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a b s t r a c t

Skin is the largest organ in human body, and it plays an important role in regulating physiological mi-

croenvironments and acts as a barrier to protect human body from harmful intrusions. The demand for

fully functional skin models (also called skin equivalents, SE) in an in-vivo mimicking culturing microen-

vironment has been increased dramatically due to the fast development in skin disease treatments and

skin care products. Owing to the emerging of the concept and technology of organ-on-chips along with

the three-dimensional (3D) bioprinting technology, 3D skin models and their applications have been fast

evolving. In this paper, the advances in the development of 3D skin models along with skin-on-a-chip

(SOC) are reviewed and commented. One of the findings with this paper is that the SOC together with

the 3D bioprinting technology is promising to construct fully functional 3D skin models in the field of

pharmaceutical and cosmetic industries.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Human skin plays an important role in protecting human body,

regulating body temperature and sensing external stimuli. Human

skin has three distinct layers with two main types of cells: (i)

the adipose rich hypodermis, (ii) the dermis with fibroblasts (FBs)-

penetrated in collagen populated extracellular (ECM), and (iii) the

stratified squamous epidermis consisting primarily of keratinocytes

(KCs). Other important features of skin include blood vessels, hair

follicles, sweat glands, muscle, and nerves. Although the skin struc-

ture is simple, however, fully functional 3D skin models are not

commercially available yet. Development of effective therapies for

skin diseases and testing of skin care products have driven the de-

velopment of the so-called fully functioning 3D SOC models or sys-

tems. This is particularly urgent with the ban in animal test for

skincare products in Europe [1].

Currently, commercially available skin models are fabricated

mainly using collagen as a substrate by feeding a recipe of growth

factors at different periods in transwell or petridish [2–4]. The

main difficulties of creating 3D models are: (1) the formation of

epidemies, which require strict selections of sources of cells and

feeding of active factors; (2) the culturing time is limited due to
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the static culturing conditions; (3) the dermis and epidermis junc-

tion (DEJ) is often incomplete, therefore hinders skin functions.

In recent years, organ-on-a chip (OOC) that combines tissue en-

gineering and microfluidic technology has been developed rapidly

[5–7]. Due to the fine control of microfluidics, the cellular differ-

entiation, cell-cell and cell-matrix interactions are improved com-

pared to static culture. The unique advantages of the SOC in the

3D cell culture overcome the limitation of the traditional 2D skin

models, which lack the complex physiological functions of human

tissues and organs [8,9]. OOC technology has also been applied to

construct human skin models [10,11].

In this paper, the advances in the development of 3D skin mod-

els especially their applications to SOC, fabricated with 3D bio-

printing, are reviewed and commented. The functions of 3D skin

model are of great importance in drugs and cosmetic ingredient

screening, and disease modeling. The key properties of skin, such

as barrier functions and how to measure the key features are also

discussed.

2. Fabrication methods of 3D skin models

2.1. 3D bioprinting

3D bioprinting is a new field in regenerative medicine. In 3D

bioprinting, a printer is controlled by a computer to accurately
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deposit bioinks consisting of living cells, biological materials, and

other biological substances in a layer-by-layer fashion, providing a

suitable environment for cell migration, proliferation and differen-

tiation simulating various tissues of human body. It not only has

high potential in tissue regeneration, but also plays an important

role in drug delivery, cancer research, etc. [12,13]. It is extremely

beneficial in patient-specific treatments, not only in creating pa-

tient specific tissue structure and microenvironment, but also in

patient specific types of cells [14].

As one of the application areas of 3D bioprinting, skin bioprint-

ing has attracted much attention in recent years. There is a grow-

ing demand for artificial skin in drug testing, disease research and

cosmetic testing [15,16]. It is of a great challenge to obtain tissue

engineered skin that can mimic skin biomechanical properties. The

3D printing methodology along with bioinks is the key to success-

fully construct artificial skin models.

2.1.1. Methodology

3D bioprinting can be categorized into two main types:

extrusion-based and photocuring-based. The comparison of various

methods is summarized in Table S1 (Supporting information).

(1) Extrusion-based bioprinting has been available for a while

on the market. It mainly utilizes various physical methods to push

the bioink from a nozzle onto a substrate, thus forming a 3D struc-

ture. It is mainly divided into extrusion, inkjet and laser assisted

printing.

Extrusion is currently the most studied and widely used bio-

printing [17], According to the way of obtaining power, it can be

divided into pneumatic method, piston method and screw method

[18]. The bioink, which can be used in extrusion bioprinting, has a

wide range of viscosity with high cell density. However, extrusion

technology also has some drawbacks. For example, when the vis-

cosity of bioink is too high, it causes higher the shear stress result-

ing in a low cell survival rate [19]. And the resolution and precision

of extrusion bioprinting is also limited [20].

Inkjet printing is developed from traditional 2D bioink jet print-

ing. This printing technique can be divided into thermal inkjet

printing and piezoelectric inkjet printing [21]. Piezoelectric print-

ing utilizes piezoelectricity to generate sound waves, driving bioink

through a micro nozzle to form the desired pattern [22]. The

limitation of this method is that the viscosity weakens the ap-

plied acoustic/pressure wave, thus hindering the spray of droplets.

Therefore, it is impossible to use high-concentration and viscous

bioinks [23]. In addition, the printed cell density is relatively

low.

Laser-assisted bioprinting (LaBP) utilizes laser pulse to the ab-

sorption layer, forming microbubbles or vapors and resulting in

shock waves to deposit bioink [24]. The nozzle of LaBP is simple,

therefore, there is no nozzle clogging due to its non-contact na-

ture, however, its printing efficiency is low and the laser energy

input might cause thermal damage to cells [25,15].

(2) Photocuring-based bioprinting is based on the photopoly-

merization of photosensitive polymers under precisely controlled

lighting. Compared with other bioprinting methods, it usually has

a higher resolution and printing speed. In addition, there is no con-

cern about nozzle blockage and shear stress affecting cell viability

[26], however, when a laser is used, it may damage cells. According

to the light scanning process, Photocuring-based bioprinting can be

divided into stereo lithography (SLA) and digital light procession

(DLP).

In SLA laser scans the surface of bioink, photon absorption gen-

erates 2D patterns [27], after each layer is completed, the manu-

facturing platform moves in z direction to form a new layer [28].

