formulation
studies for expensive new drugs with limited availability.
Microfluidics-based platforms also permit precise regulation
of the cellular microenvironment in skin-on-a-chip models,
such as controlling the dynamic fluid behaviours and external
physical factors (e.g., temperature, mechanical force, gas)
at the microscale, and providing nutrients and chemical
cues to the skin cells (26,27). Additional examples of such a
microfluidic technology applied to skin-on-a-chip models are
outlined in subsequent sections.

The conventional microfluidic technology combined
with the tissue engineering technology has made it possible
to engineer more complex skin microsystems. However,
when performing drug testing on them, compared with
traditional functional measurements such as morphology,
viability, and biochemical analyses, measurements of skin-
specific functions such as barrier permeability could offer
more useful information and produce a more valuable
evaluation of drug responses (28). The incorporation
of various in situ biosensors into the chip is another
important step, not only providing non-invasive real-time
readouts of skin tissue function but realising detection of
its dynamic responses to the pharmaceutical compounds
(23,29). Recently, Zhang et al. demonstrated that sensing
technologies by integrating the physical and chemical
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biosensors into the microfluidic systems could endow the
measuring process with iz situ, continual, non-invasive and
automated capability, which achieved a better monitoring
of drug efficacy or toxicity (30). Alexander et 4/. fabricated
a non-invasive skin-on-a-chip system integrated with a
sensor to monitor the transepithelial electrical resistance
(TEER) of reconstructed human epidermis (31). Their
in vitro diagnosis system was able to monitor metabolic
parameters and reveal the change of skin tissues over
time, while maintaining constant cultures on chip. Taken
together the combination of microfabrication techniques,
microfluidic technology and biosensing technologies allows
us to construct more sophisticated skin-on-a-chip models
and enable parallel, real-time and high-throughput drug
testing on them. Such skin-on-a-chip models may help us
gain insight into the drug mode of action and provide the
data necessary for preclinical evaluation of drug candidates,
which will be reviewed in the following sections.

Skin-on-a-chip models for drug testing
applications

As discussed above, the physiological relevance of skin models
has been improved by various technologies to obtain more
accurate and reproducible results of drug research. In the
following section, an overview of the latest research efforts
for skin-on-a-chip models, their designs, and physiological
properties relevant to drug testing is presented. In particular,
we highlight FTSE models, skin models incorporating
additional skin components and multi-organ-on-a-chip
models, which can recapitulate the physiologically relevant
structures and functionalities of the normal human skin.
FTSEs comprising epidermal and dermal layers are
much more similar to in vivo skin in consideration of
transport properties when compared to reconstructed
single human epidermal equivalents. Thus, they are more
extensively used in skin-drug interaction studies (6).
For example, Abaci et al. prepared FTSEs composed of
epidermal and dermal compartments outside the chip and
then placed them into a pumpless microfluidics platform
after full differentiation, stratification and cornification (32).
This chip was carefully designed to have a stable air-liquid
interface in a gravity-driven flow system, and a physiological
residence time of blood in human skin tissues. Such design
managed to support maturation and differentiation of
FTSEs and maintenance of their barrier function for
3 weeks. Moreover, it showed the ability to examine the toxic
effects of doxorubicin (an anticancer drug) at a clinically
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relevant concentration, which caused a spatial detachment
of the basal layer along the epidermal-dermal interface in
the FTSEs model. Similarly, in a recent study by Alberti
et al., circular pieces of FTSEs were inserted into a designed
microfluidic chip to rigorously validate its permeation
against the static Franz diffusion cell, a traditional iz vitro
skin permeation testing system (33). The result of caffeine
permeation exhibited that this skin-on-a-chip model could
reduce the effect of the unstirred water layers that may form
in the static Franz diffusion cell and affect the substance
transport process. Although these studies suggested that
such simple chips could be useful as in virro platforms for
skin drug testing, they were not entirely successful because
FTSEs were not constructed directly in the microfluidic
device and could not benefit from the dynamic culture.
More recently, Wufuer er al. designed an in vitro
human skin-on-a-chip device comprising three
polydimethylsiloxane (PDMS) layers and two porous
membranes to enable direct co-culture of keratinocytes
(epidermal layer), fibroblasts (dermal layer) and vein
endothelial cells (endothelial layer) in a microfluidic
system (34). The different microfluidic channel systems
within the three PDMS layers enabled the perfusion of
various kinds of culture medium with different flow rates.
The diseased vascularized skin model with inflammation
and edema was then obtained by perfusing tumor necrosis
factor alpha (TNF-a) through the microfluidic channels,
and finally used to test the efficacy of the therapeutic drug
(dexamethasone) on reducing TNF-a-induced inflammation
and edema. The microfluidic channels within this human
skin-on-a-chip device has shown crucial role in mimicking
the complex and dynamic microenvironment within native
human tissue by introducing perfusing culture medium and
biofactors. However, in this work, the researchers adopted
the 2D skin cell culture, which lacks the 3D complexity
of the human skin. To tackle these problems, Lee er al.
prepared a skin-on-a-chip model with 3D FTSEs, where
human dermal primary fibroblasts were encapsulated in a
3D collagen hydrogel to represent the dermis layer, and
HaCaT cells or primary human keratinocytes were cultured
on top of the collagen-fibroblast mixture exposed to air-
liquid interface in the presence of epidermalization media
to represent epidermis layer (35). Microfluidic channel
beneath the skin construct was seeded with endothelial
cells to construct the vascular structure in the chip.
Gravity-induced rocking platform, as a pumpless operation
system, was used for the long-term culture of the chip
while minimizing bacterial contamination and air bubble

