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ABSTRACT
In current toxicological research, 2D cell cultures and animal models are well- accepted and commonly 
employed methods. However, these approaches have many drawbacks and are distant from the actual 
environment in human. To embrace this, great efforts have been made to provide alternative methods 
for non-animal skin models in toxicology studies with the need for more mechanistically informative 
methods. This review focuses on the current state of knowledge regarding the in vitro 3D skin model 
methods, with different functional states that correspond to the sustainability in the field of toxicology 
testing. We discuss existing toxicology testing methods using in vitro 3D skin models which provide a 
better understanding of the testing requirements that are needed. The challenges and future landscape 
in using the in vitro 3D skin models in toxicology testing are also discussed. We are confident that the 
in vitro 3D skin models application may become an important tool in toxicology in the context of risk 
assessment.

Highlight points

This review on in vitro 3D skin models in toxicology highlights 
the urgent need for alternatives to traditional 2D cell cultures 
and animal models, which have significant drawbacks. Research 
is increasingly focused on developing 3D skin models that 
more accurately mimic human skin, thereby enhancing sus-
tainability in toxicology testing. These models offer improved 
representation of human skin structure and function, facilitat-
ing deeper insights into the mechanisms of skin toxicity crucial 
for risk assessment. However, challenges remain, including 
technical limitations such as insufficient metabolic activity and 
the need for diverse cell types, alongside the necessity for rig-
orous validation to gain regulatory acceptance. Future direc-
tions include integrating advanced technologies like 3D 
bioprinting and microfluidics to enhance model complexity, as 
well as fostering collaboration among researchers, regulatory 
bodies and industry stakeholders to refine these models and 
establish them as standard practices in toxicology testing.

Introduction

The skin serves as the primary defence mechanism, protect-
ing internal organs from the external environment, and 

enduring continual exposure to chemical, physical and bio-
logical threats [1]. The skin consists of two layers: the epider-
mis and dermis. The epidermis, which is the outermost layer 
of the skin, is composed of densely packed sheets of kerati-
nocytes. These cells serve as a protective barrier against the 
external environment and regulate the loss of water [2]. 
Generally, the epidermis layer is densely packed with kerati-
nocytes, which protect the skin from external infections, 
whereas the dermis layer serves as the skin’s appendages, 
with fewer cellular elements, principally fibroblasts [3]. The 
dermis layer is surrounded by a complex connective tissue 
structure that contains neurons, hair follicles, glands and 
blood vessels used for nutrition transfer. Important sensations 
like touch, heat, pain and itching are transmitted by the 
extensive innervation that exists in the skin. Minimizing 
adverse reactions from treatments is crucial for maintaining 
the skin’s physical barrier for protection, thermoregulation, 
sensibility, homeostasis and immunity. Adverse events affect-
ing the skin can predominantly manifest from two sources: 
(1) direct contact with exogenous factors, such as therapeu-
tics applied topically, or (2) indirect consequences, including 
side effects associated with systemically administered thera-
peutics [4]. The potential hazard illustrated in Figure 1 has the 
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capacity to induce cutaneous injury and toxicity in individuals 
who are exposed to the hazardous substances and substances.

To examine the potential toxicity of chemicals, medicines, 
or other compounds, skin testing is a standard procedure in 
toxicology. Skin toxicity testing can be done in vivo or in vitro. 
Toxicology testing is conducted to evaluate the potential 
harmful impacts that a chemical may have on a human and 
the surrounding environment [5]. A wide variety of chemicals 
exist, encompassing active pharmaceutical ingredients, cos-
metics, as well as chemicals utilized in industry and house-
hold products [6]. Moreover, to screen compounds for possible 
harmful effects on people, household pets, and agricultural 
animals, validated in vitro models and animal experiments are 
commonly employed. Nevertheless, ethical considerations 
and the demand for improved efficiency and cost-effectiveness 
have spurred the advancement of new in vitro approaches for 
evaluating cutaneous toxicity. Moreover, the usage of animal 
models have drawbacks such as high cost, restricted treat-
ments per animal, ethical problems in certain countries, and 
species variance, requiring supporting evidence from other 
animal models [7]. Over the years, studies of in vitro skin tox-
icity frequently make use of three-dimensional (3D) skin cul-
ture models rather than the conventional two-dimensional 
(2D) cell cultures since these models more accurately simulate 
the complicated structure of real skin.

Over time, there has been growing usage of in vitro skin 
toxicity testing, drive both by researchers and regulatory 
authorities seeking for alternative approaches to conventional 
animal testing. The anticipated revenue of the worldwide in 
vitro toxicity testing market was $10.8 billion in 2023 and is 
projected to reach $17.1 billion by 2028, with a compound 
annual growth rate (CAGR) of 9.5% from 2023 to 2028 [8]. 
Several examples of in vitro 3D skin models that are commer-
cially available, including Labskin, EpiskinTM, EpiDermFTTM and 
MelanoDermTM, with varying properties and capabilities that 
demonstrate fair resemblance to native skin [9,10]. These mod-
els have been developed to aid in the assessment of phototox-
icity, corrosivity and irritancy, as well as diagnostic testing. 
Researchers suggested that utilizing reconstructed human 

epidermis (RHE) kits is the most promising alternative to animal 
experiments [11]. Layers of cultured human cells are deposited 
onto a polymer matrix to create a skin reconstruction model. 
This allows for the inclusion of various cell types to achieve the 
appropriate composition and structural complexity. Most in 
vitro reconstructions include either a single epidermal layer or 
a full-thickness human skin equivalent (SE) [12].

SE and RHE exhibit considerable potential as substitutes 
for conventional in vitro assays. In addition, reconstructed 
human skin (RHS) has proven to be a valuable in vitro model 
for conducting toxicity tests on pharmaceuticals, chemicals 
and innovative materials. The OECD guideline 428 explicitly 
states that an in vitro human skin equivalent may accurately 
replicate the manufacture of several types of human skin, 
such as full-thickness skin, split-thickness skin and heat- 
separated human epidermis [13]. Further testing should 
closely resemble original skin since the quality of rebuilt 3D 
skin should be equivalent to human skin.

The advancement from 2D to 3D in vitro skin model

Two-dimensional (2D) cell studies were first used in the early 
1900s and continued to be the preferred technique for the next 
century [14]. There is a notable development in the toxicology 
area from two-dimensional to three-dimensional (3D) in vitro 
skin models for toxicity assessment. Generally, utilizing a 2D cell 
culture is a convenient method for conducting biochemical 
experiments. The most frequent way for determining the level 
of toxicity in vitro is by the utilization of two-dimensional mono-
layer cultures that are composed of immortalized cell lines, 
stem cells and primary cells [15]. The 2D culture condition dif-
fers from the in vivo microenvironment, resulting in limitations 
such as lack of cell-cell and cell-extracellular matrix (ECM) inter-
action, loss of specific morphology/function/metabolic activity, 
and inability to replicate complex physiological and pathologi-
cal environments or simulate heterogeneous diseases [16].

The benefits of 2D cultures are easy and cheap for func-
tional testing. As a consequence, conventional 2D cell culture 
models often fall short in reproducing the in vivo skin micro-
environment, thereby offering restricted insights into the 
physiological reactions of organisms to external stimuli [17]. 
The results obtained from isolating cells from their usual 
dynamic environment and growing them in stiff, static petri 
dishes are generally limited to cytotoxicity studies and lack 
the predictive power to explain drug efficacy in clinical set-
tings. Thus, tissue engineering has enabled the development 
of an in vitro 3D skin model for toxicity assessment, serving 
as an alternative for the traditional 2D testing method.

Nowadays, advance techniques generally enable the attain-
ment of greater model complexity, which subsequently leads 
to improved biomimicry to human native skin tissue [18]. To 
make reconstructed 3D skin models (epidermis models), epi-
dermal keratinocytes are exposed to the air-liquid contact 
(with the help of trans well plates) or growth factors, which 
help the cells differentiate and form a layered epidermis that 
looks like the real skin tissue [19]. Furthermore, the epidermal 
layer can be cultivated on top of either a cellular or acellular 
dermis equivalent.

Figure 1. H uman skin physiology that composed of three layers (epidermis, 
dermis and hypodermis). The exposure of skin to the external stimuli including 
radiation, pathogens, insects, injuries, cosmetics and drugs. Image created using 
Biorender.com.
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To construct in vitro models of human skin, several meth-
odologies and techniques have been adopted from traditional 
cell culture, tissue engineering, 3D bioprinting and microflu-
idics. The 3D-bioprinting, also known as cell printing, oper-
ates on the same principles as 3D-printing. It involves the 
extrusion of cell suspensions in a bioink layer-by-layer in 
order to create multilayer tissue constructs [20]. Since live 
cells are so sensitive, printing cells and biological matter is 
very hard and complicated. The chosen of the materials, 
growth factors, differentiation factors, and cell types are very 
crucial for 3D-bioprinting.

In conventional manual inoculation methods, such as layering 
or mixing different cell types within a scaffold, there are limita-
tions to the number of cell types that can be effectively incor-
porated into in vitro 3D skin models. Typically, these models 
mainly consist of keratinocytes and fibroblasts, which are the 
two primary cell types found in the skin’s epidermis and dermis, 
respectively. These models aim to mimic the basic structure and 
function of human skin for various applications, including drug 
testing, cosmetic development and wound healing research. 
[18]. Thus, the usage of 3D-bioprinting as a fabrication strategy 
enable the incorporation of various cell types, such as keratino-
cytes, fibroblasts and adipocytes, to construct a complete skin 
layer (epidermis, dermis and hypodermis layer). Furthermore, 
intricate formations, such as blood vessels, may be reproduced 
by printing, even though they would often pose a difficulty [21]. 
Many previous studies demonstrated that the microenvironment 
of the printed model more closely resembles in human [22]. It 
was hypothesized that this enhanced similarity could lead to 
more accurate predictions in experiments involving pharmaceu-
ticals, cosmetics and general research.

The 2D vs 3D culture models: are they significant?
In vitro skin models, whether 2D or 3D, exhibit differences in 
the interaction of cell-cell and cell-bioscaffold interactions due 
to their structural and organizational differences. In 2D models, 
cells are typically cultured on a flat surface, such as a tissue 
culture plate or slide. This configuration limits the ability of 
cells to interact in a three-dimensional manner (Figure 2a). 
Cell-cell interactions in 2D models primarily occur laterally 
across the cell membrane. While some degree of cell-cell com-
munication and signalling can still occur, the spatial arrange-
ment and organization of cells are limited. The lack of 
three-dimensional architecture in 2D models may not fully rep-
licate the physiological cell-cell interactions found in vivo.

In 3D models, cells are cultured within a three-dimensional 
scaffold or matrix, allowing for more complex cell-cell interac-
tions that better mimic the architecture of native tissue. Cells in 
3D models can form multi-layered structures and establish more 
extensive cell-cell contacts, facilitating various cellular processes 
such as cell adhesion, migration and signalling. The three- 
dimensional arrangement of cells in 3D models enables the for-
mation of cell-cell junctions, including tight junctions, adherent 
junctions and gap junctions, which play crucial roles in tissue 
integrity, barrier function and intercellular communication [14].

