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Abstract

Introduction: Alternative models are tools to replace and reduce the number of animals used in
biomedical sciences, for either research or tests of industrial products. Several new alternative
models have been developed in the most diverse fields. Their implementation has led to
significant advances in the dermatological cosmetic industry, enabling chemical and molecular
screening without animal use. However, limitations remain, particularly regarding tissue
microenvironment complexity and systemic metabolic responses.

Objectives: The objective of this viewpoint is to present the existing alternative models available
for dermatological sciences, evaluate their applications and discuss their advantages and
disadvantages, as well as the future perspectives for safe clinical translation.

Results: In vitro and in silico approaches provide reliable platforms for toxicity, irritation,
sensitization, and topical efficacy in cosmetic and dermatological research. Advanced systems,
including human skin equivalents, bioprinted skin, and skin-on-a-chip platforms, enhance
physiological relevance and mechanistic insight compared with two-dimensional cultures.
However, limitations related to tissue complexity, systemic metabolic integration, standardiza-
tion, and scalability still restrict their ability to fully replace in vivo models.

Conclusion: Therefore, it is expected that future developments in alternative technologies will
further enable the reduction of animal model use, while still providing reliable and translatable
knowledge applicable across scientific disciplines.

Introduction

To understand human physiology and pathology, the scientific community in its beginnings used
dogs, chickens, rabbits, rodents, pigs, cows, sheep and non-human primates (Ref. 1). It is indisput-
able that, for the time, the use of these animals was necessary and allowed gaining the wide basic
knowledge fundamental for the dissemination of several therapies that currently exist.

However, despite their historical contribution, animal models have limitations inherent in
interspecific differences, especially regarding immunological response, gene expression, metab-
olism and signalling pathways, which often compromises their predictive ability for human
outcomes (Refs. 2, 3). It is estimated that more than 90% of drugs that demonstrate efficacy in
animal models fail in human clinical trials due to unexpected toxicity or lack of efficacy (Ref. 4).
These discrepancies highlight the need for systems more representative of human biology.

Not only studies evoking treatments but also those that aimed to improve the ways of studying
went ahead. In this scenario, after some time, alternative models were thought and many continue
to be developed to reduce the use of animals, based on the concept of the ‘three Rs’ (replacement,
reduction and refinement) created during the 1950s by Russel and Burch (Refs. 5, 6).

Nevertheless, the use of these approaches has not fully replaced animal use yet. Animal testing
is still required when it comes to understanding systemic situations, as even with excellent
alternative models, the interaction between physiological systems has not been fully replaced to
understand the homoeostasis of an organism (Ref. 7). Examples of these situations are studies
involving immunological diseases, sepsis and pharmacological action of drugs or chemical
substances. In these cases, a scenario emerges that highlights the need to search for new methods
that can reverse this situation, drawing attention to the bioethical issue. In addition, the United
Nations (UN) established 17 Sustainable Development Goals (SDGs) in 2015, where the
promotion of innovation is cited (SDG 9: build resilient infrastructures, promote inclusive and
sustainable industrialization and foster innovation).

In this unfilled gap is noticeably visible the emergence of the need to promote more discussions
to save animals. It is perceived that there is a worldwide concern, as pharmaceutical companies have
been developing cruelty-free products and a growing number of people have adhered to veganism
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Figure 1. Timeline showing the emergence of alternative methods. The figure summarizes the chronological development of key in vitro and in silico models, from early biopsy
and 2D monolayer cultures to advanced 3D bioprinting, skin-on-a-chip and computational systems. Created with BioRender.com.

(Ref. 8). According to recent surveys, approximately 1% of Ameri-
cans and 2% of British adults identify themselves as vegan (Refs. 9,
10). Furthermore, in a study addressing public opinion regarding
animal use in medical training, Merkley et al. (2018) found that the
majority of the interviewed agree that if effective alternative models
exist to study a determined condition, they should be used instead of
animals for medical training. A supermajority of these participants
agreed that it is unethical or morally wrong to use animals for this
reason when non-animal methods are available (Ref. 11).

Regulatory and ethical advances

Following this time frame, several movements around the world have
gained strength to refine ethical issues. In Brazil, a law was created
in 2008 to manage animal use: the Arouca Law (11.794/2008). It has
established procedures for the scientific use of animals and created the
National Council for the Control of Animal Experiments (CONCEA),
the highest Brazilian agency in the area. The CONCEA validates
alternative methods for testing medicines, cosmetics and health prod-
ucts, among other substances, aiming to replace the use of animals in
cosmetic tests. Moreover, each in vivo study needs to be approved by a
local committee before starting. Not rare, the committee returns the
study to the researcher for adjustments, aiming to minimize the
number of animals used and their suffering. Similar to Brazil, other
countries have their laws and guidelines with the same goal.