SLA has a few advantages, such as low or no shear stress, high cell

viability and a wide range of bioink selection. However, ultraviolet

radiation might cause cell damages [29]. Unlike SLA, DLP solidifies

a complete layer at one time rather than point by point. The prin-

ciple is to use UV or visible light curing photosensitive polymer

in a layer-by-layer fashion with top-down or bottom-up settings.

Compared with the other bioprinting methods, it has many mer-

its: DLP allows layer-by-layer aggregation and the printing time for

each layer is the same, regardless of complexity or size, depending

only on the thickness of the structure [30]. This nozzle-free ap-

proach also leads to a very high cell viability (85%−95%) and pre-

vents clogging at high cell density [22].

2.1.2. Bioink

Bioink is a mixture of cells and biomaterials that has specific

properties for bioprinting of live tissues [31]. Firstly, high cell sur-

vival rates, good biocompatibility are required. Secondly, sufficient

mechanical properties are needed to ensure high-precision and

high-quality structures, therefore, appropriate rheological proper-

ties are required. The biological materials used in bioinks can be

divided into natural materials, synthetic materials [15]. Natural

materials, including collagen, gelatin, fibrin, sodium alginate, chi-

tosan and hyaluronic acid, have similar biological activities to nor-

mal skin tissues and can support cell migration, proliferation and

differentiation. The synthetic materials are produced by chemical

synthesis, such as polylactic acid, polycaprolactone, polyethylene

glycol and its derivatives, the advantage is that it can be mass-

produced by industrial methods with good mechanical properties.

However, the biological characteristics need to be improved. The

biomaterials used in bioprinting of skin models are summarized in

Table S2 (Supporting information).

2.1.3. 3D bioprinting of skin tissue

(1) Multilayer skin structure printing

3D bioprinting is ideal for creating skin models, which have

a distinctive stratified feature [32,33]. Lee et al. [34] printed skin

models, which consist of six layers of collagen, three layers of FBs

and two layers of collagen alternately, separating the stacked FBs

layer from the KCs. It can be observed that the top layer is dense

and denser over time. The dermis is sparse showing obvious con-

traction and compaction over time. However, the epidermis is less

than 50μm, the main reason might be that the dense layers of col-

lagen hinder the nutrition reaching to the internal parts of the ar-

tificial structures.

(2) Full thickness skin model construction.

Ramasamy et al. [35] created full thickness skin model via 3D

biprinting of FBs and KCs onto 3D printed porous PCL scaffolds,

which ensured sufficient nutrition supply. The epidermis has a dis-

tinctive basal layer, spinous layer, granular layer and cuticle, sim-

ilar to human skin. The keratin K14 and K10 were expressed in

the lower and upper layer of the stratified epidermis. The basal

layer showed occasional Ki67 positive cells, indicating the presence

of proliferation cells. Laminin V and collagen IV are the key com-

ponents of DEJ, which provides an anchor between epidermis and

underlying dermis and plays a good barrier role [36]. This research

shows that 3D bioprinting could offer and promote the synthesis

and deposition of basement membrane components by prolonging

the integrity of dermal matrix, which helped the whole skin equiv-

alent function.

Jin et al. [37] printed 3D skin constructs using inkjet printing

with emphasis on the role of calcium ions, which plays an im-

portant role in HaCaT cell differentiation [38]. The skin structure

was stabilized for 2 days by liquid-liquid interface (LLI), then gas-

liquid interface (ALI) culture was applied for keratinization. The

optimum conditions of keratinization were obtained by varying the

calcium ion concentration for 14 days and then the keratinization

of printed skin was observed histologically. This is a process of

forming epidermal barrier, resulting in the production of various

types of cytokeratins [39]. In addition, loricrin (LOR) is one of the
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components of consistent cell membrane and is used as a molecu-

lar marker for terminally differentiated epidermal cells during ker-

atinization [40]. The results showed that the expression of LOR and

CK14 was increased after ALI in the printed 3D full thickness skin

model.

Kim et al. [41] bioprinted a 3D full thickness human skin

model with combined printing methods. Extrusion printing mod-

ule is used to print 3D dermal compartment, where human der-

mal fibroblasts (HDFs) were encapsulated in skin-derived extra-

cellular matrix (S-dECM) bioink. During the 45-min crosslinking

period, human epidermal keratinocytes (HEKs) were evenly dis-

tributed in the dermal chamber by the inkjet printing module.

The results showed that dECM-based 3D skin models encapsu-

lating endothelial progenitor cells (EPCs) together with adipose-

derived stem cells (ASCs) significantly improved the angiogenesis

and reperfusion-epithelialization and wound closure.

(3) Skin structure with melanin

Melanocytes are important cells in epidermis, this type of cells

is relevant to most of skin diseases, and regulates the epidermal

microenvironment [42]. Pigmented human skin model is regarded

as the models that add melanin cells to the skin structure with

pigmentation like that of human skin.

Ng et al. [43] constructed a pigment skin model, it was found

that when cells were cultured in the early stage, different pro-

portions of mixed co-culture medium would affect the prolifera-

tion of cells. The results showed that with the increase of the ra-

tio of keratinocyte growth medium (KGM) and melanocyte growth

medium-M2 (MGM), the growth rate of FBs decreased, and the

growth rate of melanocytes slowed down. KCs were highly sensi-

tive to the changes of medium. In addition, a key aspect of skin

pigmentation is the transfer of melanocytes from melanocytes to

KCs. It is very important to provide the optimal KCs density for

proliferation and differentiation into well stratified epidermis. Shi

et al. [44] constructed a 3D skin model with precisely control over

the number and location of melanocytes in epidermis. It was found

that the uptake of melanosomes is highly dependent on the differ-

entiation of KCs [45].

Compared with the manual casting method, the cell distribu-

tion at the top of the dermal region and the microstructure in the

dermal region were significantly different. Bioprinting technology

helps to control the pore size in the 3D collagen matrix with FBs

to produce hierarchical porous structures similar to that of natu-

ral skin tissues. Uneven skin pigmentation was observed in the ar-

tificially cast 3D colored human skin. The pigment deposition in

3D bioprinted skin structure is uniform and melanin particles are

evenly distributed in the epidermis [44]. The human skin structure

was stained to determine the expression of collagen VII, HMB-45,

keratin 1 and keratin 6. All antibodies showed positive in the 3D

bioprinted skin structure, while only HMB-45 and K6 showed pos-

itive staining in the manual casting skin structure. The continu-

ous collagen VII protein can be observed in the 3D bioprinted skin

structure, but only the trace of col VII can be detected in the man-

ual casting skin structure. This indicates that there is a thin VII

collagen layer at the interface between epidermis and dermis in

the printed structure, and a well-developed stratified KCs layer ex-

ists in the outermost layer of the epidermis region, while most of

the epidermis regions of the manual casting skin structure lacks

differentiated KCs [45].