Figure 2b further shows that in 2D models, cells interact with 
the underlying substrate which serves as a support surface for 
cell attachment and growth. Cell-bioscaffold interactions in 2D 

models are primarily limited to the interface between the cells 
and the substrate. The properties of the substrate, such as its 
composition, stiffness and surface chemistry, can influence cell 
behaviour and phenotype. On the other hand, in 3D models, 
cells interact with the surrounding scaffold or extracellular matrix 
(ECM), which provides structural support and biochemical cues 
for cell behaviour. The interaction between cells and the scaffold 
in 3D models is more dynamic and multifaceted, influencing var-
ious cellular processes such as proliferation, differentiation and 
tissue remodelling. Cells in 3D models can remodel the sur-
rounding ECM through processes such as matrix deposition, 
degradation and reorganization, leading to the formation of 
tissue-like structures and functional properties [23].

The in vitro 3D skin models better recapitulate the com-
plex cell-cell and cell-bioscaffold interactions found in native 
skin tissue compared to 2D models. This enhanced mimicry 
of tissue architecture and microenvironment contributes to 
the physiological relevance and utility of 3D models in vari-
ous applications, including toxicology.

In vitro 3D-bioprinted skin model

Recent developments in tissue biofabrication methods, such 
as the application of bioprinting technology, make it possible 
to generate biofabricated biological tissues in a repeatable 

Figure 2. I llustration of culture models. (a) a comparison between normal 2D 
in vitro skin model that cultured in the normal petri dish and novel in vitro 3D 
skin model that fabricated via 3D-bioprinting and culture in air-lifting mode to 
mimic native human skin, (b) the interaction of cell-cell and cell-bioscaffold 
interaction between 2D vs in vitro 3D skin model. Image created using 
Biorender.com.
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manner [24]. Research has demonstrated that bioprinting 
enables the precise development of three-dimensional strati-
fied skin tissues in the form of multiwell plates [25]. The 
diverse bioprinting techniques allow for adding physiological 
complexity to replicate native human skin and build a more 
relevant chemical testing system [26]. With inherent spatial 
and chemical complexity, it can construct the reaction con-
tainer, three-dimensional structure, endogenous cell-cell/
cell-matrix interaction and in vivo microenvironment. There 
are several printing strategies and construct forms are univer-
sally applicable and correspond to various organ categories.

Briefly, 3D-bioprinting techniques are widely classified into 
different types based on the techniques used to deposit the 
bioinks including extrusion-based, jetting-based and vat photo-
polymerization. For jetting-based 3D-bioprinting, this technol-
ogy uses controlled deposition of bioink droplets to form 
structures layer-by-layer. This category comprises a variety of 
approaches with its own mechanism for depositing droplets. 
Several methods may be used to achieve inkjet printing, such 
as thermal, piezoelectric and electro-hydrodynamic. Inkjet-based 
bioprinting entails the precise deposition of bioink particles 
onto the printing stage. Inkjet printing may be divided into 
two stages: firstly, the formation of discrete droplets that 
adhere to a specific region of the substrate; and secondly, the 
interaction between droplets and substrate [27]. Additionally, 
its multiple printing nozzles enable simultaneous printing of 
various cells, matrix materials and biological variables. As a 
result, this printing approach is being used for small-scale tis-
sue/organ fabrication with high resolution needs [28].

To produce precise, repeatable and physiologically function-
ing constructions, bioink qualities, printer settings and sub-
strate features must all be optimized. The jet break-up and 
droplet production in bioinks can be impacted by the presence 
of particles, such as cells. Long-term exposure to mechanical 
shear stress in biological cells can alter their phenotype and 
viability, and in the worst cases, cause cell lysis [29]. Thus, bio-
inks with optimum viscosity are typically easier to eject through 
the nozzle, reducing the risk of nozzle clogging. However, a 
previous study found that over 90% of the printed cells 
remained active after printing on the substrate [30]. Moreover, 
a previous study also has developed 3D skin tissue manufac-
tured via inkjet printing using keratinocytes and fibroblasts to 
represent the epidermis and dermis, respectively, and collagen 
to constitute the dermal matrix [31]. Besides, a 3D skin tissue 
was produced by Lee et  al. via inkjet printing multilayer con-
structs [31]. This study utilized both submerged and air-liquid 
interface (ALI) culture condition. After submerged media cul-
ture, 3D printed constructions were exposed to the ALI for epi-
dermal layer development and stratification.

Although inkjet bioprinting is a common approach for gen-
erating complex biological structures by accurately depositing 
cells and biomaterials, however droplet formation and drop-on-
demand (DOD) materials jetting will substantially influence the 
cell viability. DOD printing generates drops by propagating a 
pressure pulse in a fluid-filled chamber, typically through ther-
mal expansion or piezoelectric actuation [32].

Currently, there are few studies exploring the impact of drop-
let impact on the cell viability of printed cells. Various models 
have been proposed to simulate cell viability post droplet 

impact, including the Newtonian model, a compound droplet 
model, and the ambient fluid model, where both cells and drop-
lets are viscoelastic fluids with different properties [33,34]. 
Besides, the viability of printed cells within encapsulated drop-
lets during DOD bioprinting is significantly influenced by droplet 
evaporation [35]. The droplet evaporation mechanism is a com-
plex process influenced by fluid evaporation mode, physical 
parameters like temperature and pressure, solvent properties 
and interactions between solvent, particles and substrate. A pre-
vious study has investigated the effect of droplet performance 
of cell laden suspension found that as the bioink cell concentra-
tion increases, droplet size and velocity decrease, suppress satel-
lite droplet formation and breakup time increases. Bioink has 
less ejected fluid volume, lower droplet velocity and longer 
breakup time compared to hard bead-laden suspension [32].

In the context of 3D hydrogel matrices used in the in vitro 
tissue engineering, the primary issue is the poor porosity of 
the hydrogels, which can impede the movement and disper-
sion of encapsulated cells [29]. Addressing the issue of low 
porosity in hydrogels is crucial for optimizing nutrition trans-
port, waste elimination and cell migration in bioprinted struc-
tures. To address this limitation, the addition of natural 
polymers such as collagen, gelatine, hyaluronic acid and fibrin 
can improve the hydrogel’s biological features and porosity.

Next, the extrusion mechanism in bioprinter provides 
improved structural integrity by continuously and precisely 
depositing filaments of high viscosity and cellular density with 
remarkable precision [36]. Extrusion-based bioprinting is a 
common approach in tissue engineering and regenerative 
medicine. The core mechanism entails mechanically pouring 
bioinks through a nozzle to produce the hydrogel. This disper-
sion equipment is popular owing to its ability to manipulate 
bioink aseptically and compatibility with a wide range of bio-
material viscosities [37]. However, mechanical force-induced 
shear stress may damage cells during extrusion-based bioprint-
ing. This is dependent on the size of the needle or nozzle, the 
pressure, and the stiffness of the bioink. Every extrusion pro-
cess involves shear stress, which should be considered in  
bioprinting. Thus, bioinks must have suitable rheological char-
acteristics for bioprinting. For extrusion-based bioprinting, the 
most crucial parameter is the dispensing pressure. In order to 
force the ink out of the nozzle, there has to be enough pres-
sure to overcome the surface tension of the ink. Hydrogels 
might not be forced to flow at low pressure, but they would 
jet under high pressure [38]. Numerous research has evaluated 
bioinks, which are a combination of cells and biomaterials, to 
enhance printability. Twelve different forms of hydrogels, such 
as collagen, chitosan, fibrin and alginate, were examined.

Besides, cell viability is another important aspect that must 
be considered. Shear stress significantly impacts cell biology, 
enhancing cell maturation and increasing stem cell differenti-
ation. Dispensing pressure, nozzle diameter and viscosity will 
affect shear stress of the bioink, especially when the needle 
diameter is reduced in order to improve the printing resolu-
tion [39]. High pressure is required to extrude high viscous of 
bioinks, which can negatively impact cell viability. Moreover, 
a previous study found that dispensing pressure has a more 
significant impact on cell damage than nozzle diameter [40]. 
Besides, cell viability can be significantly influenced by factors 
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such as nozzle and chamber temperatures. The cell viability 
could be enhanced from 55.52% to 90% by regulating the 
nozzle and chamber temperature [41].

Nowadays, multiple studies have been carried out to develop 
biomimetic scaffolds in the extrusion-based bioprinting tech-
nique that maintain cell viability. A previous study by Yang et  al. 
2022 used extrusion-based 3D-bioprinting to construct an in 
vitro 3D human skin using human epidermal keratinocytes 
(HEKs) and human dermal fibroblasts (HDFs) using gelatine 
methacryloyl (GelMA) [42]. In this study, they used photo cross-
linked to make cutaneous constructions. After 3 days of culture, 
HEKs were placed on top of the printed dermal layers and sub-
merged to promote HDFs and HEKs growth. Moreover, they also 
utilized ALI culturing method to mimic the epidermal layer of 
skin. Moreover, a previous study by Jin et  al. 2023 have devel-
oped a strong and elastin GelMA skin model using extrusion- 
based bioprinting [43]. Despite the adverse effects of the 
bioprinting procedure on cell survival, the majority of cells in the 
functional scaffold matrix (FSM) remained alive and after 7 days 
of cultivation, the epidermis and dermis of the FSM were clearly 
distinguished. Furthermore, a prior investigation conducted by 
Quı’lez et  al. in 2020 has emphasized the necessary steps for 
preparing both the epidermis and dermis layers of the skin con-
struct [44]. The skin models were incubated for 17 days to allow 
maturation process. Figure 3 below demonstrated the 3D in vitro 
model that successfully cultured by a previous study [45,46].

However, in the extrusion-based bioprinting, improving cell 
survival may depend on optimizing the formulation of the bio-
ink. Moreover, the design and selection of optimal bioinks is a 
crucial phase in the bioprinting process. In order to have effec-
tive production of complex biomimetic tissue structures, bio-
inks need to have the following qualities: viscoelasticity, high 
mechanical integrity, adequate degradability, nontoxicity and 
non-immunogenicity One of the hardest parts of the bioprint-
ing process is ink development. Nozzle design is crucial for 
bioink printability and cell survival, considering factors like bio-
ink viscosity, shear thinning property and shear stress. Shear 
stress is a major cause of cell damage and death, and is directly 
proportional to the nozzle’s inlet pressure. Increased pressure 
leads to increased shear stress for cells. Nozzle diameters in 
3D-bioprinting range from a few micrometres to hundreds, 
with sizes generally used in cell printing ranging from 50 µm to 
300 µm. Meanwhile, fibroblast cells, found in connective tissue, 
are typically 10 µm to 30 µm in diameter. Thus, in order to pre-
serve the intended resolution and accuracy of the printed 
structure, the nozzle size needs to be carefully chosen so that 
cells pass through without being damaged.

Since a highly viscous bioinks can damage cells due to high 
shear stresses, so lower viscosity bioinks are used to prevent 
damage. More resolute and tuneable 3D printed structures can 
be created by creating agarose blends or chemically modifying 
agarose through carboxylation [47]. However, to improve cell 
adhesion and biological activity, agarose must be modified with 
bioactive groups or combined with other polymers like collagen 
or fibrinogen. Other than that, the shear-thinning behaviour of 
alginate may be adjusted by varying the concentration of the 
polymer. During injection bioprinting processes, alginate pro-
vides mechanical protection to cells, protecting them from dam-
age caused by extensional flow [48]. High molecular weight 

(MW) of alginates are often added to bioink to enhance con-
struct stiffness, but this can increase viscosity, making processing 
difficult and potentially damaging cells mixed with the polymer 
due to high shear forces needed during mixing or injection [49]. 
Thus, the issue can be resolved by manipulating the MW and 
MW distribution, specifically by combining high-MW and 
low-MW alginates. Furthermore, gelatine is combined with other 
polymers such as alginate to boost cell adhesion and viscoelastic 
properties of bioink, while hyaluronic acid is blended with fibrin 
to increase bioink printability [48,50].