In an attempt to avoid the use of animals, the development and
enforcement of regulations have played a fundamental role in defining
ethical standards and research practices regarding the use of animals in
science worldwide, as well as in stimulating the development of
alternative models and improving the existing ones. In this context,
one field that has benefited significantly is dermatology. Considering
that dermatology involves the testing of cosmetic substances, most
alternative models were developed to meet this need. Alternative

in vitro and in silico models are emerging as a new paradigm, offering
tools capable of reproducing aspects of human physiology that animals
cannot accurately simulate. While traditional in vivo models allow the
assessment of systemic responses and interactions between organs,
they lack cellular and molecular precision. On the other hand, in vitro
models, derived from human tissues or cells, provide direct observa-
tion of specific human processes — such as gene regulation, protein
expression and metabolism — eliminating interspecific variability and
increasing the reproducibility of results (Figure 1) (Refs. 12-20).

In the European Union (EU), animal tests for finished cosmetics
and cosmetic ingredients were banned in 2004 and 2009, respect-
ively (Ref. 21). In this context, the Scientific Committee on Con-
sumer Safety (SCCS) was created in the EU as an independent
committee of experts from different countries. One of its respon-
sibilities is to establish guidelines for cosmetic industries to develop
studies for the safety evaluation of cosmetics and relevant toxico-
logical tools for the safety evaluation of cosmetic ingredients as
alternatives to animal testing, such as corrosivity and irritation, skin
sensitization, dermal/percutaneous absorption, repeated dose tox-
icity, reproductive toxicity, mutagenicity/genotoxicity, carcinogen-
icity, toxicokinetics studies, photo-induced toxicity and human
data (Ref. 22). The main challenge of overcoming in vitro results
is to predict the real benefits of cosmetic products in contact with all
the systems that involve the human body as a whole (Ref. 23).

The alternative methods to dermatology research have their own
advantages and disadvantages (Table 1). A common feature among
them is the use as proof of concept, where a large funnel is generated
and only substances and/or therapies with pharmacological activity
or those with biological potential will proceed to animal testing
(Ref. 24). The majority of these alternative methods are cell-based
in vitro models. Figure 2 summarizes the main alternative derma-
tological models and their relative applicability to different bio-
logical purposes, highlighting differences in suitability, maturity
and physiological relevance of each model.
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Table 1. Main applications, advantages and disadvantages of alternative dermatological methods in substitution for animal tests

Model Composition Applications Advantages Disadvantages References
Two-dimensional (2D) Cells cultured on plastic  Cell proliferation and Simplicity and cost- Cytoskeleton alteration (Ref. 25)
monolayer culture surface differentiation effectiveness and abnormality in
Gene expression and signalling Straightforward to cellular functions,
studies maintain such as metabolism
Viral or bacterial infection Control and and protein
Transport and uptake models reproducibility expression
Cancer biology High performance No representative cell-
Drug toxicity to-cell or cell-to-
extracellular-matrix
interactions
Predictivity
Human skin Three-dimensional Assessment of chemical Authenticity Cost and complexity (Ref. 26)
equivalents (HSEs) model using one or compounds with respect to Greater physiological Standardization and
or more cell types efficacy and safety relevance reproducibility
Human epidermal Disease modelling Improved predictability ~ Scale limitations
equivalents (HEEs) and tissue Access to nutrients and
representation oxygen
Evaluation of Altered in vitro
compounds after morphogenesis
topic exposure Limitation of primary
tissue source when
using primary
cultures of cells
Spheroids Three-dimensional Drug response measurements Self-organization Heterogeneity (Ref. 27)
epithelial cultures Cancer research capacity Size limitations
consisting of either Regenerative medicine Deposit extracellular Susceptible to central
single-cell lineages or matrix necrosis
multicellular Formation of specific
aggregates arranged microenvironment
into spheroid
structures
Organoids Cultures composed of Drug response measurements Organotypic phenotype  Low control over cell (Refs. 27-29)

various cell types,
with mandatory
inclusion of epithelial
and mesenchymal
originated cells

Organ development research
Disease modelling

Drug efficacy

Skin sensitization

Self-renewal capacity
Survival at long term

architecture
Slow production
Small to mimic
microenvironmental
tissue conditions
Cost and complexity

