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Resumo
VOSS, Guilherme Teixeira. A efetividade do composto 1,4-anidro-4-seleno-
D-talitol (SeTal) e biomateriais poliméricos no tratamentos de lesfes
semelhantes a dermatite atopica em camundongos. Orientadora: Ethel
Antunes Wilhelm. 2022. 159 f. Tese (Doutorado em Ciéncias com énfase em
Bioquimica e Bioprospeccao) - Centro de Ciéncias Quimicas, Farmacéuticas e

de Alimentos, Universidade Federal de Pelotas, Pelotas, 2022.

A dermatite atdpica (DA) € uma das doencas crénicas mais comuns da pele que
se caracteriza por lesées avermelhadas, com elevado prurido e escamacéo
(lesbes eczematosas), desencadeadas por processo inflamatorio e alérgico. Os
corticosteroides de uso topico (ndo especificos para a DA), tém sido a base dos
tratamentos, porém, a eficacia é limitada, e a aplicacdo a longo prazo acarreta
no risco de desenvolver efeitos adversos (afinamento da pele, fissuras e
sangramento). Frente a isso, estudos experimentais tém buscado terapias que
possam atuar nessa patologia complexa. Assim, o objetivo da presente tese
consistiu-se na busca por uma nova estratégia terapéutica para o tratamento de
lesbes semelhantes a DA induzida por 2,4-dinitroclorobenzeno (DNCB) em
camundongos. Inicialmente, no artigo 1,avaliou-se a eficacia de um composto
organico de selénio, o 1,4-anidro-4-seleno-D-talitol (SeTal) na reducéo das
lesGes e dos sintomas encontrados na DA por meio da modulacao de parametros
inflamato6rios em um modelo experimental utilizando camundongos. Além disso,
neste estudo foi comparado o efeito do SeTal com um dos medicamentos de
referéncia da classe dos corticosteroides utilizados para tratar a DA, a
hidrocortisona (HC), no qual o SeTal apresentou efeitos positivos e menores
efeitos adversos em comparacdo com a HC. Tendo em vista, que a HC
apresenta efeitos adversos relevantes quando utilizada por periodos
prolongados, outro objetivo dessa tese foi melhorar o tratamento ja utilizado,
buscando uma maneira de reduzir estes efeitos. Sendo assim, no artigo 2 foi
desenvolvido um sistema de administracao de HC, por meio da utilizacdo de um
filme biopolimérico composto de gelatina e/ou amido, capaz de atuar nas lesdes
semelhantes a DA, modulando parametros inflamatérios e com minima absorcao
sistémica. E por fim, no manuscrito avaliou-se o efeito associativo do SeTal com

a HC ou com a vitamina C encapsulados em biomateriais de gelatina e alginato
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de sédio, como uma abordagem para tratar lesbes semelhantes a DA
localmente. Dessa forma, os resultados dessa tese contribuem para um melhor
entendimento da fisiopatologia da DA, assim como para o desenvolvimento de
um novo tratamento para as suas lesdes e sintomas. Portanto, o SeTal pode ser
uma importante alternativa terapéutica para o tratamento das lesbes
semelhantes a DA. Além disso, enquanto a busca por um tratamento eficaz é
realizada os filmes biopoliméricos tornan-se uma alternativa promissora para
melhorar a eficiéncia e reduzir os efeitos adversos do tratamento ja utilizado
(HC).

Palavras-chave: Selénio. Dermatite atdpica. Tratamento cutaneo. Biopolimero.

Hidrocortisona.



Abstract

VOSS, Guilherme Teixeira. The effectiveness of the compound 1,4-anhydro-
4-selene-D-thalitol (SeTal) and polymeric biomaterials in the treatment of
lesions similar to atopic dermatitis in mice. Advisor: Ethel Antunes Wilhelm.
2022. 159 f. Thesis (Doctorate in Science an emphasis on Biochemistry and
Bioprospecting) - Center for Chemical, Pharmaceutical and Food Sciences,
Federal University of Pelotas, Pelotas, 2022.