2.2. SOC

SOC is to culture and evaluate skin tissues in a microfluidic sys-

tem. SOC integrates all components such as sample preparation,

reaction, separation, analysis and detection to complete biological

and chemical reactions, analysis, and real-time detection [46]. The

system can control physical and biochemical parameters such as

medium flow, mechanical force and biochemical gradient to sim-

ulate the 3D microenvironment of natural human skin [47], and

multi-cell 3D culture can be realized by multi-channel configura-

tions.

In SOC, cells usually grow on the surface of microcavities or

porous membranes, and a continuous perfusion medium is sup-

plied through microchannels (normally, a few hundred micros in

size), the medium flows from one chamber to another by gravity,

capillary drive or active pumps. The continuous flowing media in

the lower layer can simulate the blood flow in blood vessels, while

keeping the cells in a healthy state, preventing the accumulation

of metabolic wastes and providing the necessary fluid shear stress

[3].

The microenvironment, monitoring parameters and applications

required for cell function determine the choice of chip materials

which are related to manufacturing techniques, stimuli required

and interface layouts [4]. Material selection must take into account

the creation of appropriate culture chambers and fluid connec-

tions, induction forces and stiffness to reconstruct biological func-

tions, and potentially increase electrical stimulation and braking

to control and observe the created biological tissue models [48].

Common used materials include silicone elastomers, such as poly-

dimethylsiloxane (PDMS), glass and thermoplastic polymers such

as polystyrene (PS), polycarbonate (PC) and polymethyl methacry-

late (PMMA). These materials are optically transparent and have

good biocompatibility suitable for observing and performing vari-

ous cell-based analysis [49]. Among these materials, PDMS is very

popular because of its low manufacturing cost, good transparency,

air permeability, easy handling, efficient sealing process and easy

formation of complex micropatterns [50]. In addition, patterns can

be transferred to multiple substrates made of glass, elastomeric

polymers and plastics [51,52].

A wide variety of skin models has been created by SOC. The

skin models created by SOC can be divided into two categories

according to the skin structures in the model: 2D models in

which cells are directly attached to the membrane and 3D skin

structures.

2.2.1. 2D skin models by SOC

Skin models made on 2D porous membrane are usually sim-

ple and easy to create. In these 2D models, the membrane is often

used as the dermal layer because of its good permeability. Table

S3 (Supporting information) gives a summary of the skin models

created on membranes.

Ramadan and Ting [53] also introduced dendritic cells (DCs)

into their model, in which KCs and DCs were co-cultured and sep-

arated by a porous membrane. These two types of cells represent

the epidermal layer of the skin and the subcutaneous immune sys-

tem, respectively. This research also showed that perfusion-based

cell culture promotes skin barrier functions and prolong the lifes-

pan of cellular system. The barrier role of KCs was analyzed by ap-

plying LPS to HaCaT, U937 and HaCaT/U937, respectively, TEER was

also tested. The results showed that the KCs form a strong barrier

to the invasion of endotoxins. This SOC can be used as a powerful

tool for skin sensitization and toxicity tests. Sasaki et al. [54] de-

veloped a SOC for parallel permeation assays. The Permeation as-

says were observed with K2Cr2O7 comparing with FITC-Dex solu-

tion. This research shows that SOC has the potential for drug de-

velopment.

Wufuer et al. [55] developed a human SOC model consisting

of three layers, epidermal, dermal and vascular layer for the first

time in the aim to study inflammation and edema. The three lay-

ers were represented by HaCaT, FBs, and HUVEC cells, respectively,

and separated by transparent porous membranes to allow inter-

layer communication and mimic skin biology.
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2.2.2. 3D skin models by SOC

The 3D skin equivalent is either directly taken from biopsy or

obtained by seeding cells. Table S4 (Supporting information) sum-

marizes the 3D skin models from biopsies cultured on SOC, and

Table S5 (Supporting information) is a summary of skin equivalent

obtained by casting on SOC.

(1) Skin biopsies using in SOC and multi-organ co-culture

(MOC) chips

Ataç et al. [56] used the SOC to culture follicular unit extracts

(FUEs) as a further step in an attempt to emulate the biology of

skin and its appendages. In this work hair follicles and skin tissue

were co-cultured in transwell both in static and dynamic perfu-

sion conditions in the aim to prolong the culture period of the ex

vivo hair follicles, taking into account the support of glands and

surrounding skin tissue on hair follicle maintenance. The results

indicate that there is a distinct difference between the static and

MOC culturing condition, and the tissue disintegration was also

prevented by dynamic perfusion. Bajza and his team [57] commit-

ted a research of transdermal drug delivery. They designed and

fabricated a novel temperature-controlled microfluidic device for

testing drug penetration through the skin. Skin tissues cultured in

a microfluidic device were compared with the Franz diffusion cell

system to investigate drug diffusion. Microdialysis technology was

utilized for the continuous monitoring of unbound analyte concen-

trations in the extracellular milieu in different tissues. The result

showed that their device provides similar information on the char-

acteristics, degree, and speed of absorption of the test drug (caf-

feine) through the dermal barrier. Their model could serve as a

new approach for the investigation of skin penetration and trans-

porter interactions at dermal barrier.

Skin tissue from biopsies is often used in MOCs, which establish

specific multi-organ systems, such as a circulatory system, intestine

systems, which are often used to study drug metabolism. Wagner

et al. [58] established a liver-skin co-culture system for drug tox-

icity test. In perfusion culturing conditions both tissues retained

a metabolically active phenotype for up to 28 days. Maschmeyer

et al. [59] manufactured a MOC to host four human organ equiva-

lents: (i) a reconstructed human 3D small intestine and (ii) a skin

biopsy opting for oral and dermal substance absorption, (iii) a 3D

liver equivalent enabling primary substance metabolism and (iv) a

kidney proximal tubule compartment supporting metabolite excre-

tion. A robust protocol has been established for the co-culture of

these four human tissues over at least 28 days. This MOC model

enables the evaluation of pharmacokinetics and pharmacodynam-

ics, such as effective concentration, maximum tolerable dose, time

course and intensity of therapeutic and adverse effects.