Computational
models

Computational
numerical models or
microarray-based
platforms

Tissue design
Studies of ageing
Skin sensitization
Drug efficacy
Disease modelling
Toxicity analysis
Cancer research

Enable rapid prediction
generation

Cost-effectiveness

Control and
reproducibility

Eliminate the need for
physical testing
materials

Allow simulation of
diverse environments
and scenarios

Complex data analysis

Simplifying biological
reality

Input data dependence

Significant error rates
and outcomes can
vary considerably

Experimental validation
required

Learning curve

Investigators’ biases

(Ref. 15, 30)

Epidermal equivalent Nylon and primary cells ~ Dermal irritation/corrosion Similarity to the skin Lack of biological (Ref. 31)
from cultured Formulation efficacy assessment barrier components
electrospinning Skin absorption studies Convenient process Absence of skin
ability and handling appendages
Longer shelf-life Lack of other skin layers
Simplified production Altered biological
Low-cost model due to responses
the use of collagen-
exempt materials
3D bioprinting Bioprinted construct Tissue engineering Bioprinted tissue can be  Establishment of a (Ref. 29)

made of a bioink
containing viable
cells

Regenerative medicine
Disease modelling
Drug efficacy

Drug toxicity

constructed entirely
from human cells,
preventing
interspecies-related
biases

Scalability

vascular network is
limited
Standardization
Cost and complexity

(Continued)
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Model Composition

Applications

Advantages

Disadvantages References

Skin-on-a-chip (SoC) Bioengineered
microdevices with
multiple relevant cell
types, perfusion
and/or

biomechanical factors

Toxicity, corrosion and irritation
tests

Sensitization assessment

Efficacy of new compounds and
therapeutics

High control over cell
architecture

Low necessary volume
of samples and
supplies

Standardization and
reproducibility

Slow production

Cost and complexity

(Ref. 32)

Bioinformatics In silico models using
omics data, machine
learning, systems
biology, molecular

dynamics, etc.

Support the analysis, prediction
and validation of experimental
models

Identification of potential target
genes

No need for physical

Requires high-quality (Refs. 33, 34)

samples datasets
High-throughput Model-dependent
analysis outputs
Data integration (multi- Requires experimental
omics) validation

Complements in vitro

Limited standardization

models
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Figure 2. Alternative methods and their correlation with different biological purposes. Created in BioRender. Wink, M. (2026) https://BioRender.com/6v061nr.

Alternative in vitro models in dermatological research

Two-dimensional (2D) monolayer cultures, spheroids and
organoids

Two-dimensional (2D) models are the most commonly used.
In adherent 2D cultures, cells grow as an attached monolayer,
and the advantages of these cultures are associated with simple
and cost-effective maintenance. Unfortunately, adherent cultures

have disadvantages as the cultured cells do not mimic the natural
tissue structures and, after tissue isolation under 2D conditions, the
morphology of the cells is altered as well as the mode of cell division
(Ref. 35). Three-dimensional (3D) models that mimic skin tissue
have been developed to overcome the limitations of predictivity of
2D in vitro models. 3D models showing the interactions between
different cell types of tumour and stroma are difficult to generate;
thus, to better mimic the in vivo situation, different 3D cell culture
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approaches with several degrees of complexity have been devel-
oped. Spheroids have formats that are very useful for basic and
applied melanoma research, track cellular behaviour in a cell-type-
specific manner and recapitulate different characteristics of early
melanoma stages. They can be used to evaluate novel drugs and
combination therapies (Ref. 36). Organoids represent an advanced
3D in vitro model that mimics the structural and functional organ-
ization of native tissues through the self-organization of stem cells
or progenitor cells. In dermatological research, skin organoids are
capable of reproducing multiple cell types found in the epidermis
and dermis, providing a physiologically relevant platform for
studying processes such as differentiation, wound healing and
disease modelling. These systems offer a more faithful representa-
tion of tissue microarchitecture compared to conventional mono-
layer cultures, bridging the gap between 2D models and full-
thickness engineered skin equivalents. Recent studies have demon-
strated their potential for applications in drug response testing,
toxicity evaluation and personalized medicine approaches in skin
biology (Refs. 4, 37, 38).