Atopic dermatitis (AD) is one of the most common chronic skin diseases that is
characterized by reddish lesions, with high itching and scaling (eczematous
lesions), triggered by an inflammatory and allergic process. Topical
corticosteroids (non-specific for AD) have been the basis of treatments, however,
their effectiveness is limited, and long-term application carries the risk of
developing adverse effects (thinning of the skin, fissures and bleeding). Faced
with this, experimental studies have sought therapies that can act in this complex
pathology. Thus, the objective of this thesis consisted in the search for a new
therapeutic strategy for the treatment of lesions similar to AD induced by 2,4-
dinitrochlorobenzene (DNCB) in mice. Initially, in article 1, the effectiveness of an
organic selenium compound, 1,4-anhydro-4-seleno-D-thalitol (SeTal) was
evaluated in the reduction of lesions and symptoms found in AD through the
modulation of inflammatory parameters in an experimental model using mice. In
addition, this study compared the effect of SeTal with one of the reference drugs
in the corticosteroid class used to treat AD, hydrocortisone (HC), in which SeTal
showed positive effects and fewer adverse effects compared to HC. Bearing in
mind that HC has relevant adverse effects when used for prolonged periods,
another objective of this thesis was to improve the treatment already used,
seeking a way to reduce these effects. Therefore, in article 2, a CH administration
system was developed, through the use of a biopolymeric film composed of
gelatin and/or starch, capable of acting on AD-like lesions, modulating
inflammatory parameters and with minimal systemic absorption. Finally, the
manuscript evaluated the associative effect of SeTal with HC or vitamin C
encapsulated in gelatin and sodium alginate biomaterials, as an approach to
locally treat AD-like lesions. Thus, the results of this thesis contribute to a better

9



understanding of the pathophysiology of AD, as well as to the development of a
new treatment for its lesions and symptoms. Therefore, SeTal may be an
important therapeutic alternative for the treatment of AD-like lesions. In addition,
while the search for an effective treatment is carried out, biopolymer films become
a promising alternative to improve efficiency and reduce the adverse effects of

the already used treatment (HC).

Keywords: Selenium. atopic dermatitis. Skin treatment. Biopolymer.

Hydrocortisone.
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Fig. 1 Chemical structure of 1,4-anhydro-4-seleno-D-talitol (SeTal).

Fig. 2 Summary of experimental protocol for the development of atopic AD-like

skin lesions in DNCB treated mice.

Fig. 3 The effect of SeTal treatment on (A) dermatitis scores, (B) scratching
incidence and (c) ear swelling, after DNCB exposure. Data are means = SEMs
(one-way ANOVA followed by the Tukey’s test). # p < 0.05 compared with the
control group, * p < 0.05 compared with the DNCB group, & p < 0.05 compared
with the HC group.

Fig. 4 The effect of SeTal treatment on (A) ear swelling, (B) ear MPO activity and
(C) dorsal skin MPO activity. Data are means + SEMs (one-way ANOVA followed
by the Tukey’s test). # p < 0.05 compared with the control group, * p < 0.05
compared with the DNCB group, & p < 0.05 compared with the HC group.

Fig. 5 The effect of SeTal treatment on mMRNA expression levels of cytokines: (A)
TNF-a, (B) IL-18 and (C) IL-33 in mouse dorsal skin. Data are means + SEMs.
(one-way ANOVA followed by the Tukey’s test). # p < 0.05 compared with the
control group, * p < 0.05 compared with the DNCB group, & p < 0.05 compared
with the HC group.

