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RESUMO 

TAVARES; R. S. N. Avaliação da toxicidade e eficácia de ingredientes de uso 
tópico por métodos alternativos in vitro: culturas 2D, 3D e micro fluídica (Organ-
on-a-chip). 2020. 155f Tese (Doutorado). Faculdade de Ciências Farmacêuticas de 
Ribeirão Preto – Universidade de São Paulo, Ribeirão Preto, 2020. 

Os ensaios in vitro são aceitos como alternativos à experimentação animal, apenas 
se apresentarem alta reprodutibilidade e relevância para predizer a toxicidade em 
seres humanos. Assim, novas tecnologias, tais como tecidos tridimensionais (3D) 
foram desenvolvidas para preencher a lacuna entre os modelos in vitro bidimensionais 
(2D) e melhorar a correlação com os humanos. Mais recentemente, os sistemas 
microfluídicos órgãos-em-chip, que emulam a fisiologia do ambiente in vivo por 
permitirem a inclusão de diferentes organoides em um mesmo meio circulante, 
possuem maior potencial preditivo em relação à toxicidade humana e podem ser 
utilizadas durante a triagem de substâncias desconhecidas. O objetivo principal deste 
trabalho foi desenvolver e comparar a capacidade de sistemas in vitro de diferentes 
complexidades: culturas 2D, pele 3D cultivada de modo estático ou em microfluídica 
associada ao modelo de fígado, em predizer a toxicidade e eficácia das substâncias 
teste. Para tal, foi desenvolvido um modelo de pele - Reconstructed Human Skin 
(RHS). Na primeira abordagem, o modelo RHS foi aplicado para a avaliação da 
fototoxicidade e da atividade antioxidante da fucoxantina, isolada de alga antártica e 
com um conhecido potencial antioxidante nunca testado na pele humana. A 
fucoxantina se mostrou fototóxica em monocamadas e fotoinstável, porém quando 
adicionada em fotoprotetor se mostrou fotoestável. A fucoxantina não foi considerada 
fototóxica em modelo de pele, demonstrando a importância da presença do estrato 
córneo para confirmar a toxicidade de compostos desconhecidos. Ainda, se mostrou 
capaz de inibir as espécies reativas do oxigênio (ERO) de maneira significativa tanto 
em monocamadas quanto em modelo de pele, mostrando que mesmo em baixas 
concentrações, exerce efeito protetor contra ERO gerados pela radiação UVA. A etapa 
seguinte, o RHS foi miniaturizado para adequação em sistema de órgãos-em-chip e o 
RHS reduzido foi utilizado no ensaio de irritação cutânea da fucoxantina (OECD TG 
439). Novas análises foram incluídas em paralelo para a identificação de novos 
biomarcadores da irritação nos tecidos; o controle positivo lauril sulfato de sódio (LSS) 
foi considerado irritante e a fucoxantina não; entretanto, a fucoxantina reduziu a 
expressão de gênica de interleucinas pró-inflamatórias (IL-6 e IL-8) quando no veículo 
etanol, e aumentou a expressão de NAT1, indicando sua metabolização pela pele e 
efeito protetor aos efeitos deletérios do etanol. Na terceira abordagem, ensaio de 
irritação cutânea do RHS reduzido foi avaliado tanto em cultivo estático, quanto 
dinâmico, para tal, o fármaco de escolha foi o antifúngico terbinafina, por se acumular 
na pele humana e ter potencial hepatotóxico em terapias de longo prazo. No modelo 
dinâmico, o RHS foi associado a modelo de fígado e o sistema foi chamado de Chip2. 
Tanto no RHS estático quanto no Chip2 a terbinafina não foi considerada irritante 
enquanto que o controle positivo LSS foi o único considerado irritante, por meio dos 
resultados metabólicos, de liberação de IL-6 e ainda pela análise de viabilidade celular 
por LDH e MTT (nos tecidos estáticos). Demonstrou também efeitos deletérios nos 
esferoides de fígado, mostrando ter atravessado o modelo de RHS. Entretanto, no 
RHS a concentração tópica de terbinafina a 5% no Chip2 aumentou a expressão de 
IL-1α e ainda aumentou células apoptóticas e diminuiu as proliferativas nos esferoides 
de fígado, aumentando também a expressão das enzimas hepáticas CYP1A2 e 
CYP3A4, o que prova que também atravessou o RHS para exercer os efeitos 
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observados no fígado. A aplicação sistêmica de 0,1% de terbinafina aumentou a 
expressão de EGFR apenas no RHS do Chip2 e aumentou as células apoptóticas no 
fígado, além de regular negativamente a albumina e regular positivamente CYP2C9, 
agindo como um controle hepatotóxico de terbinafina. A combinação de RHS e fígado 
no Chip2 em microfluídica permitiu uma resposta mais sensível do RHS observado 
apenas pela expressão gênica e permitiu a avaliação de efeitos hepáticos causados 
pelas substâncias capazes de atravessar o RHS. Em conclusão, o aumento da 
complexidade dos ensaios in vitro desenvolvidos no presente trabalho abrem novas 
perspectivas para a avaliação da toxicidade e da eficácia de substâncias teste, com o 
potencial para melhorar a predição dos estudos pré-clínicos.  
 

Palavras-chave: Métodos alternativos in vitro, modelo de pele humana, microfluídica, 
esferoide de fígado, órgãos em chip, irritação, citotoxicidade, fototoxicidade.  
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ABSTRACT 
 
TAVARES; R. S. N. Toxicity assessment of topical ingredients by in vitro 
alternative methods: 2D, 3D and microfluidic (Organ-on-a-chip) cultures. 2020. 
155f. Thesis (Doctoral). Faculdade de Ciências Farmacêuticas de Ribeirão Preto – 
Universidade de São Paulo, Ribeirão Preto, 2020. 

In vitro tests are accepted as alternatives to animal experimentation, only if they have 
high reproducibility and relevance for predicting toxicity in humans. Thus, new 
technologies such as three-dimensional (3D) reconstructed tissues have been 
developed to fill the gap between two-dimensional (2D) in vitro models and improve 
the correlation with humans. More recently, microfluidic organ-on-a-chip systems, 
which emulate the physiology of the in vivo environment by allowing the inclusion of 
different organoids in the same circulating medium, have greater predictive potential 
for human toxicity and can be used during the screening of unknown substances. The 
objective of this study was to develop and compare the capacity of in vitro systems of 
different complexities: 2D cultures, 3D skin cultivated in a static way or in microfluidic 
associated to a liver model, to predict the toxicity and efficacy of the test substances, 
following established protocols and internationally recommended. To this end, a 
reconstructed human skin (RHS) was developed In the first approach, the RHS model 
was applied for the evaluation of phototoxicity and antioxidant activity of fucoxanthin, 
isolated from Antarctic algae, with promising antioxidant activity never tested in the 
human skin. Fucoxanthin was shown to be phototoxic in the monolayer assay and 
photo unstable, but when added in a sunscreen it was shown to be photostable. 
Fucoxanthin was not considered phototoxic in the RHS, demonstrating the importance 
of the stratum corneum to confirm the toxicity of unknown compounds. It was also 
shown to inhibit reactive oxygen species (ROS) significantly in both monolayers and 
RHS, demonstrating that even at low concentrations it exerts a protective effect against 
ROS generated by UVA radiation. The next step, RHS was miniaturized for adaptation 
in an organ-chip system and the reduced RHS was used in the fucoxanthin skin 
irritation test (OECD TG 439). New analyses were included in parallel for the 
identification of new biomarkers of tissue irritation; the positive control of sodium lauryl 
sulfate (LSS) was considered irritant and fucoxanthin was not; however, fucoxanthin 
reduced the gene expression of pro-inflammatory interleukins (IL-6 and IL-8) when in 
the ethanol vehicle, and increased the expression of NAT1, indicating its 
metabolization by the skin and protective effect to the deleterious effects of ethanol. In 
the third approach, the reduced RHS skin irritation test was evaluated both in static 
and dynamic culture, for which the drug of choice was the antifungal terbinafine, as it 
accumulates in human skin and has hepatotoxic potential in long-term therapies. In the 
dynamic model, RHS was associated with the liver model and the system was called 
Chip2. In both static RHS and Chip2, terbinafine was not considered irritant, while the 
LSS positive control was the only one considered irritant, through metabolic results, IL-
6 release and also through cell viability analysis by LDH and MTT (in static tissues). It 
also demonstrated deleterious effects on liver spheroids, showing to have passed 
through the RHS model. However, in RHS the topical concentration of 5% terbinafine 
in Chip2 increased IL-1α expression; in liver spheroids it increased apoptotic cells and 
decreased proliferative cells, and also increased CYP1A2 and CYP3A4 enzyme 
expression, proving that it also passed through RHS to exert the effects observed in 
the liver. The systemic application of terbinafine of 0.1% increased EGFR expression 
only in the RHS of Chip2 and increased the apoptotic cells in the liver, in addition to 
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regulating albumin negatively and regulating CYP2C9 positively, acting as a 
hepatotoxic control of terbinafine. The combination of RHS and liver on Chip2 in 
microfluidics allowed a more sensitive response of RHS observed only by gene 
expression and allowed the evaluation of liver effects caused by substances capable 
of passing through RHS. In conclusion, the increased complexity of the in vitro tests 
developed in this work opens new perspectives for the evaluation of the toxicity and 
efficacy of test substances, with the potential to improve the prediction of preclinical 
studies.  
 
 
 
Keywords: Alternative methods, in vitro, human skin model, microfluidics, liver 
spheroid, two organs-on-a-chip, irritation, cytotoxicity.  
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4.3 CAPÍTULO 3 – Avaliação de toxicidade da terbinafina por via tópica e 
sistêmica em condição estática versus dinâmica (organ-on-a-chip) 
Artigo 3: TAVARES, R. S. N.; TAO, T. P.; MASCHMEYER, I.; SCHÄFER-
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Figure 1.  Cross-section of the HUMIMIC Chip2. The liver (cyan, left) and RHS 
(brown, right) are connected by a microfluidic tube system (magenta). The 
peristaltic three-valve micropump (black, rear) ensures the medium exchange 
between liver and RHS on-chip. The test compounds were either applied 
topically to the RHS or systemic into the microfluidic tube system. Reprinted and 
modified, with permission, from (Hübner et al., 2018)........................................ 

 
 
 
 
 
 
 
 
 
 
 
75 

 
Figure 2.  Skin morphology. HE staining of (a) RHS in static culture and (b) RHS 
on-chip. Immunolocalization of keratin-14 (KRT14, red) and keratin-10 (KRT10, 
green) (c) RHS in static culture and (d) RHS on-chip. Images were 
representative of three batches, scale bar = 100 µm.......................................... 
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Figure 3.  Effects on skin cell proliferation and apoptosis. Immunolocalization of 
proliferative (Ki-67, red) and apoptotic (TUNEL, green) following the topical 
application on RHS of SDS 5%, EtOH, Terbinafine 1%, Terbinafine 5% and 
following systemic application of EtOH and terbinafine 0.1%. Cell nuclei were 
stained with DAPI (blue). Images were representative of three batches, scale 
bar = 100 µm………………………………………………………………………….. 
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Figure 4. Effects on liver cell proliferation and apoptosis. Immunolocalization of 
proliferative (Ki-67, red) and apoptotic (TUNEL, green) at day 3 following the 
topical application on RHS of SDS 5%, EtOH, terbinafine 1%, terbinafine 5% 
and following systemic application of EtOH and terbinafine 0.1%. Sections of 
untreated liver on-chip models on day 0 and day 3 for comparison. Cell nuclei 
were stained with DAPI (blue). Images were representative of three batches, 
scale bar = 100 µm………………………………………………………………….… 
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Figure 5.  Substance effects on the viability of RHS static. Test substances 
below the 50% threshold (dotted line) are predicted to be skin irritant. PBS - 
phosphate-buffered saline (negative control); SDS - sodium dodecyl sulfate 
(positive control); Terb - terbinafine were exposed for 15 min to the RHS and 
subsequently washed. Where solvent was applied, PBS or ethanol, the symbol 
was stated as “—“. Mean ± SD, n = 3, *p ≤ 0.05 compared to Terb 5%, +p ≤ 0.05 
compared to all other treatments…………………………………………………… 
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Figure 6.  Substance effects on the lactate dehydrogenase (LDH) release. 
Amount of LDH released from RHS (grey bar) or HUMIMIC (white bar) to the 
culture medium 42 h post-treatment. Where solvent was applied, PBS or 
ethanol, the symbol was stated as “—“. Values were normalized per volume 
culture medium and cell number per model. Triton was used as positive control 
and LDH release set to 100%; LDH release at 50% (dotted line). Mean ± SD, n 
= 9, *p ≤ 0.05………………………………………………………………………….. 
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Figure 7.  Substance effects on the lactate release. Amount of lactate released 
from RHS (grey bar) or HUMIMIC (white bar) to the culture medium 42 h post-
treatment. Where solvent was applied, PBS or ethanol, the symbol was stated 
as “—“.  Values were normalized per volume culture medium and cell number 
per model. Mean ± SD, n = 3, *p ≤ 0.05 between the same treatment, +p ≤ 0.05 
compared to all other treatments…………………………………………………… 
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Figure 8.  Substance effects on albumin production. Albumin produced by liver 
on-chip before and after treatment (day 1, white bar; day 3, dotted pattern bar,). 
Mean ± SD, n = 3…………………………………………………………………….. 
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Figure 9.  Substance effects on interleukine-6 (IL-6) release. Amount of IL-6 
released from RHS to the culture medium 42 h post-treatment in static (grey 
bar) and on-chip (white bar) culture. Values were normalized per volume culture 
medium and cell number per model. Mean ± SD, n = 3………………………….. 
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Figure 10. Substance effects on epidermal gene expression. Epidermal 
expression of (a) IL-1α, (b) IL-6, (c) IL-8, (d) EGFR; expressed as fold change 
to the ethanol solvent control topical (dotted line). Mean ± SD; n = 3…………... 
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Figure 11.  Substance effects on hepatic gene expression. Hepatic expression 
of (a) CYP 1A2, 2C9, 2C19, 3A4 (b) albumin and (c) IL-6 and IL-8 expressed as 
fold change to the ethanol solvent control topical (dotted line). Mean ± SD; 
n=3……………………………………………………………………………………... 
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1. INTRODUÇÃO  
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No Brasil, seguindo o processo de redução da experimentação animal criado pela 

a Lei Arouca (Lei nº 11.794, de 8 de outubro de 2008), em 2014, o Conselho Nacional 

de Controle de Experimentação Animal (CONCEA) publicou duas Resoluções 

Normativas (RN) nº 17, 18 (03 de julho, 24 de setembro de 2014, respectivamente)  

que estabeleceram o prazo de cinco anos (até 2019) para a proibição do uso de 

animais para 17 desfechos cujos métodos alternativos para substituição do modelo 

animal foram validados por centros da validação e  reconhecidos e publicados pela 

Organização para a Cooperação e Desenvolvimento Econômico (OECD). No ano 

seguinte, a Agência Nacional de Vigilância Sanitária (ANVISA) reconheceu os 

métodos pela resolução da diretoria colegiada nº35 (de 10 de agosto de 2015). Em 

2021, será o prazo máximo para a substituição de mais sete métodos alternativos 

citados da RN nº 31 de 18 de agosto de 2016.  

Este fato se deu após uma série de acontecimentos históricos iniciados pela 

mobilização internacional para a substituição de animais de experimentação em 

pesquisa na União Europeia em 1991 e estendeu-se para outros países. Desde então, 

muitos avanços têm sido observados nessa área, o que culminou no desenvolvimento 

e aceitação, pela OECD, de diferentes métodos para a redução e substituição dos 

ensaios em animais para a avaliação da segurança de compostos, uma vez que estes 

ensaios alternativos apresentam alta relevância e reprodutibilidade (HARTUNG, 

2018). Em 2010, foi publicada a Diretiva Europeia (2010/63/UE) relativa à proteção 

dos animais utilizados para fins científicos, para cumprir a prioridade dos testes não-

animais para todos os desfechos previstos na legislação da União Europeia.  

Entretanto, no Brasil, para os testes que dependem de tecidos humanos 

reconstituídos, ainda é inadequada a burocracia envolvida na importação de tecidos 

comerciais ou insumos necessários para a sua produção no país. Esta questão vem 

sendo discutida junto à ANVISA para que a comercialização ou importação dos 

modelos oriundos de engenharia tecidual, como os modelos de pele, seja facilitada. 

Assim, protocolos internos (in house) de confecção desses tecidos são necessários e 

têm sido desenvolvidos por alguns grupos de pesquisa, mas os mesmos precisam ser 

validados para o uso pretendido (DE VECCHI et al., 2018; TAVARES et al., 2020).   

Os sistemas de cultivo desses tecidos reconstituídos tridimensionais (3D) surgem 

como uma ponte para preencher a lacuna entre os modelos in vitro bidimendionais 

(2D) ou em monocamadas, e os modelos in vivo; ao exemplo do modelo de epiderme 

humana reconstituída, produzida a partir da proliferação e diferenciação de 
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queratinócitos humanos, que é reconhecida pela OECD para a avaliação dos 

desfechos de corrosão (TG 431, OECD, 2014) e irritação cutâneas (TG 439 OECD, 

2015) em substituição ao modelo animal (DE VECCHI et al., 2018).  

Avançando cada vez mais nas tecnologias de ponta disponíveis atualmente, os 

modelos 3D in vitro também apresentam limitações uma vez que os ensaios atuais 

são baseados em sua maioria em culturas estáticas (ATAÇ et al., 2013), os quais não 

conseguem mimetizar os arranjos complexos dos diferentes órgãos do corpo humano 

e suas funções (HASENBERG et al., 2015). Para isso, os modelos em chip, que são 

ferramentas planejadas fluidas e complexas, possuem o potencial de acelerar ainda 

mais a tradução de descobertas básicas em novas estratégias de tratamento mais 

efetivas, visto que essas propriedades de simular a fisiologia são cruciais para testes 

de toxicidade durante a triagem de substâncias desconhecidas (ATAÇ et al., 2013). 

 Os chips com múltiplos “órgãos” oferecem a oportunidade de estudar como uma 

substância afeta um modelo in vitro interconectado e perfundido, acrescido da 

influência de função hepática na avaliação da substância (TAVARES et al., 2020). Por 

esse motivo, dentre os vários órgãos, a serem associados a uma pele 3D, o fígado é 

o mais adequado para aplicações micro tecnológicas, visto que este possui uma 

microarquitetura extremamente complexa que é controlado por um preciso 

microambiente com interações micrométricas (YOON NO et al., 2015). Além disso, o 

fígado é o responsável pelo processo de desintoxicação, metabolismo de 

carboidratos, lipídios e proteínas, assim como a biotransformação de substâncias 

endógenas e exógenas (ALÉPÉE et al., 2014; YOON NO et al., 2015).  

Na presente tese, desenvolvemos um rápido protocolo de pele humana 

reconstituída (Reconstructed Human Skin – RHS) cultivado em 10 dias totalmente 

compatível com as plataformas de órgãos-em-chip (organ-on-a-chip). Utilizamos dois 

dos guias publicados pela OECD e reconhecidos pelo CONCEA e pela ANVISA,  o de 

fototoxicidade em monocamadas, 2D (OECD TG 432) e o de irritação em modelo de 

pele 3D (OECD TG 439), bem como o ensaio de fotoirritação em modelo de pele 3D 

recomendado pelo Conselho Internacional de Hamonização (Intenational Council for 

Hamonization –ICH) e pré-validado pela European Centre for the Validation of 

Alternative Methods (ECVAM) (ICH, 2013).  

Ainda, para os ensaios de irritação no modelo de pele, com o objetivo de obter 

uma visão mais detalhada sobre a toxicidade cutânea da substância teste, avaliamos 

a viabilidade dos tecidos de acordo com as diretrizes de ensaio da OECD nº 439 bem 
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como avaliação de padrões morfofisiológicos, alterações na inflamação (IL-1, IL-6, IL-

8), homeostase (EGFR, HSPB1) e metabolismo (NAT1). 

Para a avaliação da irritação cutânea no chip, seguimos o mesmo modelo de 

estudo, realizando análises além-viabilidade por MTT, tais quais as já citadas para o 

modelo de pele bem como as específicas ao fígado, como genes de metabolismo 

(CYPs), de homeostase (albumina) e perfil metabólico, para sugerir novos 

biomarcadores de detecção do processo de irritação e toxicidades inerentes, bem 

como para ampliar as informações acerca do ensaio validado. 
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2.1 Contextualização dos métodos in vitro alternativos à experimentação animal 

Desde a sua publicação em 1959, The Principles of Humane Experimental 

Technique, de Russell e Burch, que introduziu o conceito dos Três Rs (Redução, 

Refinamento e Substituição), as leis e práticas relacionadas ao uso de animais de 

laboratório em educação, pesquisa e testes têm mudado (BALLS, 2018).  

A substituição dos ensaios em animais por procedimentos e estratégias de 

ensaio alternativos mais relevantes e mais confiáveis para prever os perigos 

potenciais de produtos químicos e cosméticos para os seres humanos vêm chamado 

a atenção de cientistas, políticos e consumidores. Esta substituição vem ocorrendo 

pois apesar de, em muitos casos, os experimentos em animais serem considerados 

padrão ouro, eles têm provado serem imprecisos devido a distância filogenética e as 

falhas metodológica (DEHNE; HASENBERG; MARX, 2017). Além disso, essa falha 

em prever a eficácia e toxicidade nos ensaios pré-clínicos leva a sérios atrasos no 

desenvolvimento de novos fármacos, exposição de pessoas a substâncias ineficazes 

e até efeitos colaterais indesejados, desperdiçando os investimentos da fase clínica, 

ou seja, a parte mais cara do processo de desenvolvimento de fármacos (MARX et 

al., 2016). 

Um exemplo de substituição direta é a aplicação de um potente irritante nos 

olhos isolados de coelhos ao invés de aplicar diretamente nos olhos de um coelho 

intacto, neste caso o método in vitro ainda possui a mesma desvantagem do in vivo. 

Já a substituição indireta envolve uma  abordagem experimental diferente, tal como o 

teste de fármacos em hepatócitos humanos ao invés de administrar a ratos ou 

cachorros, que possuem metabolismo diferente (BALLS, 2018). 

Os testes de toxicidade são realizados para caracterizar os efeitos 

potencialmente adversos das substâncias químicas na saúde humana, na saúde 

animal ou no ambiente, com vista a garantir a utilização mais segura possível das 

substâncias químicas e dos produtos químicos que as contenham (WORTH, 2018). 

Em geral, os testes de toxicidade são realizados pela indústria ou por empresas de 

pesquisa auditadas e terceirizadas pelas indústrias, e as avaliações resultantes são 

submetidas às autoridades para cumprir os requisitos legais e regulamentares para a 

gestão de risco de produtos químicos (WORTH et al., 2014).  

Todos os ensaios de toxicidade preconizados pelas agências reguladoras 

foram anteriormente validados e aceitos pelas organizações internacionais. A 
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validação pode ser entendida como o processo pelo qual se estabelece a 

confiabilidade e a relevância de um novo método para um fim específico (MARX et al., 

2020); a confiabilidade é definida como o grau de reprodutibilidade dos resultados de 

um teste utilizando o mesmo protocolo intra e inter laboratórios ao longo do tempo, 

enquanto que relevância de um método de teste descreve a relação entre o teste e o 

efeito na espécie alvo e se o método de teste é significativo e útil para um propósito 

definido (MARX et al., 2020). Estes desenvolvimentos foram amplamente acelerados 

pela criação do ECVAM em 1992 e de organismos de validação nacionais 

semelhantes em muitos países nas décadas seguintes (MARX et al., 2020). 

No Brasil, a legislação para a proteção animal começou em 1934, com uma lei 

contra crueldade animal, incluindo o reconhecimento e a proteção de todos os animais 

pelo Estado. Em seguida, uma lei sobre crimes ambientais, pela primeira vez 

estabeleceu o dever de respeitar os cuidados adequados com os animais por parte 

dos envolvidos no uso dos mesmos, incluindo o uso em experimentos ou para 

educação. Entretanto, foi apenas em 2008 que o Brasil adotou a lei 11.794, que 

especificamente regulamentou o uso de animais em laboratório para experimentação 

e educação. Essa lei representou um significativo avanço para o País e criou duas 

novas ações: a criação do CONCEA, implementado pelo Decreto 6.899 de 2009 

(BRASIL, 2009), e a obrigação da criação da Comissão de Ética no Uso de Animais 

(CEUA) por todas as instituições que utilizassem os animais (CURREN; ESKES; 

CHENG, 2018).  