Next, light-based vat-polymerization bioprinting is an 
advanced technique utilized in tissue engineering and regenera-
tive medicine to develop 3D models. The method involves 
layer-by-layer polymerization of photosensitive bioinks in a vat 
using light to form a solid structure. Stereolithography (SLA) and 
digital light processing (DLP) are the primary methods used in 
light-based vat-polymerization bioprinting. Vat-polymerization 
bioprinters are categorized by their operation modes, which 
include single spot or plane photocrosslinking, linear or rota-
tional patterning and light projection. The SLA system uses two 
methods to cure photo-curable bio-resin: top-down printing and 
bottom-up printing. Top-down involves a scanning laser above 
the vat, causing a resin layer to be cured and lowered into the 
vat for repeated curing. Bottom-up uses a scanning laser at the 
bottom of the vat, raising the build platform above the bio-resin 
vat [51]. A computer-controlled laser beam scans the photo- 
curable bio-resin surface to cure it to a pre-defined depth, 
adhering to the previous layer. The build platform is raised to 
recoate liquid photo-curable bio-resin and repeat the curing 
process for 3D complex constructs. The applied radial density 
should exceed the threshold, and excessive light exposure can 
cause bio-resin shrinkage and poor print accuracy.

The nozzle-free mechanism of this bioprinting method 
minimizes shear stress on living cells, unlike inkjet or extrusion- 
based bioprinting, with the main damage resulting from 
radiative stress from the light source and photoinitiator cyto-
toxicity. Thermal and radiative stress in cells is influenced by 
the light source. UVA, with a wavelength of 320–400 nm, can 
damage cells’ nuclear DNA, leading to genomic mutations. 
UVB, with a wavelength of 290–320 nm, can induce cell apop-
tosis by activating the death receptor CD95 [52]. Thus, select-
ing visible light like blue light with a wavelength of 405 nm 
has a less severe effect on cell damage compared to UV light 
[53]. Next, lithium phenyl-2,4,6-trimethyl-benzoyl phosphinate 
LAP was found to be a more biocompatible photoinitiator 
than Irgacure 2959, especially at higher concentrations. The 
cell viability at 1-h printing time was 53% for 0.9% LAP, com-
pared to almost zero for Irgacure 2959. The cell viability will 
decrease as the curing process increases. Figure 4 demon-
strated the illustration images of different types of 
3D-bioprinting technique that may influence cell viability 
during printing process. Moreover, Table 1 has summarized 
the fabrication techniques to develop in vitro 3D skin models.

Physiological properties of in vitro 3D skin model

The main goal of an in vitro 3D skin model is to reproduce the 
physiological attributes of authentic human skin more precisely 
in comparison to conventional 2D models. The emergence of 
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3D-bioprinting holds promise for a transformative change in 
the domain of skin tissue engineering through the automated 
production of human skin equivalents that are both physiolog-
ically significant and structurally complex.

A 3D-bioprinted in vitro human skin model holds substantial 
promise for assessing cosmetics, medications and gaining 
insights into the complex physiological mechanisms critical to 
human skin. This would help eliminate the disparity between 

Figure 3. G ross appearance of in vitro 3D skin model (a) in vitro 3D skin model fabricated using gelatine-polyvinyl alcohol (PVA) bioink, both non-crosslinked and 
crosslinked with genipin extruded using extrusion-based bioprinting [45], (b) construction of three layers of in vitro 3D skin model and advanced skin model using 
collagen hydrogels [46]. used under the creative commons license (http://creativecommons.org/licenses/by/4.0/ accessed on 31 july 2024).

http://creativecommons.org/licenses/by/4.0/
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Figure 4. I llustration images of different type of 3D-bioprinting techniques (a: extrusion-based, b: inkjet-based, c: laser-assisted and d: stereolithography) and how 
these printing techniques may affect cell viability during printing process. Image created using biorender.com.

Table 1. S ummarization of fabrication technique of in vitro 3D skin models.

Type of 3D-bioprinting Skin layer Cell types Bioinks Condition Efficacy References

Inkjet-based 
bioprinting

Epidermis 
and 
dermis

Keratinocytes and 
fibroblasts

Collagen After 7 days of growth 
under submerged 
conditions, printed skin 
constructions were 
developed for 7–14 days 
at the ALI. The thickness 
of the skin constructions 
decreased drastically 
within the first 24 to 48 
to *500 mm and 
continued to shrink 
steadily throughout the 
culture period. Histology 
and immunofluorescence 
analysis showed that 3D 
printed skin tissue 
closely resembled 
human skin tissue in 
vivo.

Demonstrates 
precise control 
over the 
deposition of 
cells and 
biomaterials, 
facilitating the 
creation of 
complex tissue 
models for 
accurate 
evaluation of 
toxic effects.

[31, 54]

(Continued)
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Type of 3D-bioprinting Skin layer Cell types Bioinks Condition Efficacy References

Extrusion-based 
bioprinting

Epidermis 
and 
dermis

Keratinocytes and 
fibroblasts

Gelatine methacryloyl 
(GelMA-rhCol3)

Higher rhCol3 
concentrations increase 
cell proliferation, leading 
to greater confluent 
(~100%) spreading of 
epidermal keratinocytes 
at an early stage 
(3 days) compared to 
rhCol3-free counterparts. 
Approximately 40 µm 
thick epidermis layer 
were successfully 
printed out via 
3D-bioprinting.

Its capability to 
deposit bioinks 
containing 
multiple cell 
types and 
biomaterials in 
a layer-by-layer 
fashion, 
enabling the 
creation of 
complex tissue 
models that 
closely mimic 
human 
physiology for 
accurate 
evaluation of 
toxicological 
responses.

[42]

Extrusion-based 
bioprinting

Epidermis 
and 
dermis

Keratinocytes and 
fibroblasts

Gelatine methacryloyl (GelMA) In vitro, 3D-bioprinting 
functional skin model 
(FSM) maintained a 
moist microenvironment 
and barrier function and 
mimicked the normal 
skin environment to 
enhance cell survival 
and proliferation. 
Moreover, FSM is 
capable of maintaining 
cell viability for at least 
1 week.

[26]

Extrusion-based 
bioprinting

Epidermis 
and 
dermis

Keratinocytes and 
fibroblasts

Mixture of bioinks: hFbs: 20.000 
cell/ml.

Fibrinogen: 1.2 mg/ml.
CaCl2: 8% v/v.
Amchafibrin: 0.8% v/v.

Printed skin resembles 
natural human skin and 
is difficult to 
differentiate from 
bilayered 
dermo-epidermal 
counterparts.

[44]

Laser-assisted 
bioprinting (LaBP)

Epidermis 
and 
dermis

Keratinocytes and 
fibroblasts

Alginate and 50% 
ethylenediaminetetraacetic 
acid (EDTA) human blood 
plasma

This work offers promising 
results to generate 3D 
in vitro models and 
tissue replacements for 
various tissue 
engineering applications. 
The adherent and gap 
junction development 
were observed. It is 
crucial for tissue 
morphogenesis and 
cohesiveness. This work 
demonstrated an 
effectiveness of LaBP as 
a tool for creating 
complex 3D structures 
that closely resemble 
the functionalities of 
natural tissues.

[55]

Extrusion-based 
bioprinting

Dermis Fibroblasts Sodium salt of alginic acid (ALG), 
carboxymethyl cellulose 
(CMC), and calcium chloride

The findings indicated that 
the bioink including 
fibroblasts effectively 
sustains fibroblast 
cellular function for a 
duration of 29 days and 
exhibits satisfactory 
printing capabilities 
within a biologically 
suitable 3D setting. 
Consequently, this 
bioink has promise as a 
valuable resource for 
the fields of skin tissue 
engineering and drugs 
testing.

[56]

Table 1.  Continued.

(Continued)
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Table 1.  Continued.

conventional monolayer or 3D cultures and animal models. 
Figure 2a above illustrated the different between cell-cell inter-
action in 2D vs 3D in vitro skin model. An in vitro model that 
integrates both skin and neurons would have significant utility 
across several research disciplines, including dermatology, neuro-
sciences and toxicity assessment [58]. The incorporation of sen-
sory neurons in a skin model, in particular, would allow for the 
investigation of skin sensitization while applying novel cream 
formulations or unravelling underlying disease causes. In derma-
tology practice and research, neuronal-triggered responses 
including pain, irritation, allergy, skin inflammation and regener-
ation are also significant [59].

An in vitro 3D skin model’s physiological features are 
intended to mimic the complexity and functioning of original 
human skin. Keratinocytes constitute approximately 90% of 
the epidermis; these cells undergo keratinization and differen-
tiation to produce a stratified epidermis [60]. Keratinocytes 
secrete cytokines that promote inflammation in reaction to 
environmental stimuli, including ultraviolet light, allergens, 
pathogens, pains and any sensitization. Generally, full-thickness 
human skin equivalents (FTSE) and reconstructed human epi-
dermis (RHE) are two models that effectively replicate the 
attributes of the human epidermis [60]. The term "RHE" refers 
specifically to the epidermis, as it is composed only of kerat-
inocytes that are cultivated at the interface between air and 
liquid. The FTSE contains both the outermost layer of skin, 
known as the epidermis, and the layer underneath it, called 
the dermis. As compared to RHE, FTSE involves seeding of 
keratinocytes onto dermal-like materials, hydrogel combined 
with fibroblasts, de-epidermized dermis (DED), or self- 
assembled dermal sheets in FTSE models. Generally, the RHE 
is commonly employed for conducting skin corrosion experi-
ments [6]. The skin corrosion test assumes that corrosive 
agents can diffuse or erode through the stratum corneum 
and damage underlying cell layers. Corrosive chemicals 
decrease cell viability below defined thresholds (<50% after 
3 min exposure – Class 1 A, ≥50% after 3 min exposure AND 
<15% after 60 min – Class 1B and 1 C), while noncorrosive 
chemicals.

In vitro 3D skin model for toxicity testing

In vitro 3D skin models are utilized to evaluate the toxicity of 
a wide range of products and chemicals [61]. There are many 

cosmetic products contain chemicals such as preservatives, 
fragrances, colourants and UV filters. These models are 
employed to assess the safety of these ingredients to ensure 
they do not cause adverse effects such as irritation, sensitiza-
tion, or allergic reactions. Drugs and pharmaceutical com-
pounds may also have topical applications, and their safety 
on the skin needs to be evaluated. The in vitro 3D skin mod-
els assist in assessing potential side effects, including irrita-
tion, inflammation and cytotoxicity, which can arise from 
drug formulations or their metabolites. There are increasing 
production of industrial chemicals, including solvents, surfac-
tants, metals and pesticides, which in contact with the skin in 
occupational or environmental settings. In vitro 3D skin mod-
els are used to determine the potential dermal hazards of 
these chemicals, such as skin irritation, corrosion and absorp-
tion. Additionally, personal care products such as soaps, 
shampoos, lotions and deodorants contain numerous chemi-
cals that may pose risks to skin health and in vitro skin mod-
els help evaluate the safety of these products by assessing 
their potential to cause irritation, sensitization, or other 
adverse reactions [46].