Human skin equivalents (HSEs) and reconstructed human
epidermis (RHE)

Techniques for developing 3D skin models demand a high level of
innovation and complexity through cell cultures. One of the main
goals is the in vitro development of skin equivalents for dermal
toxicity evaluation (Ref. 39). The simplest 3D model is known as
reconstructed human epidermis (RHE) and contains an epidermal
layer of skin composed only of keratinocytes. EpiSkin™, Epiderm™,
SkinEthic™, epiCS™ and LabCyte EPI-MODEL24 are commercially
available models of RHE approved by European Centre for the
Validation of Alternative Methods (ECVAM) to replace in vivo
rabbit skin irritation tests and for skin corrosion tests of cosmetic
ingredients; more recently, Skin+ and KeraSkin™ have also been
validated as irritation tests (Refs. 40, 41). KeratinoSens™ and LuSens
are models constructed with immortalized HaCaT stably trans-
fected with a selectable plasmid, which are used in skin sensitization
tests also approved by ECVAM (Ref. 42). Full-thickness skin
models or HSEs are more complex models, which consist of an
epidermis and dermis (keratinocytes and fibroblasts) and have
been used to evaluate drug or treatment efficacy (Refs. 43, 44).
Recently, 3D vascularized human skin equivalents (vHSEs) that
can mimic native skin have been developed; these models repro-
duce key histological and functional characteristics of real skin,
including a multilayered, differentiated epidermis supported by a
fibroblast-derived dermal matrix containing endothelial cells
organized into a capillary-like microvascular network (Refs. 40,
41). This way, the electrospinning technique has been used to form
polymeric mats that, together with porous structures, allow the
seeding of cells such as keratinocytes and fibroblasts, to produce an
equivalent skin (Ref. 31).

3D bioprinting

3D bioprinting is another important tool for dermal toxicity
evaluation; it is used to extrude materials and develop scaffolds
to target tissues in the required structure (Ref. 45). It enables the
accurate construction based on biomolecules, synthetic/natural
hydrogels and cells (Refs. 46, 47). Different bioprinting methods
have been used to fabricate skin tissue models, such as extrusion-
based, laser-assisted and microvalve-based bioprinting (Ref. 45).
Authenticity, scalability and reproducibility of the tissues are the

main advantages of bioprinted skin, when compared to conven-
tional constructs (Ref. 26). 3D skin bioprinting has enabled the
construction of a complete skin with a hypodermal layer (Ref. 48)
and can be applied in penetration and absorption tests of cosmetic
ingredients. However, there are challenges to overcome, such as
producing sensitive, dry, oily skin with different textures, pig-
mented with different shades, and appendages, hair follicles,
microvessels and immune cells (Refs. 26-49). 3D bioprinting is
a research target of global cosmetic leaders and still requires
standardization and regulatory approvals.

Skin-on-a-chip (SoC)

Limitations on traditional 2D cultures and 3D organ models have
stimulated the use of technologies such as microfabrication in the
last decade. In this context, organs-on-chips have been developed.
They consist of complex tissue-like structures within microfluidic
chips that allow the dynamic culture of cells inside, in order to
model or mimic the physiology of a tissue or organ. Skin-on-a-chip
(SoC) has made considerable advances in the transport of sub-
stances or delivery. Microfluidics maintain the high-throughput
capacity of the systems while reducing costs and reagent volumes
needed for the experiments (Refs. 50, 51)). In 2D SoC models, skin
cells are cultured directly in microfluidic channels to simulate
different skin components. Additionally, SoC is a possible platform
to study cell—cell interactions, expose cells to mechanical strains or
even study immune response (Ref. 52). In 2D SoC systems, mono-
layer cultures differ from conventional 2D cultures because cells are
exposed to dynamic nutrient flow, mechanical stimuli and con-
trolled microenvironments, which help preserve morphology and
enable the physiological study of cell-cell interactions. However,
3D SoC models are the most accurate to replicate the spatial
organization, cell interactions and functional complexity of native
skin, surpassing the limitations of 2D cultures and 2D SoC systems
(Refs. 53-55).

Therefore, these models bring human physiology closer than
ever, unlike animals, whose physiological parameters (e.g. perfu-
sion rate and oxygen gradients) vary widely. SoC models allow
precise control of the cellular microenvironment, reproducing
perfusion, mechanical tension and nutrient flow under simulated
human conditions (Ref. 56).

Computational and in silico models

Bioinformatics has emerged as a promising alternative to the use of
animals and in vitro experiments as it allows the investigation of
biological phenomena using computational tools and biological
databases. Through in silico simulations and modelling, it is pos-
sible to predict molecular interactions, effects of genetic mutations
and drug responses, thus reducing the need for laboratory testing.
The computational models generated from bioinformatics tools
are emerging as a new opportunity to reduce not only the use of
animal models but also the volume of in vitro experiments, con-
tributing to the formulation of more accurate hypotheses before
performing biological experiments due to the large volumes of
omics data (transcriptomics, proteomics and metabolomics) gen-
erated — to the detriment of limited data of traditional tests.
Furthermore, bioinformatics makes it possible to leverage data
already available in public databases, enabling comparative and
predictive analyses without the need for new experimental tests.
This translates into savings in time and resources, as well as greater



reproducibility and control over the variables analysed. Thus,
scientific research becomes more sustainable and aligned with
ethical principles that seek to replace, reduce and refine the use of
animals in experimentation.