Fig. 6 Photomicrographs showing the severity of ear and dorsal-skin
morphological alterations caused by treatment exposure. (1), (2), (3) and (4)
represent control animals, which show a normal aspect; (5), (6), (7) and (8)
represent animals exposed to DNCB — [vascular congestion (*), dilated lymphatic
vessels (arrow), and the presence of a crust on the inner and outer faces
(arrowhead), C (cartilage) and subepidermal pustules (arrow)]. (9), (10), (11) and
(12) represent 1% HC + DNCB group — [thickened ear with vascular congestion
(*), dilated lymphatic vessels (arrow), and the presence of intraepidermal
pustules (arrowhead), C (cartilage), presence of intraepidermal (long arrow) and
subepidermal (short arrow) pustules]. (13), (14), (15) and (16) represent 1%
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SeTal + DNCB group and (17), (18), (19) and (20) 2% SeTal + DNCB group - [a
thick crust is present (*) as well as bacterial colonies and subepidermal pustules
(arrow)]. (HE staining - 100X and MT - 100X and 400X).
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Artigo 2

Fig. 1 Summary of experimental protocol for the development of atopic
dermatitis-like (AD-like) skin lesions in 2,4-dinitrochlorobenzene (DNCB) treated
mice. The dorsal skin of the mice was shaved and between days 1-3 were
topically treated with 0.5% DNCB. The mice were then challenged with 1% DNCB
on days 14, 17, 20, 23, 26, and 29. AD-like mice were treated with topical film
loaded or not with HC (Gel, Gel@HC, Gel/St or Gel/St@HC), or hydrocortisone
(HC) on each 3 days, between diads 14-27.. Finally, the mice were euthanized

on day 30.

Fig. 2 FTIR spectra of (a) starting materials (pure gelatin, starch, hydrocortisone)
and (b) biopolymeric films loaded (Gel@HC and Gel/St@HC) or not (Gel and
Gel/St) with hydrocortisone.

Fig. 3 (&) TGA and (b) DTG curves of HC, Gel, Gel/ST, Gel@HC, and
Gel/St@HC.

Fig. 4 SEM images recorded from (a) Gel, (b) Gel/St, (c) Gel@HC, and (d)
Gel/St@HC films.

Fig. 5 Light microscopy images of (a) pure HC, (b) Gel@HC, and (c) Gel/St@HC

films.

Fig. 6 Photographic images recorded from (a—c) Gel@HC and (d—f) Gel/St@HC

films.

Fig. 7 Swelling profile of the prepared biopolymeric films in SWF (pH 7.4) at 37
°C.

Fig. 8 (a) In vitro dissolution profile of HC (control) and HC released from

Gel@HC and Gel/St@HC in SWF (pH 7.4) at 37 °C. (b) Korsmeyer-Peppas plots
for Gel@HC and Gel/St@HC.
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Fig. 9 The effect of topical treatment with film loaded or not with hydrocortisone
(HC) (Gel, Gel@HC, Gel/St or Gel/lSt@HC), or HC (cream) on atopic
dermatitislike (AD-like) symptoms in mice. (a) Images of dorsal skin and ear
lesions from groups of mice taken on the last day of the experiment (day 30), (b)
signs of skin lesions, and (c) scratching incidence time. Data represent the mean
+ S.E.M. (one-way ANOVA followed by the Newman-Keuls' test). * p < .05
compared with the control group, # p < .05 compared with the 2,4-
dinitrochlorobenzene (DNCB) group, & p < .05 compared with the HC group.

Fig. 10 The effect of topical treatment with film loaded or not with hydrocortisone
(HC) (Gel, Gel@HC, Gel/st or Gel/St@HC), or hydrocortisone (HC, cream) on
(a) ear swelling, (b) myeloperoxidase (MPO) activity in ears and (c) dorsal skin of
mice. Data represent the mean + S.E.M. (one-way ANOVA followed by the
Newman- Keuls' test). *p < .05 compared with the control group, #p < .05
compared with the 2,4-dinitrochlorobenzene (DNCB) group, &p < .05 compared
with the HC group.

Fig. 11 The effect of topical treatment with film loaded or not with hydrocortisone
(HC) (Gel, Gel@HC, Gel/St or Gel/St@HC), or HC (cream) on corticosterone
levels in mice. Data represent the mean + S.E.M. (one-way ANOVA followed by
the Newman-Keuls' test). * p < .05 compared with the control group, # p < .05
compared with the 2,4-dinitrochlorobenzene (DNCB) group, & p < .05 compared
with the HC group.
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Manuscrito

Fig.1 Summary of experimental protocol for the development of AD-like skin

lesions in DNCB-sensitized mice.