Pesticides, herbicides and fertilizers used in agriculture 
may come into contact with the skin during handling or 
application. In vitro 3D skin models are employed to evaluate 
the dermal toxicity of agrochemicals and assess their poten-
tial to cause skin irritation, sensitization, or systemic effects. 
The pollutants present in the environment, such as heavy 
metals, polycyclic aromatic hydrocarbons (PAHs), and volatile 
organic compounds (VOCs), affect skin health upon dermal 
exposure. Therefore, in vitro skin models are used to assess 
the toxic effects of environmental pollutants and identify 
potential mechanisms of skin damage.

The in vitro 3D skin models are valuable tools for assessing 
the toxicity of diverse chemicals, contributing to the develop-
ment of safer products and regulatory decisions aimed at 
protecting human health. Commercial tissue manufacturing 
standardization, international validation and regulatory 
approval have led to the widespread usage of 3D recon-
structed human skin models in industrial and academic 
research labs worldwide [62]. Skin safety testing that com-
monly being utilized are including, corrosiveness, irritation, 
phototoxicity and skin absorption. Meanwhile effectiveness 
tests include barrier, moisturizing, anti-inflammatory, UV pro-
tection and percutaneous absorption. Despite the fact that 

Type of 3D-bioprinting Skin layer Cell types Bioinks Condition Efficacy References

Pneumatic 
extrusion-based 
bioprinting

Epidermis Laminin and 
keratinocytes

Gelatine, sodium alginate and 
fibrinogen

The printed constructs 
exhibited a sustained 
high level of cell 
viability for a minimum 
of 7 days following the 
printing process. 
Full-thickness skin was 
created by incorporating 
laminin solution and 
seeding epidermal cells 
followed by ALI culture 
that for drug screening, 
cosmetic testing and 
clinical treatment.

[57]
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many skin models are utilized for a variety of skin-related 
assays, including skin corrosion, skin irritation, skin barrier 
development, and skin absorption, epidermal models are the 
only ones that are permitted for use in in vitro testing [63].

Skin irritation

An in vitro 3D model with a hydrogel system is a potential 
way to test for skin irritation that aims to give more accurate 
and useful results than standard 2D cell cultures. The cosmet-
ics and pharmaceutical industries utilize skin toxicity research 
to determine if novel substances are harmful to human skin. 
Skin irritation test is a chemical testing that can induce 
reversible skin injury, which is an inflammatory reaction that 
often resolves within a few days [64]. Generally, two pro-
cesses may cause skin irritation: disruption to the stratum 
corneum barrier function and direct irritating effects on skin 
cells [6]. Previously, the in vitro reconstructed human epider-
mis (RHE) test technique used cell viability as a readout to 
assess cell/tissue damage.

For skin irritation testing, keratinocytes play a crucial role 
in controlling skin inflammatory reactions, and the produc-
tion of extracellular IL-1α is considered an important indicator 
of chemical skin irritation [65]. Thus, according to a previous 
study, keratinocytes, dermal fibroblasts and endothelial cells 
have been incorporated into a microfluidic device to develop 
a novel skin-irritation platform utilized chemical irritants 
include sodium lauryl sulphate (SLS) and steartrimonium 
chloride (SC) [66]. Angiogenic sprouting is promoted by inter-
actions between keratinocytes and dermal fibroblasts on the 
microfluidic device. Since SLS and SC are ubiquitous in cos-
metics, their irritative effects are of special relevance. As 
sprout length increased, SLS greatly affected angiogenic per-
formance. SC, despite being non-irritating and used in safe 
formulations, promoted vessel sprouting and lumen develop-
ment at 10, 20 and 60 μM. Furthermore, Ma et  al. 2021 con-
structed 3D skin models that were utilized to assess skin 
irritation from resident products and cleaning agents in a 
prior study [61]. The findings indicated that 0.3% SLS and 1% 
Triton X-100 in 3D skin models led to less than 20% tissue 
activity and elevated IL-1α release. A positive control for resi-
dent cosmetics is 0.3% SLS, while 1% Triton X-100 is recom-
mended for cleaning products. After analyzing tissue activity 
and IL-1α levels, they identified that four cosmetic products 
potentially cause skin irritants.

To date, skin exposure to manufactured nanomaterials, 
including metal nanoparticles, nanostructured hydrogels, 
polymers and carbon-based nanomaterials, is a growing con-
cern due to potential health risks. Thus, numerous studies 
have examined the effects of nanoparticles (NPs) on cutane-
ous irritation. Scientists from all over the world are now inter-
ested in nanotechnology because it could be used in many 
different areas, such as medicine, cosmetics, construction, 
food, sensing gases, electronics, medicine, diagnostics, medi-
cation delivery and more [67]. Many researchers highlighted 
that acute cutaneous irritation and corrosion testing of silver 
nanoparticles (AgNPs) in rabbits did not result in skin dam-
age, including erythema, eschar, or edoema formation, for 

72 h after exposure [68,69]. Several recent research utilized in 
vitro testing using cultivated skin-derived cell lines to investi-
gate the skin corrosion/irritation caused by NPs. Although 
nanosilica NPs were toxic to human keratinocytes in vitro, 
they had no such effect in an in vitro 3D skin model [70]. 
Apart from that, AgNPs were found to be reduced the viabil-
ity and elevated the levels of inflammatory cytokines, includ-
ing interleukin (IL)-1β, IL-6, IL-8 and tumour necrosis 
factor-alpha (TNFα), in cultured human epidermal keratino-
cytes [71,72]. However, as compared to the in vitro model, 
titanium NPs (TNPs) and quantum dot NPs reduced the cell 
viability rate of cultured HaCaT human keratinocyte cell line 
survival [73,74].

In addition, skin irritation was assessed using the SkinEthic™ 
Reconstructed Human Epidermis, a three-dimensional epider-
mal tissue made up of normal human keratinocytes grown at 
the ALI [75]. According to the study, acute exposure to 
graphene-based materials (GBMs) containing minimal irritant 
surfactant residues does not result in skin irritation. However, 
to sustain stable dispersion of biologically designed GBMs, 
non-irritant exfoliants such as melamine are recommended. 
The GBMs with irritant surfactants (FLG-SDS and FLG-SDBS) 
reduced RhE viability at levels below 50%, indicating irritant 
properties.

Skin corrosion

Generally, skin corrosion tests have been conducted on ani-
mals, such as rabbits, following the OECD test guideline (TG 
404) [76]. However, in vitro skin corrosion and irritation test-
ing using animals has been replaced with in vitro skin models 
due to animal welfare concerns. EpiSkinTM and EpidermTM 
models were approved by ECVAM in April 2007 to replace in 
vivo rabbit skin irritation testing. They are also utilized for 
regulatory purposes, including in vitro skin irritation (OECD TG 
439) and skin corrosion (OECD TG 431) examinations of cos-
metic chemicals [77]. Thus, in vitro data gathered from alter-
native approaches employing human skin models is being 
used to classify chemicals that cause skin corrosion and irrita-
tion. Commercially available 3D models of human skin, 
including EpiSkinTM, EpiDermTM and SkinEthnicTM, are widely 
used for alternative skin corrosion and irritation tests [78].

The Chinese National Standard GB 30000 establishes 28 
mandatory safety requirements for chemical categorization 
and labelling, each corresponding to a danger class under UN 
GHS (AQSIQ, GB 30000. 2 to GB 30000. 29, 2013). The Draize 
rabbit test (GB 30000.19) divides skin irritation and corrosion 
into three subcategories (1 A, 1B and 1 C), irritation (Category 
2), and mild-irritation (optional Category 3) [79]. EpiSkin is an 
in vitro skin model that is created by culturing normal human 
keratinocytes on a collagen matrix [80].

The researchers utilize reconstructed human epidermis, 
derived from human-derived non-transformed epidermal 
keratinocytes, which closely resembles the properties of the 
upper parts of human skin. A previous study by Choi et  al. 
2014 examined the impact of nanoparticles and their combi-
nation on skin corrosion and irritation by utilizing the in vitro 
3D human skin model, KeraSkinTM [78]. The cell viability 
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remained at its pre-determined threshold level of 15% after 
60 min of exposure in the corrosion test and 50% after 45 min 
in the irritation test. Furthermore, the in vivo test conducted 
on rabbits also demonstrated outcomes that were non- 
corrosive and non-irritating. Next, the increasing use of 
graphene-related materials (GRMs) in electronics, healthcare 
and other fields requires careful assessment of their health 
effects. Skin contact is a major GRM exposure route. Thus, 
GRM skin exposure was assessed using an in vitro 3D recon-
structed human epidermis (RhE) model. In this study, the lat-
ter were not irritants or corrosives after testing a broad panel 
of powdered GRMs.Only GRMs with unremoved irritating sur-
factants reduced RhE viability to levels below skin irritation 
(≤50%, after 42 min exposure and 42h recovery), but not 
below corrosion (<50%, after 3 min exposure or <15% after 
1h exposure) [81]. However, while RHE models possess the 
benefit of encompassing all epidermal layers of the epider-
mis, they may occasionally fail to differentiate between the 
basale, spinosum and granulosum strata, which is a critical 
consideration in penetration studies.

Phototoxicity

Skin redness is linked to phototoxicity caused by chemicals 
that are absorbed by the skin and then exposed to ultraviolet 
light. It is important to determine if active chemicals that are 
applied on the skin can cause phototoxicity. Nowadays, the 
practice of decorative and cosmetic tattooing is common. The 
phototoxic impacts of tattoo pigments are subjects of con-
cern for regulatory bodies, toxicologists and the pertinent 
industry sectors [82]. Tattoos can cause inflammatory, eczem-
atous, photo-aggravated, granulomatous, lichenoid, and 
pseudo lymphomatous skin reactions. The two most frequent 
tattoo pigment hypersensitivity responses are allergic contact 
dermatitis and photoallergic dermatitis. Previous research 
tested the phototoxicity of six tattoo pigments: cadmium sul-
phide, carbazole, selenide, mercury (II) sulphide, chromium 
oxide and cobalt aluminate, using the 3T3 NRU PT and 3D 
human skin model [82]. According to the findings, cadmium 
sulphide and carbazole both have the potential to be photo-
toxic. Moreover, it was proven by the 3D human skin model 
that only carbazole was phototoxic.

Moreover, phototoxicity may be detected by employing a 
skin model to assess the potential toxicity of sunscreen for-
mulations, both with and without exposure to UV light. 
Furthermore, the toxicity of these formulations was assessed 
following exposure to photodegradation [83]. The skin mod-
els’ capacity to effectively measure UV radiation’s effect on 
cell viability is shown by their persistence in PBS in dark and 
light settings. When applied topically, sunscreens were less 
harmful than PBS in all formulations/conditions, even the 
control formulation (BF). Long-term photodegradation by UV 
radiation can reduce toxicity and phototoxicity in sunscreen 
formulations compared to those not exposed to UV radiation 
or left in the dark.

Besides, the purpose of the EpiDerm™ H3D–PT assay is to 
determine the phototoxic potency and potential of formula-
tions and compounds that are applied topically [84]. Due to 

the fact that the assay permits the application of test materi-
als to an air-exposed surface (stratum corneum), it mimics the 
in vivo environment and may therefore enable the prediction 
of the phototoxic potency of usage concentrations of test 
materials.