O CONCEA é um conselho multi-institucional que representa diferentes 

Ministérios governamentais, associações, sociedades científicas e organizações não 

governamentais (ONGs), e possui dentre outras competências o dever de controlar e 

monitorar a implementação de métodos alternativos (CURREN; ESKES; CHENG, 

2018). 

Desde 2003, a ANVISA reconheceu o uso dos métodos in vitro como testes 

pré-clínicos para análise de segurança de produtos cosméticos. Este protocolo foi 

revisado e 2012, e incluiu vários dos métodos 3Rs validados e aceitos na União 

Europeia, incluindo avaliação in silico, métodos in vitro, a utilização dos dados 

existentes e dos princípios de extrapolação. Em especial, sugere-se a utilização de 

ensaios pré-clínicos in vitro para a avaliação do potencial de irritação e corrosão 

ocular, da fototoxicidade e da absorção cutânea (CURREN et al. 2019, BRASIL, 

2014). 
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A Rede Nacional de Métodos Alternativos (ReNaMA), da qual nosso laboratório 

faz parte, foi criada pelo Ministério de Cultura, Tecnologia e Inovações (MCTI) e é 

composta por três laboratórios centrais (Instituto Nacional de Controle de Qualidade 

em Saúde - INCQS;  Instituto Nacional de Metrologia, Qualidade e Tecnologia – 

INMETRO e o Laboratório Nacional de Biociências - LNBio) e aproximadamente 40 

laboratórios associados, privados e de universidades públicas, que trabalham com os 

métodos alternativos à experimentação animal. Essa rede visa promover treinamentos 

para implementação dos métodos alternativos ao ensaios em animais, monitorar a 

proficiência dos laboratórios que os conduzem, promover alta qualidade dos materiais 

de referência e dos métodos alternativos e as Boas Práticas de Laboratório, promover 

desenvolvimento de estudos de validação e adoção de novos métodos alternativos ao 

uso animal (CURREN; ESKES; CHENG, 2018).  

 

2.2. Ensaios em monocamadas - 2D 

Culturas celulares podem ser divididas em três tipos: culturas primárias, 

secundárias e linhagens contínuas. Células primárias e secundárias são usualmente 

diploides (com vida finita). Culturas primárias são derivadas diretamente de tecidos 

intactos como fígado ou rins, já culturas secundárias são derivadas das culturas 

primárias. Esses tipos usualmente envolvem células diploides, entretanto células de 

linhagens, geralmente derivadas de tecidos malignos, tendem a ser aneuploides 

(imortais) (HEINONEN; VERFAILLIE, 2018).  

A primeiras culturas surgidas foram de explantes teciduais, mas após o 

conhecimento do processo de tripsinização, em 1916, as subculturas de células 

dissociadas promoveram um grande desenvolvimento passando a ser cultivadas em 

frascos de vidro e em placas para a formação de monocamadas. Outro pré-requisito 

para o sucesso das culturas foi o desenvolvimento de um meio definido. Ao exemplo 

do isolamento das células HeLa e dos fibroblastos WI-38 que foram marcos no 

desenvolvimento e uso de testes de monocamada in vitro (HEINONEN; VERFAILLIE, 

2018).  

Embora o potencial de crescimento ilimitado das linhagens celulares contínuas 

seja uma vantagem, a sua imortalização não o é, pois são cariotipicamente anormais 

e acumulam mutações que podem afetar o valor dos dados que fornecem. Por estas 

razões, estão a ser desenvolvidos novos sistemas de modelos, baseados em células 

que são expansíveis, mas que permanecem representativas dos seus tecidos de 
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origem. O estabelecimento de linhagens celulares permanentes através da indução 

da excessiva expressão da telomerase pode ser útil, mas não tem sido muito bem-

sucedido até agora. Outra opção é estabelecer modelos baseados em células que têm 

naturalmente uma elevada atividade da telomerase, ou seja, células estaminais, que 

podem ser induzidas a diferenciar-se numa variedade de células fenotípicas e 

geneticamente "normais", representativas das condições in vivo (JENNINGS, 2015).  

Os ensaios baseados em células têm sido um pilar importante do processo de 

descoberta de medicamentos, a fim de proporcionar uma ferramenta relativamente 

simples, rápida e rentável para evitar ensaios em animais em grande escala e 

dispendiosos. Até recentemente, a maioria das pesquisas para descoberta de 

medicamentos ou toxicologia in vitro era baseada em sistemas de cultura 2D ou testes 

em animais (HEINONEN; VERFAILLIE, 2018). No entanto, apenas cerca de 8% dos 

compostos passam para a fase de desenvolvimento clínico e muitos medicamentos 

falham em ensaios clínicos, em grande parte devido à eficácia clínica limitada ou à 

toxicidade imprevista e inaceitável (HEINONEN; VERFAILLIE, 2018).  

As células cultivadas em placas não são capazes de aglomerar-se umas sobre 

as outras, mas sim crescer em monocamadas, o que não é natural para todos os tipos 

de células. Ainda, o estabelecimento de co-culturas em uma só placa pode aumentar 

o contato intercelular natural e a comunicação, mas a superfície 2D ainda inibe a 

capacidade das células formarem uma estrutura multidimensional (ANTONI et al., 

2015). Como as culturas 2D não podem preservar a maioria das funções de 

diferenciação celular, acredita-se que os sistemas de cultura 3D in vitro ao permitirem 

uma melhor preservação dos fenótipos de diferenciação celular, têm o potencial de 

melhorar a predição do metabolismo e da toxicidade dos medicamentos (ANTONI et 

al., 2015).  

 

2.3. Ensaios em modelos 3D 

Células cultivadas em sistemas 3D conseguem manter suas diferenças 

comportamentais e perfis de expressão melhores que células cultivadas em sistemas 

2D, pois refletem situações in vivo devido à disponibilidade de matriz extracelular e 

características mecânicas de microambiente in vivo. 

Desde o início do século XIX, pesquisadores como Ross Harrison (1906) 

tentando recapitular a organogênese dos sistemas in vivo, desenvolveram o primeiro 

sistema de cultura 3D conhecido como hanging-drop (HEINONEN; VERFAILLIE, 
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2018). Esta técnica foi adotada por muitos cientistas e, nos anos 50, os tecidos de 

muitos órgãos foram cultivados utilizando técnicas semelhantes.  

As matrizes 3D dividem-se em três grandes categorias: matrizes biológicas, 

sintéticas e híbridas de inspiração biológica (HEINONEN; VERFAILLIE, 2018). As 

matrizes 3D mais comumente usadas são derivadas da matriz extracelular de fontes 

biológicas. Elas têm a vantagem de que a própria matriz 3D inicia a sinalização celular 

em várias situações. Além disso, os componentes moleculares da matriz extracelular 

podem funcionar como moléculas bioativas e podem atuar como ligantes para uma 

série de receptores de superfície celular (adesão), ativando vias de sinalização desses 

receptores (HEINONEN; VERFAILLIE, 2018). 

Sabendo-se que o colágeno é um componente universal dos tecidos 

conjuntivos, pesquisadores do início do século XX, observaram que as células 

passaram a crescer e sobreviver melhor em uma camada de colágeno seco do que 

em uma superfície de vidro ou em coágulos de plasma. Hoje em dia, o colágeno tipo 

I pode ser isolado de várias fontes biológicas, incluindo pele bovina, cauda de rato e 

placenta humana (HEINONEN; VERFAILLIE, 2018). 

 

 

2.4. Modelo de pele reconstituída e modelo de fígado  

A complexidade dos órgãos in vivo é difícil de emular, ao exemplo das 

localizações de células nos tecidos e junções que são difíceis de reproduzir usando 

sistemas de co-cultura em que diferentes tipos de células são misturadas e semeadas 

aleatoriamente (YOON NO et al., 2015). 

Sendo assim, quando se fala de um organoide, não se trata de uma co-cultura 

simples. Ao exemplo da pele humana reconstituída e dos esferoides de fígado.  

A pele, principal interface entre o corpo humano e o meio ambiente, é exposta 

a produtos químicos, cosméticos, detergentes, luz ultravioleta, patógenos, poluentes 

ambientais e microrganismos (WORTH et al., 2014; WUFUER et al., 2016). Sendo 

assim, sua principal função é proteger os órgãos, servindo como uma barreira 

fisiológica e, como tal, é necessário investigar a toxicidade e a eficácia dos materiais 

que podem gerar potenciais reações, tais como inflamação, irritação, alergias e câncer 

(WUFUER et al., 2016).  

Experimentos em animais, principalmente em ratos, têm sido realizados em 

todo o mundo; no entanto, esses modelos têm duas limitações críticas. A primeira 
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compreende questões éticas e regulamentares, e a segunda é a considerável 

diferença entre a pele do rato e a pele humana, ou seja, na espessura, densidade e 

apêndices (WUFUER et al., 2016). 

Desde o primeiro registro da construções de pele humana reconstituída no 

início da década de 1980, diversos modelos de pele in vitro têm sido desenvolvidos e 

comercializados (WUFUER et al., 2016), contudo, a maioria destes modelos 

publicados nos guias OECD que utilizam a pele como sistema teste, são de epiderme 

humana reconstituída (Reconstructed Human Epidermis - RhE). Estes modelos não 

propiciam interações entre queratinócitos e fibroblastos, que são os maiores 

constituintes da pele humana. Por essa razão, todos os estudos realizados com 

modelos de pele, na presente tese, foram realizados com modelos in house de pele 

inteira reconstituída (epiderme e derme).  

Dentre os vários órgãos do corpo humano, o fígado é um dos mais adequados 

para aplicações microtecnológicas, devido à sua microarquitetura extremamente 

complexa. Além disso, o fígado é responsável pelo metabolismo de fármacos e 

toxinas, que é crucial para a sobrevivência e não pode ser comprometida. Devido à 

urgente necessidade do desenvolvimento de uma plataforma in vitro 3D utilizando 

células humanas para reproduzir este órgão, nas últimas décadas diversas 

microtecnologias foram empregadas, tais como cultura de pellets, cultura de spinner, 

hanging drop, superfície não adesiva, força externa, folhas de células e 

micromoldagem (YOON NO et al., 2015). 

No presente trabalho, utilizamos células diferenciadas de HepaRG, conhecidas 

por sua capacidade de formar estruturas de canalículos biliares em cultura 

(MATERNE; MASCHMEYER; LORENZ; HORLAND et al., 2015), e as combinamos 

com células primárias de HSteC (esteladas) para a produção de esferoides hepáticos, 

isto sem a utilização de polímeros de suporte. 

 

2.5. Ensaio irritação e fotoirritação cutâneas 

Ao contrário dos ensaios em monocamadas que são limitados a substâncias 

solúveis em água, nos modelo 3D como o de pele reconstituída pode-se testar 

qualquer tipo de substância, incluindo os produtos acabados (CANAVEZ et al., 2017). 

Sendo assim, os testes usando modelo de pele tornaram-se a melhor alternativa no 
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desenvolvimento de cosméticos, pois os efeitos adversos na pele são de grande 

preocupação para a segurança ocupacional e do consumidor (WORTH et al., 2014). 

O guia de irritação cutânea (OECD nº 439) foi desenvolvido e adotado em 2010 

em modelo de epiderme humana reconstituída (Reconstructed Human Epidermis – 

RhE), Sendo assim, quatro modelos comerciais preenchem os requisitos de qualidade 

e reprodutibilidade e foram validados pela OECD: EPISKIN™ SIT, validado pela 

performance padrão da ECVAM. EpiDerm™ EPI-200-SIT, SkinEthic™ RHE SIT42bis 

e Labcyte EPI-MODEL 24SIT, validados pela performance padrão da OECD (ESKES; 

HOFMANN, 2017); e em 2019 o guia foi atualizado para incluir mais dois modelos de 

pele, o  epiCS® e o Skin+ ® que foram validados, mas ainda estão em vias de 

aprovação (OECD, 2019). No entanto, o guia de irritação preconiza a classificação do 

potencial irritante apenas se baseando na viabilidade dos tecidos pelo ensaio do MTT, 

mas vários outros biomarcadores podem ampliar a predição de toxicidade se 

realizados em paralelo, ao exemplo da avaliação da expressão de genes envolvidos 

na cascata da irritação, quantificação de interleucinas liberadas no meio cultura, 

imunolocalização de proteínas de proteção da pele, ou proliferação e apoptose dos 

tecidos tratados com as substâncias.  

Ainda, para substâncias que absorvem na região do UV/VIS, o ICH de 

fototoxicidade recomenda que a avaliação da fotoirritação se dê por uma estratégia 

de ensaios em “fases”, ou seja, que primeiramente se utilize o guia validado OECD 

TG 432, 3T3NRU-PT, ensaio que utiliza fibroblastos 3T3 em monocamadas (2D) (ICH, 

2013; OECD, 2019) e em caso de resultado positivo para fototoxicidade, o próximo 

teste seja avaliado em RhE, que é uma cultura de queratinócitos primários em 3D 

(CERIDONO et al., 2012; GASPAR; KAWAKAMI; BENEVENUTO, 2017; ICH, 2013; 

LELIÈVRE et al., 2007). Esta recomendação se dá pelo fato de que o primeiro ensaio 

não avalia a biodisponibilidade da substância teste frente ao estrato córneo da pele, o 

que pode gerar resultados falso positivos. Esta biodisponibilidade também é 

imprescindível quando a avaliação é em relação a atividade antioxidante, o teste em 

modelo de pele consegue provar a capacidade da substância em permear ou não até 

a epiderme viável, para exercer a atividade antioxidante, após a absorção pela pele.  

No entanto, todos os ensaios mencionados são realizados em cultivo estático 

dos tecidos, os recentes avanços nos sistemas microfluídicos têm permitido a 

modelagem da fisiologia de vários órgãos. Estes chamados sistemas organ-on-a-chip, 

bem como os “skin-on-a-chip” têm o potencial de oferecer modelos fisiologicamente 
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relevantes tanto para estudo de doenças (WUFUER et al., 2016) quanto para 

avaliação da toxicidade e eficácia de medicamentos. 

 

2.6. Ensaios de organoides em microfluídica 

Os avanços nos métodos in vitro levaram ao desenvolvimento de modelos 

estáticos de cultura de células humanas de relevância fisiológica crescente. No 

entanto, as limitações na predição da verdadeira resposta humana a medicamentos e 

produtos químicos, tanto em termos de eficácia como de toxicidade, levaram ao 

desenvolvimento de modelos de cultura micro fluídica mais complexos, muitas vezes 

denominados sistemas microfisiológicos (DEHNE; HASENBERG; MARX, 2017). 

Estes sistemas são projetados para emular um ambiente semelhante ao in vivo (vivo-

like) para culturas celulares in vitro e para mimetizar a biologia humana na menor 

escala aceitável, incluir fluxo de meio de cultura, realizar leituras funcionais e associar 

a um sistema multi-órgãos (DEHNE; HASENBERG; MARX, 2017).  

Existem vários grupos desenvolvendo sistemas de chip para organoides únicos 

ou em associação. Dentre os maiores grupos para cultivo de organoide único a 

Mimetas, startup da Universidade de Leiden, desenvolveu o sistema em placa sem 

bomba. Já a Emulate Inc do Wyss Institute e a NORTIS da Universidade de 

Washington recentemente desenvolveram um chip de fígado associado a rim, em 

polidimetilsiloxano. A Philip Morris International desenvolveu um chip de dois órgãos 

de fígado conectado a organoide de pulmão em material não absorvente e 

biocompatível que contém uma microbomba acoplada e controlada por um aplicativo. 

A Insphero da ETH Zurique, produz organoides com modelos de doença, mas não o 

chip. A Cnbio innovations do MIT produz até cinco órgãos em placa microfluídica que 

é acoplada em uma unidade independente de incubacão e fluídica. Já a incubada 

Hesperos da Universidade Central Florida, possui o modelo de chip de vários órgãos 

associados em uma microfluídica controlada pela gravidade. 

A principal vantagem dos chips da spin-off TissUse GmbH em relação aos chips 

dos outros grupos disponíveis, está na possibilidade de agregar a maioria dos  fatores 

desejáveis da tecnologia microfluídica: Associação de organoides, com perfusão ativa, 

com vasculatura biológica, em arranjo de vários órgãos, com a bomba pulsátil em 

conformidade com farmacocinética e farmacodinâmica, apresenta designs 

fisiológicos, o que permite realizar estudos com aplicações únicas ou repetidas, 
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aplicações sistêmicas por vários dias e também modelos de doença (EWART et al., 

2017). 

A busca pelo ser humano em chip, ou seja, associação de mais de 10 órgãos 

em um único chip, não visa apenas a co-cultura de diferentes organoides relevantes 

em um único meio circulante, mas também obter uma homeostase auto 

suficientemente orgânica. Para tal, é certo que os sistemas circulatório, endócrino, 

gastrointestinal, imune, tegumentar, musculoesquelético, nervoso, reprodutivo, 

respiratório e urinário precisam estar presentes. Até o momento, chips contendo 

associação de dois órgãos; de fígado com pele; fígado com intestino; fígado com 

neurônio; fígado com pâncreas; fígado com pulmão, e com quatro órgãos (intestino, 

fígado, pele e rins ou intestino, fígado, neurônio e pele) já foram associados com 

sucesso. Além disso,  músculo esquelético, tecido adiposo, modelo de folículo, medula 

óssea, linfonodo, vasculatura e modelo de tumor de pulmão, também já estão sendo 

produzidos (DEHNE; HASENBERG; MARX, 2017). 

Devido ao alto potencial dos sistemas microfluídicos, tem sido observado um 

grande apoio financeiro por parte dos órgãos governamentais (US National Institutes 

of Health - NIH) e regulatórios (Food and Drug Administration - FDA) norte americanos 

e pelo Horizon 2020, da Comunidade Europeia, para o desenvolvimento desses 

sistemas. Além disso, as indústrias farmacêuticas têm feito parcerias para validação 

do modelo para diferentes propósitos. Especificamente a TissUse possui parceria com 

a Roche, Bayer, AstraZeneca, Boehringer Ingelheim, Beiersdorf, entre outras, para o 

desenvolvimento de diferentes modelos e abordagens para avaliação da toxicidade e 

risco baseados em mecanismos de ação. Grandes projetos apoiados pela Comissão 

Europeia possuem como proposta não somente a adoção desse modelo pelas 

indústrias, mas também como um caminho visando à aceitação regulatória em 2020 

(EWART et al., 2017), uma vez que pesquisa regulatórias, com fármacos retirados do 

mercado, devido à sua alta toxicidade não prevista em ensaios pré-clínicos e clínicos 

fase 1 e 2, como é o caso do troglitazona (WAGNER et al., 2013), já tem produzido 

resultados satisfatórios. 

Assim que um ensaio validado de segurança ou eficácia baseado em chip 

humano conseguir excluir um fármaco nos estudos pré-clínicos antes mesmo de 

serem testados em animais pela indústria farmacêutica os sistemas microfisiológicos 

terão contribuído para a redução de testes em animais de laboratório no 

desenvolvimento de medicamentos (MARX et al., 2020). 
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2.7. Seleção das substâncias avaliadas 

Primeiramente, foi selecionada a xantolfila fucoxantina, que é um carotenoide 

marinho produzido por algas pardas. Têm sido descritas na literatura diversas 

atividades biológicas relacionadas a atividade antioxidante da fucoxantina. Tais 

atividades biológicas estão relacionadas a presença de uma ligação alênica 

conjugada a um grupo carbonila, e a um grupo acetila em sua estrutura molecular, 

estas são as responsáveis pelos benefícios associados a ela quando administrada 

oralmente (Riccione et al., 2011).  

A fucoxantina tem absorção espectral na faixa de 320 a 500 nm (UVA I ao VIS, 

448 nm max) e sua ação pode proteger a pele do fotoenvelhecimento causado pela 

luz UVA e VIS ao reduzir a produção de ERO (FREITAS et al., 2016; D'ORAZIO et al., 

2012). Outros autores descreveram o potencial da fucoxantina para aplicação tópica 

na fotoproteção da pele, avaliados por métodos in vitro em culturas celulares. A 

fucoxantina a 0,001% quando aplicada topicamente em camundongos  possui efeitos 

contra os danos induzidos por UVB (Urikura, Sugawara, Hirata, 2011). Entretando, o 

comportamento desse composto na pele humana ainda é desconhecido, bem como a 

concentração ideal de uso. Para tal, essa substância foi objeto de estudo quanto à 

fotoestabilidade, potencial fotoprotetor e sua fototoxicidade e fotoirritação avaliados 

na pele 3D, tanto após isolada da alga parda Desmarestia anceps, no primeiro capítulo 

(TAVARES et al., 2020a) quanto na versão comercial (95% pura) abordado no 

segundo capítulo (TAVARES et al., 2020b).   

A segunda substância selecionada, foi o antifúgico terbinafina, um 

medicamento tópico (1% em creme) e oral (10 mg/g) disponível no mercado há mais 

de 15 anos. É um fármaco considerado seguro, mas que apresenta efeitos tóxicos 

apenas quando usado por longos períodos por via oral, devido ao seu potencial 

hepatotóxico por ser uma inibidora da enzima CYP2D6 (VICKERS et al., 1999), por 

essa razão este fármaco poderia ser útil como um controle hepatotóxico, uma vez que 

a terbinafina possui um baixo índice terapêutico (FDA, 2012). Na pele, a terbinafina 

possui alto poder de permeação, alta queratofilicidade e lipofilicidade (YEGANEH; 

MCLACHLAN, 2000). Avaliamos a terbinafina quanto a citotoxicidade, potencial de 

irritação cutânea em pele 3D e hepatotoxicidade quando avaliamos este fármaco no 

chip microfluídico de pele 3D associado a fígado 3D, no terceiro capítulo.  



16 

 

Além das substâncias mencionadas, foram sempre incluídos os controles 

positivos ou negativos recomendados para cada teste. Dentre os controles negativos 

e/ou positivos inerentes a cada ensaio, o lauril sulfato de sódio (LSS) foi o controle 

positivo de citotoxicidade em monocamadas (OECD Guideline nº 129) e de irritação 

cutânea (OECD Test Guideline nº 439) (OECD, 2010; 2019); a norfloxacina foi o 

controle positivo para a fototoxicidade em monocamadas (OECD, 2019) e o 

cetoprofeno para a fototoxicidade em modelo de pele reconstituída (ICH, 2013). O 

controle negativo foi o tampão fosfato-salino (phosphate buffered saline - PBS) ou os 

veículos selecionados para solubilizar a substância teste, como o alquil benzoato C12-

15 ou etanol absoluto. 

 

2.8.  Coletânea de artigos 

 

A presente tese foi subdividida na forma de capítulos, contendo uma coletânea 

de artigos relacionados a hipótese central da mesma. Nos dois primeiros capítulos, os 

artigos já foram publicados, enquanto que no terceiro capítulo, o artigo foi submetido 

e se encontra em processo de revisão.  

Em todos os artigos o modelo de pele 3D foi utilizado para avaliar a toxicidade 

e a eficácia da fucoxantina ou a toxicidade da terbinafina. Seguindo uma linha 

evolutiva, o aumento da complexidade biológica do sistema teste está relacionado a 

uma superior predição de toxicidade em humanos por emular o microambiente nativo 

do órgão. Na Figura 1, o esquema representa a principal hipótese da tese que foi 

baseada na comparação entre ensaios in vitro de diferentes complexidades: ensaios 

em cultura celular em monocamadas, seguido de modelo de pele 3D inteira (derme e 

epiderme) e no topo dessa evolução, estaria o cultivo em microfluídica que contempla 

a circulação e a interação com outros órgãos.  
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Figura 1. Esquema sobre o desenvolvimento dos trabalhos da tese que avaliam a 

fucoxantina e a terbinafina versus o controle de cada ensaio. Observa-se a 

complexidade biológica crescente dos ensaios diretamente proporcional ao aumento 

da relevância para o desenvolvimento de novos fármacos. Adaptado de Mathes et al., 

2014.
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3.1. Objetivo 

O objetivo deste trabalho foi desenvolver e comparar a capacidade de sistemas 

in vitro de diferentes complexidades: culturas 2D, pele 3D cultivada de modo estático 

ou em microfluídica associada ao modelo de fígado (HUMIMIC), em predizer a 

toxicidade e eficácia de substâncias teste seguindo protocolos estabelecidos e 

recomendados internacionalmente. 