Fig.2 (a) FTIR spectra and (b) XRD patterns of Gel-Alg, Gel-Alg/SeTal, Gel-
Alg/SeTal/HC, and Gel-Alg/SeTal/VitC.

Fig.3 (a) TGA and (b) DTG curves of Gel-Alg, Gel-Alg/SeTal, Gel-Alg/SeTal/HC,
and Gel-Alg/SeTal/VitC.

Fig.4 Photografics of (a) Gel-Alg, (b) Gel-Alg/SeTal, (c) Gel-Alg/SeTal/HC, and
(d) Gel-Alg/SeTal/VitC. (e) Photography of the Gel-Alg/SeTal/HC film applied on
backhand skin.

Fig.5 (a) Swelling profile of the prepared films immersed in SWF at 37 °C. (b)
SeTal relase profile from Gel-Alg/SeTal, Gel-Alg/SeTal/HC, and Gel-
Alg/SeTal/VitC in SWF (pH 7.4) at 37 °C.

Fig.6 The effect of topical treatment with films (Gel-Alg, Gel-Alg/SeTal, Gel-
Alg/SeTal/HC, and Gel-Alg/SeTal/VitC) or Hydrocortisone (cream) on atopic
dermatitis-like (AD-like) symptoms in mice. (a) Photographics of dorsal skin, (b)
skin lesion score, (c) scratching time, (d) back thickness, (e) spleen length, and
(f) spleen weight after DNCB sensitizing. Data are means + SEMs (One-way
ANOVA followed by Tukey’s test). * p < 0.05 compared with the control group, #
p < 0.05 compared with the vehicle-DNCB group and & p < 0.05 compared with

the Hydrocortisone group.

Fig.7 The effect of topical treatment with films (Gel-Alg, Gel-Alg/SeTal, Gel-
Alg/SeTal/HC and Gel-Alg/SeTal/VitC) or Hydrocortisone (cream) on (a) ear
swelling, (b) ear MPO activity and (c) dorsal skin MPO activity Data are means +
SEMs (One-way ANOVA followed by the Tukey’s test). * p < 0.05 compared with
the control group, # p < 0.05 compared with the vehicle-DNCB group, + p < 0.05
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compared with the Gel-Alg/SeTal group and & p < 0.05 compared with the

Hydrocortisone group.

Fig.8 The effect of topical treatment with films (Gel-Alg, Gel-Alg/SeTal, Gel-
Alg/SeTal/HC and Gel-Alg/SeTal/VitC) or Hydrocortisone (cream) on nitric oxide
level in mouse dorsal skin. Data are means + SEMs (One-way ANOVA followed
by Tukey’s test). * p < 0.05 compared with the control group, # p < 0.05 compared
with the vehicle-DNCB group, + p < 0.05 compared with the Gel-Alg/SeTal group,
& p < 0.05 compared with the Hydrocortisone group.

Fig.9 Photomicrographs showing the severity of dorsal-skin morphological
alterations caused by sensibilization with DNCB and treatments. (a) and (b)
represent control animals; (c) and (d) represent animals sensitized with DNCB;
(e) and (f) represent the HC cream group; (g) and (h) represent the Gel-Alg group;
(i) and (j) represent Gel-Alg/SeTal group; (k) and (l) represent Gel-Alg/SeTal/HC
and (m) and (n) Gel-Alg/SeTal/VitC group. Insets: Epidermis (E), Dermis (D),
Subcutaneous (S), and Muscle layer (M). (H.E. staining - 100X - 200X).
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1. INTRODUCAO