(2) Skin equivalents obtained by seeding cells on SOC

The current research on skin equivalents cultured in SOC mainly

focuses on two aspects due to the lack of living skin complex: (1)

optimizing 3D skin structure in terms of materials, cell sources, ac-

tive factors, vasculatures, etc. to mimic the biological complexity of

in vivo skin; (2) ameliorating microfluidic devices to promote epi-

dermal morphogenesis and differentiation.

There were attempts to recapitulate the 3D structure of skin by

using various ECM scaffolds including collagen. Type I collagen was

the most widely used material as a cell culture scaffold for artifi-

cial skin models. Song et al. [60] tested collagens from different

sources, rat tail, porcine skin, and duck feet, comparing their abil-

ities to support cell growth and differentiation. Among the three

collagen sources, the rat tail collagen showed the best result in

terms of expression of marker proteins and formation of dermis

and epidermis layers. By comparing transwell culture conditions

with SOC conditions, they concluded that transwell culture condi-

tions supported the growth and differentiation of skin equivalents

better than chip conditions. Therefore, the culture conditions on

the chip need to be further optimized.

Jusoh et al. [61] studied the angiogenesis responses induced by

VEGF upregulation from damaged KCs as an alternative to animal

models. KCs were treated with sodium lauryl sulfate (SLS) to ob-

tain upregulated VEGF. The results showed that blood-vessel for-

mation was enhanced by coculturing dermal FBs with quiescent

KCs. As an endothelial and microvessel hyperpermeability growth

factor, the VEGF secreted by KCs may stimulate vessel formation in

angiogenesis due to paracrine communication between endothelial

cells and KCs under quiescent conditions. This platform provided a

new approach to replace avascular skin-irritation models.

By combining molding and microfluidic technology, Salameh

et al. [62] developed a fully vascularized perfusable reconstructed

skin that comprises a fully differentiated epidermis, perfusable

macrovessels with angiogenic sprouts, and a microvascular net-

work with capillaries organized by vasculogenesis in the dermis.

In this work nylon threads were used to create hollow vascular

structures and generate secondary capillary networks through an-

giogenesis. Perfusable vasculature with closer proximity to the na-

tive vascular plexus provided a more reliable model for local and

systemic assessment. Lee et al. [63] built a skin chip that has mi-

crofluidic channels to enable vascular endothelial cell culture, as

well as a chamber for 3D culture of skin cells (FBs and KCs). Grav-

ity was applied to rock the platform for pumpless perfusion. The

custom-made gravity device consists of a rotating stage and dish

holder, which is controlled by a computer program to adjust the

tilting angle and frequency of rotation. This chip maintained cul-

turing condition for up to 2 weeks.

The discovery of induced pluripotent stem cells (iPSCs) in 2006

was a major breakthrough in biomedical science [64]. In 2014,

Gledhill et al. [65] generated the first Human 3D skin equivalents

(HSE) from iPSC-derived KCs, melanocytes and FBs containing a

functional iPSC-derived epidermal-melanin unit. It was the first re-

port of 3D skin equivalents generated exclusively from three hu-

man iPSC-derived cell types, and the first description of melanin

generation and transfer between human iPSC-derived melanocytes

and KCs were provided. Their work opened up a new area of re-

search in the source of cells to generate SE.

Most of the microchips used in MOCs and SOCs are made of

PDMS. Risueño et al. [66] presented a new, cost-effective, robust,

vinyl-based microfluidic platform for skin-on-a-chip applications.

This platform was produced by micro-machining, which provides

more simplicity in the fabrication process, as well as increased

flexibility and versatility in the layout of the device, overcoming

some of the limitations of PDMS. They also devised a method to

simplify the skin structure by introducing parallel flow controlled

by a syringe pump for the first time.

Sriram et al. [67] presented a novel microfluidic device for in-

tegrated culturing and testing of full-thickness human skin equiv-

alents. The device is composed of a non-contracting fibrin-based

dermal matrix and a thermoplastic-based chip amenable to mass

production. The SE is reconstructed directly on this OOC device

that enables permeation and toxicity studies to be conducted. The

SEs cultured on-chip were compared with the SEs cultured in the

standard tissue culture system. The results showed that the for-

mer not only exhibited an improved epidermal differentiation, but

also enhanced barrier function and, consequently, lower skin per-

meability.

3. Skin functions

3.1. Skin barrier

Biological barriers are crucial for the integrity and proper func-

tion of various organs [68]. Disruption and dysfunction of barrier-

forming tissues are an integral part of the pathophysiology of many

disorders such as skin barrier in psoriasis [69]. The skin provides
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mechanical protection and is an important barrier against exter-

nal intrusion and uncontrolled loss of body fluids. Its barrier func-

tion is mainly derived from the epidermis, which is a stratified

epithelium with a basal layer of proliferating cells and multiple

suprabasal layers of differentiated KCs [70]. When building 3D skin

models, whether 3D printed models or models from microfluidic

chips, one of the difficulties to construct skin models similar to

native human skin is the barrier formation. This limits the applica-

bility of skin models on pharmacokinetic and toxicological screen-

ing [71]. Therefore, there is an urgent need to form proper skin

barrier. The following methods have been used to evaluate barrier

function.

3.1.1. Detection of TEER

TEER is a valuable non-invasive technique that can be used to

quantify the barrier integrity of cells at their different stages of

growth and differentiation [72]. It is particularly useful for mon-

itoring the development of in vitro models and their ability to

form an effective permeability barrier. These measurements are

usually conducted using a commercial instrument EVOM according

to the Ohm’s first law [73]. TEER has become a widely accepted

method to evaluate tissue barrier function in vitro [72]. Zoio et al.

[74] fabricated a low-cost barrier-on-chip (BoC) device with inte-

grated electrodes for the real-time monitoring of biological bar-

riers. The integrated tetrapolar electrode configuration resulted in

a more homogenous sensitivity distribution along the culture area

compared with conventional chopstick systems. A state-of-the-art

full-thickness model (FTSm) was developed inside the BoC by pro-

viding a dynamic microenvironment and correctly establishing an

ALI. In particular, TEER measurements can be useful to monitor the

effect of irritants on biological barriers. Given the flexibility of the

platform, additional cell types could be added to the FTSm and

other epithelial tissues could be reconstructed and monitored.