 

3.2. Objetivos específicos 

1. Avaliar a fotoestabilidade, o potencial fototóxico e a atividade antioxidante da 

fucoxantina em ensaios em monocamadas e em modelo de pele 3D; 

2. Miniaturizar o modelo de pele para aplicações em microfluídica e em outros 

ensaios;  

3. Aplicar o modelo de pele desenvolvido, no ensaio de irritação cutânea da 

fucoxantina e propor a utilização de novos biomarcadores por expressão 

gênica (interleucinas, EGFR, HSPB1 e NAT1) para a identificação de 

agentes irritantes nos tecidos;  

4. Aplicar o modelo de pele desenvolvido, no ensaio de irritação cutânea da 

terbinafina;  

5. Adaptar o ensaio de irritação cutânea da terbinafina para o chip  microfluídico 

associando ao modelo de pele o modelo de fígado (HUMIMIC), incluindo 

avaliação de outros biomarcadores (LDH, lactato, glicose, albumina, 

enzimas do CYP450), visando avaliar toxicidade sistêmica inerente a 

aplicação tópica. 
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4.1. Capítulo 1 - Avaliação de 

fotoestabilidade, potencial fotoprotetor e 

fototóxico da fucoxantina por métodos in 

vitro
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Abstract: Fucoxanthin possesses a well-described antioxidant activity that might be 

useful for human skin photoprotection. However, there is a lack of scientific 

information regarding its properties when applied onto human skin. Thus, the 

objective of the present study was to assess the photoprotective and phototoxicity 

potential of fucoxanthin based on its ultraviolet (UVB 280–320 nm; UVA 320–400 nm) 

and visible (VIS 400–700 nm) absorption, photostability, phototoxicity in 3T3 mouse 

fibroblast culture vs. full-thickness reconstructed human skin (RHS), and its ability to 

inhibit reactive oxygen species formation that is induced by UVA on HaCaT 

keratinocytes. Later, we evaluated the antioxidant properties of the sunscreen 

formulation plus 0.5% fucoxanthin onto RHS to confirm its bioavailability and 

antioxidant potential through the skin layers. The compound was isolated from the 

alga Desmarestia anceps. Fucoxanthin, despite presenting chemical photo-instability 

(dose 6J/cm2: 35% UVA and 21% VIS absorbance reduction), showed acceptable 

photodegradation (dose 27.5 J/cm2: 5.8% UVB and 12.5% UVA absorbance 

reduction) when it was added to a sunscreen at 0.5% (w/v). In addition, it increased 

by 72% of the total sunscreen UV absorption spectra, presenting UV-booster 

properties. Fucoxanthin presented phototoxic potential in 3T3 fibroblasts (mean photo 

effect 0.917), but it was non-phototoxic in the RHS model due to barrier function that 

was provided by the stratum corneum. In addition, it showed a significant inhibition of 

ROS formation at 0.01% (p < 0.001), in HaCat, and in a sunscreen at 0.5% (w/v) (p < 

0.001), in RHS. In conclusion, in vitro results showed fucoxanthin protective potential 

to the skin that might contribute to improving the photoprotective potential of 

sunscreens in vivo. 

Keywords: antioxidant; fucoxanthin; phototoxicity; photostability; reconstructed 
human skin 

 

1. Introduction 

Concerning ultraviolet (UV) damage, at the beginning of this century, not many 

compounds were available for the protection against UVA (320-400 nm) radiation and, 

in response to the growing concern regarding the additional damage that is caused by 

this radiation, various UVA filters are now available for formulations worldwide. 

However, the number of UVA filters allowed in the USA is quite limited [1,2]. Another 

perspective is related to the fact that few compounds offer UVA I (340–400 nm) and 
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visible (VIS 400–700 nm) light protection, with increasing evidence of the harmful 

effects of VIS light on the skin. Liebel and co-workers [3] showed that VIS light induced 

the generation of high levels of free radicals in humans and of proinflammatory 

cytokines in vitro. 

Even conventional sunscreens containing UVA and UVB filters, active ingredients 

that absorb or reflect UV, do not entirely block the UV radiation that reaches the skin 

[4]; additionally, they can undergo photodegradation and produce reactive oxygen 

species (ROS) with a phototoxic potential [5]. Besides that, some UV filters have 

controversial data regarding their skin permeation, estrogen-like effects, and induction 

of cutaneous sensitization and photosensitization [6,7]. They might have harmful 

impact not only on the human skin, but also on marine life and coral reefs, other aquatic 

ecosystems, like phytoplankton, marine diatom, and alga growth [8,9]. In 2018, the 

governor of Hawaii banned the in-state sale of sunscreens containing either 

oxybenzone or octinoxate, suspected to harm coral reefs [10]. After Hawaii, Florida 

and Key West followed this trend. This movement has stimulated the urgent research 

on alternatives and possibly eco-friendly photoprotective compounds [10].  

Following this trend, natural and biocompatible UV filters have led to research on 

carotenoids that could be interesting in the development of new UV filters or UV 

boosters to increase the protection or performance of sunscreens [11]. Booster is a 

term that is currently used in the cosmetic field to define substances that, in small 

amounts, are capable of increasing the effectiveness of some other products [11] (i.e., 

increasing the effects of UV filters protecting the skin from sunlight-induced ROS 

production). 

Fucoxanthin absorbs from 320 to 500 nm (UVA I to VIS, 448 nm max) and its action 

might avoid UVA-induced photoaging and protect from VIS- induced ROS production 

[2,12]. Since fucoxanthin contains an alene bond, a conjugated carbonyl group, one 

5,6-monoepoxide, and an acetyl group, there is a biological potential that is associated 

with this structure of the molecule when orally administered [13]. It has been reported 

that this carotenoid shows intense antioxidant activity, as well as anti-inflammatory, 

anti-obesity, anti-diabetic, anti-tumor, antihypertensive, and anticancer properties 

[13,14]. Many authors have suggested the photoprotective effect of fucoxanthin on the 

skin, including protection against UVB-induced damage when 0.001% of fucoxanthin 

is applied to hairless mice [15]. However, its topical properties and safety for the human 

skin are still unknown.  
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Alternative in vitro methods validated for preclinical trials are being used to predict 

the safety and efficacy of unknown natural compounds instead of using animal models 

to evaluate the potential risk of a test chemical. The use of skin models is 

physiologically relevant in drug development, since it provides better prediction of 

human skin safety [16], besides ethical and economic concerns. Thus, for phototoxicity 

prediction, the recommended in vitro tiered strategy, including monolayer fibroblast 

3T3 Neutral Red Uptake Phototoxicity (3T3 NRU PT) and reconstructed human 

epidermis (RHE), allows for the identification of phototoxic potential without animal 

testing [5,17,18]. Nevertheless, RHE does not present the dermal component, which 

is essential for many epidermal characteristics and proper skin functionalities, including 

the improvement of barrier function [19]. In our study, we replaced RHE with 

reconstructed human skin (RHS) to confirm the ability of the latter to detect the 

phototoxicity potential. Besides the evaluation of fucoxanthin photosafety, we 

evaluated the photoprotective potential of this molecule by its photostability under 

different irradiation exposure and when used in a sunscreen formulation. Additionally, 

we evaluated the maximal antioxidant potential of this molecule onto immortalized 

human keratinocytes (HaCat) cells, determining the ideal concentration range that is 

to be used for this effect. Later, we evaluated the antioxidant properties of the 

sunscreen formulation plus 0.5% fucoxanthin onto RHS to confirm its bioavailability 

and antioxidant potential through the skin layers.  

Thus, the objective of the present study was to assess the photoprotective and 

phototoxicity potential of fucoxanthin based on its UV/VIS absorption, photostability, 

phototoxicity in 3T3 mouse fibroblast culture vs. full-thickness RHS, and its ability to 

inhibit reactive oxygen species formation that is induced by UVA on HaCaT 

keratinocytes. 

 

2. Materials and Methods 

2.1. Alga Material 

During the expedition of 2011 (January 4th, managed by the project PROANTAR 

(Programa Antártico Brasileiro), the researchers collected 69.00 grams of D. anceps 

(wet) at the Punta Plaza location—Antarctic Continent (Admiralty Bay 62°04’14.5’’–

62°10’03.5’’S and 58°20’15’’–58°27’60’’W). The material was frozen until the time for 
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transportation to our laboratories in Brazil, at the Laboratory of Organic Chemistry of 

the Marine Environment-Support Center for Research in Natural and Synthetic 

Products, School of Pharmaceutical Sciences of Ribeirão Preto (LQOAM-NPPNS, 

FCFRP-USP). The investigators preserved a sample of the material that was collected 

in a solution of formaldehyde with 4% seawater for morphological studies and the 

preparation of vouchers. They identified the macroalgae according to the standard 

taxonomic methodology in the Phycology Session and deposited exsiccates in the 

Phycological Herbarium of the Botanical Institute of São Paulo (SP), Brazil. 

2.2. Extraction and Fractionation 

We used a mass of 69.00 g (wet weight) to obtain the extract. The material was 

freshly thawed and washed with distilled water under a vacuum filter. Subsequently, it 

was fragmented and then extracted with the organic solvent dichloromethane (CH2Cl2): 

methanol (MeOH) (2:1) for 30 min. under stirring, in a thermal blanket with controlled 

temperature (not exceeding 30 °C). The material was filtered and extracted two more 

times while using ultrasound equipment for 15 minutes in the third procedure. We 

concentrated the organic D. anceps extract in a rotary evaporator under low pressure 

(Büchi R-300, Buchi Labotechnik, Flawil, Switzerland) and subjected it to a classical 

chromatographic column—30 cm with stationary phase Silica Gel 40–63 μm/ASTM 

Macherey-Nagel (Merck, Darmstadt, Germany), with a polarity gradient using n-

hexane, ethyl acetate (EtOAc), and methanol (MeOH) (JT Baker, Port of Spain, 

Trinidad Y Tobago) to fractionate the extract. 

2.3. Carotenoid Isolation 

For the identification of fucoxanthin, the highest colored mass fractions were 

subjected to Electrospray Ionization Mass Spectrometry (ESI-MS) techniques 

(amaZon SL, Bruker, Bil-lerica, MA, USA). To isolate the carotenoid, we employed 

high-performance liquid chromatography (HPLC), analytical, and semi-preparative 

analyses while using two different types of equipment with three different columns. The 

first instrument and column used to yield the sub-purified fractions was a Shimadzu 

Chromatograph Model SCL-10AVP that was equipped with a Shimadzu diode array 

UV-VIS detector DAD (SPD-M10 AVP, Shimadzu, Kyoto, Japan), a computerized 

integration system Class-VP software 5.02 (Shimadzu, Kyoto, Japan) and the following 

chromatographic columns: analytical Supelco C-18 (25 cm × 4.4 mm, 5 μm) and semi-
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preparative LC-18 Supelco (25 cm × 10 mm, 5 μm). The second analytical column was 

Polar RP column (100 mm × 3 mm, 5 µm) that was used to define a method to purify 

the carotenoid (from chlorophyll “a” as a contaminant). The second instrument was 

Shimadzu chromatograph (Shimadzu, Kyoto, Japan), Prominence model, CBM-20th 

controller, SPD-20th detector UV/VIS, with two pumps (LC-6AD), an FCR-10th 

automatic collector DGU-20A5 degasser and LC-Solution Single Software, a semi-

preparative column Synergi Polar-RP (250 mm × 10 mm, 4 mm), and a semi-

preparative Polar-RP guard column (10 × 10 mm, 4 mm), both being from 

Phenomenex® (Torrance, CA, USA). 

2.4. Stability 

2.4.1. UV Absorption 

Solutions of 100 μg/mL of extract (the ideal concentration for maximal absorbance 

around 1 AU), fractions, and fucoxanthin alone in isopropanol were analyzed with a 

spectrophotometer in the 280 to 700 nm range for the determination of the UV 

absorption spectra.  

2.4.2. Photostability Studies 

For the determination of photostability, we studied the crude D. anceps extract, the 

fraction Fr15 containing fucoxanthin, and fucoxanthin that were isolated from this 

fraction in an isopropanol solution at 100 μg/mL or dissolved in a sunscreen formulation 

at 0.5% (w/v). For the photostability studies in an organic solution, 1 mL of each 

solution sample was added to glass beakers and then subjected to solvent evaporation 

until a dried film was obtained. The samples were then submitted or not to UV radiation 

of 7 mW/cm2 emitted from a Philips UVA lamp Actinic BL/ 10 (Eindhoven, Netherlands) 

measured with a Dr. Hönle radiometer (Planegg, Germany) equipped with a UVA 

sensor [20–23]. For the D. anceps extract and Fr15, we applied a cumulative dose of 

27.5 J/cm2. That dose is recommended as being similar to 66 min. of exposure to 

sunlight at midday (6.94 mW/cm2) on a typical September sunny day in the Ribeirão 

Preto, Brazil—latitude 21°10'39" south and longitude 47°48'37" west [4,23]. We applied 

a cumulative dose of 6 J/cm2 to determine the photostability of fucoxanthin in 

isopropanol (the dose recommended for phototoxicity studies and similar to 14 min. of 

exposure to sunlight at midday in the Ribeirão Preto region). Each beaker subjected 
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to irradiation had a negative control that was sheltered from light. After irradiation, the 

dried film was resuspended in 1 mL of solvent, and the absorption spectrum of the 

solutions in the 280 to 700 nm range was analyzed. For the photostability study of 

fucoxanthin in a sunscreen formulation, we prepared the formulation base with a self-

emulsifying wax (cetearyl alcohol, cetearyl glucosyde) and a liquid polymer 

(hydroxyethyl acrylate, sodium acryloyldimethyltaurate copolymer, squalane, and 

polysorbate 60), and, in the presence of the following UV filters: 4% avobenzone, 6% 

octocrylene, 8% octyl methoxycinnamate, and 3% octyl triazone, representing 

formulation “F3” in the Freitas [22] et al. (2015) study. We proceeded as indicated in 

the cited study to perform the photostability study using a sunscreen, spreading the 

preparation onto an area of 10 cm2 (approximately 4 mg/cm2) of a glass plate and then 

left to dry for 15 min. before exposure to a UVA dose of 27.5 J/cm2. We used the area 

under the curve (AUC), which is the integral of the absorption spectrum of the samples 

in the UVB (280–320 nm), UVA (320–400 nm), and VIS (400–700 nm) ranges using 

the integration function of the MicroCal OriginPro Software (8 SRO, OriginLab 

Corporation, Northampton, MA, USA) to calculate the photostability [24]. We 

expressed the results as a percentage of the area of irradiated samples related to the 

area of non-irradiated samples. 

2.5. Toxicity and Efficacy 

2.5.1. Phototoxicity Test in 3T3 Mouse Fibroblast (3T3 NRU PT) 

In this test, fibroblasts of the Balb 3T3 clone A31 that were provided by Banco de 

Células do Rio de Janeiro, BCRJ code 0047 (Rio de Janeiro, Brazil) cultured on two 

96 well microtiter plates were pre-incubated with eight different concentrations of the 

test chemical (6.8–100 μg/mL) for one hour. We exposed one plate to a UVA irradiation 

dose of 9 J/cm2 (SOL-500 sun simulator that was equipped with a metal halide lamp 

and H1 filter, Dr. Honle AG, Planegg, Germany), while another one was kept in the 

dark. The determination of cell viability comparing the plates determinates the 

substance cyto- and phototoxicity [5,25]. Based on the historical data that was 

produced in our laboratory, we defined this dose as a dose high enough to elicit a 

phototoxic response in positive controls and as a dose that did not produce interference 

higher than 20% in cell viability, as recommended by the Organisation for Economic 

Co-operation and Development (OECD) [26]. We measured UVA radiation with the 
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same radiometer mentioned before. For concentration-response analysis, we 

employed the Phototox Version 2.0 software, obtained from Zentralstelle zur Erfassung 

und Bewertung von Ersatz- und Ergänzungsmethoden zum Tierversuch (ZeBeT, 

Berlin, Germany) that calculates the photoirritation factor (PIF) and mean photo effect 

(MPE). According to the OECD Test Guideline 432, a substance is predicted to be 

phototoxic if MPE is higher than 0.15 or the PIF is higher than 5. A test substance with 

an MPE > 0.1 and < 0.15 (PIF > 1 and < 5) is predicted to be “probably phototoxic” 

[26]. The positive control was norfloxacin purchased from Sigma–Aldrich (St. Louis, 

MO, USA) [26]. 

 

2.5.2. Reconstructed Human Skin Model (RHS)  

The ethics committees of Human Research Ethics Committee of Faculty of 

Pharmaceutical Sciences of Ribeirão Preto, São Paulo, Brazil approved the 

experimental procedures using primary human fibroblasts and keratinocytes from 

donated foreskins with informed consent from legal representatives and ethics 

approval conforming to the principles of the Declaration of Helsinki (CAAE n°: 

55438216.0.0000.5403). We constructed the dermal equivalent with 3.6 × 105 

fibroblasts, 5% fetal bovine serum (Gibco, Life Technologies, Carlsbad, CA, USA), and 

rat-tail type I collagen (Corning, Tewksbury, MA, USA) enough to 3 mL per insert six-

well-plate-size (Corning, Tewksbury, MA, USA). After 2 h, we added 2.9 × 106 of the 

primary human keratinocytes on top of the dermis equivalent using 2 mL of 

keratinocyte medium. They were kept submerged for 24 h. Next, the culture was 

maintained at the air-liquid interface for 12 days to allow for keratinocytes 

differentiation [27].  

2.5.3. Phototoxicity Test in RHS 

On the 10th day of tissue cultivation, the skin models were exposed to fucoxanthin 

solubilized in c12-c15 alkyl benzoate (0.5%, v/v), which is a vehicle that is commonly 

used to solubilize lipophilic chemicals in cosmetics [5]. Sterile filter discs 16 mm in 

diameter were soaked in 50 µL test chemicals (c12–c15 alkyl benzoate) and directly 

applied to the stratum corneum of the skin models. Ketoprofen at 3% in alkyl benzoate 

is phototoxic and it was used as a positive control. Twenty hours after application of 

the test substances, the skin models were rinsed with phosphate-buffered saline 
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(PBS), dried with a sterile swab, and then transferred to fresh wells with the medium. 

The skin models were irradiated (sun simulator mentioned before) with 6 J/cm2, the 

dose that was recommended by Kandarova and Liebsch [28], as necessary to produce 

a phototoxic response in the positive controls without damage to the tissue and the 

one used to pre-validate the test in 1999 by European Centre for the Validation of 

Alternative Methods (ECVAM) [29]. We measured UVA radiation with the same 

radiometer mentioned before, while we kept the non-irradiated plates in a dark box. 

2.5.4. Viability Assay 

RHS viability was measured by the end of the experiment of phototoxicity. It was 

determined by measuring the metabolic activity of the constructs after exposure and 

post-incubation while using a colorimetric test. The reduction of mitochondrial 

dehydrogenase activity was assessed via the decreased formazan production 

following incubation with MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide, Sigma‐Aldrich, Cotia, Brazil). The formazan production was measured at 570 

nm. We exposed other constructs in every batch to fucoxanthin, but not to MTT, to 

evaluate the ability of fucoxanthin to stain the constructs under test conditions. The 

formazan readings were corrected by the fucoxanthin-related optical densities (O.D.) 

and compared to those of negative control RHS [30]. The data are presented as 

relative viability according to equation 1, where “O.D.a” is from tissues treated and 

“O.D.b” is the mean of untreated tissues. 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =  100 ×  𝑂. 𝐷. 𝑎
𝑚𝑒𝑎𝑛 𝑂. 𝐷. 𝑏⁄  (1) 

2.5.5. HaCat Antioxidant Activity by Detection of Intracellular ROS using DCFH2-DA 

The keratinocytes HaCaT that were provided by Banco de Células do Rio de 

Janeiro, BCRJ code 0341 (Rio de Janeiro, Brazil) were seeded in two 96-well plates 

at a density of 1 × 105 cells/well and then incubated at 37 °C in a 5% CO2 atmosphere 

for 24 h. Subsequently, cells were treated for one hour with fucoxanthin at 0.1, 1, 10, 

and 100 µg/mL (the same range of concentrations used for 3T3 NRU PT of 6.8–100 

µg/mL). Next, we incubated the plates with the probe 2’,7’-dichlorodihydrofluorescein 

diacetate (DCFH2-DA) (10 µM) in the dark for 30 min. for permeation into the cell. After 

the period of incubation, we irradiated one plate with 4 J/cm2 of UVA radiation (sun 

simulator), while the other one we kept in dark box. Immediately after irradiation, 
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fluorescence intensity was measured with a microplate reader (BioTek Synergy HT, 

Winooski, VT, USA) at an excitation wavelength of 485 nm and emission wavelength 

of 528 nm [31,32]. We expressed the results as percent fluorescence intensity when 

compared to the untreated control irradiated, which was considered to be 100%. 

Norfloxacin (100 µg/mL) and quercetin (10 µg/mL) were used as controls. All of the 

experiments were carried out in triplicate in three independent experiments. The 

experimental data was analyzed statistically by analysis of variance (ANOVA), a 

parametric test, followed by Tukey’s test. 

2.5.6. RHS Antioxidant Activity by Detection of Intracellular ROS using DCFH2-DA  

The RHS were incubated with the DCFH2-DA probe in PBS (50 µM) in the dark for 

45 min. After PBS washing, the tissues were treated with sunscreen with fucoxanthin 

at 0.5% (as described in 2.3.2 item) and the control was the sunscreen formulation 

without it, for 1 h. Subsequently, they were subjected to a dose of 10 J/cm2 of UVA 

radiation, while control tissues were kept in the dark. Immediately after the irradiation 

period and PBS washing, the tissues were frozen in liquid nitrogen and 10 mm cryostat 

sections were made. The fluorescence intensity was measured while using a Ti-S 

inverted Microscope (Nikon Instruments Inc., Amsterdan Netherlands), 488 nm, at 100 

ms exposition intensity. The images were quantified using Image J software [33,34]. 

The results were normalized to area/pixels and expressed in a percentage of 

fluorescence intensity in comparison to the irradiated and non-irradiated untreated 

controls. 

3. Results 

3.1. Extraction and Fractionation 

We obtained the dry extract (1.29 g) from fresh wet alga material (69.00 g), with a 

yield of 2.31%. Next, 1.15 g of the extract was submitted to fractionation in a classical 

column, which resulted in 40 fractions. We selected fractions that yielded higher weight 

to have enough mass for all of the following tests; firstly, the selected fractions were 

screened in terms of their UV spectra. 
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3.2. UV Spectra 

D. anceps extract presented absorption in the region of interest for photoprotection 

(280–400 nm), especially in the UVA and in the visible range (Figure 1a). Concerning 

brown algae, the typical absorptions in the regions of 400 nm and 660 nm (areas of 

blue and red, respectively) are due to the presence of carotenoids and chlorophylls, 

especially “chlorophyll a”, which is common to all photosynthetic organisms having a 

maximum absorption at 420 and 660 nm, respectively. Chlorophyll type “a” is 

predominant in algae due to its central role in the conversion of photochemical energy, 

while the chlorophyll “c” efficiently participates in photosynthesis as an accessory 

pigment (similar to the role of chlorophyll “b” in plants or green algae) [14].  

The spectral composition of light is crucial for photoprotection mechanisms and 

photosynthetic efficiency and, thus, for the pigment content of macroalgae as well. 

According to Kuczynska et al. [35], different structures of chlorophyll “c” are 

responsible for its intense absorption in the region of 530 nm; also, a peak in the 680 

nm region (Figure 1a) could be related to “chlorophyll a”. Carotenoids, on the other 

hand, exhibit intense absorption between 400 and 500 nm, after fractionation (Figure 

1b), F15, F15a, F2, and F3a showed high UVA I/VIS absorbance.  

 

 

Figure 1. Absorption spectra of (a) The alga D. anceps crude extract; 

isopropanol solution, 100 μg/ mL; (b) The fractions obtained from this crude 

extract presented different spectrum profiles; F = fraction, numbers ordered by 

elution (nonpolar to polar “a” indicates the second day of the extraction. 