A pele reine uma complexidade propria no que diz respeito a sua
constituicdo, representando o maior 6rgdo do corpo e tendo como principal
funcdo atuar como barreira anatdmica e fisiologica entre o organismo e o0 meio
ambiente (Lai-Cheong & McGrath, 2017). Enquanto desempenha a sua funcéo
de protecéo, a pele € exposta a diversos fatores externos, o que pode levar a
uma série de problemas e doencas. Entre essas doencas, destaca-se a
dermatite atépica (DA), que é uma das doencas inflamatorias crénicas mais
comuns da pele, caracterizada por prurido intenso e lesbes eczematosas
recorrentes (H. Kim et al.,, 2014). Os pacientes com DA sofrem de estresse
psicolégico grave, 0 que aumenta acentuadamente a taxa de prevaléncia de
depressao e transtornos de ansiedade na vida adulta, reduzindo a qualidade de
vida dos portadores dessa doencga (Bruno et al., 2016).

A fisiopatologia da DA é complexa e ndo esta totalmente esclarecida.
Acredita-se que a ativacdo exacerbada de linfécitos T (responséaveis pela defesa
do organismo contra agentes desconhecidos (antigenos)), especialmente
linfécitos auxiliares tipo 2 (linfocitos Th2), podem levar a indugdo da resposta
alérgica e inflamatdria na DA (Turner et al., 2012). Células Th2 ativam linfocitos
B para producdo de imunoglobulina E (IgE), induzindo assim a ativacdo de
mastocitos desencadeando uma reacgao alérgica (Brandt & Sivaprasad, 2011).
Além disso, as células Th2 sdo responsaveis pela infiltracdo de eosinofilos no
tecido (Eyerich et al., 2013). Dessa forma, uma inibicdo na atividade de linfécitos
Th2 pode acarretar em uma melhora nos sintomas ocasionados pela DA.

A classe de farmacos dos corticosteroides, principalmente de uso tépico, tém
sido a base dos tratamentos farmacoldgicos para DA, mas para muitos pacientes
com essa doenca na sua forma moderada ou grave, a eficacia dos tratamentos
tépicos € limitada, e a aplicacdo a longo prazo acarreta no risco de desenvolver
efeitos colaterais como afinamento da pele (atrofia), estrias, vasos sanguineos
dilatados e clareamento ou escurecimento da pele. (Ring et al., 2012; Eichenfield
et al., 2014). Corroborando, as drogas imunossupressoras sistémicas séo
geralmente mais eficazes que os tratamentos tépicos, mas também possuem um
potencial de gerar efeitos toxicos mais graves como cansaco, aumento dos
niveis de agucar no sangue, diminuicdo das defesas corporais, agitacao, insénia,

aumento de colesterol e de triglicerideos, dor de cabeca e glaucoma. (Ring et
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al., 2012; Sidbury et al., 2014). Com base na relevancia da DA e no interesse em
alcancar uma eficacia terapéutica para esta doenca, 0 nosso grupo de pesquisa
tem se dedicado ao estudo de compostos contendo selénio, bem como na
utilizacdo de filmes poliméricos.

Estudos prévios realizados por um grupo de pesquisa parceiro (Department
of Biomedical Sciences, Faculty of Health and Medical Sciences, University of
Copenhagen), demonstraram que o composto 1,4-anidro-4-seleno-D-talitol
(SeTal), um derivado de carboidrato contendo selénio soluvel em agua, tem
atividade antioxidante em um tratamento para feridas cronicas, pois melhora a
cicatrizacdo em camundongos normais e diabéticos, e melhora a perfuséo
vascular (Davies & Schiesser, 2019; Ng et al., 2017; Corin Storkey, 2018). Além
disso, estudos preliminares do nosso grupo de pesquisa revelaram que um
composto organico de selénio apresentou propriedades farmacolégicas positivas
em modelos experimentais de inflamacdo e de lesdes semelhantes a DA em
camundongos (Voss et al., 2018; Wilhelm et al., 2019).