3.1.2. Detection of protein expression level

The skin barrier is composed of KCs produced by the differenti-

ation of epidermal KCs, various proteins synthesized and secreted

during the differentiation process [75,76]. Differentiation of epider-

mal KCs plays a very important role in skin barrier function. Al-

though the epidermal barrier function is mainly attributed to the

stratum corneum (SC), recent studies have shown that tight junc-

tions (TJs) in the epidermis also play an important role in main-

taining barrier function [77]. KCs assemble numerous cytoskeletal

filaments that are partially anchored to intercellular junctions such

as desmosomes, tight junctions, and adherent junctions, which

contribute to the mechanical stability and optimal elasticity of the

epithelium. In addition, differentiated KCs secrete lamellar bodies,

which also contribute to the formation of skin barrier [70]. The

skin barrier can be characterized by detecting related proteins se-

creted by cells. Therefore, in addition to the detection of TEER,

Murakami et al. [78] used real-time quantitative PCR and western

blotting to detect the gene and protein expression levels of cell dif-

ferentiation markers such as LOR and transglutaminase (TGase) to

evaluate barrier functions.

Tight junction scaffolding proteins in the epidermis include

zonula occludens (ZOs) and transmembrane proteins. ZO con-

tributes to the aggregation of transmembrane proteins, such as

claudins and occludins, to form tight junctions. ZO-1 is specifically

or predominantly expressed at the cellular edge of SGs, whereas

claudin-1 is expressed throughout the epithelium. Therefore, Mu-

rakami et al. [79] applied the immunocytochemical methods and

electron microscopy to detect claudin-1 (CLDN1) and ZO-1 to prove

that the skin model they designed had a skin barrier. Kubo et al.

[80] examined the expression of barrier-related proteins at differ-

ent differentiation stages of epidermal KCs, including pro-filaggrin

(FLG), pro-caspase-14 (CASP14), CLDN1, and claudin-4 (CLDN4).

In Pell et al.’ s work [81] junctional complex protein imaging

was used to analyze epithelial barrier integrity. A validated, sys-

tematic and scalable 3D quantitative immunofluorescence imaging

technique was presented to assess in situ barrier integrity within

Transwell by analyzing the junctional complex proteins of ZO-1

and occludin. The combination of improved TEER data analysis and

automated tight junction protein image analysis allowed for data

analysis without the need for blank well correction.

3.1.3. Detection of transepidermal water loss (TEWL)

TEWL, which is defined as the amount of water that enters the

body through the epidermis, is considered one of the most impor-

tant parameters to characterize skin barrier function. The principle

is that the water vapor pressure across the epidermal permeabil-

ity barrier is different, and water will passively evaporate through

the skin, and the amount of water lost by skin evaporation is mea-

sured to evaluate the state of the skin permeability barrier [82].

Higher level of TEWL were found in damaged skin [83]. Decreased

or lower water loss indicates skin barrier integrity or improvement

[84]. Murakami et al. [78] used the Vaposcan AS-VT100RS to mea-

sure the water loss in 3D cultured skin tissues.

3.1.4. Quantitative determination of ceramides

Intercellular lipids in the stratum corneum (SC) include ce-

ramides, cholesterol, and free fatty acids, which provide barrier

function by forming a lamellar structure [85]. Among them, ce-

ramides account for about 50% of intercellular lipids, and the rest

consists of cholesterol and free fatty acids [86]. Ceramides are

composed of sphingosine and fatty acids and have multiple func-

tions. These lipids have been reported to play important roles in

promoting KCs differentiation [87], lamellar structure formation,

and skin permeability barrier formation. Therefore, measuring ce-

ramide levels can also assess skin barrier [78]. Since epidermal

glucosylceramide and ceramide are composed of heterogeneous

species, HPTLC is suitable for these lipid analyses [82].

In Murakami et al’s. work [78], the ceramides were quantified

by HPTLC to access skin barrier function. It was found that the

skin barrier function was improved by culturing cells at specific es-

trogen (E) and progesterone (P) concentration ratios, which would

be considered beneficial for female skin. This suggests that dysreg-

ulated E/P concentration ratios may be the cause of certain skin

problems.

3.1.5. Cell viability assay

The barrier function of skin is also studied by determining the

concentration of a benchmark chemical that reduces tissue viabil-

ity by 50% after a fixed exposure time. Dijkhoff et al. [88] used the

MTT assay to determine the exposure time required for a 50% re-

duction in tissue viability. In the latest research [89] a variety of

methods to detect the skin barrier function was used. First, the

viability of the cells was analyzed by MTT. The sodium dodecyl

sulfate (SDS) treated samples were then infiltrated with the dye

lucifer yellow (Sigma) and treated with detergent, and the tissue

was fixed for sectioning observation to further evaluate the barrier

function of the skin model. Finally, it was assessed by monitoring

the TEER of the FTSm and reconstructed skin model (RHEm) 12

days after ALI addition.

3.2. Mechanical strength

Tension plays a critical role in the development of organs and

tissues, including the establishment of morphological and func-

tional properties. By creating internal tension, the skin plays a vital

role in repelling, buffering, and protecting the deep tissue, which

includes the lining of various cells, appendages, and the ECM. The

balance of traction is thought to contribute to the formation of a
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Table 1

Measurement of normal facial muscle strength [93].

Method Measurement

site

Muscle strength

(in pounds)

Surface adhesion technique Eyebrows 0.758

Eyes 0.549

Wrinkles 0.387

Smiles 0.307

Direct probe application Eyebrows 0.773

Eyes 0.880

Smiles 0.730

strong and flexible physical structure that maintains its integrity

and flexibility [90]. In addition, the skin accompanies the different

movements of the body, subject to a certain degree of mechanical

constraints [91]. Moreover, tension contributes to the aging pro-

cess, which has been the hottest topic apart from cancer research.

3.2.1. Skin mechanical properties

The skin has a complex multi-layered structure composed

of non-homogeneous, nonlinear, viscoelastic, anisotropic materials

and is subject to in vivo pretension [92]. The methods to measure

skin tension in human body can be divided into two types: di-

rect measurement of skin tension and detection of elastic modulus.

Neely and Pomerantz [93] applied force transducers at the central

brow and commissure during eyebrow raising, lid closing, smiling,

and frowning, measured by surface adhesion and direct probe ap-

plication. Measured muscle strength and the results are shown in

Table 1.