Representative curves from triplicates. 
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3.3. Identification and Isolation of Fucoxanthin 

The high-resolution molecular mass spectrum (electrospray ionization, ESI) 

corresponding to the molecular weight of fucoxanthin, 658.90 g/mol, was identified 

based on the fragment pattern at m/z 659.4241 and 681.3878 corresponding to [M + 

H]+ and [M + Na]+ in the fractions F15 and F15a. We subjected the isolated fucoxanthin 

to NMR spectroscopy for its structural determination while comparing it with the 

literature (Table 1). The complete assignments of the 1H and 13C NMR spectra of 

fucoxanthin revealed signals that were assignable to polyene containing acetyl, 

conjugated ketone, olefinic methyl, two quaternary germinal oxygen methyls, two 

quaternaries geminal dimethyl, and allene groups. The NMR data are in line with the 

findings of Xia and coworkers [14] and Mori and coworkers [36], which suggested that 

fucoxanthin isolated from the alga D. anceps is mainly present in the all-trans form. By 

their coloring feature, other pigments, such as any xanthophyll common to brown 

algae, such as cis-fucoxanthin, diadinoxanthin, diatoxanthine, and β-carotene, could 

be present in the alga extract in addition to fucoxanthin [12]. These carotenoids also 

have a maximum absorption peak around 448 nm, as is the case for chlorophylls (b), 

(c), and (a), which are the main chlorophyll pigments in algae [14]. For the isolation of 

fucoxanthin from other carotenoids and chlorophylls, we performed an analytical 

chromatographic analysis with an exploratory method to verify the presence of 

compounds that absorb near 450 nm of fractions F15/F15a (higher yield and 

absorbance at 448 nm). 
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Table 1. Nuclear magnetic resonance of hydrogen and carbon (NMR 1H and 

13C) of fucoxanthin (500 and 125 MHz, CDCl3) in comparison with literature 

data (400 and 67.5 MHz, CDCl3). 

Position 
1H (δ; mult; J-Hz) 13C (δ) 

Literature * Fucoxanthin Literature * Fucoxanthin 

1    35.6 35.5 

2 
ax 
eq 

1.36 dd (8.7; 14.2) 1.36 m 46.9 46.9 

3  3.80 m 3.84 m 64.2 64.0 

4 
ax 
eq 

1.77 dd (8.7; 14.2) 
2.29 dd (2.9; 17.8) 

1.77 dd (9.1; 13.9) 
2.30 t (13.5) 

41.5 41.3 

5    66.0 67.0 
6    66.9 66.8 

7  
3.64 d (20.4) 
2.59 d (20.4) 

3.65 d (18.4) 
2.60 d (18.4) 

40.6 40.0 

8    197.7 197.7 
9    134.3 134.4 

10  7.14 d (12.8) 7.15 d (10.4) 139.0 139.0 
11  6.58 m 6.57 m 123.2  
12  6.66 t (12.8) 6.66 t (11.3) 144.9 144.9 
13    135.3  
14  6.40 d (11.6) 6.41 d (11.7) 136.6 136.4 
15  6.67 m 6.66 m 129.3  
16 −Me 1.02 s 1.03 s 24.9 24.4 
17 −Me 0.95 s 0.96 s 28.0 28.0 
18  1.21 s 1.21 s 21.0 21.0 
19  1.93 s 1.93 s 11.7 11.7 
20  1.98 s 1.99 s 12.8 12.7 

C-3’OAc −Me 2.03 s 2.03 s 21.3 21.6 
1’    35.0 35.5 

2’ 
ax 
eq 

1.41 dd (10.4; 14.9) 
2.00 dd (2.9; 14.9) 

1.42 d (11.9) 
1.99 m 

45.2 
45.3 

 
3’  5.37 tt (8.8; 12.0) 5.38 m 67.8 67.7 

4’ 
ax 
eq 

1.53 dd (10.4; 14.9) 
2.29 dd (2.9; 17.8) 

1,51 t (11.9) 
2.30 m 

45.1 45.1 

5’    72.6 72.5 
6’    117.3 117.3 
7’    202.2  
8’  6.04 s 6.05 s 103.2 103.1 
9’    132.4 132.3 

10’  6.12 d (11.6) 6.13 d (11.1) 128.4 128.1 
11’  6.71 t (12.0) 6.75 t (12.1) 125.5  
12’  6.34 d (11.6) 6.35 d (15.0) 137.0 136.4 
13’    138.0  
14’  6.26 d (11.6) 6.27 d (11.5) 132.0  
15’  6.71 dd (12.0; 14.2) 6.75 t (13.7) 132.4  
16’ −Me 1.37 1.38 s 29.0 29.2 
17’ −Me 1.065 1.07 s 31.9 32.0 
18’  1.345 1.34 s 31.1 31.2 
19’  1.805 1.81 s 13.9 13.9 
20’  1.985 1.98 s 12.8 12.7 
21    170.0 170.4 

* Mori and coworkers, 2004 [36]. 
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We established the method after optimization of analytical chromatographic 

elution: acetonitrile and water permitted sub-fractionation. The peak with the 47 min. 

retention time eluted the substance of interest that was monitored by absorption (λ max 

~ 450 nm) (Supplementary Figure S1); chlorophyll, (a; c) together with fucoxanthin. 

Since these algal pigments are complexed, there is greater difficulty in separating them 

with superior purity [14]. However, after we modified the stationary phase, the mobile 

phase, and optimized the method employed in analytical chromatographic elution, we 

could separate them with a rough interval of 3 min (Supplementary Figure S2 or S3).  

3.4. Photostability Studies 

When irradiated with UVA at 27.5 J/cm2, the crude extract was considered to be 

photo unstable in the UV/VIS range (more than 20% reduction), since there was a 

28.5%, 43.2%, and 33.7% decrease in UVB, UVA, and VIS absorption, respectively 

(Figure 2a, Table 2). Fraction F15 (fucoxanthin rich fraction) with maximal absorbance 

around 450 nm was considered to be photostable in UVB, with only a 4% decrease of 

absorbance; however, it was photo unstable in the UVA/VIS regions with 44% and 49% 

absorbance depletion, respectively (Figure 2b, Table 2). We then evaluated 

fucoxanthin that was isolated in isopropanol solution using the same UVA dose used 

to induce phototoxicity to RHS (6 J/cm2), in order to compare both of the experiments. 

With this lower dose, we observed no degradation in the UVB region, 35% in the UVA 

region, and 21% in the VIS region; the depletion of absorption of the isolated compound 

was not in the range considered to be photostable (Figure 2c) [2,4,37]. We repeated 

the photostability assay applying 0.5% (w/v) of pure fucoxanthin in a sunscreen 

formulation, formulation 3 (F3), based on the photostability studies of Freitas et al. [2]. 

The final sunscreen formulation was yellow-colored, but it was not able to stain the 

skin. When we added this marine carotenoid to a sunscreen formulation and irradiated 

with 27.5 J/cm2, it was considered photostable (5.8% reduction in UVB and 16.5% 

reduction in UVA). However, since the sunscreen alone only provoked a reduction in 

the UVA absorption by 4%, the effect of fucoxanthin on UVA region was considered to 

be the difference of 12.5%. Additionally, the sunscreen with fucoxanthin increased the 

general UV absorbance by 72% compared with the sunscreen alone, proving to act as 

a UV-booster by light-absorbing effect, Figure 2d. 
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Figure 2. Photostability studies based on the electromagnetic spectrum of the 

samples irradiated (yellow line) or not (blue line). (a) D. anceps extract in 

solution irradiated or not with 27.5 J/cm2. (b) Fr15 fraction containing 

fucoxanthin in solution irradiated or not with 27.5 J/cm2. (c) Fucoxanthin (Fx) 

in solution irradiated or not with 6 J/cm2. (d) Fx in a sunscreen formulation vs. 

sunscreen alone (dashed line) irradiated or not with 27.5 J/cm2; n = 3, three 

independent experiments. 

Table 2. Reduction of absorbance after irradiation with different doses of UVA 

light expressed in percentage. Calculation considering the Area Under the 

Curve (AUC) between samples irradiated or not in triplicates. 

Sample 
Irradiation Dose 

(J/cm2) 

Mean of the Reduction of 
Absorbance after Irradiation (%) 

UVB UVA VIS 

Crude Extract 27.5 28.5 43.2 33.7 

Fraction F15 * 27.5 4.0 44.0 49.0 
Fucoxanthin 

Isolated 
6 ** 0.0 35.0 21.0 

Fucoxanthin in 
Sunscreen 

27.5 5.8 16.5 NE 
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* fucoxanthin rich fraction, ** dose defined as enough to induce phototoxic 

responses, NE: Non-evaluated (sunscreen with absence of absorbance in the 

VIS range). 

3.5. Phototoxicity in the Monolayer and RHS Assays 

The prediction model classified the positive control (norfloxacin) as phototoxic and 

within the MPE range that was recommended by the OECD Test Guideline 432 (0.340 

to 0.900) [26]. The crude extract was considered cytotoxic (IC50-UV 2.7 µg/mL), and 

its phototoxicity could not be assessed since it compromised all the cells when 

evaluated in the concentration range of 6.4 to 100 g/mL (Table 3). Fraction F15a 

containing fucoxanthin was considered less cytotoxic than the crude extract (IC50 − UV 

26.12 and 25.22 µg/mL) but was deemed to be phototoxic (MPE: 0.343 and 0.478). 

Fucoxanthin only showed phototoxic potential (MPE: 0.920 and 0.915) and no 

cytotoxic potential (IC50 not determined in the range of 6.4 to 100 µg/mL) to fibroblasts 

3T3 (Table 3). 

Table 3. Data from the 3T3 fibroblasts phototoxicity assay of the promising 

alga fractions, pure fucoxanthin, and the positive control (norfloxacin). 

Chemical 
IC50 − 

UV 
IC50 + 

UV 
MPE PIF Result 

Extract 2.76 3.05 
−0.01

4 
0.90 cytotoxic 

Fraction F15a 26.12 4.45 0.343 7.08 
photo/cytoto

xic 

 25.22 2.59 0.478 16.13 
photo/cytoto

xic 
Fucoxanthin - 2.77 0.920 48.21 phototoxic 

 - 5.91 0.915 17.04 phototoxic 
Positive Control 

(Norfloxacin) 
- 2.487 0.615 43.75 phototoxic 

n = 1 or 2 independent experiments, -: values not determined in the studied 

concentration range 

Regarding the phototoxic potential of fucoxanthin, its molecular weight is high, 

658.90 g/mol, which indicated that this substance would have a reduced bioavailability 

through the stratum corneum and stratified keratinocytes layers of the skin, which could 

lead to the absence of phototoxicity in vivo when topically applied. To confirm this 

hypothesis, we evaluated fucoxanthin for the phototoxicity potential in the RHS model, 
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at 0.5% (w/v), which is within the concentration range that is usually employed for 

antioxidants in a cosmetic formulation (0.01–1%). 

RHE and RHS, due to the presence of a stratum corneum, appear to be capable 

of detecting known human dermal phototoxicants. Consequently, under adequate test 

conditions, a negative result in a 3D skin model indicates that the acute photoirritation 

potential of the formulation can be regarded as low. In this case, negative test results 

do not generally preclude further clinical photosafety assessment while using the to-

be-marketed formulation [29]. 

The positive phototoxic control 3% ketoprofen was correctly classified, since it 

showed a reduction of approximately 41% in cell viability when compared to the non-

irradiated tissue, which is higher than the cut off value of 30% reduction that was 

determined for the assay (Figure 3). In contrast, fucoxanthin reduced less than 30% in 

cell viability and showed 8.7% difference between the irradiated and non-irradiated 

RHS models, proving to be non-phototoxic at this concentration onto RHS. 

 

Figure 3. Phototoxicity assay using in-house Reconstructed human skin 

(RHS)—MTT assay, the positive control 3% ketoprofen was phototoxic (∆ > 

cut-off 30%) and 0.5% fucoxanthin was non-phototoxic (cell viability ~ 99%) 

when irradiated (yellow bar) or not (blue bar), mean ± SD, n = 2 in two 

independent experiments. 

3.6. HaCat Antioxidant Activity by Detection of Intracellular ROS using DCFH2-DA 

After the non-phototoxic response that was observed in the RHS, the protective 

effect of fucoxanthin was evaluated by the detection of intracellular ROS immediately 

after UVA radiation using a probe 2’,7’-DCFH2-DA in keratinocytes HaCat. The dose 
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of 4 J/cm2 used was defined by many authors, including Chignell and Sik [38], after no 

significant difference in viability was observed between control cells and cells exposed 

to this dose higher than 20%, while an increase in the DCF photochemical reactions 

(ROS formation) was observed [38]. Cellular esterases hydrolyze the probe that is cell-

permeable to the non-fluorescent DCFH derivative [39]. In the presence of hydrogen 

peroxide, hydroxyl radicals, carbonate, and nitrite, DCFH is oxidized to the highly 

fluorescent DCF, which can be monitored by several fluorescence-based techniques 

derivative [39,40]. The results demonstrated that UVA radiation-induced ROS 

generation in the keratinocyte cell line (100%) when compared to the untreated control 

non-irradiated. The positive control norfloxacin (100 µg/mL) induced an increase of 

ROS production of around 25% in comparison to the untreated irradiated control 

(Figure 4). On the other hand, the antioxidant quercetin (10 µg/mL) induced a reduction 

of ROS generation of around 46% after UVA irradiation (Figure 4). The treatment with 

fucoxanthin at 1, 10, and 100 µg/mL induced a significant reduction of ROS production 

of about 17%, 15%, and 65%, respectively, when compared to the untreated irradiated 

control (p < 0.001) (Figure 4). However, this effect was not observed for fucoxanthin 

0.1 µg/mL, a dose that provided a reduction of 12%, which was not considered 

statistically significant when compared to the control (p > 0.05). Furthermore, treatment 

with fucoxanthin at 100 µg/mL induced the maximal reduction of ROS production, 

which was statistically different from the other studied concentrations (0.1, 1, and 10 

µg/mL) (p < 0.001). 
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Figure 4. Intracellular Reactive Oxygen Species generation in HaCat after 

UVA irradiation (4 J/cm2) using a fluorescent probe DCFH2-DA; untreated 

irradiated (+UV) and non-irradiated (−UV); norfloxacin—Nor (control); 

quercetin—Quer (control); fucoxanthin—Fx. Where “*” means significantly 

different from untreated control irradiated (+UV) (p < 0.001) and “**” 

significantly different from fucoxanthin at 0.1, 1, and 10 µg/mL (p < 0.001). 

Mean ± SD, n = 3 in three independent experiments. 

3.7. RHS Antioxidant Activity by detection of intracellular ROS using DCFH2-DA  

Following the same mechanism of the probe DCFH2-DA, but this time with a 

sunscreen containing or not 0.5% of fucoxanthin applied in RHS tissues [33,34], the 

results demonstrated that the UVA radiation increased ROS generation in the 

untreated RHS control irradiated when compared to the untreated and not irradiated 

control (p > 0.05), (Figure 5, 6a, and 6b). On the other hand, the sunscreen containing 

fucoxanthin 0.5% (w/v) induced a significant reduction of ROS generation after UVA 

irradiation when compared to the untreated control irradiated (+UV) and when 

compared to the sunscreen without fucoxanthin (Figure 5, 6a and 6d). RHS models 

only treated with sunscreen induced similar ROS production than untreated control 

irradiated (+UV) (p > 0.05) (Figure 5, 6c, and 6d).  
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Figure 5. Reconstructed human skin after UVA irradiation (10 J/cm2) using a 

fluorescent probe DCFH2-DA. Reactive Oxygen Species generation quantified 

by the fluorescent intensity in pixels/area. Untreated (blue bar non-irradiated 

and yellow bars irradiated); sunscreen and sunscreen plus 0.5% fucoxanthin 

(Fx). Where “*” means significantly different from untreated irradiated (+UV) 

and from sunscreen treated models (p < 0.001). Mean ± SD, n = 3 in three 

independent experiments. 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 6. Representative reconstructed human skin (RHS) sessions (10 µm) 

exposed to a fluorescent probe DCFH2-DA and submitted or not to UVA 

irradiation (10 J/cm2)—(a) untreated non-irradiated; (b) untreated irradiated; 

(c) sunscreen irradiated; and, (d) sunscreen plus 0.5% fucoxanthin irradiated. 

Green fluorescent intensity represents the Reactive Oxygen Species (ROS) 

generation in the tissues. Scale bars = 100 µm, n = 3; three independent 

experiments. 
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4. Discussion 

The marine carotenoid fucoxanthin that was isolated in this study from the alga D. 

anceps was the main carotenoid present in this brown alga [41]. It absorbs in the 

UV/VIS region, which is interesting for photoprotection and presents promising 

antioxidant properties that are observed in mice reported in the literature [12]. In the 

present study, fucoxanthin was, for the first time, evaluated in vitro by the toxicological 

and photoprotective perspective of its use in the human skin using 3D RHS.  

Fucoxanthin showed photoinstability when being evaluated in an organic solvent. 

However, UV filters or boosters should be stable under UV exposure, since their 

exposure to sunlight might lead to photodegradation reactions that can compromise 

their physical properties and lead to the formation of undesirable photoproducts [42]. 

Zhang and Tang [43] discussed that the instability of carotenes is related to the poly 

chain conjugate and its susceptibility to oxidation, isomerization by heat, light, and 

chemical interactions. After analyzing the chemical UVA/VIS photoinstability of 

fucoxanthin, with degradation being over the acceptable range of 20% after a 6 J/cm2 

UVA dose, we added fucoxanthin at 0.5% to a sunscreen formulation to assess 

photostability at a 27.5 J/cm2 UVA dose. In this study, the sunscreen formulation that 

contains a combination of two UV filters considered to be photo unstable (avobenzone 

and ethylhexyl methoxycinnamate) was studied in order to assess the fucoxanthin 

capabilities of alteration in the photostability of this photo unstable combination. 

However, the sunscreen plus fucoxanthin showed acceptable photodegradation 

(Figure 2d). Surprisingly, besides that, we observed that the sunscreen plus 

fucoxanthin enhanced UVA and UVB absorption by 72%, showing in vitro booster 

properties of fucoxanthin that should be further investigated. 

According to ICH [44], the intrinsic photostability of a substance or product shall 

be demonstrated in such a way that exposure to light does not result in unacceptable 

changes [44]. 

Addressing the tiered strategy to assess acute phototoxicity according to ICH 

recommendations [18], 3T3 NRU-PT is the first step of the biological assays and it is 

considered to be a standalone test for negative results due to its high sensitivity (100%) 

for the identification of absence of phototoxic potential [45]. When a positive result is 

obtained, i.e. fucoxanthin showed a phototoxic potential (MPE: 0.917), a follow-up 

testing should be performed to obtain data with models that better reflect the human 



43 

 

situation, such as 3D skin models [45], since the 3T3 NRU-PT test is overestimated 

and it can produce false-positive results due to the lack of stratum corneum [28]. Firstly, 

our 3D full-thickness skin model proved to be able to detect the phototoxic potential of 

positive control, reducing the viability by more than 30% [28]. Secondly, fucoxanthin at 

0.5% did not present phototoxicity (Figure 4). Therefore, the combined phototoxicity 

assays (monolayer and RHS) suggest that fucoxanthin would not be phototoxic to the 

human skin at 0.5% due to the reduced bioavailability through the stratum corneum 

and in the stratified epidermis. It is important to mention that skin models are more 

permeable than human skin [46], which means that they hardly produce false-negative 

results, which is very important when predicting the toxic potential of unknown 

substances. In addition, the viable epidermis is made of keratinocytes, which are less 

sensitive than fibroblasts to xenobiotics and UV radiation.  

In the efficacy assay on monolayers, fucoxanthin not only did not harm the HaCat 

keratinocytes, but also protected the cells from UVA-induced ROS formation in a 

concentration-dependent manner (maximal effect at 0.01%) (Figure 4). The reduction 

in ROS production was probably due to its antioxidant properties under anoxic 

conditions, well described by other studies using in chemico (DPPH; ABTS) [14] and 

in vitro methods (HepG2, HaCat, PC12) [47]. While the other carotenoids have virtually 

no scavenging ability against ROS, fucoxanthin donates electrons as a part of its 

mechanism of capturing free radicals [12]. Furthermore, we also observed a significant 

reduction in the ROS production in RHS (complex 3D tissue) treated and irradiated 

with sunscreen plus fucoxanthin that we did not observe in the RHS that was treated 

with sunscreen alone (Figures 5 and 6). This suggests that fucoxanthin can also protect 

viable epidermis against UVA-induced ROS production, which is in agreement with the 

fucoxanthin protection observed in HaCat keratinocytes. These results could be 

considered to be very positive for the risk-benefit of its dermatological use, since 

fucoxanthin that reaches viable epidermis protects against UVA-induced ROS 

production (Figure 6d).  

Our study corroborates those reported before [48], which employed the HaCat cell 

line and hairless mice to study the UVB protective effects of commercial all-trans-

fucoxanthin (Sigma). They observed that fucoxanthin has anti-inflammatory activity by 

downregulating Cyclooxygenase-2 (COX-2) expression after UVB irradiation (mice) 

and a photoprotective effect against oxidative stress that is caused by UVB exposure 

via an increase of nuclear factor E2-related factor 2 (Nrf2) expression. Thus, although 
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Rodríguez-Luna et al. [48] obtained valuable information from hairless mice, it is well 

known that human adverse events cannot always be detected in animals, due to 

inherent genetic and physiological differences between species and that skin model 

constructed with human cells and physiologic relevant microarchitecture contributes to 

the better prediction of human effects. In the previous study of our group, commercial 

fucoxanthin at the same concentration, presented an absence of irritation, absence of 

morphological changes in the histology, and no significant dysregulation on 

homeostasis, metabolism, and in the inflammatory genes studied after following the 

OECD protocol for skin irritation [49].  

Finally, it is important to mention that another well-known molecule, β-Carotene, a 

vitamin A precursor, is a popular “secondary” UV filter (characterized by a sun 

protection factor lower than 2), has a controversial use in the literature, regarding its 

antioxidant/prooxidant effect, depending on its concentration and O2 tension [2,22,50–

52]. However, β-Carotene is able to protect the collagen structure from infrared light in 

the skin [53] and it is used in cosmetic formulations for aged skin and actinic keratosis 

[51], which, for instance, could also suggest some skin benefits from the topical use of 

fucoxanthin when tested in vivo, due to the similarities of their molecular structures. In 

addition, fucoxanthin when orally administered in mice is reported to have low 

accumulation in the skin [54], which underscores the interest of topical use of 

fucoxanthin and such confirmation of its safety and effectiveness suggested by the 

present study.  

5. Conclusions 

In conclusion, we developed an effective extraction and purification of all-trans-

fucoxanthin from the brown alga D. anceps. Although fucoxanthin presented chemical 

UV photo-instability, it increased by 72% of the total sunscreen UV absorption spectra 

(UVA and UVB) when added to sunscreen at 0.5%, presenting UV-booster properties 

with an acceptable photostability. The beneficial use of topical fucoxanthin should be 

further investigated in vivo in the concentration range of 0.01–0.5% (w/v). As, in this 

range, we observed an absence of phototoxicity in the RHS model and protective 

potential against UVA-induced ROS formation both in HaCat monolayers and on RHS 

models, which might contribute to improving the photoprotective potential of 

sunscreens. 
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www.mdpi.com/xxx/s1, Figure S1: Chromatogram of the elution semi-preparative 
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subfraction, analyzed in 450 nm—absorption region of fucoxanthin at a higher intensity 

(Au 450), Retention Time (RT) = 5.75 min black line, 650 nm—region of the band's 

absorption of chlorophyll “a” lower intensity. RT ~3 min, pink line, Figure S3: 

Chromatogram of the elution of the subfraction analytical scale, analyzed in (a) the 450 

nm—absorption region of fucoxanthin at a higher intensity (3 Au), Retention time (RT) 

= 3.5 min; (b) 650 nm—the area of the chlorophyll absorption bands at a lower intensity 

(0.025 Au), RT ~6.5 min. 
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4.2. Capítulo 2 - Potencial de irritação cutânea 

da fucoxantina e sua influência na inflamação, 
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Abstract: UV light catalyzes the ozone formation from air pollutants, like nitrogen 

oxides. Since ozone reacts with cutaneous sebum lipids to peroxides and, thus, 

promotes inflammation, tumorigenesis, and aging, even broad-spectrum sunscreens 

cannot properly protect skin. Meanwhile, xanthophylls, like fucoxanthin, proved their 

antioxidant and cytoprotective functions, but the safety of their topical application in 

human cell-based models remains unknown. Aiming for a more detailed insight into 

the cutaneous fucoxanthin toxicity, we assessed the tissue viability according to 

OECD test guideline no. 439 as well as changes in inflammation (IL-1α, IL-6, IL-8), 

homeostasis (EGFR, HSPB1) and metabolism (NAT1). First, we proved the suitability 

of our 24-well-based reconstructed human skin for irritation testing. Next, we 

dissolved 0.5% fucoxanthin either in alkyl benzoate or in ethanol and applied both 

solutions onto the tissue surface. None of the solutions decreased RHS viability below 

50%. In contrast, fucoxanthin ameliorated the detrimental effects of ethanol and 

reduced the gene expression of pro-inflammatory interleukins 6 and 8, while 

increasing NAT1 gene expression. In conclusion, we developed an organ-on-a-chip 

compatible RHS, being suitable for skin irritation testing beyond tissue viability 

assessment. Fucoxanthin proved to be non-irritant in RHS and already showed first 

skin protective effects following topical application. 