Skin sensitization

A skin sensitiser is a chemical that causes an allergic reaction 
when it comes into contact with the skin, as described by the 
United Nations Globally Harmonized System of Classification 
and Labelling of Chemicals (UN GHS). An Adverse Outcome 
Pathway (AOP) is a conceptual construct that presents knowl-
edge on the relationship between a molecular starting event 
and an undesirable outcome at a biological level relevant to 
risk assessment. The AOP starts with the molecular initiating 
event (MIE) and ends with the adverse outcome. The interme-
diate relationships between biological scales are determined 
by available mechanistic, causal, or associative information 
from in vivo, in vitro, or computational approaches [85]. The 
AOP summarizes the chemical and biological pathways of 
skin sensitization from molecular triggering event to allergic 
contact dermatitis [86].

Firstly, electrophilic compounds covalently attaching to 
nucleophilic sites in epidermal proteins is the initial molecular 
starting event. The second major event in this AOP occurs in 
keratinocytes and involves inflammatory responses and gene 
expression alterations related with antioxidant/electrophile 
response element (ARE)-dependent cell signalling pathways. 
The third essential event is dendritic cell (DC) activation, mea-
sured by cell surface markers, chemokines and cytokines. The 
mouse Local Lymph Node Assay indirectly measures T-cell 
activation and proliferation, the fourth essential event.

Skin sensitivity is a complicated process that begins with 
the xenobiotic getting through the skin [87]. The first step in 
sensitization is chemical penetration through the stratum cor-
neum into the viable epidermis layers [88]. Most molecules 
that can pass through the skin barrier are too small to have 
an inherent sensitizing effect, and this effect often relies on 
how well they can form strong covalent bonds with proteins 
found naturally in the skin. Allergic contact dermatitis (ACD) 
arises from persistent skin contact with an allergen. The ACD 
activates the innate and adaptive immune systems through 
sensitization and challenge [64]. In the first step (induction), 
chemical allergen exposure produces skin sensitivity. If sensi-
tized people are exposed to the same allergen or a cross- 
reactive allergen again, the elicitation phase begins. Thus, 
ACD prevention should be addressed, requiring substantial 
research into sensitization processes to identify sensitizers, 
forecast their potency, and most crucially, predict their safe 
(no reaction) concentrations.

Alternative approaches are incorporated into Adverse 
Outcome Pathways (AOP) and are based on the body of infor-
mation that currently exists about the impacts of molecular 
perturbations at the subcellular, cellular, tissue, organ, whole 
animal and population levels. The objective of the in vitro 3D 
models is to simulate the complex interaction of cells and tis-
sues that exists within the human epidermis. In order to 
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construct a layered epidermis, human keratinocytes (HEKs) 
are grown at the ALI and then reconstructed to make RhE or 
3D epidermal models [64].

A previous study has created a novel in vitro skin sensiti-
zation assay utilizing reconstructed human epidermis (RhE) 
model [89]. This assay is anticipated to possess a wider range 
of applicability compared to current in vitro assays. After 6 h 
of treatment with skin sensitizers 1-fluoro-2,4-dinitrobenzene 
and oxazolone, and not benzalkonium chloride, microarray 
analysis showed significant upregulation of five genes (ATF3, 
DNAJB4, GCLM, HSPA6 and HSPH1) related to cellular stress 
response in the RhE model.

The Guinea Pig Maximization Test (GPMT) and the Buehler 
Test (TG 406) (OECD, 1992) are in vivo procedures that 
encompass the whole skin sensitization process [90]. In 
2011, the local lymph node assay (LLNA: DA), which is an 
alternate way of refinement that makes use of mice, was 
incorporated into the standard. The LLNA: DA (TG 442 A) 
(OECD, 2010) has gained widespread acceptance because it 
evaluates just the induction response. This is because it has 
benefits over the guinea pig tests, both in terms of animal 
welfare and because it offers an objective evaluation of the 
induction stage of skin sensitization [91]. On the other hand, 
new alternatives to animal testing for skin sensitization 
potential classification in cosmetics and chemicals have 
raised the possibility that in vitro testing could be more 
efficient than in vivo testing in terms of time and money. 
Therefore, alternatives to conventional animal testing, in 
vitro models, and 3D models in particular, are becoming 
increasingly popular for determining skin sensitization. 
Registration, Evaluation, and Authorization of Chemicals 
(REACH) indicates that in vivo tests should only be done 
when in vitro or in chemico testing methods are ineffective 
or when the results of these tests are unsuitable for risk 
assessment and classification [92].

Genotoxicity

A genotoxicity study employing a 3D in vitro skin model aims 
to assess the ability of a chemical to induce genetic harm, 
such as DNA mutations, changes in chromosomes, or other 
disturbances in the genetic material, inside a human skin tis-
sue structure. This methodology is of utmost importance in 
the field of toxicology since it allows for the evaluation of the 
safety of chemicals, cosmetics, medicines and other com-
pounds without the need for animal experimentation. In 
order to evaluate the risk to human consumers, it is neces-
sary to characterize the genotoxicity of a variety of biological 
and chemical constituents, including natural compounds, that 
are extensively employed in the pharmaceutical industry, 
daily necessities and cosmetics. Genotoxicity testing often 
involves the assessment of point mutations and chromosomal 
damage. The chromosomal aberration test, as outlined in the 
Organization for Economic Co-operation and Development 
Guideline for the testing of Chemicals (OECD), specifically 
guideline no. 473, and the micronucleus assay, as described 
in OECD guideline no. 487, are widely employed methods for 
studying chromosome damage [93].

Human reconstructed skin micronucleus (RSMN)
The genotoxicity hazard of a substance is typically assessed 
through in vitro assays that examine gene mutations and 
structural and numerical chromosomal aberrations. The in 
vitro micronucleus (MN) assay is a widely used method for 
detecting clastogenicity, offering a more efficient alternative 
to the CA assay due to its enhanced ability to detect aneu-
genic compounds. The assay employs 2D standard cell cul-
tures, which have limitations in handling stress, resulting in a 
high percentage of MP results [94]. However, 3D tissue con-
structs are believed to be more in vivo-like and exhibit meta-
bolic competency similar to native human skin. Thus, the RS 
Comet and MN assays were developed and validated as ideal 
building blocks for a replacement of tier 2 animal follow-up 
assays for dermal exposure.

Generally, EpiDermTM in vitro human reconstructed skin 
micronucleus (RSMN) test is a promising method for deter-
mining the genotoxicity of topically applied substances. Thus, 
the Cosmetics Europe Genotoxicity Task Force coordinates 
and funds validation studies for the reconstructed skin micro-
nucleus assay (RSMN) using the Epiderm™ model [95]. The 
historical data were examined, indicating that vehicle control 
and positive control values for percentage micronuclei in 
binucleated cells are within previously reported thresholds. 
Technical issues, such as the evaluation of several solvents 
with 48 and 72-h treatment regimens, are being studied. In 
addition, RSMN assay in MatTek Epi-200™ skin models also 
have been validated and 43 coded compounds selected by 
independent experts were tested in four US/European labora-
tories [96]. The RSMN assay demonstrated low background 
micronucleus frequency and pro-mutagen metabolism capac-
ity, with 80% accuracy compared to in vivo genotoxicity out-
comes, 75% sensitivity, 84% specificity, and 77–80% 
reproducibility between and within laboratories.

3D skin comet assay
Generally, comet assay may detect both chromosomal dam-
age and DNA lesions that may cause gene mutations, com-
plementing the RSMN detection of chromosomal damage. 
The 3D Skin Comet assay detects strand breaks to assess DNA 
damage, providing insights into genetic damage and DNA 
integrity. It uses 3D models to mimic human skin architec-
ture, enabling accurate simulation of dermal exposure scenar-
ios. In 2006, SkinEthic™ published the first study involving test 
compounds applied to a 3D reconstructed skin model, 
EpiSkin™ [97]. The study evaluated DNA damage in dendritic 
cells cultured in a medium below the skin model, rather than 
skin cells. Previously, the comet assay was adapted to 
EpiDerm™- and Phenion® Full Thickness Skin Models, and 
tissue-specific protocols for single cell isolation and the gen-
eral comet assay were transferred to European and 
US-American laboratories [98]. The 3D Skin Comet assay 
demonstrated high predictive capacity and good reproduc-
ibility, with four laboratories reaching 100% predictivity and 
the fifth yielding 70%.

Moreover, the Phenion® Full-Thickness Skin Model was 
used for inter-laboratory validation of the 3D Skin Comet 
assay in order to assess its potential as an in vitro tool for 
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Table 2. I deal properties in vitro 3D skin model development [101, 112, 114].

Ideal in vitro 3D skin model 
properties Functions

Structure similarity Mimic to human native skin.
Mechanical Ability to withstand resistance to 

natural loading conditions such as 
tissue remodelling, deformation 
resistance, viscoelasticity comparable 
to natural skin, and the range of 
elastic modulus is from 10 to 
850 kPa.

Biocompatibility Encourage the attachment of cells, their 
proliferation and differentiation, and 
the regulation of both intercellular 
and intracellular communication.

Physicochemical High crosslinking stability, 
intermolecular strength, resistance to 
degradation, porosity for nutrition 
and waste movement, and 
physiological pH and polymerizing 
temperature.

Moisture content Minimum in vitro culture contraction 
and long-term hydration, and 
influence biodegradability of the 
model.

monitoring positive findings from standard genotoxicity test-
ing [99]. The skin model demonstrated similar metabolic com-
petency to natural human skin, with high predictive capacity 
for 32 tested substances, with a sensitivity of 80%, specificity 
of 97% and overall accuracy of 92% compared to in vivo ani-
mal genotoxicity test outcomes.

Ideal physical & mechanical properties of in vitro 
3D skin model in toxicity testing

A n in vitro 3D skin model is an artificial system that mimics 
human skin structure and function in a laboratory setting, 
used for research and testing in skin biology, drug delivery, 
toxicity, and other applications are requiring accurate physi-
cochemical properties. In tissue engineering field, different 
biomaterials have been used to develop in vitro 3D skin 
models. Natural-based bioinks, such as alginate, gelatine and  
collagen, provide superior biocompatibility, accelerated bio-
degradation rate, absence of toxicity and optimal mechanical 
stability. Predictable testing is urgently required for the pre-
clinical development of new skin therapies. These testing set-
ups serve as the basis for evaluating the effectiveness, 
absorption and safety of the skin therapeutics. Thus, the opti-
mum characteristics for the production of in vitro 3D skin 
models are summarized in Table 2.

Structural similarity of human skin equivalent with 
native human skin

The epidermis, dermis and hypodermis are the three separate 
layers that made up the skin. Each layer interacts with the 
others in a synergistic manner in order to keep the cutaneous 
health and function in good condition. When it comes to the 
fabrication of biomimetic skin in vitro, one of the primary 
concerns is the reproduction of the functions of this intri-
cate organ.

Full-thickness skin equivalent (FTSEs) closely resemble nat-
ural skin due to its bi-layered construction, including both 
the dermis and epidermis. Generally, the dermal part of FTSEs 
can be constructed without scaffolds, using self-produced 
extracellular matrix (ECM) from spheroids or cell sheets, or 
using native scaffolds such as de-epidermized dermises 
(DEDs), or manufactured scaffolds made from polymerized 
hydrogels [100]. However, it is imperative that the in vitro 3D 
skin model accurately represents the histological and anatom-
ical properties of human skin, encompassing the epidermis, 
dermis and hypodermis. Moreover, reconstructing the dermis 
with polymerized hydrogels may enable efficient and repro-
ducible FTSE generation compared to scaffold-free and DED 
skin models [101].