Kim et al. [94] installed a custom-made plastic bridge instru-

ment to provide isometric resistance to skin movement during

muscle contraction to quantify the isometric force of the muscles.

Agache et al. [95] measured the mechanical properties of dermis

in vivo by applying torque on the skin. Skin mechanical properties

of different aging groups, including immediate and delayed vis-

coelastic components, and corrected raw values for constant skin

thickness were evaluated. Subsequently, Hara et al. [96] also tested

timely deformation, delayed deformation, final deformation, imme-

diate shrinkage, final shrinkage, and residual deformation. How-

ever, there are differences in the elastic moduli measured in the

literature. The specific values of skin elastic modulus and skin

thickness measured in the literature are summarized in Table S6

(Supporting information).

3.2.2. Forces applied in vitro models

(1) Cyclic stress

Oh et al. [97] performed cyclic stretching at the frequency of

0.5Hz on a skin model. The amplitude of the strain varies in the

range of 5%−20%. The changes in Interleukin-6 (IL-6) were de-

tected, and it was found that the IL-6 produced by HaCaTs was

related to the degree of stretching. Cells induced by mechanical

stretching showed higher levels of IL-6 production compared to

unstretched cells. IL-6 production was increased by 1.2-fold and

1.3-fold with 5% and 10% stretching, respectively, however, the pro-

duction of IL-6 levels increased only 1.1-fold with 20% stretching

compared to unstretched. It shows that the anti-inflammatory ef-

fect is the best when stretched by 10%. In addition, cells were

stained and it was found that mechanical stretching induced cy-

toskeleton remodeling, which changed cell morphology.

Pietramaggiori et al. [98] applied a rubber band to the rat ear to

form a tension of 0.50N, and compared the effects of static tension

and cyclic tension on the formation of dermal blood vessels. The

results showed that after 4 days of continuous tension, the pro-

liferation of epidermal cells increased 4-fold, dermal blood vessels

increased 2.8-fold, reaching a peak after 2 days. Using the cyclic

loading scheme, a similar effect can be achieved in just 8 h. It

shows that applying cyclic stress can better promote cell prolifera-

tion.

Peters et al. [99] applied cyclic mechanical tension in a sinu-

soidal mode (0.1Hz, 24h), resulting in a maximum biaxial increase

of 15% in surface area. In the experimental setup, FBs were seeded

on a 6-well collagen I-coated Bioflex plate, with a flexible silicon

membrane as the bottom, and the membrane was stretched by re-

peated vacuuming of the lower chamber. The results showed that

down-regulation of mechanical stress-induced endothelin-1 (ET-1),

α-smooth muscle actin (αSMA) and connective tissue growth fac-

tor (CTGF) expression were found, but the TGFb1 expression was

not down regulated. Rolin et al. [100] applied cyclic tension in a

mode of 10% deformation and 1Hz, resulting in an increased syn-

thesis of type I procollagen, TIMP-1 and decreased synthesis of

MMP-1, indicating that mechanical tension leads to dermal fibrob-

last differentiation, and may increase its wound healing ability.

(2) Vibration

Caberlotto et al. [101] evaluated the effects of different frequen-

cies of vibrational stimulation on a full-skin model. Different ex-

plants were used at frequencies of 40, 60, 90 and 120Hz. It was

found that the amounts of laminin 5, collagen 7, collagen type IV

markers and perlecan were significantly increased after treatment

at 60Hz, 90Hz and 120Hz compared to the untreated control indi-

cating enhanced DEJ. In the dermis, fibronectin markers were sig-

nificantly increased not only by 60Hz treatment, but also by 90Hz

treatment, especially in the papillary dermis. Increased expression

of procollagen 1 and tropoelastin was also observed.

3.2.3. SOC with mechanical stimuli

Wahlsten et al. [102] proposed a novel dynamic bioreactor sys-

tem for skin tissue that allows exposure of FB-containing collagen

hydrogels to pressure-controlled cyclic membrane expansion, in

which equibiaxial and uniaxial strains were generated. The results

showed that cyclic deformation resulted in hardening of the der-

mal matrix and stimulated rapid proliferation of FBs, but did not

affect the differentiation of FBs into myofibroblasts. Varone et al.

[10] designed a new comprehensive 3D cell culture system based

on the OOC with the advantages offered by 3D organotypic cul-

ture. Using microfabrication techniques, a flexible chip consists of

a chamber containing organotypic epithelium surrounded by two

vacuum channels that can withstand negative vacuum pressure to

deform its walls resulting in a simple stretch. The vacuum pres-

sure was adjusted to modify the stretching frequency in the range

of 0.01–0.5Hz, and the strain range was 0−15% leading to a dy-

namic stretching/relaxing cyclic stress of 90 kPa. In addition, Lim

et al. [103] designed a wrinkled skin-on-a-chip (WSOC) as shown

in Fig. 1. Two layers of PDMS were prepared separately, and per-

manent magnets were inserted into the cavities between the PDMS

layers. Using the attractive and repulsive forces between electro-

magnets and permanent magnets to unidirectionally stretch gel-

containing cells on a chip. On exposure to air and stretching at

0.01 or 0.05Hz for 12 h at 10% strain for 7 days, wrinkles were

found to be formed in the skin equivalent. It was also found that

more wrinkles appeared when uniaxially stretched at 0.01Hz.

4. Applications of SOC

4.1. Drug development

Lukacs et al. [57] developed a SOC for in vitro monitoring of par-

ticle penetration through skin barrier. In their study, tape-stripped

and non-stripped skins were studied in parallel for permeability.

In comparison with data gained from the traditional Franz cell

experiments, their device provided similar results on the absorp-

tion of the test drug (caffeine) through dermal barrier. Tarnoki-

Zach et al. [104] developed a skin model that mimics the epider-
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Fig. 1. Wrinkled WSOC. (a) WSOC schematics. (b) The skin wrinkles at different

frequencies. Reproduced with permission [103]. Copyright 2018, Elsevier.

mis and connective tissue of the dermis. To provide mechanical in-

tegrity suitable for experimental manipulations, they cultured the

KCs on the upper surface of an electrospun polycaprolactone (PCL)

mesh for the first time, coated with fibronectin. In caffeine concen-

tration diffusion experiments, the skin equivalents exhibited simi-

lar concentration changes to native human skin. In addition, Ba-

jza et al. [105] used skin chips to determine the skin permeability

of quinidine and erythromycin in the presence or absence of the

two drugs, and tested the function of skin chips in the interac-

tion between transdermal drug delivery and transporters at skin

barrier.