Além da prospeccdo de um novo composto, nesse estudo também
dedicamos esforcos em buscar uma alternativa para melhorar o tratamento a
base de corticosteroides ja existente, bem como investigar a encapsulacao do
SeTal e sua associacdo com outros agentes farmacologicos utilizados no
tratamento dos sintomas da DA. Alguns estudos utilizam dispositivos de
liberacdo controlada de base polimérica visando melhorar as propriedades
farmacoldgicas de alguns medicamentos, como por exemplo a hidrocortisona
(HC) (Dehkharghani et al., 2018; Azandaryani et al., 2018; Malekhosseini et al.,
2020). No entanto, o uso de dispositivos de liberacdo constituidos
majoritariamente por biopolimeros como a gelatina, amido e o alginato de sédio
tem sido pouco explorado. A gelatina € um biopolimero derivado do colageno
amplamente utilizado pelas industrias alimenticia, farmacéutica e médica (Young
et al., 2005; Radosinski et al., 2019). O amido é um biopolimero que consiste
predominantemente em dois polissacarideos (amilose e amilopectina), que exibe
excelentes propriedades de formacao de filme. O Alginato € um polissacarideo
linear natural, extraido comercialmente de algas marrons, com reconhecidas
propriedades biolégicas (K. Y. Lee & Mooney, 2012). Os biopolimeros (gelatina,

amido e alginato), existem em abundancia, possuem baixo custo, sé&o
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biocompativeis e biodegradaveis, o que estimula seu uso em aplica¢cdes medicas
e farmacéuticas (Youssef & El-Sayed, 2018; Young et al., 2005).

Tendo em vista as propriedades promissoras do composto SeTal em reduzir
as lesbes cutaneas semelhantes a DA em camundongos (Voss et al., 2021),
decidiu-se ampliar o conhecimento em torno deste composto por meio da sua
incorporacdo em um biomaterial (constituidos de gelatina e alginato). Ainda, para
explorar o efeito associativo do SeTal com outros agentes farmacologicos,
também foram avaliados filmes biopoliméricos contendo SeTal e HC ou vitamina
C, como uma abordagem para tratar as lesées semelhantes a DA localmente.
Ademais, objetivou-se melhorar as propriedades farmacolégicas da HC, bem
como reduzir os seus efeitos adversos através de um filme biopolimérico de
gelatina ou gelatina associado ao amido (incorporado com HC), de liberacéo

controlada, ambos estudos utilizando um modelo de DA em camundongos.
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2. REVISAO BIBLIOGRAFICA

2.1 Dermatite atopica

Segundo a Sociedade Brasileira de Dermatologia (2022), a DA € um dos tipos
mais comuns de alergia cutanea caracterizada por eczema atépico. Além disso,
a DA se caracteriza por ser uma doenca genética, cronica e que apresenta pele
seca, erupgdes e crostas. Seu surgimento € mais comum nas dobras dos bragos
e na parte de tras dos joelhos. Ademais, a DA pode também vir acompanhada
de asma ou rinite alérgica, porém, com manifestacao clinica variavel.

O termo atopia tem como significado a tendéncia pessoal e/ou familiar para
tornar-se sensibilizado e produzir anticorpos especificos da classe IgE em
resposta a alérgenos. A sua prevaléncia tem aumentado nos ultimos anos e 0s
fatores provavelmente implicados nesse aumento de casos seriam a
predisposicdo genética, a poluicdo, as infeccbes e a exposicdo alergénica
(Zanandréa et al., 2020).

A manifestacdo da DA esta aumentando drasticamente, especialmente nos
paises desenvolvidos, e chega a afetar até 30% das criancas e 10% dos adultos.
Além disso, esta doenca tem maior ocorréncia ha zona urbana quando
comparada com ambientes residenciais rurais (Silverberg et al.,, 2021).
Aproximadamente 50% dos pacientes apresentam as manifestacdes clinicas
iniciais da doenca antes dos 5 anos de idade (de Bruin Weller et al., 2012). Cerca
de 60% das criancas afetadas com essa doenca apresentam o inicio do quadro
na fase de lactente. Ademais, a DA pode persistir na idade adulta em cerca de
40% dos pacientes (Ong & Boguniewicz, 2008). Os principais fatores de risco
para permanéncia dos sintomas sdo gravidade inicial da dermatite e
sensibilizacao atopica (llli et al., 2004).