Keywords: antioxidants; epidermal growth factor receptor; interleukins; irritation; 

metabolism response; N-acetyltransferase; small heat and shock protein beta 1 

 

1. Introduction 

Epidemiological data and clinical presentation provide conclusive evidence for UV 

radiation as the major cause of skin aging, cancer, and inflammation (Flament et al. 

2013, Xu et al. 2011). UVB radiation promote the dimerization of pyrimidine DNA bases 

to cyclobutane dimers and subsequently C to T base transitions. Abundant C to T base 

transitions and CC to TT tandem mutations are referred to as a UVB signature or 

fingerprint. UVA radiation increases numbers of reactive oxygen species, which oxidize 

DNA bases to 8-hydroxyguanine, and cause G-to-T base transversion (Nishisgori 

2015). Thereby, the production of reactive oxygen species has two major causes. First, 

UV radiation directly oxidizes the major sebum component squalene and, thus, drives 

the expression of pro-inflammatory cytokines (Awad et al. 2018). Second, UVA reacts 
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with nitrogen oxides and volatile organic compounds, both abundant air pollutants in 

urban areas, to ozone . Ozone itself does not penetrate the skin, but the ozone-

mediated peroxidation of unsaturated lipids on the skin’s surface induces oxidative 

stress and inflammatory responses in deeper skin layers (Valacchi et al. 2016). 

Prevention is considered as the prime strategy to reduce the number of skin cancer 

patients because treatment remains insufficiently effective in terms of cure rates and 

recurrence (Ulrich et al. 2009). Yet, the widely recommended sunscreen application 

also provides insufficient protection against direct or indirect sunlight effects. Frequent 

underdosage (Heerfordt et al. 2018) and abuse of sunscreens for intentional prolonged 

sun exposure (Autier 2009) contribute to their low efficacy. Moreover, current 

sunscreens currently do not absorb VIS and IR light. This filter gap allows VIS and IR 

radiation penetrating deep skin layers and to produce 50% of the total amount of 

reactive oxygen species in skin (Lohan et al. 2016). Due to minor amounts of 

endogenous antioxidants in deeper skin layers, reactive oxygen species are hardly 

eliminated in the dermis (Thiele et al. 2001) as well as in aged skin (Rhie et al. 2001). 

Taken together, even optimal application of currently existing sunscreen will not 

provide full protection from the effects of sunlight and air pollution, emphasizing the 

need for effective antioxidants in skin care. 

Antioxidants address this issue by lowering the amount of reactive oxygen species. 

Administered either orally in nutraceuticals or topically in cosmetic products, 

antioxidants comprise carotenoids, squalene, and vitamins, to name but a few. 

Although nutraceuticals received considerable interest, studies on bioavailability, 

efficacy, and mechanism of action are scarce (Perez-Sanchez et al. 2018). 

Furthermore, their uncontrolled use might cause secondary effects and interactions 

with medicinal products. Focusing on carotenoids, β-carotene and fucoxanthin are 

known for their antioxidant and cytoprotective functions and exemplarily represent the 

two carotenoid classes, carotenes and xanthophylls. Fucoxanthin was first isolated 

from the marine brown seaweeds and differs from other carotenoids due to an unusual 

allenic carbon (C-7′),5,6-monoepoxide, two hydroxyl groups, a carbonyl group, and an 

acetyl group in the terminal ring of fucoxanthin (Peng et al. 2011). This particular 

chemical structure causes similar or higher antioxidant activities in comparison to those 

of α-tocopherol as well as suppressive effects on superoxide anion and nitric oxide 

generation (Sachindra et al. 2007, Murakami et al. 2000). Despite of the high 

antioxidant activity, oral fucoxanthin application does not result in efficient cutaneous 



55 

 

concentrations. Fucoxanthin and its metabolites were primarily found in adipose tissue, 

liver, lungs, kidney, heart, and the spleen of mice (Hashimoto et al. 2009). Thus, a 

topical application of the lipophilic compound should achieve higher fucoxanthin doses 

at the target site. 

The poor water solubility of fucoxanthin (logP 7.8) poses a challenge for the 

formulation of topically-used fucoxanthin products. Alkyl benzoate and ethanol are 

frequently used as solubilizers for highly lipophilic substances (Gaspar et al. 2013), 

and especially ethanol enhances the skin penetration (Lane 2013). 

Herein, we investigated the toxicological effects of fucoxanthin, dissolved either in 

alkyl benzoate or ethanol, on inflammation (interleukin-1α, 6, 8), homeostasis 

(epidermal growth factor receptor, small heat and shock protein beta 1), and 

metabolism (N-acetyltransferase 1) as well as on tissue viability in reconstructed 

human skin from primary human cells. To evaluate fucoxanthin effects, we selected 

pro-inflammatory cytokines IL-1α, IL-6, and IL-8, as well as EGFR, to study the 

beginning of re-epithelialization and HSPB1 to monitor the protective functions under 

stress conditions as well as NAT1, since fucoxanthin is totally deacetylated in the 

intestinal lumen. 

2. Materials and Methods 

2.1. Reconstructed Human Skin 

The experimental procedures conformed to the principles of the Declaration of 

Helsinki and were approved by the ethics committees of Charité—Universitätsmedizin 

Berlin (EA1/081/13). Informed written consent was obtained from all the donors or their 

parent or legal guardian. The reconstructed human skin (RHS) was cultured in 24-well 

plates with primary human keratinocytes and fibroblasts (passage 3, pooled from three 

donors) from foreskin with ethical committee approval (EA1/081/13), and after parents 

had signed the written informed consent. We made the dermal compartment on day 

01 by pouring 0.5 mL collagen I (Biochrom; Berlin, Germany) with 1.14 × 105 normal 

human dermal fibroblasts into the insert (0.4 μm pore size; Millicell, Merck, Darmstadt, 

Germany). We seeded 3.7 × 105 normal human keratinocytes onto the dermal 

compartment on day 2 and raised the constructs to the air-liquid interface on day 3. 

The culture medium was changed three times a week for seven days. 
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2.2. Test Substance Application 

After the RHS were fully differentiated on day 10, we placed them into new 24-well 

plates containing 0.5 mL of fresh medium and performed the test according to OECD 

test guideline no. 439 [40]. In brief, 10 μL of the following test substances were applied 

for 15 min: phosphate-buffered saline (PBS, Sigma-Aldrich, München, Germany), 5% 

(w/v) sodium dodecyl sulfate (SDS, CAS-no: 151-21-3; Carl Roth, Berlin, Germany), 

0.5% (w/v) all-trans-fucoxanthin (≥95% pure, CAS-no: 3351-86-8; Sigma-Aldrich), 

C12-15 alkyl benzoate (Crodamol™ AB, CAS- no 68411-27-8; Croda, Brazil), and 

ethanol (99.5%, CAS-no: 64-17-5; Merck, Germany). Subsequently, the constructs 

were washed 12 times with 0.5 mL PBS, dried with a sterile cotton swab, and placed 

into new 24-well plates with fresh medium for 42 h at 37 °C, 5% CO2. 

2.3. Viability Assay 

Constructs were incubated with the test substances for 15 min followed by a 42 h 

post-incubation period. RHS viability was determined by measuring the metabolic 

activity of the constructs after exposure and post-incubation using a colorimetric test 

according to OECD test guideline no. 439 (OECD 439 2019). The reduction of 

mitochondrial dehydrogenase activity was assessed via the decreased formazan 

production following incubation with MTT (3-(4,5-dimethylthiazol-2-yl) -2,5-

diphenyltetrazolium bromide, Sigma-Aldrich). The formazan production was measured 

at 570 nm (FLUOstar OPTIMA, BMG Labtech; Ortenberg, Germany). We performed 

tests for interference of chemicals with MTT endpoint and correction in accordance to 

MatTek’s “In vitro EpiDerm™ Skin Irritation Test” ((Kandárová et al. 2009), steps 1–4). 

The formazan readings were corrected by the fucoxanthin-related optical densities as 

well as by the optical densities due to direct MTT reduction and compared to those of 

negative control RHS (OECD 439 2019). Data are presented as the relative viability 

according to Equation (1): 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%)
=  100 ∗  [𝑂𝐷 (𝑡𝑒𝑠𝑡 𝑠𝑢𝑏𝑠𝑡𝑎𝑛𝑐𝑒)/𝑚𝑒𝑎𝑛 𝑂𝐷 (𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙)] 

 

(1) 

2.4. Morphology and Immunofluorescence 

Each RHS was snap frozen, sectioned into 8 µm slices (Leica CM 1510S; Wetzlar, 

Germany), and analyzed by hematoxylin-eosin or immunofluorescence staining. 
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Antibodies against the following proteins were purchased from abcam (Cambridge, 

UK): filaggrin (1:1000; ab81468), involucrin (1: 500; ab111781), and from Dianova 

(Hamburg, Germany): keratin-10 (1:200, cat-no. AF0197-01). Pictures were taken with 

a fluorescence microscope (BZ-8000, Keyence, Neu-Isenburg, Germany) and 

analyzed by ImageJ software 1.52a (Rueden et al. 2017). 

2.5. Gene Expression 

Real-time qPCR endpoint analysis was performed according to established 

procedures [46]. Briefly, the epidermal and dermal compartments of the RHS were 

mechanically separated. RNA from the epidermis was isolated using the NucleoSpin 

RNA II Kit (Macherey-Nagel, Düren, Germany). The TaqMan® Reverse Transcription 

Kit (Thermo Fisher Scientific Inc., Waltham, MA, USA) synthesized cDNA by reverse 

transcription of 100 ng total RNA. Quantitative PCR was performed using the 

QuantStudio 5 Real-Time PCR System (Thermo Fisher Scientific) and the SensiFAST 

SYBR Lo-ROX Kit (Bioline, Luckenwalde, Germany) according to the manufacturer’s 

instructions. The primers were designed with UCSC Genome Browser (Kent et al. 

2002) as described in Table 1 and were synthesized by EuroPrime (Invitrogen, Berlin, 

Germany). Gene expressions were normalized to the housekeeping gene ACTB. 

Table 1. Primer sequences for PCR studies. 

Gene 
Name 

Used Primer Sequence 
Forward Reverse 

ACTB CCACCATGTACCCTGGCATT GCTTGCTGATCCACATCTGCT 
EGFR GCCGACAGCTATGAGATGGAG TGGAGGTGCAGTTTTTGAAGTG 
HSPB1 GACCCCACCCAAGTTTCCTC TCGGATTTTGCAGCTTCTGG 
IL-1α GTGACTGCCCAAGATGAAGACC TGCCAAGCACACCCAGTAGTC 
IL-6 CTGGATCAGGACTTTTGTACTCATCT CCAATCTGGATTCAATGAGGAGACT 
IL-8 GTGGAGAAGTTTTTGAAGAGGGC TCTGGCAACCCTACAACAGAC 

NAT1 ATCCGAGCTGTTCCCTTTGAG AACATACCCTCCCAACATCGTG 

2.6. Statistical Analysis 

Data are presented as the mean + SD obtained from three independent 

experiments. Due to the explorative data analysis, a level of p ≤ 0.05 was considered 

to indicate a statistically significant difference. One-way ANOVA and subsequent 

Tukey post hoc tests were performed with GraphPad Prism 5.0 (La Jolla, CA, USA). 
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3. Results 

3.1. Fucoxanthin Effects on RHS Morphology 

The 10-day culture of reconstructed human skin (RHS) resulted in a stratified 

epidermis with well-expressed stratum basale, spinosum, granulosum, and corneum 

(Figure 1a). Keratinocyte differentiation induced cell flattening and the expression of 

keratin-10 in suprabasal layers (Figure 1b). Keratin-10 and 14 was expressed 

throughout all epidermal layers (Figure 1b). Moreover, involucrin found in the stratum 

corneum showed the formation of a cornified envelope (Figure 1c). Although we 

observed also parakeratosis—an almost regular feature of skin models—and only 

small amounts of filaggrin, the RHS morphology suggested a sufficient skin barrier 

formation. 

 

Figure 1. Morphology and protein expression in reconstructed human skin. (a) 

Hematoxylin-eosin staining showing all layers of human skin. (b) 

Immunolocalization of keratin-10 (green) in suprabasal epidermal layers and 

keratin-14 (red) in all epidermal layers. (c) Immunolocalization of involucrin 

(green), indicating terminal keratinocyte differentiation. Images are 

representative of three batches; nuclei in blue (DAPI); scale bars = 100 µm. 

Neither fucoxanthin nor the vehicle alkyl benzoate disturbed tissue morphology 

(Figure 2a,b). Ethanol caused a detachment of the stratum corneum from the viable 

epidermis as well as slight damages in the coherence of the viable epidermis (Figure 

2c). The filaggrin expression in RHS was slightly increased following exposure to 

fucoxanthin and ethanol (Figure 2d,f). Involucrin was homogenously distributed in the 

stratum corneum following all substance exposures (Figure 2g–i). 
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Figure 2. Morphology and protein expression in reconstructed human skin 

following fucoxanthin exposure versus the vehicles alone. (a–c) Hematoxylin-

eosin staining with slightly disturbed morphology in c. (d–f) Immunolocalization 

of filaggrin with enhanced expression in d and f. (g–i) Similar 

immunolocalization of involucrin in all samples. Images are representative of 

at least three batches; nuclei in blue (DAPI); scale bars = 100 μm. 

3.2. Fucoxanthin Effects on RHS Viability 

Before assessing the RHS viability following substance exposure, we evaluated 

the interference of fucoxanthin with an MTT test. Fucoxanthin solutions as well as RHS 

treated with fucoxanthin were stained red, resulting in absorbance at 450 nm after 

isopropanol extraction although no MTT was added to these control tissues. Next, we 

investigated the direct reduction of MTT by fucoxanthin in solution as well as in freeze-

killed tissues. Although we observed only a minor effect, we subtracted the absorbance 

due to fucoxanthin’s color and due to a direct interaction with MTT from all absorbance 

values of fucoxanthin-treated RHS in the viability tests. Phosphate-buffered saline 
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(PBS) and sodium dodecyl sulfate (SDS) served as negative and positive controls, 

respectively, as recommended by the OECD. 

The viability of RHS following SDS exposure and 42 h post-treatment incubation 

period decreased to 2.6 ± 2.4%, correctly identifying SDS as skin irritant (Figure 3). 

Moreover, the standard deviation between tissue replicates fell far below 18%, and, 

thus, met the acceptability criteria of OECD test guideline no. 439. 

Fucoxanthin showed a significantly higher viability than the positive control (Figure 

3). Since the values exceeded also the threshold of 50%, fucoxanthin was not irritant 

to RHS. When testing the solvent controls, we observed a marked decrease in viability 

to 52.8 ± 9.0%. This tissue damage was ameliorated in the ethanolic test solution of 

fucoxanthin, as seen by a relative viability of 75.7%. 

 

Figure 3. Fucoxanthin effects on the viability of reconstructed human skin. 

Test substances below the 50% threshold (dashed line) are predicted to be 

skin irritant. PBS—phosphate buffered saline (negative control); SDS—sodium 

dodecyl sulfate (positive control); Fx—fucoxanthin. Alkyl benzoate and ethanol 

were exposed for 15 min to the RHS and subsequently washed off. Mean + 

SD, n ≥ 3, *p ≤ 0.05 compared to SDS. 

3.3. Fucoxanthin Effects on RHS Gene Expression 

Next, we evaluated the gene expression following substance exposure and 42 h 

post-treatment incubation period to get a more detailed insight into the toxicity of 

fucoxanthin (Figure 4). SDS markedly increased the gene expression of N-
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acetyltransferase 1 (NAT1) as well as of pro-inflammatory genes, like interleukin (IL)-

1α, 6, and 8, compared to the levels in PBS-treated RHS. Moreover, the gene 

expression of epidermal growth factor receptor (EGFR) and small heat and shock 

protein beta 1 (HSPB1) were slightly elevated. 

Fucoxanthin exposure increased none of these gene expressions. When applied 

in alkyl benzoate solutions, we detected almost no change in gene expression. The 

ethanolic solution of fucoxanthin decreased the gene expression of IL-6 and 8 

compared to the gene expression in ethanol-treated RHS to 33% or 15% compared to 

the solvent control samples. NAT1 gene expression was doubled compared to ethanol-

treated RHS. 

 

Figure 4. Fucoxanthin effects on the gene expression of reconstructed human 

skin. Fold change in gene expression was calculated in relation to the gene 

expression in reconstructed human skin exposed to the respective solvent 

(dashed line), SDS to PBS and Fx to alkyl benzoate or to ethanol. SDS—

sodium dodecyl sulfate; PBS—phosphate-buffered saline; Fx—fucoxanthin; 

IL—interleukin; EGFR—epidermal growth factor receptor; HSPB1—small heat 

and shock protein beta 1; NAT1—N-acetyltransferase 1. Mean + SD, n = 3. 

4. Discussion 

Intrigued by the marked antioxidant efficacy of fucoxanthin (Sachindra et al. 2007, 

Murakami et al. 2000), we investigated the potential toxicity of fucoxanthin in two 

different solvents, which are frequently used in dermatological products. Our results 

proved fucoxanthin to be non-irritant and suggested using alkyl benzoate as a solvent 
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for the fucoxanthin (Figure 3). Absolute ethanol reduced the viability of RHS, but was 

necessary to dissolve the lipophilic fucoxanthin. Both viability testing and gene 

expression analysis revealed the ameliorating effects of fucoxanthin on the ethanol-

induced inflammation in RHS (Figures 3 and 4). Moreover, we proved the applicability 

of our novel 24-well-sized RHS, being fully compatible with organ-on-a-chip 

applications (Figures 1 and 2). Using RHS extends the approach of OECD test 

guideline no. 439 and becomes mandatory when investigating biochemical pathways 

due to the known epidermal-dermal cross-talk in normal and diseased skin models 

(Maas-Szabowski, Stark, and Fusenig 2000, Berroth et al. 2013). 

The strong clinical need for skin protection is emphasized by the extraordinary 

increase of skin cancer patients. In Brazil, non-melanoma skin cancer accounts for 

30% of diagnosed cancers (The Brazilian National Cancer Institute 2008), while in 

Australia, more people have been diagnosed with skin cancer than all other cancers 

combined (International Agency for Research on Cancer 2014). The underlying 

biochemical mechanisms clearly provided the correlation between the cumulative 

exposure to UV radiation and skin cancer (Nishisgori 2015) and the contribution of VIS 

and IR radiation and air pollutants to cutaneous carcinogenesis has been described 

(Valacchi et al. 2016, Lohan et al. 2016) as well. Aging accelerates a vicious circle of 

cumulative damage to the skin, reduced amounts of antioxidants among other age-

associated conditions, like xerosis, impaired skin barrier, and wound healing, 

promoting the penetration of more pollutants into the skin (Parrado et al. 2019). The 

correlation of an additional 10 µg/m3 NO2 in the air with 25% more pigment spots on 

female cheeks (Hüls et al. 2016) shows the cosmetic, and may indicate a medical, 

need for the prevention from extrinsic factors. However, protection from UV, or even 

from the entire spectrum of solar radiation cannot prevent from its detrimental effects, 

since nitric oxide, volatile organic compounds, and particulate matter also contributes 

to skin aging, inflammation, and cancer (Burke 2018). Thus, the strategy against skin 

aging must include a multitude of different approaches, including cleansing products 

to reduce the particle load on skin, agents that strengthen the skin barrier function, 

products that protect from sunlight, anti-inflammatory agents, and antioxidants (Mistry 

2017). 

Antioxidants from natural sources, like fucoxanthin, address these clinical and 

cosmetic needs due to the antioxidant properties. Herein, we exclusively investigated 

the effects of the commercially available fucoxanthin and not multi-compound algae 
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extracts. Nevertheless, fucoxanthin needs to accumulate in sufficient amounts at the 

target site. The lipophilicity (logP 7.8) of fucoxanthin, as well as the accumulation of 

fucoxanthin and its degradation products in murine adipose tissue, liver, lungs, kidney, 

heart, and spleen (Hashimoto et al. 2009), questions the efficacy of orally-administered 

fucoxanthin in skin. Thus, we applied the fucoxanthin solution topically to RHS and 

selected 0.5% as concentration, being in the range used for antioxidants in cosmetic 

formulations (0.01–1%). We dissolved the highly lipophilic fucoxanthin in alkyl 

benzoate, being devoid of genotoxic properties and frequently used in cosmetics as a 

solvent, emollient, preservative, and plasticizer (Becker et al. 2012). Moreover, alkyl 

benzoate is already used to solubilize UV filters in sunscreens (Gaspar et al. 2013). 

For comparison, we also included an ethanolic solution based on the 

recommendations for poorly water-soluble substances in skin irritation testing 

(Kandárová et al. 2018). Moreover, the high ethanol concentration was required to 

dissolve fucoxanthin and allowed us to investigate the potentially ameliorating effects 

of this antioxidant. 

Even the small amount of 10 µL ethanol solution per tissue, equal to 17 µL/cm2, 

disturbed the RHS morphology (Figure 2c), viability (Figure 3), and altered the gene 

expression (Figure 4). This is well in accordance with previous observations, where 

high concentrations were necessary for drug dissolution, as well (Wanjiku et al. 2019); 

more than 80% of cell death occurred even following the exposure to 50% ethanol in 

skin models (Li, Margolis, and Hoffman 1991). The mechanism of tissue damage by 

ethanol is related to oxidative stress and well-known from the oral cavity (Zukowski, 

Maciejczyk, and Waszkiel 2018). Ethanol directly reacts to hydroxyethyl radicals and 

subsequently contributes to the formation of other ROS species. Chronic ethanol 

exposure causes CYP induction, mitochondrial damage, reduced antioxidant defense 

mechanisms, and thereby amplifies ROS-related tissue damage. Meanwhile, ethanol 

is also most effective in increasing the skin absorption of lipophilic drugs, like 

butenafine (logP 6.6) (Zhang et al. 2017). Assuming that ethanol also effectively 

increased the penetration of fucoxanthin (logP 7.8), fucoxanthin can counteract the 

pro-oxidative effects of ethanol. Thus, both ethanol and fucoxanthin toxicity data in our 

study are in accordance with previously-published results on polyphenols in grapes 

and red wine, which are suggested to protect from ethanol damage (Sun et al. 2001). 

However, the efficacy of fucoxanthin will depend on the fucoxanthin concentrations 

within the tissue, as observed for other antioxidants. 
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The change in IL-6 and 8 gene expressions following test substance exposure 

correlates to the expression of IL-1α, HSPB1, and EGFR. IL-1α activates the p38 

MAPK pathway to increase the expression of HSPB1, which causes anti-apoptotic 

effects, possesses chaperone-like activity and refolds denatured proteins, and is 

cytoprotective against heat shock [34]. EGFR also increases the expression of IL-8 

(Frankart et al. 2012) and plays an essential role in re-epithelialization by increasing 

keratinocyte proliferation and cell migration in wounded skin (Barrientos et al. 2008). 

The constant gene expressions of EGFR and HSPB1 substantiate the absence of 

damage from fucoxanthin, but does not explain the reduction in IL-6 and IL-8 gene 

expression. 

HSPB1 gene expression remained stable, even following the exposure to SDS. 

Although HSPB1 exerts protective functions under stress conditions (Verschuure et al. 

2003), previous results with increased HSPB1 expressions were obtained 24 h after 

SDS treatment by Western blotting. Thus, the 42 h period of incubation was 

recommended for skin irritation testing (OECD 439 2019), yet probably too long to 

detect maximum increase in HSPB1 gene expression. 

Finally, we investigated the expression of NAT1 in RHS, since fucoxanthin is totally 

deacetylated in the intestinal lumen (for review see (Peng et al. 2011)). We observed 

an upregulation of NAT1 following the application of fucoxanthin in ethanol (Figure 4), 

indicating an activation of cutaneous metabolism, being relevant when applying drugs 

or cosmetic actives to the skin. 

Instead of using murine models (Rodríguez-Luna et al. 2018b), we developed a 

full-thickness RHS to assess the potential toxic effects of fucoxanthin. Accumulating 

insights into the predictive power of animal-based tests in toxicology (Bailey, Thew, 

and Balls 2014) emphasize the need for human cell-based models. Nevertheless, the 

skin model in this study consisted of primary juvenile cells and did not consider age-

related changes in skin function. Future studies should investigate the efficacy of 

fucoxanthin in aged RHS (Hausmann et al. 2020), thereby taking age-related 

differences between young, middle-aged, and senior patients into account. Moreover, 

emerging markets for cosmetics demand the use of human cell-based test systems. 