Abaci et al. [106] developed a microfluidic chip that allows

long-term maintenance of full-thickness HSE. The chip allows

blood to have a physiological residence time in the tissue so that

the concentration curve of the drug in the blood can be obtained

after local administration. At the same time, adriamycin was tested

to verify the ability of the platform for drug testing purpose. Mori

et al. [107] proposed a SOC with vascular channels in order to

maintain the permeation of tested drug molecules, caffeine and

isosorbide dinitrate, and perfusion conditions promoting percuta-

neous absorption, which was beneficial to the development and

screening of drugs.

Wagner et al. [58] integrated human skin biopsy and human

primary hepatocytes into a chip to form a multi-organ microflu-

idic device. The stability can be maintained upto 28 days, and the

response of toxic substance troglitazone to liver can be repeat-

edly tested at different molecular levels. Tavares et al. [108] com-

bined the reconstructed human skin (RHS) with the liver model to

evaluate the toxicity of exogenous metabolites, and compared with

the single RHS cultured under static conditions. Secondary toxic-

ity involved in skin irritation is also provided in microphysical co-

culture systems.

Provin et al. [109] integrated culturing chamber and on-line

optical sensors into microfluidic devices. The diffusion curves of

seven drugs and nanoparticles were analyzed in order to treat local

skin diseases. It was found that the nanoparticles can enhance the

permeability and transport efficiency of the skin, which can realize

the treatment of local skin diseases.

4.2. Cosmetics testing

Owing to the numerous merits such as cost-effective, low sam-

ple consumption, SOC has been fast developing and widely ap-

plied in cosmetic testing in terms of ingredient screening and

evaluation of skin care products, etc. The anti-inflammation tests

were the major application of SOC. Kim et al. [110] tested the ef-

ficacy of natural turmeric leaf extract (CLLE). The results showed

that 50 mg/mL CLLE treatment gave the best recovery of skin and

thus could be employed in the prevention of aging. The antioxi-

dant effectiveness of α-lipoic acid was also tested [111]. The result

showed that α-lipoic acid, as an antioxidant, aids in skin compo-

sition, protects the skin such as by forming a barrier to external

bacteria, and regulates water, nutrients. Jusoh et al. [61] proposed

a new in vitro skin-irritation platform based on angiogenesis re-

sponses induced by VEGF upregulation from damaged KCs as an

alternative to animal models.

Lim et al. [103] developed an aged skin equivalent using the

rapid uniaxial stretching on a perfused co-culture of human KCs

and FBs. Wrinkles formed on the skin equivalent and the SC be-

came thinner when stretching was applied. The aging phenomenon

in the skin equivalent was further evaluated by visualizing ECM

proteins. Their model can be used to test the effect of anti-wrinkle

ingredients and cosmetics prior to in vivo experiments. Kim et al.

[112] cultivated HSE with a pump-free skin chip, and adjusted the

concentration of coenzyme Q10 in the medium to test its efficacy.

Coenzyme Q10 can protect skin from reactive oxygen species (ROS)

damage and reduce ultraviolet-induced inflammation.

4.3. Diseases models and wound healing process

Kim et al. [113] employed a full-thickness human microscopic

skin tissue column (MSTC) to study the neutrophil responses to

bacterial infections using SOC with a drop of whole blood as the

source of neutrophils without an isolation process. This platform

can also be used to test the efficiency of antibiotic treatment.

Biglari et al. [114] developed a simple wound-on-chip model to as-

sess the effect of an active compounds on wound healing, specif-

ically the inflammation phase that plays a key role in acute and

chronic wounds. Incorporation of M1 and M2 macrophages co-

cultured with FBs and HUVECs led to a stimulation of cytokine pro-

duction as well as vascular structure formation. The results demon-

strated anti-inflammatory effect of dexamethasone. Bogaard et al.

[115] reported on the successful population of 3D skin equiva-

lents with activated CD4 T cells, Th1 and Th17-polarized T cells.

These T-cell subsets and the cytokines are strongly associated with

psoriasis pathology. The epidermal inflammation as exemplified by

the induced expression of psoriasis-associated marker genes DEFB4

were observed.

Jeon et al. [116] conducted drug toxicity experiments on 3D hu-

man skin equivalents to study the skin side effects of sorafenib. Ac-

cording to the air exposure time and the concentration of sorafenib

anti-cancer agent added to the medium, the changes of equivalents

were studied, and the results were compared with the histological

results obtained from patients with hand-foot diseases caused by

the actual side effects of sorafenib. The thickening of granules and

proteins expressed through the change of particle layer were ob-

served to form tissues similar to those of the actual patients, which

reproduced the side effects shown in clinic.
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The therapeutic effect of 3D bioprinted artificial skin was also

evaluated [113,117]. The chimney model simulating the healing

process of human wounds was used to analyze the therapeutic

effect of the skin models, which can prevent wound contraction.

It was found that when FBs and KCs were transplanted, the in-

filtration rate of wound cells in the dECM transplantation group

was faster than that in the control group. In addition, the mice

treated with these two cells showed effective collagen deposition

in the wound area. The immune response and reepithelialization

test also showed that macrophages aggregated to the wound site

were much earlier than that of the untreated group, and also

higher expression of cytokeratin 14 and Ki67 staining confirmed

epidermal regeneration.

Wufuer et al. [55] developed a vascularized skin model using a

three-layer SOC as dermis wound model to study the wound heal-

ing process. The therapeutic effect of dexamethasone (Dex) on re-

ducing TNF-α induced inflammation and edema were tested. Kim

et al. [118] first reported a diabetic skin platform using 3D bio-

printing technology and microfluidic technology. This platform can

create a 3D wounded diabetic skin model, which can reproduce

delayed wound healing in vitro with enhanced diabetes by induc-

ing hyperglycemia and perfusion chamber. The diabetic skin mod-

els including insulin resistance, fat cell hypertrophy, inflammation

and vascular dysfunction were obtained. In addition, the feasibil-

ity of diabetes-related drug screening was also verified using this

platform.

5. Limitations and future perspectives

5.1. Limitations in fabrication methods

Bioprinting is a fast fabrication method compared to manual

ones and can achieve high-throughput printing with good plastic-

ity and ductility, in particular suitable for skin model fabrication,

which has distinguished stratified features, with high repeatability

and flexibility [103,119]. Cosmetics and drug screening are included

for specific patients as new alternatives to skin transplantation for

the treatment of burns and wounds [120], or develop personalized

therapy for skin diseases.