© Microphysiological Systems. All rights reserved.

mps.amegroups.com

Microphysiological Systems, 2018

formation. This chip with endothelial cell-coated fluidic
channels could maintain the growth of human keratinocytes
and support their differentiation from air exposure by
10 days. In addition, using a similar chip, the same research
group compared the abilities of three different collagens,
including rat tail, porcine skin and duck feet collagen,
to support the growth and differentiation of primary
dermal fibroblasts and human keratinocytes. Among these
three collagens, probably due to the different mechanical
properties, the rat tail collagen was demonstrated to be
the best one as the scaffold biomaterial for HSEs, based
on the expression of marker proteins and formation of the
dermal and epidermis layers (36). They have also compared
the differentiation of 3D FTSEs constructed using a
conventional transwell and using a microfluidic chip (37).
The authors found that the contraction of the collagen
hydrogel was the lowest under the dynamic chip condition
possibly due to sufficient convection of the culture medium,
which was favourable for drug permeation testing. Overall,
these research results provided valuable information for
the development of a more physiologically relevant skin-
on-a-chip model, especially the ones that can be used for
drug testing. In addition, Sriram er a/., developed a full-
thickness human skin-on-a-chip model integrated with a
fibrin-based dermal matrix inside to better recapitulate the
structure and functions of human skin (Figure S2A4,B) (38).
Compared with HSEs cultured in standard culture inserts,
this device endowed HSEs with an improved epidermal
morphogenesis, a more advanced epidermal differentiation,
a faster maturation time as well as a tighter dermo-
epidermal junction. Furthermore, the result of the TEER
and caffeine permeation assay demonstrated that the HSEs
within the chip had a superior barrier property, showing the
potential ability for cost-effective, high-throughput drug
permeability and toxicity testing.

To further generate more reliable in vitro skin-on-a-chip
models, there is a growing interest in integrating different
skin components, such as vasculature, immune cells and
hair follicles into the microfluidic devices (1). In one study,
Abaci et al. utilized the 3D bioprinting technology to build
micropatterned vascular networks, and then embedded
this vascular pattern into HSEs fabricated using induced
pluripotent stem cell (iIPSC)-derived endothelial cells (39).
These vascularized HSEs had a robust epidermis and were
endowed with an endothelial barrier function, which can be
further improved by combining with microfluidic devices for
application in drug screening. Recently, Mori and co-workers
established another novel approach to construct a perfusable
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vasculature in HSEs (40). In this study, nylon wires were
used to prepare sacrificial channels in a collagen hydrogel.
After removing the wires, the channels were coated with
the endothelial cells forming perfusable vascular channels
within the dermal compartments. The skin-equivalent was
cultured on a dynamic perfusion system, showing nature-
mimicking dermal/epidermal morphology and barrier
function. The cell distribution of the perfused and non-
perfused skin-equivalents were evaluated, revealing that
the vascular channels could serve as a nutrition transport
pathway to maintain availability of HSEs The permeation
of test drug molecules, caffeine and isosorbide dinitrate,
from the epidermal layer into the vascular channels under
perfusion condition was measured to study the importance
of vascular perfusion on percutaneous absorption of HSEs.
Their HSEs, as a skin-on-a-chip system, demonstrated
promising applications for drug testing and reconstruction
of skin substitutes. To develop an immune-competent skin-
on-a-chip model, Ramadan and Ting demonstrated a bi-
channel microfluidic platform capable of 3D co-culture of
keratinocytes and monocytes, which represented components
of the epidermis and immune systems, respectively (Figure
S2C,D,E) (41). This chip combined the TEER probes and
magnetic bead-based immune assay, and it could evaluate
the effects of the lipopolysaccharide and UV irradiation
on the skin barrier. In another study, Atag er a/. described a
microfluidics-based system capable of integrating HSEs and
hair follicles, while also prolonging the culture and substance
testing period of HSEs (Figure S2F) (42). However, the hair
follicles in this system were not incorporated directly as a
part of the skin tissue, and thus cannot significantly influence
the substance penetration characteristics. To address this
issue in the future, researchers can directly transplant entire
functional units of hair follicles or seed hair follicle precursor
cells into skin-on-a-chip models (6).