For example, Brazil banned cosmetic products from being tested in animal models in 

2019, but the Brazilian legislation gap in the use of biological material of human origin, 

which until recently impeded access to commercially-available skin models (De Vecchi 

et al. 2018). Thus, in-house or open-source protocols are urgently needed, but also 
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need to be validated for their intended use. In the present study, we presented a fast 

(10-day culture) RHS protocol at reasonable price (3.7 × 105 keratinocytes per 

construct), which is fully compatible to organ-on-a-chip applications. Multi-organ-chips 

provide the opportunity to study substance effects in an interconnected and perfused 

in vitro model, aiming to include the influence of liver function into substance evaluation 

(Maschmeyer, Hasenberg, et al. 2015). 

5. Conclusions 

Taken together, our study clearly demonstrated the non-irritancy of fucoxanthin. 

Fucoxanthin ameliorated detrimental effects of ethanol on tissue viability and 

inflammatory response. We observed metabolism activation by NAT1 upregulation, but 

no change in HSPB1 regulation. Finally, we proved the applicability of our novel, organ-

on-a-chip compatible RHS for the evaluation of substance effects. 
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Abstract  

 Skin model cultivation under static conditions limits the observation of the toxicity to 

this single organ. Biology-inspired microphysiological systems associating skin with a 

liver in the same circulating medium provide a more comprehensive insight into 

systemic substance toxicity; however, its advantages or limitations for topical 

substance toxicity remain unknown. Herein, we performed topical (OECD test 

guideline no. 439) and systemic administration of terbinafine in reconstructed human 

skin (RHS) vs. a RHS plus liver model cultured in TissUse’ HUMIMIC Chip2 (Chip2). 

Aiming for a more detailed insight into the cutaneous substance irritancy/toxicity, we 

assessed more than the MTT cell viability: lactate dehydrogenase (LDH), lactate and 

glucose levels, as well as inherent gene expressions. Sodium dodecyl sulfate (SDS) 

was the topical irritant positive control. We confirmed SDS irritancy in both static RHS 

and Chip2 culture by the damage in the morphology, reduction in the lactate production 

and lower glucose consumption. In the static RHS, the SDS-treated tissues also 

released significantly high LDH (82 %; p < 0.05), corroborating with the other metabolic 

levels. In both static RHS and Chip2 conditions, we confirmed absence of irritancy or 

systemic toxicity by LDH, glucose or lactate levels for topical 1 % and 5 % terbinafine 

and systemic 0.1% terbinafine treatment. However, topical 5% terbinafine treatment in 

the Chip2 upregulated IL-1α in the RHS, unbalanced apoptotic and proliferative cell 

ratios in the liver and significantly increased its expression of CYP1A2 and 3A4 

enzymes (p < 0.05), proving that it has passed the RHS barrier promoting a liver 

impact. Systemic 0.1 % terbinafine treatment in the Chip2 increased skin expression 

of EGFR, increased apoptotic cells in the liver, downregulated liver albumin expression 

and upregulated CYP2C9 significantly (p < 0.05), acting as an effective hepatotoxic 

terbinafine control. The combination of the skin and liver model in the Chip2 allowed a 

more sensitive assessment of skin and hepatic effects caused by chemicals able to 

pass the skin (5% terbinafine and SDS) and after systemic 0.1% terbinafine 

application. The present study opens up a more complex approach based on the 

microphysiological system to assess more than a skin irritation process. 

 

Keywords: Liver model, microphysiology, organ-on-a-chip, skin irritancy, terbinafine, 

toxicity 
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1. Introduction 

Skin model cultivation under static conditions limits the observation of the 

toxicity to this single organ. However, irritant agents are able to disrupt the skin barrier 

function and increase the penetration of water, since a complex chain of biological 

events, such as erythema, induration and edema, precedes the physiological signs of 

irritation (Gibbs et al., 2002). It also promotes a toxic response to other organs 

associated after crossing the skin. Consequently, the readout of the skin irritation 

prediction model, initiating with the tissue damage, is a cell viability assessment of the 

skin model (OECD, 2019). Thus, an in vitro skin irritation assay cannot evaluate the 

secondary effects of the irritation process.  

The human skin, in addition to acting as a passive physical barrier with its 

stratum corneum, which protects the body from the deleterious effects of noxious 

chemicals, also protects the body through enzymes that are present inside the skin. 

These enzymes detoxify compounds penetrating the skin or bioactivate them to 

reactive metabolites (Bacqueville et al., 2017; van Eijl et al., 2012), which is a 

fundamental process in the toxicity evaluation.  

Microfluidic microenvironments present improved cell-matrix interactions, 

crosstalk between co-cultured cells and organoids, and shear stress, which are 

advantages compared to static cultures (Dehne et al., 2017; Sriram et al., 2018; Wufuer 

et al., 2016,).  

This type of microfluidic device, called HUMIMIC Chip2, are, thus, envisioned to 

be superior tools to other models with a continuous (Ramadan and Ting, 2016) or 

gravity-driven flow (Bal-Öztürk et al., 2018; Wufuer et al., 2016). Since it is pulsatile 

(Ataç et al., 2013) and the pump is in accordance with pharmacokinetic and 

pharmacodynamic physiological designs, it allows one to carry out many studies. Like 

with single or repeated applications, systemic applications for several days, 

association of organoids, permeation studies, models disease (Materne et al., 2015, 

Schimek et al., 2018; Wagner et al., 2013,), and especially, for toxicity testing, 

developing substances such as drugs, cosmetics, and chemicals (Dehne et al., 2017; 

Wufuer et al., 2016).  

Numerous researchers contributed in constructing biology-inspired 

microphysiological systems. Especially single skin-on-a-chip models to analyze barrier 

function by Transepithelial Electrical Resistance, inflammation and edema induced 
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with TNF-α, irritation, assessing angiogenesis mechanisms induced by irritant contact 

dermatitis pathophysiology (Lee et al., 2017; Wufuer et al. 2016; Alexander, Eggert, 

Wiest, 2018; Jusoh, Ko, Jeon, 2019) or benefits of the pumpless skin-on-a-chip 

microfluidic platform (Abaci et al., 2015). Besides skin in co-culture: associated to hair 

follicle, to vasculature, and to liver in two or four organs-on-a-chip for systemic 

repeated dose safety assessment (Ataç et al., 2013; Schimek et al., 2015; Wagner et 

al., 2013; Maschmeyer et al., 2015a; Maschmeyer et al., 2015b). Toxicity is often 

based on complex interactions among tissues; to provide a more comprehensive 

insight into topical substance toxicity, we combined for the first-time skin and liver 

models in the in the same circulating medium (two organs-on-a-chip), to assess more 

than skin irritation. Co-culture of this interaction may provide additional topical toxicity 

background to avoid false-negative results (Dehne et al., 2017).  

The drug terbinafine, which is an antifungal, topical and systemic safe 

commercially available medicine, was selected (Yeganeh and McLachlan, 2000) as 

our test chemical. It presents high permeation power on the skin due to its high 

lipophilicity. However, it also presents potential hepatotoxic effects when used for 

prolonged oral therapy (Yeganeh and McLachlan, 2000). We selected a non-irritant 

concentration commercially available (1 %) and a fivefold higher concentration as a 

possible irritant. We also assessed a systemic treatment at 0.1 % (tenfold higher than 

the recommended plasma concentration) as a possible hepatotoxic control.  

Concerning the biomarkers involved in the skin irritation, we aimed to assess 

the key event related to tissue trauma, studying the morphology of the tissues and the 

gene expression of the epidermal growth factor receptor (EGFR), and the key event of 

skin or liver inflammation gene mediators: interleukins (IL) 1α, 6 and 8 analyses, 

following our previous study (Tavares et al., 2020). We selected four of the main 

cytochrome P450 enzymes related to liver xenobiotic phase I metabolism plus an 

albumin gene also linked to the healthy liver functions (Wagner et al., 2013), for the 

study of gene expression involved in the liver metabolism of terbinafine and the irritant 

positive control, sodium dodecyl sulfate (SDS). 

Therefore, we combined the in-house reconstructed human skin (RHS) with a 

liver model to assess xenobiotics metabolite toxicity data in comparison with single 

RHS cultured in a static condition. The aim was to provide more information regarding 

the secondary toxicity involved in the skin irritation process through a 

microphysiological co-culture system.   
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2. Materials and methods 

2.1. Reconstructed human skin 

Normal human dermal fibroblasts and normal human keratinocytes were 

isolated from foreskin of boys younger than 10 years after medically indicated 

circumcision. The experimental procedures conformed to the principles of the 

Declaration of Helsinki and were approved by the ethics committees of Charité - 

Universitätsmedizin Berlin (EA1/081/13). Informed written consent was obtained from 

all donor parents or legal guardians. The isolation of fibroblasts and keratinocytes were 

performed as previously described (Zoschke et al., 2016; Zoschke et al., 2017). In 

brief, foreskin was washed, cut into pieces, and incubated with dispase solution 

overnight at 4°C. Next, the epidermis was mechanically separated from the dermis and 

the dermal pieces placed upside down in a cell culture plate. The fibroblasts grew out 

of the tissue within four weeks. The epidermal pieces were incubated with trypsin-

EDTA solution for 20 min at 37°C to isolate single keratinocytes, which were 

subsequently seeded into cell culture flasks and grown for one week. The medium for 

maintaining the pool of primary fibroblasts (passage number between 3 and 7 of three 

donors) was Dulbecco’s Modified Eagle Medium plus supplements 

penicillin/streptomycin (1 %), L-glutamine (1 %) provided by Sigma-Aldrich (München, 

Germany). The fetal calf serum from Biochrom (Berlin, Germany) was added at a 

concentration of 10 % (v/v). We maintained the pool of primary human keratinocytes 

(passage number between 3 and 5 of three donors) in Epilife® medium supplemented 

with a human keratinocyte growth supplement kit provided by Life Technologies 

(Berlin, Germany). The full-thickness (epidermis and dermis) RHS was developed in-

house with in a 24-well plate size insert (Millicell-PCF, Merck, Darmstadt, Germany) to 

fit in the chip device, fully differentiated after ten days and it was described previously 

(Tavares et al., 2020). 

 

2.2. Human liver spheroid 

Differentiated human hepatoma cell line (HepaRGs) (Lot HPR116080) were 

obtained from Biopredic International (Rennes, France). We purchased the primary 

human hepatic stellate cells (HSCs) from ScienCell (Carlsbad, CA, USA). We thawed 

the differentiated HepaRGs and seeded them confluently four days before the spheroid 

formation. We used a standard HepaRG culture medium described earlier (Bauer et 

al., 2017), it consisted of William’s Medium E (PAN-Biotech, Aidenbach, Germany) 
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supplemented with 10% foetal calf serum (Corning, Lowell, MA, USA), 5 μg/ml human 

insulin (PAN-Biotech), 2 mM L-glutamine (Corning), 5 × 10−5 M hydrocortisone 

hemisuccinate (Sigma–Aldrich, St. Louis, MO, USA), 50 μg/ml Gentamycin Sulfate 

(Corning) and 0.25 μg/ml Amphotericin B (Corning) or was purchased directly from 

Biopredict. On the following day, we added 2 % dimethyl sulfoxide to the standard 

HepaRG medium and maintained it for three days until the spheroid formation. We 

expanded human hepatic stellate cells in the Stellate Cell medium (maximal passage 

number of 5), provided by ScienCell (Carlsbad, CA, USA) (Lot PFP). Human liver 

spheroids were formed, according to a protocol described by Bauer and co-workers 

(2017). 

 

2.3. HUMIMIC Chip2 design and fabrication 

The microphysiological HUMIMIC Chip2 24-well (TissUse GmbH, Berlin, 

Germany) described earlier (Hübner et al., 2018) consists of two connected 

compartments in which we cultivate skin and liver organ equivalents. A microfluidic 

channel interconnects these compartments. The pulsatile flow obtained with an on-

chip micropump allows a cross talk between the organ equivalents. Wagner et al. 

(2013) described the fabrication of the polydimethylsiloxane chip with a 2-mm high 

layer containing the respective microfluidic channel (height of 100 µm.), micropump 

and lid for the reservoirs. The micropump is capable of providing a pulsatile flow of 

medium through 500 mm wide 100 mm high channels with a pumping volume range 

of 7–70 ml min-1 and a frequency of 0.2–2.5 Hz (Ataç et al., 2013). We used a 

frequency of 0.3 Hz in our experiments, which leads to a flow-rate of approximately 30 

ml min-1. The circuit is sealed onto a glass microscope slide using low-pressure plasma 

oxidation at the bottom (Femto; Diener, Ebhausen, Germany). The Chip2 micropump 

is activated by pressured air or vacuum (coming from the chip starter), resulting in a 

progressive lowering and raising of the 500 µm thick elastic membranes (Figure 1). A 

commercially produced batch of the Chip2 24-well was used for the experiments after 

passing quality control. We applied total volume of 1 mL composed of 50% RHS 

medium (described in the item 2.1) and 50% liver medium (described in the item 2.2.) 

to attend both “organs” demand. Afterwards, we loaded the Chip2 with one RHS and 

40 liver spheroids. All the analyses presented in the results and discussion section 

called “Chip2” data were based on the association of RHS plus liver model on-a-chip, 

while the called “RHS” data were based on the static single skin model culture. 
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Figure 1.  Cross-section of the HUMIMIC Chip2. The liver (cyan, left) and RHS 

(brown, right) are connected by a microfluidic tube system filled with medium 

(magenta). The peristaltic three-valve micropump (black, rear) ensures the medium 

exchange between liver and RHS on-chip. The test compounds were either applied 

topically to the RHS or systemically into the microfluidic tube system. Reprinted and 

modified, with permission, from Hübner et al. (2018). 

 

2.4. Skin irritation assay in the static RHS 

We exchanged the medium underneath the RHS inserts (0.5 mL) one day 

before the experiment. We performed the skin irritation assay onto RHS in accordance 

with the standard operating procedure (SOP) “In vitro Skin Irritation Test: Human 

Epidermis Model Episkin™” from the Organisation for Economic Co-operation and 

Development, OECD test guideline no. 439 (OECD, 2019). Briefly, we applied 10 µL 

of terbinafine (terbinafine HCl, Fragon of Brazil Pharmaceuticals, Brazil) 1 % or 5 % 

(w/v) dissolved in ethanol (99.5% pure, CAS-no: 64-17-5, Merck, Germany) on top of 

each RHS. We placed the plate in the incubator at 37 °C for 15 min. We exposed the 

RHS to controls: Ethanol (solvent control), Dulbecco’s Phosphate-Buffered Saline 

(DPBS, Corning®, Kaiserslautern , Germany) as negative control and 5 % SDS (w/v) 

(≥99 % pure, CAS-no: 151-21-3; Carl Roth, Berlin, Germany) as positive control 

(OECD, 2019). After the 15 min of exposure, we washed the RHS with DPBS and dried 

with sterile cotton swabs. We placed the inserts into new well-plates with fresh medium 

incubating for 42 hours (OECD, 2019). After 42 hours, we collected the medium 

underneath each RHS in the static 24-well plate. The medium collected was used for 
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interleukin 6 (IL-6) release and metabolism analyses of lactate dehydrogenase (LDH) 

activity, glucose consumption, lactate production, described in 2.8 and 2.9 items. 

Tissue samples were either harvested, frozen for histological and biomarker studies, 

or used for the MTT tissue viability assay.  

 

2.5. Skin irritation assay in the HUMIMIC Chip2 

We loaded the chip with 1 mL of circulating medium (mentioned in 2.3. item) 

one day before the experiment, later we loaded the chips with one insert of skin model 

in the 24-well size chip compartment, and 40 liver spheroids in the 96-well size chip 

compartment for the dynamic condition. 

We adapted the skin irritation assay for the skin side of the chip following the 

same SOP, mentioned in the 2.4. item of the OECD test guideline no. 439 (OECD, 

2019). However, there was a pulsatile flow during the 15 min of chemical exposition in 

the incubator at 37 °C.  After the 15 min of exposure, we washed the skin model with 

DPBS, dried with sterile cotton swabs, closed the lid of the skin side and renewed the 

medium from the liver side of the chip. We collected the medium after 42 hours, for the 

same analyses mentioned for static RHS, besides albumin to assess liver metabolism.  

 

2.6. Systemic treatment in the static RHS and Chip2 

For systemic treatment, in the first day of the experiment, we replaced the 

medium for fresh one containing ethanol (control) or 0.1% terbinafine in ethanol. Both 

mediums had a final volume of ethanol smaller than 1% of the total volume. We 

prepared and homogenized the medium solutions before we transferred it to the 24-

well plate (static) or to the Chip2. To reproduce the time that the chemical would 

interact systemically with both “organs” after the drug is released from the skin model 

in the topical application (skin irritation mentioned in the 2.4. item), we followed the 

same post-incubation time of 42 hours. All the analyses mentioned in the 2.4 item were 

also done for the systemic treated tissues and its medium samples. 

 

2.7. MTT tissue viability assay 

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, 98% 

pure, Sigma-Aldrich) assay was performed following the manufacturer’s instructions 

only for the skin models in the static conditions. Briefly, in the third day of the 

experiment (after exposure/post-incubation time of 42 hours), RHS tissue samples 

https://www.sigmaaldrich.com/catalog/product/sigma/m2128?lang=de&region=DE
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were placed in a fresh 24-well plate containing 500 μL/well of MTT (1 mg/mL) in 

medium (Dulbecco’s Modified Eagle Medium, 1 % antibiotics, 1  % l-glutamine) for 3 h 

at 37 °C. Each RHS was placed carefully in 2-mL tubes with 0.5 mL acidic isopropanol 

solution (also used as a blank) for MTT extraction for 2 h on a shaker (300 rpm). We 

transferred each MTT solution in triplicate (100 µL) into 96-well assay plates for the 

optical density (OD) reading at 570 nm (CLARIOstar, BMG Labtech, Ortenberg, 

Germany). Background readings for all the samples were determined and subtracted 

to obtain the correct optical density. Data were from three biologically independent 

experiments with RHS, each with three technical replicates. The percentage of viability 

was determined for each tissue using the equation: 

 

 % viability =  100 x [OD (sample)/ OD (solvent control)]    (1) 

 

The test chemical is considered irritant if the RHS viability after exposure/post-

incubation is less than or equal to 50 %. It is non-irritant if the viability is higher than 

50 % following OECD test guideline no. 439 (OECD, 2019). 

 

2.8. Histological studies 

 

Aiming to assess changes in the morphology of the tissues, in the third day of 

the experiment after test chemical exposition/post-incubation time, we embedded the 

RHS and liver spheroids in Tissue-Tek® O.C.T. compound (Sakura Finetek, Torrance, 

CA, USA) for hematoxylin and eosin staining (usual procedures). Regarding 

immunofluorescence staining, the tissue sections of 8 µm were fixed in acetone at -

20 °C for 10 min, washed with DPBS and blocked with goat serum 10 % (v/v) in DPBS 

for 20 min at room temperature. Mouse anti-human cytokeratin 10 (Santa Cruz, 

Heidelberg, Germany), rabbit anti-human cytokeratin 14 (Santa Cruz, Heidelberg, 

Germany), and mouse anti-human Ki67 (eBioscience) were used as primary 

antibodies and goat anti-mouse Alexa-488 (Life Technologies, Carlsbad, Ca, USA) and 

goat anti-rabbit CF594 as secondary antibodies including DAPI for nuclei staining. The 

Apo-Direct Apoptosis Detection Kit (Thermo Fisher Scientific Inc.) was used for 

terminal deoxynucleotidyl transferase dUTP, nick end labeling (TUNEL) staining, 

according to the manufacturer’s instructions. We examined the stained slides under a 
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Keyence fluorescence microscope (Osaka, Japan) and assessed for histopathological 

changes associated with chemical exposure. 

 

2.9. Enzyme immunoassay of inflammatory biomarker IL-6 

 

The culture media was quantitatively analyzed using enzyme-linked 

Immunosorbent Assay kits for IL-6, according to manufacturer’s protocol. We 

measured the IL-6 release level regarding skin irritation in a culture medium (only 

topical treatments). We collected 300µL of the medium after post-incubation period of 

42 hours to a frozen resistant plastic tubes, and the medium were kept under minus 

20 ºC until the day of the assay with total medium samples collected during the 

experiments. Data were from three biologically independent experiments with 

RHS/Chip2, each with three technical replicates. Regarding the calculation of a 

comparable value between RHS and Chip2 conditions, the amount of IL-6 was 

calculated as follows: 

 

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐼𝐿6 = 𝐼𝐿6 𝑐𝑜𝑛𝑐 [
𝑛𝑔

𝑚𝐿
] ∗

𝑣𝑜𝑙𝑢𝑚𝑒[𝑚𝐿]

𝑐𝑒𝑙𝑙[105]
∗ 105 (2) 

 

2.10. Metabolic levels 

 

We collected approximately 200µL of each medium sample in the day one 

(before medium exchange and previous the treatment) and in the day three (42 hours 

post-incubation time). The same medium sample was used for glucose, lactate, LDH 

and albumin (only samples from Chip2) analysis. We used the Indiko Plus system 

(Thermo Fisher Scientific, Germany) in combination with the following kits: Glucose 

(HK) 981779 kit (Thermo Fisher Diagnostics GmbH, Germany), Lactate Fluitest LA 

3011 kit (Analyticon Biotechnologies AG, Germany), LDH IFCC 981782 kit (Thermo 

Fisher Diagnostics GmbH, Germany), and Albumin CSF FS 65558 Kit (DiaSys, 

Holzheim, Germany) according to the manufacturer’s instructions in each case.  

Regarding the calculation of a comparable value between RHS and Chip2 conditions, 

the amount of each metabolite was calculated as followed: 

 

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑔𝑙𝑢𝑐 𝑜𝑟 𝑙𝑎𝑐 𝑜𝑟 𝐿𝐷𝐻 = 𝑐𝑜𝑛𝑐 ∗
𝑣𝑜𝑙𝑢𝑚𝑒[𝑚𝐿]

𝑐𝑒𝑙𝑙[105]
∗ 105 (3) 
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Regarding the calculation of LDH release, 1 % Triton X 100 was used to quantify 

maximal LDH released from tissues; it was set to 100%; the other values were 

calculated using the following equation: 

 

𝐿𝐷𝐻 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 = 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐿𝐷𝐻 ∗
100

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐿𝐷𝐻 max 𝑟𝑒𝑙𝑒𝑎𝑠𝑒
  (4) 

 

2.11. Gene expression analysis 

 

The skin models in the air-liquid interface were collected with a tweezer and 

dried with a cotton swab, the epidermis was detached from the dermis and the first 

were digested with a RNA buffer. We transferred the liver spheroids from the medium 

to the RNA buffer using wide bore tip.  Total RNA from the epidermis and liver 

spheroids were isolated using the NucleoSpin RNA kit (Macherey-Nagel, Düren, 

Germany). We determined the RNA purity by A260/A280 and A260/A230 ratios and 

calculated the total RNA concentrations using the DS-11 spectrophotometer 

(CLARIOstar, BMG Labtech, Ortenberg, Germany). The cDNA was synthesized by 

reverse transcription of 100 ng total RNA using the TaqMan® Reverse Transcription 

Kit (Thermo Fisher Scientific Inc). The QuantStudio 5 Real-Time PCR System (Thermo 

Fisher Scientific Inc.) and the SensiFAST SYBR Lo-ROX Kit (Bioline, Luckenwalde, 

Germany) were used for real-time quantitative PCR, according to the manufacturer’s 

instructions. Data analysis was performed using an excel datasheet. We designed the 

genes using the Genome Browser database (https://genome-euro.ucsc.edu/, see 

Table 1). Finally, we normalized the expression levels of genes of interest to the 

housekeeping gene beta actin (ACTB) and calculated the fold change to solvent 

control effect in relative gene expressions of treated tissues compared to ethanol-

treated control tissues, determined following 42 hours of treatment. 

  

https://genome-euro.ucsc.edu/
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Table 1.  Genes and respective sequences. Genes with asterisks were used as 

housekeeping genes. 