Apart from that, efforts have been made in developing in 
vitro 3D skin model for in vitro toxicity testing. The standard 
procedure for constructing in vitro 3D skin model involves cre-
ating a dermal scaffold that is loaded with fibroblasts and 
then cultivated for a period of several days to a week. 
Subsequently, keratinocytes migrate and settle on the dermal 
scaffold [102]. Similar to reconstructed human epidermis 
(RHEs), in vitro 3D skin model undergoes a brief submerged 
culture before air-lift and keratinocyte differentiation. Following 
that, a structure resembling the epidermis is generated by an 
ongoing process for almost 2 weeks. This structure has been 
proven to consistently replicate the physical characteristics 
(including well-organized layers such as basal, spinous, granu-
lar and corneal layers), chemical composition, and functional 
features of the human epidermis [103].

Mechanical properties

The mechanical characteristics of the skin influence dermal 
cell activity and affect tissue function. In the field of develop-
ing in vitro 3D skin model, many biomaterials have been uti-
lized. Gelatinous skin models can interact with water, allowing 
for reversible gel production, allowing for manipulation of 
physical, mechanical and chemical properties like elastic 
modulus, hardness, optical, or surface qualities [104]. Among 
them, collagen type I has gained significant popularity due to 
its abundance in the dermal extracellular matrix (ECM) and its 
ease of extraction from natural sources [105]. However, colla-
gen type I gels have poor mechanical characteristics and are 
easily influenced by fibroblast contraction. In recent years, the 
integration of two or more natural polymers has been utilized 
in addition to chemical cross-linking and non-enzymatic gly-
cation as methods to enhance the stability of scaffold matri-
ces [106]. Previous study has constructed in vitro 3D skin 
model using collagen type-I utilizing different crosslinking 
agents: a natural one called genipin (GNP) and a synthetic 
one called carbodiimide (EDC) [13]. After the crosslinking pro-
cess, human skin cells were cultured on the bioscaffold under 
two different conditions: submerged (SM) and ALI. However, 
the findings indicate that EDC exhibits a higher level of tox-
icity towards the cell compared to GNP.

Besides, crosslinking silk and collagen has been said to 
work very effectively. This is because collagen has regions 
that hold cells together, and silk has better flexibility [107].  
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In addition, polydimethyl siloxane (PDMS) and polyvinyl alco-
hol (PVA) hydrogel cross-linked with glutaraldehyde (GA) has 
emerged as a potential of in vitro 3D skin models [108]. The 
indentation results obtained were consistent with those 
reported in the literature for the target epidermis, which 
exhibited an elastic modulus ranging from 0.1 to 1.5 MPa and 
was water-dependent. Synthetic polymers have been explored 
as dermal scaffolds due to their adjustable features, including 
porosity and elasticity. Cells adhere poorly to synthetic poly-
mers, hence they are often used in conjunction with natural 
polymers for dependable in vitro skin function.

Moreover, a previous study has employed gelatine-hydrogel 
to sustain 3D skin [109]. This study found that mimicking 
human body circumstances and qualities is challenging, and 
gelatine-hydrogels’ poor mechanical properties and rapid 
breakdown make them unsuitable for 3D in vitro cell growth. 
Nevertheless, this study suggested that by increasing the 
concentration of hydrogels and crosslinker (genipin) may 
resolve this issue. Additionally, peptide-based hydrogels rep-
resent a promising strategy for tissue engineering 3D model 
[110]. The mechanical stability of both peptide nanogels were 
enhanced due to the presence of a nanofiber network.

Moisture content

Besides providing a physiologically realistic environment for 
cells, hydrogel scaffolds’ hydration and swelling qualities 
impact mechanical properties during biological gradients or 
stress [111]. The swelling ratio determine the capacity of the 
skin model to absorb fluid when it comes in contact with a 
liquid. To imitate the hydration condition of human skin, the 
model should retain an acceptable moisture content. As a 
result, research into hydrogel degradation rates and their 
potential effects on cellular physiology and function as a 
result of swelling behaviour is gaining interest. Porosity of the 
hydrogel, crosslinking density, and environmental parameters 
such as pH and temperature are frequently the factors that 
determine the swelling behaviour of the material [112]. 
Hydrogel swelling and water absorption capacity indicate 
hydrophilicity, whereas relative cross-linking density reflects 
network stiffness [113]. Hydrogels with optimal swelling are 
soft, while stiffer gels have lesser swelling. The swelling and 
water absorption of a gel can affect bioink system cellular 
activity since optimal swelling is necessary for nutrient 
transport.

Biocompatibility

Biocompatibility refers to a material’s capacity to sustain live 
cells without altering their physiology or viability [114]. Briefly, 
an ideal in vitro skin model should promote cell adhesion and 
proliferation while being biocompatible and functional. In 
order to mimic native skin tissue, skin constructs should 
mimic cell-cell interactions with their pericellular ECM, regu-
lating communication through bound growth factors, 
enzymes and bioactive species such as exosomes. The bio-
compatibility of the hydrogel and its mechanical features are 
closely linked in skin tissue engineering. This is because cells 

need to be able to adhere to the hydrogel for the tissue 
to grow.

The use of biocompatible natural or synthetic scaffolds for 
extracellular matrix (ECM) and dermal equivalents has been 
facilitated by recent advancements in tissue engineering 
[115]. Natural-based biopolymers have advantages over syn-
thetic biopolymers due to their remarkable similarity to the 
composition of the human ECM. They mimic the natural envi-
ronment of cells to promote cell adhesion, proliferation, 
migration and differentiation. For example, poly(L-lactic acid) 
(PLLA) and collagen type I skin equivalent showed a superior 
cell adhesion activity on the scaffold [116]. The usage of 
natural-based bioinks, such as alginate, gelatine and collagen, 
exhibit desirable biocompatibility, accelerated biodegradation, 
lack of toxicity, and optimal mechanical stability. A previous 
study also demonstrated that human skin cells have excellent 
biocompatibility with gelatine-polyvinyl alcohol 3D in vitro 
skin construct [45]. In addition, a three-dimensional skin 
model that was composed of fibrinogen and alginate exhib-
ited a homogenous blend with a shear-thinning characteris-
tic, outstanding printability, appropriate mechanical stiffness, 
porosity, biodegradability and water absorption, and it was 
shown to be in vitro biocompatible [117]. After printing, a 
skin equivalent dyed by live/dead and histological inspection 
revealed a tissue-like structure with two layers of living and 
proliferating cells on days 7 and 14 of culture.

Sustainability of in vitro 3D skin model

The in vitro 3D skin models have been developed to fulfil the 
requirements of both fundamental and practical research. In 
order for tissue-engineered skin model to be successfully 
applied, it is necessary for the morphological and ultrastruc-
tural organization of the epidermis, dermis and dermal–epi-
dermal junction (DEJ) to be as similar as feasible to the 
structure of the native skin [118]. However, sustaining the 
stability of in vitro 3D skin as a culture model is critical for 
reliable and reproducible experimental outcomes and this 
includes toxicology study.

3D skin culture

The bioink’s physical stability and tissue-specific microenvi-
ronment enhanced epidermal organization, dermal ECM 
secretion, and barrier function. To maintain cell viability in a 
in vitro 3D skin model, proper selection of culture conditions, 
including cell seeding ratio, density, techniques and culture 
medium (with or without supplements and growth factors), is 
essential. In in-vitro skin culture, serum supplementation can 
stimulate or inhibit keratinocyte development, leading to the 
usage of low-serum or serum-free medium for in vitro skin 
culture [119–121]. By avoiding serum in the media, skin 
model culture can be significantly enhanced. The production 
of in vitro skin models requires a complicated mixture of 
nutrients and growth factors; yet the immunocompetent skin 
equivalents that have been reported up until this point have 
utilized medium that is appropriate for the development 
of skin.
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Previous research has investigated the impact of culture 
medium on the maturation of in vitro skin, as well as the phe-
notype and functioning of macrophages [122]. The purpose 
of this investigation was to get a better understanding of the 
role that culture circumstances play in the development of a 
functional immunocompetent in vitro skin model in the 
future. Cultured of skin models demonstrated reduced viabil-
ity, transformed cell shape, and decreased sensitivity to pro- 
and anti-inflammatory stimuli in 2D and 3D, affecting skin 
maturation. The study suggests that immunocompetent skin 
models require a particular culture medium to accurately 
detect immune responses, making it essential for developing 
physiologically realistic models. Moreover, the model also 
serves as a structural support for the organotypic culture 
[123]. Thus, it must allow facilitating the effective transfer of 
nutrients, metabolites and test chemicals. The pore size was 
specifically chosen to inhibit undesired cell migration. Enough 
nutrients, growth hormones and regulatory elements may be 
transported via this porous scaffold to support cell division, 
proliferation, and survival [124]. In addition to facilitating the 
ongoing provision of nutrients and elimination of metabolic 
waste, dynamic perfusion is believed to generate shear 
stresses that stimulate epidermal maturation and regulate its 
barrier function [125,126]. Thus, a new perfusion device is 
needed to study the physiology and pathology of full-thickness 
skin and its appendages. This device should facilitate assem-
bly, preserve sterility, provide sufficient oxygen and nutrients, 
and expose cultured skin to mechanical stimuli [127].

Human skin equivalents (HSEs), which were first developed 
over 30 years ago, have seen improvements in cell culture 
methods, medium, and advanced cell biology tools such as 
genetic engineering and cell reprogramming [100]. However, 
grafting epidermal sheets enriched in in holoclone-forming 
keratinocytes showed long-term graft survival but slow der-
mal renewal, causing wound contraction and instability. In 
order to sustain the skin model in the cultivation state and to 
avoid physical harm, 3D skin model need to be counterparts 
with care. Reduce interruptions during media changes and 
other operations to avoid disrupting the model’s structure 
and integrity. In order to sustain cells beyond the confines of 
an organism’s body, it is critical to have the proper provisions 
and apparatus to create an environment conducive to cell 
division and survival. The necessary equipment for this pro-
cess includes a biosafety hood to ensure the safety of cul-
tures and the individuals handling them, a cell incubator set 
at a temperature of 37 °C and 5% CO2 levels for proper stor-
age, a refrigerator for culture media and supplies, as well as 
flasks or petri dishes for cell placement, among other essen-
tial equipment [128,129]. Moreover, sustainable culture prac-
tices also encompass ethical considerations related to cell 
sourcing, consent and animal welfare. Ensuring that cell 
sources are ethically obtained and that research practices 
adhere to ethical guidelines promotes sustainability and 
social responsibility in research.

Besides, in a long-term culture model, the selection of bio-
materials that facilitate cell adhesion, proliferation and differ-
entiation is very critical to ensure that the materials utilized 
are stable over time and biocompatible. Biomaterials that are 
biocompatible and do not trigger an immune response or 

have cytotoxic effects should be used to develop skin model 
[130]. The use of materials that preserve the viability and 
health of cells over an extended period is necessary to ensure 
stability and durable over time. Generally, materials that have 
low mechanical strength tend to degrade faster. For example, 
gelatine is capable of dissolving in water, hence it must 
undergo crosslinking to improve its stability for use in tissue 
engineering [2]. Nevertheless, the primary issue associated 
with collagen biomaterials is their poor mechanical qualities 
and rapid breakdown rate [124,131]. Thus, crosslinking meth-
ods based on chemicals, UV light and enzymes or combining 
collagen with other synthetic polymers are used to make col-
lagen structures stronger and more stable [132].