Although 3D bioprinting has numerous merits, it is still un-

derdeveloped. Due to the high complexity of the whole system,

there is no way to operate production at a large scale. Another

challenge for skin bioprinting is to develop large area of skin

with highly developed vascular system. Although recent researches

have constructed prevascularization models or multi-scale vascu-

lar networks with dendritic channels [120]. However, compared

with natural skin vessels these are still different. The newly de-

veloped ultrafast laser (UL) microfabrication technique might of-

fer the solution. The ultrafast lasers such as femtosecond lasers

and picosecond lasers have ultrashort pulse widths and extremely

high peak intensities, which provides several unique advantages

for advanced material processing, such as suppression of heat-

affected zones, maskless surface microprocessing, sub-diffraction-

limit nanoablation, highly flexible 3D fabrication in transparent

materials, and multifunctional monolithic integration [121–124].

Lin et al. [121] applied the UL microfabrication technique to man-

ufacture 3D freeform microfluidic circuits with high aspect ra-

tios in large-scale micro-objects. In their work, centimeter-scale

biomimetic hands with surface microreliefs and internal microvas-

culatures were simultaneously created through ultrafast laser-

assisted subtractive printing. Therefore, the ultrafast laser micro-

fabrication holds great potential for constructing large-scale and

high-fidelity skin tissues with multi-scale vasculatures in the fu-

ture [123,125].

The skin models created by 3D bioprinting technology is not yet

mature in terms of the printing procedure and the bioinks used for

safety concerns, although there are already handhold 3D printers

used in the clinics for rapid skin tissue recovery, the 3D bioprinted

SEs should be thoroughly tested before the clinic use in the future.

SOC technology, which takes the advantages offered by mi-

crofluidics, could be used to culture skin tissues with more reliable

functions. The current research on skin models cultured on SOC

mainly focuses on the improvement of skin substitutes and the

improvement of culture conditions. For the improvement of skin

substitutes, enriching the skin structure layer, introducing vascu-

lar system and immune system are the main directions, which is

directly related to the main application of skin chips, in cosmetic

testing and pharmaceutical research.

5.2. Limitations of the current skin models

Although 3D skin models have been fast developing in recent

years, there is still a lack of scaling laws to transfer the results

from the skin models to in vivo tests in particular, in the SOC plat-

forms. The transfer of index of liver function from liver-on-a-chip

(LOC) to human scale came to view only recently [126]. In this

work, different cultures of hepatocytes and non-solid cells in vitro

with regulated fluid flow were studied for the oxygen gradient and

metabolic partition of toxicity in specific regions to predict drug-

induced liver damage in an attempt to access drug safety on LOC.

However, the inconsistency between microchip optimization and

performance results in these models urgently requires the critical

baseline for pharmaceutical industry applications, the commonly

accepted scaling law is still underdeveloped.

There is no standard for 3D skin model creation, including cell

source, cell type and culturing time. For example, although the mi-

crofluidic channels of vascular-like structures [112] allows for the

perfusion of nutrition to simulate the blood flow in skin tissues in

the aim to improve functions of skin, there is still no commonly ac-

cepted knowledge in terms of the perfusion rate on the maturity of

skin tissues. Especially, with the fast development of 3D bioprint-

ing techniques, the standards in terms of the preparation methods

with living cells involved are still lag behind. In addition, the ma-

terials used in skin chips should be evaluated for long term. For

instance, PDMS is the most commonly used material at present,

but PDMS absorbs small hydrophobic molecules. Therefore, the use

of the skin chips in the studies of specific drug toxicity is limited.

When the drug is absorbed by PDMS, the actual concentration of

the drug is lower, which may underestimate its potential toxicity

[3].

At present, there is still a long way to go to mimic the com-

plex structure of living skin. Skin appendages need to be added,

including the introduction of microvasculature, immunity, hair fol-

licles, sweat glands and sebaceous glands, pigmentation, subcuta-

neous inflammation and innervation [50]. In addition, intercellu-

lar lipids in SC, such as ceramide (CER), free fatty acid (FFA) and

cholesterol (CHOL), contribute to the formation of a stable layered

structure in SC, making it important for skin barrier function. Kage

et al. [127] treated 3D cultured epidermis with GalCer to promote

the production of CER, which affects the production of intercellu-

lar lipids in SC and improve skin barrier function. However, due

to different SC lipids and different barrier permeability, the barrier

characteristics of skin models are different from that of natural hu-

man skin.

6. Conclusions

In now days, the demand for fully functional 3D skin models

has been increased dramatically due to the improved living stan-

dard and the booming of beauty industries. The 3D skin models

have been fast-evolving owing to the advances of 3D bioprinting
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technology, and SOC, in particular. In this review, the skin mod-

els produced with these two technologies were evaluated includ-

ing the newly developed fabrication methods, and the materials

used. The functions of the 3D skin models such as the skin bar-

rier, mechanical properties, and the applications were reviewed in

detail. The limitations and perspectives in the fabrication methods

and the current skin models were also discussed.

SOC and 3D bioprinting are collaborative technologies to cre-

ate 3D skin models, however there is still a knowledge gap be-

tween the 3D skin models and native skin tissue in human, see

the above discussion on the limitations. To overcome the limita-

tion of fabrication technology, laser-based printing methods such

as UL might offer the possibility to create large skin tissues with

micro-vasculatures of multi-scales. To overcome the limitation of

the current skin model, the idea is that 3D bioprinting combined

with SOC might create native-like fully functioning skin tissues in-

cluding necessary appendages. The urgent need in the current 3D

skin model is to establish the standard of creating 3D skin mod-

els and scaling law transferring the testing results from skin mod-

els and SOC to human level, it might require the collaborations

from multiple sectors such as regulatory authorities, research in-

stitutions, and industries.

There may be an interesting future work on building an en-

gineering system by learning the skin function, such as the skin-

based sensor for collaborative robots. Another future work may be

directed to the study of the robustness and resilience of SOC, as

in a general system that has two layers: infrastructure (e.g., chips)

and substances (e.g., cells) as well as resilience and robustness in

the context of robotic systems [128,129]. The idea is to learn the

concept of robustness and resilience of engineering systems to bi-

ological systems [130,131].
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