GENE SEQUENCE 3’ – 5’ UP SEQUENCE 3’ – 5’ DOWN 

*ACTB CCACCATGTACCCTGGCATT GCTTGCTGATCCACATCTGCT 

ALBUMIN TCAGCTCTGGAAGTCGATGAAAC AGTTGCTCTTTTGTTGCCTTGG 

CYP1A2 ATCCCCCACAGCACAACAAG CCATGCCAAACAGCATCATC 

CYP2C19 AGCTGGGACAGAGACAACAAGC CGTCACAGGTCACTGCATGG 

CYP2C9 GGTGGGGAGAAGGTCAATGTATC GACAGAGACGACAAGCACAACC 

CYP3A4 GGAAGTGGACCCAGAAACTGC TTACGGTGCCATCCCTTGAC 

EGFR GCCGACAGCTATGAGATGGAG TGGAGGTGCAGTTTTTGAAGTG 

IL-1Α GTGACTGCCCAAGATGAAGACC TGCCAAGCACACCCAGTAGTC 

IL-6 CTGGATCAGGACTTTTGTACTCATCT CCAATCTGGATTCAATGAGGAGACT 

IL-8 GTGGAGAAGTTTTTGAAGAGGGC TCTGGCAACCCTACAACAGAC 

 

2.11. Statistical analysis 

 

We analyzed the normal distribution between samples (Anderson-Darling) and 

afterwards tested for differences among groups using one-way ANOVA, followed by 

Tukey and Dunnett post-test as appropriate. A p-value < 0.05 was considered 

statistically significant.  
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3. Results  

 

3.1. Histological studies 

 

In the pretest, the untreated skin models after full differentiation were cultured 

on-chip for three days with a mixed medium consisting of 50 % skin medium and 50 % 

of the liver medium without the liver model. The epidermis showed multiple well-

differentiated layers (basal, spinous, granulosum and stratum corneum) (Figure 2b) 

like the original human skin. It showed compatible histomorphology without meaningful 

changes when compared to the untreated static skin models, cultured with 100 % skin 

medium (Figure 2a). Both skin models presented well distributed fibroblasts in the 

dermis, which, for instance, was fully adhered to the epidermis.  

Cytokeratin 10 is present in the upper layers and cytokeratin 14 in the basal layer in 

the human stratified epidermis (Maschmeyer et al., 2015). We observed that the 

immunolocalization of cytokeratins (10 and 14) in the RHSs treated with ethanol were 

also well distributed (Figure 2c, d).  
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Figure 2.  Skin morphology. Hematoxylin and eosin staining of (a) RHS in static 

culture and (b) Chip2 RHS. Immunolocalization of keratin-14 (KRT14, red) and keratin-

10 (KRT10, green) (c) RHS in static culture and (d) Chip2 RHS. Images were 

representative of three batches. Scale bar = 100 µm. 

The Chip2 skin models treated with the positive control 5 % SDS (Figure 3a) 

presented no sign of living cells (blue nucleus) at the edges of the RHS and detected 

apoptotic cells in the basal layers of the epidermis and the dermis, showing the 

penetration of the irritant SDS through the layers. The models treated with the solvent 

ethanol and terbinafine (Figure 3b, c, d, e, f, g) presented apoptotic cells only closer 

to the stratum corneum, indicating an adequate supply of nutrients and no sign of 

damage (blue nucleus). 
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Figure 3.  Effects on skin cell proliferation and apoptosis on Chip2. 

Immunolocalization of proliferative (Ki-67, red) and apoptotic (TUNEL, green) following 

the topical application on RHS of SDS 5 %, EtOH, terbinafine 1 %, terbinafine 5 % and 

following the systemic application of EtOH and terbinafine 0.1 %. Cell nuclei were 

stained with DAPI (blue). Images were representative of three batches. Scale 

bar = 100 µm. 

 

This liver spheroid is reported to be cultured up to 28 days (Maschmeyer et al., 

2015a), we observed a reduction in the proliferative and apoptotic cells in the untreated 
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liver models from day 0 to day 3, which means stability in the grow phase of the 3D 

culture. After this stabilization we evaluated the number of positive cells for Ki67 

(proliferation) and TUNEL (apoptosis) qualitatively for each exposition condition in the 

immunofluorescence slides in comparison to the untreated liver spheroids (Figure 4). 

We observed the effect was dependent on the application route and concentration of 

terbinafine or SDS used. In the SDS topical treatment, the blue nuclei were less 

rounded indicating lysis by necrosis; accordingly, we observed no increase in the 

proliferation/apoptosis ratio (no signals of repair or controlled death) (Figure 4a). 

Possibly, the SDS destroyed and passed through the RHS barrier reaching the 

circulation to promote the liver damage.  We observed an increase in the apoptotic and 

proliferative cells followed skin topical application of ethanol (Figure 4b) and 1% 

terbinafine (Figure 4c). However, 5% terbinafine topical treatment showed to reduce 

liver proliferation in comparison to untreated liver ones, which demonstrates the 

effective permeation through the RHS to the “bloodstream” that was transferred by 

active flow to the liver compartment (Figure 4d). The systemic solvent control (EtOH) 

(Figure 4g) did not change the proliferation/apoptosis profile substantially in 

comparison to the untreated tissue (Figure 4f). In the systemic terbinafine treatment, 

the proliferation was similar to untreated liver at day O (Figure 4e); however, the 

apoptosis was increased, suggesting a hepatic effect (Figure 4h). 
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  Figure 4.  Effects on liver cell proliferation and apoptosis on Chip2. Qualitative 

immunolocalization of proliferative (Ki-67, red) and apoptotic (TUNEL, green) at day 3 

following the topical application on RHS of (a) SDS 5 %, (b) EtOH, (c) terbinafine 1 %, 

(d) terbinafine 5 % and the following systemic application of (g) EtOH, (h) terbinafine 

0.1 %. For comparison, untreated liver spheroids at day 0 (e) and at day 3 (f). Cell 

nuclei were stained with DAPI (blue) are overlapped with red and green channels in 

the first row of each condition, followed by green channel in the second row and by red 

channel in the third row.  Images were representative of triplicates in three independent 

experiments. Scale bar = 100 µm.  
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3.2. RHS Viability 

 

The RHS models were exposed in a static condition to the irritant chemical 5 % 

SDS as a positive control. The SDS was correctly classified as an irritant, decreasing 

the viability to 2 % by using the MTT tissue viability assay. According to the prediction 

model, the viability was higher than 50 % for topical 1 and 5 % terbinafine, which 

classifies both concentrations as non-irritants (OECD, 2019). However, 5% terbinafine 

was statistically more toxic to the RHS than 1% terbinafine application (p < 0.05). 

Terbinafine was also considered non-irritant by using the MTT skin viability assay after 

systemic application (0.1 % terbinafine in the medium, Figure 5). 

  

Figure 5.  Substance effects on the viability of static RHS. Test substances below 

the 50 % threshold (dotted line) are predicted to be a skin irritant. DPBS –Dulbecco’s 

Phosphate-Buffered Saline (negative control); SDS – sodium dodecyl sulfate (positive 

control); Terb – terbinafine. We exposed for 15 min the RHS to a test chemical, and 

subsequently washed. Where only the solvent was applied, DPBS or ethanol, the 

symbol was stated as “--”. Mean  SD, triplicates from three independent experiments 

resulting in n = 9 samples per group, *p < 0.05 compared to Terb 5 %, +p < 0.05 

compared to all other treatments.  
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Since terbinafine was not soluble in hydrophilic solvents or sesame oil, ethanol 

is recommended and was chosen as the solvent control (Kandarova and Liebsch, 

2017). Topical ethanol produced a reduction in the skin viability when compared to the 

negative control DPBS; however, this decrease was reproducible and had a small 

standard deviation (± 0.038). Therefore, we calculated the test chemical’s irritant 

potential by reducing the solvent effect. 

A second endpoint for the assessment of the viability of the exposed tissues 

was through the quantification of the cytosolic enzyme LDH. The latter’s presence in 

the medium is often used as an indicator of cellular toxicity by leakage (Li et al., 2011) 

and leakage is related to necrosis cell death. The 1 % (v/v) Triton X 100 in DPBS 

destroyed the whole tissue (100 %) in 1 h and was, thus, used as the LDH positive 

control, representing the maximal activity in the medium. 

The skin models exposed to 5 % SDS reached the highest concentrations of 

LDH in the static condition (79.57 %), corroborating with the data observed in the MTT 

test (1.81 % skin viability) (Figures 6 and 5, respectively). The viability of Chip2 

conditions was measured by LDH release in the culture medium after this post-

treatment period (Figure 6). In Chip2 conditions, tissues presented an LDH release 

similar to static conditions with no significant differences between the terbinafine and 

solvent control groups. The exception was the on-chip SDS positive control that 

showed statistically different lower release compared to the static condition (p < 0.05). 

In this case, the positive control would be considered non-irritant in the Chip2.  
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Figure 6.  Substance effects on the release of LDH. Amount of LDH released from 

RHS (grey bar) or Chip2 (RHS+liver, white bar) to the culture medium 42 h post-

treatment. Where only the solvent was applied, DPBS or ethanol, the symbol was 

stated as “--.” Values were normalized per volume culture medium and cell number per 

model. Triton was used as a positive control and LDH release set to 100 %; LDH 

release at 50 % (dotted line). Mean  SD, triplicates from three independent 

experiments resulting in n = 9 samples per group, *p < 0.05. 

The static topical treatment of RHS with 1%, 5 % terbinafine, and the systemic 

treatment with 0.1 % terbinafine and ethanol resulted in statistically higher 

consumption of glucose (Figure 7a) in the medium compared to the Chip2 condition (p 

< 0.05). Consequently, they also showed statistically higher concentrations of lactate 

production (p < 0.05)., except for topical 1% terbinafine (Figure 7b). These data 

suggested superior metabolic activity in the static single RHS culture. However, when 

we compare terbinafine and ethanol treatments to its DPBS control, they were not 

different, not presenting toxicity neither to static RHS, nor to Chip2 conditions. 

Regarding RHS treatment with SDS (irritant positive control), it presented statistically 

higher toxicity than the negative control DPBS, observed by the lower consumption of 

glucose and lower lactate production, in both static or Chip2 conditions (Figure 7a, b).  
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 Figure 7.  Substance effects on the glucose consumption and lactate 

production. The amount of glucose (a) or lactate (b) in the medium collected from 

RHS (grey bar) or Chip2 (RHS + liver, white bar) to the culture medium 42 h post-

treatment. Where only the solvent was applied, DPBS or ethanol, the symbol was 

stated as “--.”  Values were normalized per volume culture medium and cell number 
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per model. Mean  SD, triplicates from three independent experiments resulting 

in n = 9 samples per group; where “*” means differences between the static and Chip2 

and  “#” means differences compared to negative control (DPBS), and “+” differences 

compared to all other treatments (p < 0.05).  

 

Liver models are expected to produce albumin and this biomarker is useful to 

monitor liver-like activity in the dynamic co-cultures (Wagner et al., 2013). After the 

RHS topical treatment with DPBS, ethanol, 1 % and 5 % terbinafine, and systemic 

ethanol and 0.1% terbinafine we observed maintenance of albumin content produced 

by liver spheroids, which means they were not toxic to the liver (Wagner et al., 2013). 

On the other hand, we observed that the RHS topical treatment with 5 % SDS 

presented a slight decrease the albumin concentration in the medium between day 01 

and 03, however, it was not significant (Figure 8). 

 

 

Figure 8.  Substance effects on albumin production. Albumin produced by the liver 

on-chip before and after treatment (day 1, white bar; day 3, dotted pattern bar,). Mean 

 SD, triplicates from three independent experiments resulting in n = 9 samples per 

group.  
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3.3. Enzyme immunoassay of inflammatory biomarker IL-6 

 

We considered the amount of IL-6 released by cell units per 1 mL volume in order 

to compare the RHS static culture with the Chip2 circuits. We observed that less IL-6 

was found in the medium in the Chip2 circuits (released by RHS and liver model) when 

compared to static ones (RHS) for topical applications of ethanol, 1% and 5% 

terbinafine, (p < 0.05) (Figure 9). Among Chip2 treatments, all of them released similar 

IL-6 concentrations. The reduction observed by SDS in the chip was not considered 

significant. On the other hand, in the static condition, SDS treatment  provoked a 

significant reduction in the RHS IL-6 release when compared to all the other topical 

treatments, p < 0.05 (Figure 9). This small IL-6 release indicates that there was not 

enough time for IL-6 signaling in the tissues treated with SDS due to immediate death 

from necrosis. Since the IL-6 is quite stable from degradation (Graham et al., 2017), it 

could be also suggested that dead cells suppressed IL-6 release (Newby et al., 2000). 

 

Figure 9.  Substance effects on the release of interleukine-6 (IL-6). The amount of 

IL-6 released from RHS to the culture medium 42 h post-treatment in static (grey bar) 

and Chip2 (RHS+liver,  white bar) culture. Values were normalized per volume culture 

medium and cell number per model. Where “*” means differences between the static 

and Chip2 and “+” means differences compared to all other static treatment (p < 0.05). 
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Mean  SD, triplicates from three independent experiments resulting in n = 9 samples 

per group. 

 

3.4. Skin gene expression 

 

 The topical terbinafine treatments (1 and 5%) did not dysregulate IL-6, IL-8 and 

EGFR genes in both RHS static or in the Chip2 (Figure 10). However, only in the 

Chip2, topical 5% terbinafine significantly upregulated IL-1α (p < 0.05) when compared 

to solvent control (defined as 1 fold change) and its expression was statistically 

different from systemic 0.1% terbinafine treatment in the Chip2 (p < 0.05)  (Figure 

10a). We also observed only in the Chip2 that systemic 0.1% terbinafine treatment 

upregulated EGFR significantly (p < 0.05) when compared to solvent control and when 

compared to static RHS expression, showing in the Chip2 to be more sensitive, 

activating the repair response (Figure 10d).   
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Figure 10.  Substance effects on epidermal gene expression. Epidermal 

expression (from RHS or Chip2 RHS) of (a) IL-1, (b) IL-6, (c) IL-8 and (d) EGFR; 

expressed as fold change to the ethanol solvent control (dotted line). Where “+” means 

significant difference from solvent control (defined as 1 fold change), p< 0.05, and “*” 

significant difference between treatments p< 0.05. Mean ± SEM; triplicates from three 

independent experiments resulting in n = 9 samples per group.  

3.5. Liver gene expression 

Downregulations of albumin and CYP1A2, 2C9, 2C19 and 3A4 are considered 

hepatotoxic signals, while upregulations of those CYPs and interleukins (IL-6 and IL-

8) means metabolism of the drug and inflammation, respectively. Our findings shows 

that topical 1% terbinafine did not dysregulate CYPs, albumin or ILs (Figure 11). 

Moreover, topical 5 % terbinafine significantly upregulated the liver expressions of 

CYP1A2 (mean: 4.77-fold) and CYP3A4 (mean: 3.75-fold) (p ≤ 0.05) (Figure 11a), 
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corroborating to immunofluorescence findings suggesting superior interaction of the 

drug with the liver than topical 1% terbinafine. The systemic treatment of 0.1 % 

terbinafine significantly downregulated albumin (mean 0.59-fold) (p ≤ 0.05) (Figure 

11b) which is a signal of hepatotoxicity, but it also significantly upregulated CYP2C9 

(Figure 11a) (p ≤ 0.05) suggesting also improved metabolism. None of the terbinafine 

treatments changed significantly interleukins expression in the liver spheroids (Figure 

11c). 

 

Figure 11.  Substance effects on hepatic gene expression. Hepatic expression of 

(a) CYP 1A2, 2C9, 2C19, 3A4 (b) albumin and (c) IL-6 and IL-8 expressed as a fold 

change to the ethanol solvent control (dotted line).  Where “+” means difference from 

solvent control (1), p< 0.05, and “*” means difference between treatments, p< 0.05. 

Mean ± SEM; duplicates or triplicates from three independent experiments resulting 

in n = 6 or 9 samples per group.   
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4. Discussion 

 

Three-dimensional tissues are currently mostly cultivated and tested in static 

conditions (Ataç et al., 2013; Groeber et al., 2011; OECD, 2019; Shevchenko et al., 

2010). The innovation of our skin irritation study, contrary to what usually happens, did 

not focus exclusively on the initial cascade event of skin viability but also analyzed 

other endpoints to evaluate the second and third events, related to the metabolism of 

xenobiotics, and the release or gene expression of cytokines. In addition, we included 

the skin models in a microphysiological circuit associated with a liver model to compare 

the events of toxicity after the topical and systemic exposure of substances. 

First of all, instead of reconstructed human epidermal (RHE) model 

recommended for skin irritation test, we have chosen an in-house full-thickness RHS, 

since previous studies demonstrated that dermal fibroblasts play a pivotal role in 

epidermal differentiation, maturation, in the skin barrier formation, tissue homeostasis, 

and cutaneous wound healing (Jevtić et al., 2020). Our RHS efficiently mimics the 

morphology of human skin (Tavares et al., 2020) observed in Figure 2a, either cultured 

in static condition (Figure 2b) with 100% skin medium or in HUMIMIC Chip2 with 50% 

skin medium plus 50% liver medium (Figure 2c). While proliferative cells are located 

in the basal layers, apoptotic cells are located in the upper layers close to the stratum 

corneum as expected (Figure 3 c and d).  

In our study, we constructed all the skin models with pool of three patients in 

every batch, aiming to reduce patient related variability; however, this procedure was 

not enough to obtain small standard deviations in the skin gene expression analyses, 

or in the IL-6 release.  Even though in vitro assays offer a more controlled environment, 

primary cells are not representative of a larger pool of donors (Wikinson, 2019) and 

show individuals differences presenting a limitation concerning reproducibility. On the 

other side, in the liver model, consisting of the fully differentiated cell line HepaRG and 

primary HSC, the gene expression was much more reproducible between batches and 

among the nine replicates.  

The liver model protocol was established previously (Wagner et al., 2013). It 

mimics the microenvironment of the liver and the flow is reported to prevent the 

necrosis in spheroids and upregulate cell activity back to levels observed in freshly 

isolated human primary cells (Vinci et al., 2011). (Figure 4). In addition, 3D liver 
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spheroids cultivated under flow condition are more predictive to human’s toxicity than 

2D liver primary cells (Eglen, 2017; Davidge, Bishop, 2017).  

Analyzing each cell type used in our liver spheroid, HSCs are liver-specific 

mesenchymal cells that contribute to liver physiology and pathophysiology (Akbari et 

al., 2019). In a healthy liver, HSCs are quiescent at baseline, and their function is to 

store vitamin A lipid droplets. Following damage due to toxins or viral infections, HSCs 

become metabolically active resulting in the accumulation of cell–extracellular matrix 

in liver (Akbari et al., 2019). HSCs have limited proliferation capacity in 2D culture, 

cannot maintain the quiescent phenotype, and spontaneously lose key functional 

features in vitro (Akbari et al., 2019). In this study, HSCs were cultivated with 

differentiated HepaRGs, which is a tumor-derived cell line, that readily proliferates; but 

their functionality may be quite different from healthy tissue (Wilkinson, 2019). 

However, Coll and co-workers (2018) observed when grown as 3D spheroid co-

cultures together with HepaRG cells, HSCs stored vitamin A and, more importantly, 

they switched from a quiescent state to an activated state in response to hepatic 

toxicity. Also, in a study done by Lübberstedt and co-workers (2010), they compared 

primary human hepatocytes (pHH) with HepaRG for hepatotoxicity studies 

(Hepatocyte-specific parameters like expression of five CYP450 and albumin release). 

They concluded that HepaRG cells could provide a suitable alternative to pHH in 

pharmaceutical research and development for metabolism studies such as CYP 

induction or sub-chronic to chronic hepatotoxicity studies. In another study conducted 

by Maschmeyer and co-workers (2015b), the liver equivalents (also made of HepaRG 

and HSC) responded properly to the respective troglitazone challenge, as 

demonstrated at the mRNA and immunohistochemistry level. These studies 

demonstrate how the use of HepaRG plus HSC is a good alternative instead of the 

gold standard, the human liver donor tissue, since it is limited due to the restricted living 

time demanding cryopreservation to match the time window for experiments (Wikinson. 

2019; Lübberstedt et al.,2010). Besides that, it is difficult to isolate representative pools 

from different donors for every experiment in order to reduce patient-related 

responses.   

In parallel, the focus of skin irritation is placed on IL-1α as an inflammatory 

mediator, since it is one of the primary cytokines secreted by the keratinocytes capable 

of initiating cutaneous inflammation (Newby et al., 2000). The disruption of the human 

skin barrier increases IL-1α release (Wood et al., 1997; Xiang and Yang, 1998) and 

https://www.researchgate.net/profile/Marc_Luebberstedt?_sg%5B0%5D=EjJL2i8Uc9ZMT8SoKTgFkaNRcxHYGQfOfYf_0xCCuBmacj9lGJ5-hTSFGu26mnwk3_fwwW0.-jfgwiTgghQg_UVdKg_GVP5qT5PXQO8o5IhaT3V3gsNoMtDLfcfNn33JyT3lK6_ORRW94j4oVP6hRL-xxPYiyg&_sg%5B1%5D=7c_DId9fq4f1bmEH0VgUhR7M1PdIHOu2vhnlkV064k_RVYuscbxamWly_rwpHXMQF1TmgD4.bBBWaudzARA4MC_PIAKZD6a4ZruW4Gf0g3dGIPbQqKjeMtT0OE2Ei_WCySSxsgFJ3IzaORZtC36jCHcEMLOE5Q
https://www.researchgate.net/profile/Marc_Luebberstedt?_sg%5B0%5D=EjJL2i8Uc9ZMT8SoKTgFkaNRcxHYGQfOfYf_0xCCuBmacj9lGJ5-hTSFGu26mnwk3_fwwW0.-jfgwiTgghQg_UVdKg_GVP5qT5PXQO8o5IhaT3V3gsNoMtDLfcfNn33JyT3lK6_ORRW94j4oVP6hRL-xxPYiyg&_sg%5B1%5D=7c_DId9fq4f1bmEH0VgUhR7M1PdIHOu2vhnlkV064k_RVYuscbxamWly_rwpHXMQF1TmgD4.bBBWaudzARA4MC_PIAKZD6a4ZruW4Gf0g3dGIPbQqKjeMtT0OE2Ei_WCySSxsgFJ3IzaORZtC36jCHcEMLOE5Q
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causes the production of tumor necrosis factor and IL-1α by fibroblasts, which 

stimulates the production of IL-6, firstly, by epidermal keratinocytes, whereas 

fibroblasts in the dermis represent a secondary source of this cytokine (Wang et al., 

2004). In addition, full-thickness skin wound models produced IL-6 locally and released 

it within 30 min after injury; enhanced IL-6 levels have been described 24 h after 

treatment (Wang et al., 2004). For that reason, we selected IL-6 for the quantification 

in the medium, which, for instance, indicated that the Chip2 conditions presented the 

lowest IL-6 amounts for terbinafine, solvent control and DPBS treatments, probably 

due to medium circulation and liver clearance. Our liver model was made mainly by 

HepaRG cell, and those cells are reported to be involved in the clearance of 

recombinant human IL-6 through their IL-6 receptor (Heinrich et al., 1990). The SDS 

skin treatments released significant low amount for static RHS (p < 0.05) when 

compared to the other treatments in the static condition. In the Chip2, SDS treatments 

reduced the release, however, it was not considered significant when compared to the 

other treatments in the Chip2 condition. This was probably due to the reduced values 

in the IL-6 release observed for all the other Chip2 treatments. The reduction in the IL-

6 release is expected by irritant compounds due to the early keratinocyte death right 

after substance application (necrosis), like we observed in the immunofluorescence 

slides (Figure 3a). IL-1α also stimulates a sequential release of IL-8, which is a potent 

neutrophil attractant stimulated by irritants or sensitizers due to skin damage 

(Mallampati et al., 2010). Also, Li and coworkers (2016) suggested that the 

differentiated production of IL-1α and IL-8 might be linked to the irritant or sensitizer 

potential of the agent, respectively, for that reason we analyzed IL-6 and IL-8 

expressions beyond IL-1α. Finally, we analyzed the expression of the receptor involved 

in the skin permeability and repair and in the regulation of cytokine production, the 

EGFR.  Terbinafine treatments did not affect epidermal expressions of the three ILs 

and EGFR in the skin static condition; however, in the Chip2, topical 5% terbinafine 

showed to be more sensitive than static one, upregulating IL1α significantly (p < 0.05) 

comparing to solvent control, and comparing with systemic terbinafine in the Chip2 

(Figure 10a). The difference in the gene expressions of interleukins IL-6 and 8 in the 

terbinafine-treated skins were not significant (Figure 10b, c).  

The disruptive positive control, 5 % SDS, in the static condition was the only 

substance considered a skin irritant by MTT (1.81 %) and LDH (79 %) viability studies. 