Primary human keratinocytes and fibroblasts are often 
used in skin models. The ideal cell seeding density for gener-
ating a 3D skin equivalent is depending upon several aspects, 
such as the particular cell type, intended usage, and the 
required thickness and complexity of the skin model. There 
have been previous publications that have demonstrated that 
the cell density of keratinocytes and fibroblasts ranged from 
0.3 million to 5 million cells/mL [31,133]. Additionally, previ-
ous research has indicated that the extrusion-based bioprint-
ing approach necessitates a high cell density in order to 
perform the printing process. A study has demonstrated a 
comparison of in vitro 3D skin model performance between 
1.5 × 106 with and 3.0 × 106 cells/mL utilizing gelatine-polyvinyl 
alcohol bioinks [45]. The results demonstrated that cell densi-
ties of 3.0 × 106 cells/mL exhibited superior performance in 
terms of both cell survival and protein expression up to 
14 days prolonged culture. This demonstrates that increasing 
cell seeding densities enhance cell-cell interactions in the bio-
inks. The long-term culture model sustainability of the in vitro 
3D skin model is demonstrated in Table 3.

Advancing toxicity testing: the advantages of in vitro 3D 
skin models

The sustainability of in vitro 3D skin models in toxicity testing 
is an important consideration to develop more environmen-
tally friendly and ethical approaches to assessing chemical 

Table 3. S ustainability of the in vitro 3D skin model as a long-term culture 
model [45, 119–122, 130].

Sustainability of in vitro 3D skin 
model Descriptions

Media selection Select a culture medium that caters to 
the unique requirements of the 3D 
skin model.

Nutrient and oxygen supply Periodically refresh the medium with 
new nutrients and growth elements 
to create the best possible 
environment for cell survival and 
activity.

Handling technique Careful while handling 3D skin 
counterparts to avoid harm. Reduce 
model structure and integrity 
interruptions during media changes 
and other activities.

Proper selection of biomaterials To facilitate cell adhesion, proliferation 
and differentiation and to sustain 
long-term cell culture model.

Optimal cell seeding density To promote cell-cell interaction.
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safety. The employment of in vitro 3D skin models allows 
researchers to reduce reliance on animal testing for assessing 
chemical toxicity. This reduction aligns with ethical consider-
ations and contributes to the reduction of animal suffering. 
On the other hand, the in vitro 3D skin models require fewer 
resources compared to traditional animal testing methods. 
They typically consume fewer materials and reagents, reduc-
ing waste generation and minimizing the environmental 
impact associated with laboratory experiments.

In addition to reducing animal testing, in vitro 3D skin mod-
els offer an alternative to human testing for evaluating chemi-
cal toxicity. This approach minimizes the need for human 
volunteers in clinical trials, thereby addressing ethical concerns 
and avoiding potential risks to human health. Moreover, the in 
vitro 3D skin models can be adapted for high-throughput 
screening of large chemical libraries, this enables the efficient 
evaluation of toxicity profiles for numerous compounds [6]. 
This scalability improves the efficiency of toxicity testing while 
reducing the overall number of experiments required.

In vitro skin models that are 3D in nature are superior to typ-
ical 2D cell cultures in terms of their ability to replicate the phys-
iological structure and complexity of human skin. In many cases, 
they consist of a number of different cell types and layers, which 
allows them to provide a more accurate visualization of the 
structure of the skin. Furthermore, a significant limitation of 
these skin equivalents remains their absence of a vascular sys-
tem, which hinders the delivery of nutrients, oxygen, waste elim-
ination and nutrient concentration gradient [134].

The in vitro 3D skin models provide notable benefits in 
terms of physiological accuracy and predictive capability, but 
it is necessary to tackle issues associated with uniformity, cost 
and technical proficiency. Comparatively, 3D models have 
demonstrated higher precision in predicting in vivo responses 
than 2D models. Therefore, ongoing efforts have been under-
taken to achieve this goal, resulting in notable advancements 
in the creation of in vitro 3D skin models for both the epider-
mis and dermis. These models have been developed employ-
ing diverse biomaterials, including collagen type I, extracellular 
matrix (ECM), fibrin and de-epidermized dermal matrix. 
Development of the in vitro 3D skin models is comparatively 
rapid, reasonably priced, employs high-throughput techniques 
and matches well with in vivo clinical studies [135].

On the aspect of human skin physiology and responses, 
the in vitro 3D skin models enable researchers to optimize 
chemical testing protocols, leading to reduced chemical 
usage. This reduction contributes to lower costs and decreases 
environmental impact associated with chemical production 
and disposal. Additionally, the in vitro 3D skin models offer 
improved predictive accuracy compared to traditional 2D cell 
cultures, providing more reliable assessments of chemical tox-
icity. This enhanced accuracy reduces the need for repeat 
experiments and minimizes unnecessary exposure to chemi-
cals, further promoting sustainability in toxicity testing [136].

The in vitro 3D skin models are also increasingly recognized 
and accepted by regulatory agencies as valid alternatives for 
assessing chemical toxicity. This recognition encourages the 
adoption of sustainable testing methods and facilitates the 
implementation of alternative testing strategies in regulatory 
frameworks worldwide. Most importantly, the sustainability of 

in vitro 3D skin models in toxicity testing is evident through 
their contributions to reducing animal testing, resource effi-
ciency, high-throughput screening capabilities, reduced chemi-
cal usage, predictive accuracy and regulatory acceptance. 
Embracing these sustainable approaches not only benefits the 
environment and animal welfare but also promotes the devel-
opment of safer products and chemicals for human health.

Machine learning using in vitro 3D skin model for 
toxicity testing

Machine learning (ML) is increasingly being utilized in conjunc-
tion with in vitro 3D skin models for skin toxicity testing, pro-
viding a more ethical and effective approach to assessing the 
safety of chemicals, cosmetics and pharmaceuticals. ML 
enhances the predictive capabilities of these 3D skin models 
by analyzing large datasets to identify patterns and correla-
tions that may not be evident through traditional testing 
methods. For instance, ML models have been developed to 
predict skin sensitization potential, which is crucial for evaluat-
ing the safety of new compounds. These models utilize molec-
ular descriptors and various classification techniques, such as 
random forests and support vector machines, to provide reli-
able predictions of skin reactions [137]. The application of 
machine learning (ML) in skin toxicity testing not only enhances 
the accuracy and efficiency of assessments but also aligns with 
key Sustainable Development Goals (SDGs) by promoting 
health, innovation and ethical standards in chemical safety.

Identifying good quality cells
Deep learning is utilized in medical imaging and drug toxicol-
ogy, utilizing structural alterations in cells or tissues induced by 
toxicity. ML algorithms can enhance the reliability of toxicity 
assessments by analyzing cell images, identifying high-quality 
cells and training models on features like cell morphology and 
viability. Previously, this approach is used in vitro to assess tox-
icity by examining changes in fluorescently labelled cell nuclei 
and detecting small structural alterations in cardiomyocytes 
and hepatocytes [138]. The study demonstrates that the com-
puted epidermal thickness from the EpiDerm model can accu-
rately reflect potential clinical skin toxicity, demonstrating its 
automation, scalability and reproducibility [139].

Optimizing the fabrication process
ML techniques enable real-time monitoring of skin model 
responses to toxic substances, providing insights into cellu-
lar changes like gene expression or metabolic activity, 
enabling immediate adjustments in experimental conditions. 
The process of optimizing the fabrication of in vitro skin 
models using machine learning involves several stages, 
including data collection, preprocessing, model training and 
deployment. Furthermore, ML may improve 3D bioprinting 
by recommending more effective bioinks, 3D bioprinters 
and software, as well as learning complicated instructions 
and optimizing manufacturing processes through parameter 
optimization and condition prediction [140]. A study has 
developed a system using convolutional neural networks to 
detect anomalies in hydrogel-based bioink, aiming to 
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improve tissue composition through real-time autonomous 
correction in 3D bioprinting, thereby enhancing the quality 
of the final product [141]. The research aims to improve tis-
sue composition in 3D bioprinting by processing images 
into small patches with grid, gyroid, rectilinear and honey-
comb shapes. ML can enhance bioprinting by real-time 
monitoring, detecting approximate dimensions and curved 
layers, and correcting incorrect bioink positioning and 
microstructure errors. When it comes to extracting represen-
tative features about the edges and lines on the objects, the 
convolutional neural network has a major benefit compared 
to position-invariant features.

Moreover, biofabrication involves scaffolds as a microenvi-
ronment for cell growth and differentiation in tissue struc-
tures. These complex structures involve active interaction 
between cells and biomaterials, cell adhesion, and nutrient 
transport for cell growth, making them essential for tissue 
engineering. Thus, ML can accurately predict the success rate 
for building scaffolds, enabling the achievement of 
high-quality outcomes [142]. A prior work used training data 
on printing parameters and bioink concentrations to con-
struct a probabilistic model that suggested an optimal printer 
configuration using a filament scoring system [143].

Real-time monitoring
ML techniques enable real-time monitoring of skin model 
responses to toxic substances, providing insights into cellular 
changes like gene expression or metabolic activity, enabling 
immediate adjustments in experimental conditions.

Predictive modelling
ML models are utilized to predict skin toxicity from chemical com-
pounds, significantly reducing the reliance on traditional animal 
testing methods. For instance, studies have shown that ML algo-
rithms can accurately assess skin irritation and corrosion potential 

using datasets derived from in vivo classifications, enhancing the 
efficiency and ethical considerations of toxicity testing. To create 
datasets for machine learning models in predictive toxicology, 
popular databases to employ are PubChem, ToxCast and ChEMBL 
[144]. These databases include information on several chemical 
groupings. For instance, ToxCast mostly focuses on industrial 
chemicals, whereas ChEMBL contains data for molecules that 
resemble drugs [145,146]. Chemical structures in predictive toxi-
cology are often represented by attributes that ML algorithms can 
process. Predictive toxicology employs machine learning 
approaches to model chemical structures using molecular descrip-
tors, fingerprints, or both, which are often derived via cheminfor-
matics toolkits such as atom count, logP and solubility [147].

Ethical testing
This approach aligns with the 3Rs principle (Replace, Reduce, 
Refine) by minimizing the need for animal testing and provid-
ing a more humane alternative for toxicity assessments. By 
reducing the need for animal testing, ML applications in skin 
toxicity testing address ethical concerns while also lowering 
costs associated with traditional testing methods. This sup-
ports responsible consumption and production patterns, con-
tributing to the SDGs focused on sustainable practices [148].

Regulatory compliance
As regulatory frameworks increasingly favour non-animal testing 
methods, the integration of machine learning with 3D skin mod-
els positions researchers to meet these evolving standards effec-
tively. The development of ML models that meet regulatory 
standards for toxicity testing can facilitate the approval process 
for new chemicals and drugs. This ensures that safety assess-
ments are both efficient and compliant with health regulations, 
further promoting public safety and environmental protection. 
Figure 5 below demonstrated the illustration image of the usage 
of ML in skin toxicity testing utilizing in vitro 3D skin model.