The development of skin-on-a-chip models has
highlighted the importance of interactions between
different skin cells, and those between cells and ECM. To
further extend the level of skin complexity, current studies
focus on the tissue-tissue or organ-organ interactions
physically separated iz vivo but connected by metabolites
in medium (43,44). To mimic this iz vive process, novel
multi-organ systems, also known as multi-organ-on-
a-chip models, have been successfully developed with
different tissue equivalents cultured in separate chambers
and linked by microfluidic channels (45). These on-chip
models can simulate the process of human metabolism
and predict the response to drugs throughout the body.
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In a study by Wagner er 4l., a multi-organ microfluidic
device was established to integrate human skin biopsies and
human primary hepatocytes (46). This two-organ system
could maintain a stable long-term performance for up to
28 days, support molecular crosstalk between the tissues
and was also suitable for repeatedly testing the responses
of the toxic substance troglitazone to the liver at different
molecular levels. Likewise, Maschmeyer ez 4/. introduced
an endothelialised multi-organ chip that also enabled
a repeated dose toxicity testing of troglitazone (47). In
this chip, human 3D liver equivalents and skin biopsies
were cultured simultaneously, while the microfluidic
channels were successfully covered with endothelial cells.
Moreover, this research group established a four-organ-chip
system including human skin, intestine, liver and kidney
equivalents to generate an ADME profile of substances
(Figure S2G) (48). Although these studies can provide
some useful information about the systemic drug testing,
the multi-organ models are still in their infancy. Due to
the complexity of each individual human organ, continued
efforts must be made to produce more feasible integrated
chips for reproducing these intricate interactions.

Concluding remarks

The recent advancement of microfluidic technologies,
microfabrication techniques and sensing technologies
have shown great potential in developing a more
complex, and in vivo-like skin-on-a-chip model for
drug testing applications. However, some challenges
remain to be addressed. One of the major challenges is
the precise control of the skin microenvironment, real-
time monitoring and accurate analysis of drug action in
a user-friendly manner, which can be achieved through
the optimization of the microfluidic systems (e.g., design
and fabrication of microfluidic devices) and combination
of innovative detection methods (e.g., novel biosensors).
Another challenge is the inability to recapitulate the
heterogeneous nature of the skin. Currently, most available
microfabricated skin models are created using animal cells
or specific human cell types such as keratinocytes and
fibroblasts rather than various human skin cell types and
components. Employing iPSCs that can almost infinitely
differentiate into all skin cell types has shown potential
to solve this problem (49). Using iPSC-derived skin cells
can be highly beneficial for developing a patient-specific
skin-on-a-chip model integrated with additional skin
components (e.g., immune cells and skin appendages) and
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enhanced barrier and dermal properties. Furthermore,
3D multi-organ-on-a-chip models introduced above hold
great promise in replicating the complex physiological
interactions that are present in the human body,
but they still require further system validation and
characterization for use as in vitro platforms amenable to
drug testing. Overall, to generate a reliable skin-on-a-
chip model, biologists, bioengineers, pharmacologists and
biostatisticians should collaborate. Their endless efforts
in designing, developing, and validating a skin-on-a-
chip model will ultimately lead to the reduction of animal
experimentation and the acceleration of drug research.
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Figure S1 Development of skin-on-a-chip models mimicking native human skin structures for parallel, real-time and high-throughput drug testing using microfluidics, microfabrication and

sensing technologies. Images (3D bioprinting, replica molding, photolithography, stereolithography and sensing technologies) were reproduced with permission from Ref. (16-19,30), respectively.
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Figure S2 Microengineered skin-on-a-chip models. (A) Conceptual diagram of a full-thickness skin-on-a-chip model and schematic design of a chip device. Five microstructured poly(methyl methacrylate) layers were assembled and thermally bonded together
to produce the microfluidic device with the co-culture of human fibroblasts and keratinocytes. (B) Caffeine cumulative amount and permeability coefficient in the full-thickness skin-on-chip equivalent compared to the static skin equivalent in the culture
inserts and after insertion into microfluidic permeation array. Reproduced from Ref. (38) with permission. (C) Cross-sectional schematic view of a skin-on-a-chip device with co-culture of keratinocytes and monocytes. (D) 3D schematic view of the device
composed of three parallel cell culture compartments and TEER measuring electrodes. (E) Assessment of the effect of lipopolysaccharide on skin barrier. Significant increase in pro-inflammatory cytokines IL-6 and IL-1f secretion was detected in the media
of U937 mono-culture i.e. in the absence of the keratinocyte barrier, compared to that of the HaCaT monoculture. A moderate increase in cytokine expression was observed upon treating the HaCaT/U937 co-culture with lipopolysaccharide, which indicates
that the keratinocyte layer can form a robust barrier against lipopolysaccharide invasion. Reproduced from Ref. (41) with permission. (F) Schematic view and photograph of a whole tissue perfusion system. The skin equivalents and follicular unit extracts were
separately cultured on membrane inserts and interconnected with microfluidic channels. Reproduced from Ref. (42) with permission. (G) 3D schematic view of a four-organ-on-a-chip device. Numbers of the four microfluidic compartments represent for
culture of intestine [1], liver [2], skin [3], and kidney [4] equivalents, respectively. Reproduced from Ref. (48) with permission.