The LDH assay was performed to validate the results obtained by the MTT assay (Li 
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et al., 2016). However, the LDH quantified in the Chip2 was very low (19 %) for the 

positive irritant control. The LDH activity was not suitable to measure early signs of 

toxicity due to the Chip2 medium perfusion or the irritant was applied too early before 

homeostasis of the chip system was reached. As observed by Wagner and co-workers 

(2013) who studied the LDH release by skin biopsies on-chip, a stable LDH 

concentration was obtained in the system after six days. It was maintained during the 

days of the experiment in the untreated models, while they observed an increase of 

LDH activity in response to the treatment of troglitazone from day four. The three days 

of our study were probably too short to observe a significant increase in the LDH 

activity induced by the acute irritation process; however they were chosen in order to 

follow OECD TG 439. 

Looking at the metabolic data, SDS treatments represented the lowest glucose 

consumption and the lowest lactate production (Figure 7) when compared to DPBS. 

As mentioned previously, a healthy liver synthesizes albumin, which is a biomarker for 

liver functionality (Wagner et al., 2013). We observed a reduction in the albumin 

secretion in the medium of circuits treated with SDS (day 3) compared to the medium 

before treatment (day 1); however, it was not considered significant (Figure 8). This 

protein is reduced or downregulated in the liver acute phase response (Heinrich et al., 

1990). In the fluorescence images, SDS reduced both proliferation and apoptosis, 

suggesting necrosis in the liver spheroids. Taken all together, we confirmed the toxic 

potential of 5 % SDS for the skin and suggests a potential hepatotoxic impact on the 

co-cultured liver spheroids. 

Secondly, we chose a highly lipophilic substance to accumulate in the skin or to 

be able to pass it; terbinafine is a commercially available topical medicine (Lamisil AT® 

1 % cream – containing 1 % terbinafine HCl) and is not reported as a skin irritant (FDA, 

2012). Topical 1 % and 5 % terbinafine was detected as non-irritant in both static and 

dynamic conditions by the prediction model, even when dissolved in a permeation 

enhancer (ethanol) (Lachenmeier, 2008), since it did not reduce the cell viability to less 

than 50 % as specified by the ECVAM protocol (Miyani and Hughes, 2017; OECD, 

2019). Nevertheless, the topical 5% terbinafine application reduced the cell viability 

significantly (p < 0.05) in comparison to topical 1% terbinafine application. In addition, 

those concentrations did not increase the LDH release by more than 50 %, establishing 

a parallel with the OECD prediction model of 50 % cutoff for MTT.  
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Besides the absence of skin irritation, topical 5 % terbinafine application 

significantly affected liver gene regulations in the Chip2, by the upregulation of 

CYP1A2 and 3A4. It shows that at this concentration terbinafine penetrated the RHS 

barrier, reached the circulation and was pumped to the liver spheroids, where it 

induced the metabolism of terbinafine by side-chain oxidation, dihydrodiols formation 

and deamination, the primary reactions promoted by these enzymes (Vickers et al., 

1999). This was not observed for topical 1% terbinafine. Also, topical 5 % terbinafine 

treatment seems to reduce the number of proliferating liver cells and increased 

apoptosis, in the immunofluorescence slides, suggesting superior hepatic impact. 

Finally, we observed in the systemic 0.1% terbinafine treatment, Chip2 RHS 

showed to be more sensitive than static ones, upregulating EGFR significantly (p < 

0.05) comparing to solvent control (Figure 10d).  It also caused liver gene 

dysregulations: significant (p < 0.05) downregulation of albumin (impairment of liver 

functionality) suggesting hepatotoxic signs as expected. Hence, we observed an 

increase in apoptotic cells in the liver immunofluorescence slides compared to the 

untreated liver spheroids. Additionally, CYP2C9 was significantly upregulated (p < 

0.05) suggesting increased metabolism of this drug.  

The evaluation of CYPs 1A2, 2C9, 2C19 and 3A4 enzymes in the liver reveal 

its regular metabolism functions. Terbinafine does not usually inhibit most major CYP 

enzymes at the clinically relevant concentration of 0.01 % (Vickers et al., 1999), which 

suggests its tenfold concentration (0.1 %) in plasma could present hepatic effect; since 

it has a small therapeutic index (FDA, 2012). However, taking all the results together, 

systemic 0.1 % terbinafine treatment was mild toxic for the RHS to liver spheroids, but 

this hepatic effect could not be detected by the LDH/glucose/lactate and albumin 

secretion analyses. 

The liver mechanism of defense is usually related to IL-6 release, which then 

signals to release IL-8 (Orjalo et al., 2009). After IL-6 is synthesized in vivo in a skin 

lesion in the initial stage of inflammation, it moves to the liver through the bloodstream 

and reduces the production of fibronectin, albumin and transferrin (Tanaka et al., 

2014). This correlation between IL-6 and albumin dysregulation was not observed in 

the gene expression analyses for terbinafine treatments. 

Another limitation of the study observed is related to Chip2 metabolic analyses 

and IL-6 release in the Chip2, since we considered the Chip2 as one unit made of two 

“organs” interconnected, it was not possible to separate the contributions of each 
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“organ” in our medium analyses. One approach already used in the literature for more 

than one organ-on-a-chip, is to assess the cultivation of one organ at a time in the chip 

(only skin, and in parallel only the liver) as performed by Maschmeyer and co-workers 

(2015b) and Materne and co-workers (2015), the later has found the exposure of the 

co-culture to be more sensitive compared to respective single-tissue cultures in the 

multi-organ-chip. In our study, when we apply the substance topical on the skin, the 

substance needs to penetrate through the skin barrier and is then further transported 

to the liver compartment by active pumping, conversely than when we apply a known 

concentration fully in the medium (systemic). However, in order to solve the questions 

raised from  organ- specific contributions, we followed many gene expressions of each 

“organ” to assess the effects of the test chemicals in the skin or in the liver. Microfluidic 

technology is being used to develop cost-effective in vitro models for lead compounds 

that can more reliably predict the efficacy, toxicity and pharmacokinetics of drug 

compounds in humans, as well as for novel screening assays (Cui, Wang, 2019). The 

added benefit of the multi-organ-chip is the addition of a second organ.  

Herein, we showed the importance of the co-cultivation of the RHS and liver 

model in the skin irritation assay, since the additional hepatotoxic evaluation gives a 

clearer picture of toxicity. Our study suggests that these endpoints evaluated are 

suitable for extra irritancy/toxicity analyses in the detection of mild toxicants, since we 

measured the impact caused by those substances in the skin and the co-cultured liver 

model. Meanwhile, the combination of a skin and liver models allowed an assessment 

of toxic or metabolic responses in the liver caused by chemicals able to pass through 

the skin barrier. This would not have been measurable in the traditional static RHS 

culture. In other words, the conceptual advantage of skin-on-a-chip platform is not new. 

However, it was the first time that a work group takes profits of the microphysiological 

platforms to apply a published OECD guideline, to assess a specific endpoint (irritation) 

combined with other toxic and metabolic endpoints. This showed the increased 

complexity and also presents the limitations of the association of the skin model with 

another organoid like the liver model, to translate systemic toxic or metabolic missing 

effects not observed in the conventional static skin irritation assay. Therefore, the 

present study opens a more complex approach based on a microphysiological system 

to assess more than a skin irritation process. 
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Há um alto percentual de novos fármacos que falham em estudos clínicos, 

apesar de terem sido testados com sucesso em animais durante a pesquisa pré-

clínica, o que indica que os testes em animais têm dificuldades em se correlacionar 

com os resultados em humanos (HARTUNG  et al., 2012). Assim, para que o teste in 

vitro seja aprovado pela OECD como alternativo à experimentação animal, este deve 

apresentar maior correlação com humanos e o ensaio em animais. 

Buscando essa alta correlação com humanos, a presente tese se baseou nos 

métodos alternativos in vitro desde os ensaios mais básicos em monocamadas aos 

mais complexos e inovadores como a microfluídica de órgãos em chip. Cada ensaio, 

seja ele mais simples ou mais complexo, contribuiu para a avaliação do potencial 

tóxico da substância em questão.  

Foi desenvolvido um modelo de pele humana completa e posteriormente esse 

modelo foi reduzindo a um tamanho compatível com o chip microfluídico. Este modelo 

se apresentou mais vantajoso por ser realizado em menos dias, utilizando menor 

quantidade de material e células e ainda sim foi considerado reprodutível e adequado 

aos ensaios com ele propostos (fotoirritação, irritação e atividade antioxidante por 

meio da inibição de ERO). Os ensaios que utilizaram o modelo de pele foram 

comparados com resultados em monocamadas no primeiro capítulo, foram 

extrapolados com análises além viabilidade celular no segundo capítulo e, os modelos 

de pele foram cultivados tanto na forma estática quando em microfluídica associando-

se ao modelo de fígado no terceiro e último capítulo. Todos os trabalhos desenvolvidos 

têm em comum a utilização dos ensaios in vitro utilizando tecidos 3D na avaliação de 

toxicidade e/ou eficácia de substâncias de uso tópico e/ou sistêmico. 

No primeiro capítulo, abordamos a prospecção da alga marinha originária da 

Antártica Desmarestia anceps até o isolamento da fucoxantina. Esta parte do trabalho 

foi iniciada em colaboração com a professora Hosana Maria Debonsi e o professor 

Pio Colepicolo Neto durante o mestrado; entretanto, no doutorado, a substância 

isolada foi submetida a ensaios de fotoestabilidade quando incorporada em 

formulação fotoprotetora e sua fototoxicidade e atividade antioxidante avaliadas em 

modelo de pele humana reconstituída 3D (RHS). 

Um dos resultados mais interessantes desse capítulo foi o controverso 

comportamento da fucoxantina que foi marcadamente fototóxica no ensaio em 

monocamadas, mas quando avaliada em modelo de pele 3D não apresentou potencial 

fotoirritante a 0,5% (p/v). Enquanto isso, a predição de fototoxicidade do controle 
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positivo cetoprofeno a 3%, foi confirmada uma vez que o modelo de pele 3D irradiado 

apresentou redução da viabilidade superior a 30 %, quando comparado ao não 

irradiado (KANDAROVA; LIEBSCH, 2017).  

Este comportamento de fototoxicidade em fibroblastos 3T3 e ausência de 

fototoxicidade em modelo de pele ocorre devido ao teste 3T3 NRU-PT ser muito 

sensível e como consequência ele é superestimado podendo produzir resultados 

falso-positivos (GASPAR; KAWAKAMI; BENEVENUTO, 2017; KANDAROVA; 

LIEBSCH, 2017). Ainda, nos modelos de pele reconstituída, acima da derme que 

contém os fibroblastos, há a epiderme estratificada em camada viável (basal, 

espinhosa, granulosa) e o estrato córneo com a função barreira. Essa função também 

modifica a penetração da substância até camadas viáveis (mais profundas), 

influenciando a biodisponibilidade da mesma pela pele. Ainda, os modelos cutâneos 

são mais permeáveis que a pele humana (KEJLOVÁ et al., 2007), o que significa que 

dificilmente produzem resultados falso-negativos. Portanto, os ensaios de 

fototoxicidade sugeriram que a fucoxantina não apresenta potencial fototóxico para a 

pele humana na concentração estudada (0,5%). Após essa confirmação, buscou-se 

saber se a mesma era eficaz, ou seja, se a fucoxantina tem propriedades antioxidantes 

quando aplicada topicamente. Para tal, o potencial antioxidante foi avaliado nos 

queratinócitos HaCat e no modelo de pele; em ambos os ensaios foi utilizado a sonda 

fluorescente e permeável DCFH2-Da. O resultado de inibição do ERO foi significativo 

tanto para a substância pura em monocamadas, quanto no modelo de pele a 0,5% 

incorporada em filtro solar, indicando que, mesmo em concentrações 50 vezes 

menores (no ensaio em monocamadas), a fucoxantina já apresenta ação protetora 

contra as ERO produzidas pela radiação UVA na pele. Ainda, a formulação contendo 

apenas filtros solares não reduziu significativamente a produção de ERO na pele 3D.  

 No capítulo 2, realizado durante o doutorado sanduíche em colaboração com o 

grupo da professora Dra. Monika Schäfer-Korting (Berlim, Alemanha), o 

comportamento da fucoxantina quanto ao potencial de irritação cutânea foi estudado. 

Primeiramente, a partir do protocolo desenvolvido no Brasil para modelos pele, o 

mesmo foi miniaturizado de 1,13cm2 para 0.6 cm2 para se adaptar aos estudos em 

microfluídica, além das vantagens relacionadas com economia de material, células e 

o aumento do número amostral.  

O ensaio de irritação cutânea (OECD Test Guideline nº 439) foi concebido para 

prever e classificar o potencial de irritação de uma substância química através da 
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avaliação da viabilidade do tecido de RhE (OECD, 2017). A irritação aguda é uma 

resposta inflamatória local e reversível das células das camadas viáveis da pele em 

resposta à lesão direta causada pela aplicação de uma substância irritante (WORTH 

et al., 2014). O potencial para induzir irritação da pele é uma consideração importante 

incluída nos procedimentos para o manuseio, embalagem e transporte seguro de 

produtos químicos (WORTH et al., 2014).  

Com o objetivo de obter uma análise detalhada sobre o comportamento da 

fucoxantina na pele, o guia de irritação cutânea foi seguido, no entanto, não somente 

visando a viabilidade dos tecidos pelo ensaio do MTT. A proposta de avaliar a 

capacidade da fucoxantina a 0,5% (p/v) provocar alterações na expressão de genes 

relacionados a inflamação (IL-1a,6,8), homeostase (EGFR, HSPB1) e ao metabolismo 

(NAT1) também foi considerada interessante, uma vez que estes são genes que 

podem estar desregulados frente a um agente irritante (TAVARES et al., 2020) sem 

que a viabilidade necessariamente seja alterada.  

A fucoxantina provou ser não-irritante na pele 3D, embora tenham sido 

observadas alterações em genes relacionados à inflamação (regulação negativa) e 

metabolismo (regulação positiva) quando a mesma foi veiculada em etanol absoluto. 

Demonstrou tanto pela viabilidade dos tecidos quanto pela reduzida expressão gênica 

de IL-6 e 8 ter melhorado os sinais deletérios gerados pelo etanol absoluto nos 

modelos e ter tido superior biodisponibilidade pelo aumento na expressão de NAT1 

em relação a fucoxantina em alqui benzoato. Esses resultados foram imprescindíveis 

para acrescentar a discussão sobre a escolha dos veículos ideais na solubilização de 

substâncias lipofílicas. Também foram úteis para definir o desenho experimental do 

último capítulo, que também se baseou no guia de irritação (OECD Test Guideline nº 

439), porém avaliou a terbinafina, que é um fármaco muito utilizado e tem estudos em 

número suficiente para respaldar os achados do nosso trabalho. Incluímos alguns 

marcadores que foram mais promissores do estudo anterior, como as IL-1α, IL-6 e IL-

8 e o EGFR, marcadores de viabilidade metabólicos (LDH, lactato e glicose), bem 

como marcadores específicos para o modelo de fígado (albumina e enzimas do 

CYP450).  

Neste terceiro capítulo, a inovação do estudo foi a de realizar o guia de irritação 

cutânea, que foi desenvolvido para modelos de pele cultivados de forma estática, no 

chip dinâmico e microfluídico de dois compartimentos (Chip2), onde ainda foram 

adicionados os esferoides de fígado, aumentando a complexidade do sistema teste.  
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Neste artigo, além da avaliação da aplicação tópica de duas concentrações da 

terbinafina (1 e 5%), foram avaliados os efeitos causados pelas substâncias após 

permearem a pele até o meio de cultura e consequentemente até o segundo 

compartimento do modelo de fígado. Também foram avaliados os resultados de 

toxicidade por meio de uma aplicação sistêmica da terbinafina (0,1%), como um 

controle hepatotóxico.  

O controle positivo, recomendado pelo guia, LSS 5% (p/v), também foi incluso 

e foi o único considerado irritante cutâneo por meio da viabilidade celular (abaixo de 

50%), mudanças na morfologia dos tecidos, redução nos níveis de lactato e glicose e 

de liberação de IL-6. Na condição estática, o modelo de pele tratado com LSS liberou 

quantidades significativas de LDH (82%) (p > 0.05), corroborando com a redução na 

viabilidade observada pelo MTT. Entretanto, esse aumento não ocorreu no Chip2 e a 

teoria principal foi a falta de tempo para a homeostase dessa proteína de alto peso 

molecular (superior a 140 kDa). Ainda, em ambos os sistemas (cultivo estático ou 

dinâmico) as concentrações tópicas e sistêmica de terbinafina não foram 

consideradas irritante pelos níveis metabólicos. Entretanto, no Chip2 a concentração 

tópica aplicada de LSS bem como a concentração sistêmica 0,1% foram consideradas 

tóxicas para o fígado seja pelo aumento na expressão da enzima CYP2C9  pela 

redução na expressão de albumina, ou mudanças na proporção de células apoptóticas 

dos esferoides. Ainda, a concentração sistêmica de terbinafina aumentou a expressão 

do EGFR no RHS do Chip2. Ainda apenas no Chip2 a concentração tópica de 

terbinafina 5% aumentou a expressão de IL-1α no RHS e mostrou ter atravessado a 

pele, uma vez que esta concentração aumentou no número de células apoptóticas 

enquanto reduziu das células proliferativas nos esferoides de fígado e ainda aumentou 

na expressão das CYPs 1A2 e 3A4 de forma significativa (p > 0,05). 

A vantagem da análise de toxicidade, como a irritação cutânea, associando 

outro “órgão” ao modelo de pele em microfluídica foi a superior sensibilidade do 

modelo de pele após a aplicação de terbinafina tópica a 5% e sistêmica a 0,1% 

detectada pelo aumento na expressão gênica de IL-1α e de EGFR, respectivamente. 

Além disso, foi observado aumento no metabolismo da terbinafina pelo modelo de 

fígado por expressão gênica após a aplicação tópica da mesma a 5%, bem como 

sinais de hepatotoxicidade após a aplicação tópica do irritante LSS, por 

imunofluorescência, o que constata efeitos hepáticos de substâncias que foram 

capazes de permear o modelo de pele.   
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O presente estudo abriu perspectivas para uma nova abordagem in vitro, mais 

complexa, baseada no sistema microfluídico para avaliar toxicidade de substâncias 

muito além do desfecho de irritação cutânea. 
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A fucoxantina foi isolada da alga D. anceps e identificada como all-trans-

fucoxantina; nos estudos de fotoestabilidade ela foi considerada fotoinstável, mas 

quando veiculada em filtro solar, a formulação foi considerada fotoestável não 

reduzindo em mais de 20% a degradação após a irradiação e ainda aumentou em 

72% a absortividade da formulação demonstrando efeito UV-booster.  

A fucoxantina foi considerada fototóxica no ensaio em monocamadas e este 

resultado não se confirmou no ensaio em pele 3D na concentração de 0,5%, o que 

era esperado uma vez que este tipo de ensaio apresenta limitações tais como a 

superestimação dos resultados de toxicidade devido ausência do estrato córneo como 

barreira de permeação cutânea, o que aumenta muito a sua biodisponibilidade frente 

a condições reais de uso; quanto a atividade antioxidante, tanto no ensaio e 

monocamadas quanto em modelo de pele 3D, foi observada uma inibição significativa 

na produção de ERO induzidas pelo UVA, demonstrando propriedades fotoprotetoras 

que deverão ser melhor investigadas nos ensaios clínicos.  

O modelo de pele humana reconstituída produzida in house, foi miniaturizada 

com sucesso, manteve as excelentes características morfofisiológicas emulando a 

pele humana;  

O modelo miniaturizado foi adequado para predizer o potencial irritação e 

fototoxicidade dos controles positivos, negativos, das substâncias teste fucoxantina e 

da terbinafina; o modelo também considerado adequado para o cultivo em chip 

microfluídico de dois compartimentos.  

Os biomarcadores IL1-α, IL-6, IL-8, EGFR e NAT1 utilizados no estudo de 

irritação cutânea contribuíram para confirmação da ausência de potencial irritante da 

fucoxantina; demonstrou também efeito anti-inflamatório da fucoxantina em relação 

aos efeitos deletérios do etanol nos tecidos (reduziu a expressão de gênica de IL-6 e 

IL-8) e superior biodisponibilidade quando neste veículo (aumento na expressão de 

NAT1), efeitos não observados para a fucoxantina em alquil benzoato. 

O ensaio de irritação cutânea pôde ser realizado tanto em uma condição 

estática quanto dinâmica em chip microfluídico (Chip2).  

Em ambos os ensaios de irritação (estático versus Chip2), a terbinafina não foi 

considerada irritante por meio dos resultados metabólicos, de liberação de IL-6 e ainda 

pela análise de viabilidade celular por LDH e MTT (nos tecidos estáticos), o controle 

positivo LSS foi considerado irritante e no cultivo no Chip2, o LSS demonstrou também 

efeitos deletérios nos esferoides de fígado, demostrando ter atravessado o  RHS. No 
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entanto, a terbinafina tópica a 5% aumentou a expressão de IL-1α no RHS apenas do 

cultivo no Chip2 e aumentou a expressão das enzimas hepáticas CYP1A2 e CYP3A4, 

modificou a proporção de células proliferativas/apoptóticas nos esferoides, 

demonstrando ter permeado o RHS. Já a aplicação sistêmica de 0,1% de terbinafina 

aumentou a expressão de EGFR apenas no RHS do Chip2 e aumentou as células 

apoptóticas no fígado, além de regular negativamente o gene hepáticos de albumina 

e positivamente a enzima CYP2C9, agindo como um controle hepatotóxico de 

terbinafina. A combinação de RHS e fígado no Chip2 em microfluídica permitiu uma 

resposta mais sensível do RHS observada pela expressão gênica. O cultivo no Chip2 

permitiu também a avaliação de efeitos hepáticos causados pelas substâncias 

capazes de atravessar o RHS.  

Em geral e nas condições aplicadas, o aumento da complexidade dos ensaios 

in vitro ampliaram as análises de toxicidade e eficácia das substâncias corroborando 

com a hipótese de que quanto mais complexos e semelhantes ao microambiente 

nativo os sistemas in vitro forem, maior será a relevância para predizer a toxicidade 

em seres humanos.
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Anexo 01 

 
As Revistas Antioxidants e Pharmaceutics, onde estão publicados os artigos 1 

e 2 da presente tese, são da base MDPI. A base MDPI possui a regra de acesso e de 
permissões que atesta que os artigos são de propriedade dos autores, podendo por 
eles ser reproduzido integramente, ao exemplo da reprodução integral em tese de 
doutorado. A seguir os dizeres do site e o email de confirmação do mencionado: 
 
 
MDPI Open Access Information and Policy 
 
All articles published by MDPI are made immediately available worldwide under an 
open access license. This means:  

 everyone has free and unlimited access to the full-text of all articles published 
in MDPI journals;  

 everyone is free to re-use the published material if proper accreditation/citation 
of the original publication is given;  

 open access publication is supported by the authors' institutes or research 
funding agencies by payment of a comparatively low Article Processing 
Charge (APC) (/about/apc) for accepted articles. 

 
Permissions 
 
No special permission is required to reuse all or part of article published by MDPI, 
including figures and tables. For articles published under an open access Creative 
Common CC BY license, any part of the article may be reused without permission 
provided that the original article is clearly cited. Reuse of an article does not imply 
endorsement by the authors or MDPI. 
 
Acesso em 25/04/2020 (https://www.mdpi.com/about/openaccess) 
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Comprovante de publicação do Artigo 1: TAVARES, R. S. N.; KAWAKAMI, C. M.; 
PEREIRA, K. C.; DO AMARAL, G. T. et al. Fucoxanthin for Topical Administration, a 
Phototoxic vs. Photoprotective Potential in a Tiered Strategy Assessed by In vitro 
Methods. Antioxidants, 9, n. 4, 2020 
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Comprovante de publicação do Artigo 2: TAVARES, R. S. N.; MARIA‐ENGLER, S. S.; 
COLEPICOLO, P.; DEBONSI, H. M. et al. Skin Irritation Testing beyond Tissue 
Viability:  Fucoxanthin Effects on Inflammation, Homeostasis, and Metabolism   
Pharmaceutics, 136, p. 1-12, 2020 
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Anexo 05 
 

Emails de comprovação de submissão do ARTIGO 3 a revista “International 
Journal of Pharmaceutics”, sob o número de referência: IJP-D-20-01177 
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Anexo 06 

 
Comprovante do Comitê de Ética em pesquisa aprovado para o projeto relacionado 
ao uso de células primárias humanas do ARTIGO 1. 

 
 