Figure 5.  A Schematic illustration of utilizing ML to develop in vitro 3D skin model for toxicity testing. This ML approach able to optimize and identify the cell 
quality, fabrication process, real time monitoring, predictive modelling, ethical testing and regulatory compliance. Image created using Biorender.com.
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In vitro vs in vivo skin toxicity

The assessment of skin toxicity involves the use of two dis-
tinct approaches, including in vitro and in vivo study. Preclinical 
testing within the pharmaceutical industry encompasses two 
distinct phases: in vivo investigations on pertinent animal 
models during the late discovery phase and in vitro evalua-
tions on suitable cell line models during the early stages of 
development. Toxicity testing typically involves observing 
adverse health outcomes in animal models at high doses to 
determine a no-observed-effect level (NOEL) or no-observed- 
adverse-effect level (NOAEL). If the NOEL/NOAEL is not clear, 
the lowest observed-effect level (LOAEL) is used for extrapo-
lation to expected effects [149]. The Integrated method on 
Testing and Assessment (IATA) for skin corrosion and irritation 
by Organization for Economic Cooperation and Development 
(OECD) aims to decrease animal testing and standardize 
chemical safety assessment. It provides a tiered method for 
evaluating directly applied (topical) substances [150]. The 
IATA for skin corrosion and irritation has three components: 
an evaluation of existing data (including human and animal 
studies, physicochemical parameters, quantitative structure 
activities), a weight of evidence (WoE) analysis, and a plan for 
additional testing. The primary objective of the tiered 
approach to skin corrosion and irritation evaluation outlined 
in the International Air Transport Association (IATA) is to high-
light the utilization of animal testing as a final option [4]. 
Several in vitro tests have been approved by regulatory bod-
ies in the US and Europe. However, a combined approach to 
safety assessment for drugs that replaces all animal testing 
with in vitro tests is yet to be developed and approved [151].

In vitro
Currently, reconstructed epidermis models have exhibited 
enhanced permeability in comparison to excised human skin 
and porcine skin, which are frequently employed as surrogate 
models for dermal absorption in the field of pharmaceutical 
research. Several in vitro cytotoxicity tests have been devel-
oped to assess the acute toxicity of chemical substances. To 
reduce the need to employ animals in absorption, distribu-
tion, metabolism and excretion (ADME) determination, new in 
vitro alternative test models should be investigated. Animals 
are used in preclinical drug trials to find the median fatal 
doses (LD50). The therapeutic index, which measures the 
medicine’s selectivity in achieving its desired effects, is calcu-
lated as the ratio of the LD50 to the median effective doses 
[149]. Whether the in vitro studies are based on immortalized 
(e.g. SV40 transformation) or cancer-derived cell lines, stem 
cells, reconstituted tissue cultures, or primary cells, the in vivo 
mechanisms of action of toxic compounds in humans must 
be suitably imitated in vitro systems. Cells or tissue may no 
longer display the necessary in vivo-like functionality for test-
ing compounds, leading to false negative responses or false 
positive responses in healthy individuals, or may express 
mechanisms that are not active in vivo. One typical endpoint 
in in vitro toxicity assessment is the evaluation of cell viability. 
This entails evaluating the number of live cells following 
exposure to a chemical. Methods like MTT test, ATP assays, 
and others are often applied for this purpose.

The traditional two-dimensional (2D) cell culture approach, 
which has been used for a long time, has been demonstrated 
to be an effective technique for rapidly identifying hazardous 
chemicals. Nevertheless, the limitations of 2D culture are 
becoming more widely acknowledged. Due to very artificial 
geometric and mechanical limitations that are imposed on 
cells, two-dimensional cell cultures can only approximate the 
qualities of normal tissues [152]. Furthermore, this approxima-
tion is always restricted to single cell types and does not take 
into consideration the influence of other cells or the environ-
ment. The human skin equivalents (HSEs) and three-dimensional 
(3D) in vitro products were established with the purpose of 
conducting in vitro skin testing of pharmaceutical products 
and developing viable skin replacement alternatives for 
patients afflicted with diverse skin conditions, including burn 
victims [153]. Currently, HSEs are epidermal replacements 
made of keratinocytes in 3D cell culture models like Epiderm™, 
SkinEthic RHE™ and EpiSkin™, utilized for evaluating topical 
product irritation in pharmaceutical and cosmetic industries 
[154]. Due to their epidermal layer and keratinocyte origin, 
these skin equivalents are limited for evaluating products for 
immune system-related skin disorders, such as wound heal-
ing. Meanwhile the EpidermFT™ is known as full-thickness 
skin model, which combines both normal human keratino-
cytes and fibroblasts cultivated into a 3D model of several 
layers of the epidermis and dermis to replicate human skin 
more closely for toxicity testing. Nowadays, organizations and 
regulatory agencies are increasingly endorsing the develop-
ment of in vitro toxicity testing procedures as replacements 
for traditional animal testing in regulatory frameworks. This 
aims to decrease the reliance on animal testing.

In vivo
In vivo skin toxicity testing uses living organisms to assess chem-
ical effects on the skin. For a more comprehensive and complex 
assessment of chemicals’ effects on the skin, in vivo testing is 
done on living creatures, commonly animals, rather than in vitro 
testing on isolated cells or tissues. In vivo studies identify the 
therapeutic index and examine toxicity, absorption, distribution, 
metabolism and excretion (ADME) qualities, which are critical for 
medication safety and possible utility [149]. Initially, in vivo inves-
tigations were conducted with the purpose of predicting acute 
systemic toxicity, often in rats. Presently, toxicological studies, 
particularly for regulatory testing, employ more advanced, 
focused and diverse methods that have well defined goals and 
experimental procedures. Despite the higher cost compared to 
other approaches, animals are still used in experiments due to 
numerous significant reasons [155]. Firstly, there is much infor-
mation about their typical biochemical and physiological fea-
tures. Second, in vivo toxicological endpoint data from relevant 
models for people and domestic/farm animals makes animal 
testing a helpful tool for predicting toxicity.

In vivo experiments for cutaneous toxicity are intended to 
investigate acute, sub chronic and chronic systemic toxic effects 
and a potential acute local irritation [155]. In cutaneous toxicity 
testing, animals are observed for skin responses, clinical findings 
and pathological findings, depending on the length and obser-
vation time of hazardous substance administration. The albino 
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rabbit was once the preferred animal model due to its high per-
meability and susceptibility to hazardous chemicals, which occa-
sionally led to overprediction and little relation to human 
irritation [156]. Currently, albino rats and occasionally guinea 
pigs are preferred to evaluate local irritation. Traditionally, sensi-
tization testing has been conducted on guinea pigs and mice. 
Nevertheless, investigations on the long-term toxicity of the skin 
frequently include models of rodents (such as albino rats and 
mice) as well as nonrodent animals. The physiological similarities 
between minipig skin and that of humans and pigs make mini-
pigs a dependable nonrodent species.

Challenges in advancing in vitro 3D skin models for 
toxicity testing

While in vitro 3D skin models hold significant promise for toxic-
ity testing, several challenges must be addressed to fully realize 
their potential. Additionally, future advancements and perspec-
tives can further enhance their utility in this field. Establishing 
standardized protocols and quality control measures for in vitro 
3D skin models presents a challenge, particularly in ensuring 
consistent reproducibility and reliability across various laborato-
ries and studies. In addition, replicating the complexity of native 
skin tissue, which encompasses its multi-layered structure, intri-
cate cell-cell interactions, and barrier function, remains a chal-
lenging approach in the in vitro 3D skin models. Interestingly, 
the challenge of in vitro 3D skin models lies in accurately repli-
cating the intricate features of native skin tissue, such as its 
multi-layered structure, cell-cell interactions and barrier function.

The maintenance of the stability and functionality of in vitro 
3D skin models over extended culture periods poses a signifi-
cant challenge, particularly when conducting long-term toxicity 
studies or chronic exposure assessments. These models aim to 
mimic the complexity of native skin tissue, including its multi- 
layered structure, cell-cell interactions and barrier function. 
However, ensuring their viability and reliability over time requires 
careful optimization of culture conditions, media formulations 
and scaffold materials. Additionally, developing high-throughput 
screening platforms using in vitro 3D skin models necessitates 
the implementation of automation and miniaturization tech-
niques to increase throughput while maintaining assays sensitiv-
ity and reliability. Furthermore, integrating immune cells into 
these models to replicate the skin’s immune response to chem-
ical exposures poses technical challenges but is crucial for accu-
rately assessing immune-mediated toxic effects. In order to gain 
widespread acceptance and regulatory approval, extensive vali-
dation studies are necessary to demonstrate the predictive value 
and reliability of in vitro 3D skin models for toxicity testing. 
Collaboration among academia, industry and regulatory agen-
cies is essential to address these challenges and establish stan-
dardized protocols for their use in safety assessment and 
regulatory decision-making [157].

The future landscape of in vitro 3D skin models in 
toxicity testing

The future of in vitro 3D skin models in toxicity testing holds 
immense promise, driven by ongoing advancements and 

evolving perspectives. Integration of in vitro 3D skin models 
with other organotypic models, such as liver, lung and kid-
ney, into multi-organ systems, like "organ-on-a-chip" plat-
forms, promises more comprehensive toxicity assessments 
and better prediction of systemic effects from chemical expo-
sures [158]. Furthermore, advancements in personalized med-
icine and stem cell technologies open avenues for developing 
patient-specific in vitro 3D skin models, allowing for individu-
alized toxicity testing and personalized risk assessment. In 
addition, incorporating microfluidic systems into these mod-
els enables dynamic culture conditions, perfusion-based cul-
ture and controlled exposure to chemicals, thereby enhancing 
physiological relevance and predictive value [6]. Moreover, 
leveraging advanced imaging techniques and high-content 
analysis platforms facilitates real-time monitoring of cellular 
responses and precise characterization of tissue morphology 
and function in in vitro 3D models. Researchers could comple-
ment experimental data with computational modelling 
approaches like quantitative structure-activity relationship 
(QSAR) and physiologically based pharmacokinetic (PBPK) 
modelling to enhance predictive toxicology assessments and 
reduces reliance on animal testing [159]. To date, by embrac-
ing these advancements and addressing associated chal-
lenges will expedite the usage of in vitro 3D skin models 
integration as reliable, cost-effective and ethical alternatives 
in skin toxicology study and regulatory applications.

Conclusions

The aim to establish an in vitro 3D skin model as a reliable 
and predictive pre-clinical tool for human skin safety assess-
ment is greatly important and challenging. Studies showed 
that in vitro 3D skin model response data used as the in vivo 
basis evaluation of in vitro responses against chemicals and 
product formulations. Understanding the pathophysiological 
changes in the 3D skin model and the smart design of the 
model serve the sustainability in toxicology studies. Limitations 
to the use of in vitro 3D skin model in skin safety assessment 
have been identified in many studies. There are many draw-
backs using in vitro 3D model under the OECD TG programme, 
such as lack of sufficient metabolic capacity, limited set of 
cell types and the requirement for the test materials to be 
soluble in aqueous buffers or cell culture media.

The challenges arise from developing alternative methods 
results to their improvement as well as to the search for new 
opportunities. Additionally, market demand or legislation 
greatly contribute to the development of alternative meth-
ods. The search takes place for the most efficient research 
system among primary or continuous cell lines but also 3D 
models such as equivalents of the human epidermis or skin, 
co-culture methods may also be promising. The increasing 
knowledge underlying mechanism in skin toxicology is the 
basis for the establishment of the alternative methods as we 
as Defined Approaches/Integrated Approaches to Testing and 
Assessment [160]. However, with the advancement of tech-
nologies in developing in vitro 3D skin model is expected to 
provide accurate placement of all various native skin cell 
types and play an important tool in toxicology in the context 
of risk assessment.
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