Utilizing bioinformatics tools and in silico experiments, data
from human cell cultures exposed to different toxicants can be
analysed (e.g. (Ref. 57)). Interestingly, dermatology was one of
the first medical disciplines to welcome and support bioinformatics
results, and the term ‘skinomics’ has been proposed to designate
specifically the bioinformatics studies in the area. The objective is to
provide knowledge of skin biology, improve the function of healthy
skin and assist in treating pathological skin conditions through in
silico experiments, where computer simulations using databases
allow the modelling of an organic phenomenon (Refs. 58—60). In
silico models make predictions concerning absorption, distribution,
metabolism and excretion of a chemical from molecular data, and
new possibilities and results that can be generated by this approach
are promising and exciting (Refs. 58—60).

More recently, researchers are exploring the uses of artificial
intelligence (AI) to improve or supplement current screening pro-
cesses in melanoma and nonmelanoma skin cancer (Ref. 60). These
methods can be explored in the future for use as strategic alternatives
to animal research as well. In the context of dermatological and
cosmetic sciences, Al can be trained on databases containing chem-
ical descriptors, gene-expression signatures and cellular responses
from reconstructed human skin models to predict irritation, sensi-
tization, penetration and antimicrobial efficacy of novel compounds
before physical testing. These approaches not only accelerate early-
stage screening but also substantially reduce the number of com-
pounds entering animal experimentation, thereby minimizing
animal use and costs (Ref. 61).

Despite their clear advantages, AI and other computational
approaches still rely on robust, high-quality datasets — often derived
from in vivo, in vitro and clinical studies — to ensure the reliability
and generalizability of their predictions (Ref. 20). In this context,
bioinformatics plays a central role in data analysis, model predic-
tion and the refinement of experimental designs, establishing itself
as an indispensable tool in modern science. It contributes to the

2D Cell culture

Spheroid / Organoid
Human Skin Equivalent

Vascularized Human Skin Equivalent
3D Bioprinting
Skin-On-Chip
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integration of technological innovation with ethical and sustainable
research practices (Figure 3). Nonetheless, computational predic-
tions still require experimental validation to confirm their bio-
logical relevance and applicability. Therefore, additional time,
resources and continued investment will be necessary before such
tools can meaningfully reduce, though not fully replace, the use of
traditional in vitro and in vivo models.

Conclusion and perspectives

The alternative models cited represent a valuable strategy to mimic
biological systems and minimize animal use. A number of models
and techniques have been developed for different purposes. 2D
monolayer cultures remain indispensable for hypothesis generation
and screening studies due to their simplicity and cost-effectiveness.
However, by design, they lack the 3D architecture and microenvir-
onment of native skin. As a result, 2D systems cannot simulate
complex tissue responses and should be complemented by advanced
3D models, microphysiological platforms and in silico approaches
when higher physiological relevance is required.

Despite their potential, advanced methods are not yet widely
adopted across research settings. It is notable that more developed
countries are already ahead in the use of these methodologies.
However, these innovative solutions must reach all countries,
enabling them to refine and rethink the use of animals in dermal
pharmacology and toxicology research and progressively in other
fields.

Encouragingly, the latest ECVAM status report indicates that
in 2022, approximately 8.5 million animals were used for scientific
purposes across the EU, representing a 5% reduction compared to
2018, coinciding with a rapid expansion of in vitro and in silico
biotechnologies (Ref. 62). These trends demonstrate that while
complete replacement remains challenging, significant advances
are being achieved.

Altogether, we can conclude that there is no unique method-
ology capable of replacing in vivo experiments. It is necessary that
each researcher evaluate the scientific question that should be
addressed and then select and develop the best in silico and

Predictive Models

Computational Models, Al and
Bioinformatics

| /

\

y

Figure 3. Flowchart illustrating the progressive transition from basic to advanced animal-free dermatological models and their integration with predictive models.
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in vitro protocols or their combination. After that, in vivo experi-
mentation needs to be done for the questions that remain to be
answered at the systemic level — for example, modulation of the
immune system, pharmacokinetics, pharmacodynamics, chronic
toxicity — until new possibilities and technologies arise.
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