Os ataques de DA séao caracterizados por feridas com pépulas eritematosas
intensamente pruriginosas associadas a escoriacdes e exsudatos serosos. A
pele afetada pelas lesdes ocasionadas por essa patologia apresenta
vermelhiddo e coceira, além disso, o prurido excessivo pode causar feridas e
vazamento de fluidos (Tokura, 2010). Em pacientes com DA cronica, a pele vai
gradualmente engrossar e se desgastar, afetando sua aparéncia. Frente a isso,
essas caracteristicas patologicas podem interferir no humor e estilo de vida dos
portadores (Berke et al., 2012).
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2.1.1 Fisiopatologia da doenca

A fisiopatologia da DA é complexa e ndo totalmente compreendida. Acredita-
se que esta doenca seja resultado de interacdes entre genes de suscetibilidade
e fatores ambientais (Lee & Park, 2019). Atualmente, sabe-se que a DA possui
comprovada predisposi¢cdo genética (Bin & Leung, 2016). Cho e colaboradores
(2014) observaram um aumento de casos em familias com antecedentes de
atopia, podendo chegar a 75% em criancas que tinham pais com esta dermatose.

Em individuos saudaveis, o sistema imunolégico atua normalmente, existe
um balanc¢o na secrecao de células linfocitarias T auxiliares do tipo 1 e 2 (Th1,
Th2). Foi descoberto que os pacientes com DA possuem um subconjunto de
linfécitos T, citocinas e interleucinas (IL)-4, IL-5 e IL-13, que podem ser utilizados
como biomarcadores no diagnéstico desta doenca (Brandt & Sivaprasad, 2011).
Por outro lado, a atopia € um termo que esta ligado a reacdes de
hipersensibilidade mediada por IgE, em resposta a antigenos comuns. Além da
fisiopatologia complexa da doenca, na literatura sdo encontrados dados sobre a
DA com participacdo ou ndo do sistema imunolégico (Tokura, 2010). Dessa
maneira, sdo descritos dois subtipos observaveis de DA, a intrinseca (ou seja,
nao alérgica) e a extrinseca (alérgica). A DA extrinseca é caracterizada por
eosinofilia, niveis elevados de IgE total e especifica, IL-4, IL-5, IL-13, IL-18 e IL-
33 quando expostos a alérgenos alimentares e aeroalérgenos.
Aproximadamente 85% dos pacientes com DA estéao neste grupo. Por outro lado,
a DA intrinseca apresenta fenoétipo clinico similar, eosinofilia e auséncia de
anticorpos especificos para sensibilizacdes alérgicas. As diferencas em relacdo
as ativacbes imunoldgicas entre as duas formas de DA sao controversas
(Suéarez-Farifias et al., 2013).

Em pacientes com DA na fase crbnica, verifica-se a secre¢do predominante
de células linfocitarias Th1l e aumento nos niveis de interferon-gama (INF-gama),
IL-5 e fator estimulante de col6nias de granuldcitos e macrofagos (Keet & Wood,
2014). Por fim, o0 mecanismo em comum que parece estar relacionado com a
fisiopatologia da DA (Figura 1), envolve a super ativagao dos linfocitos Th2, que
irdo liberar interleucinas (IL-4, IL-5, IL-13, IL-18 e IL-33), responsaveis por
ativarem linfécitos B a fazer a producgéo de IgE, além da ativacdo de mastoécitos,
eosinodfilos e neutrofilos, desencadeando a resposta alérgica e inflamatéria
(Turner et al., 2012).
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Figura 1. Possivel mecanismo atrelado a fisiopatologia da DA (Adaptado do
texto de Turner et al., 2012). Abreviacdes: TNF-a (Fator de necrose tumoral alfa),
MPO (Mieloperoxidase). Linfocito Th2 ativado liberando interleucinas
responsaveis por ativar células de defesa que irdo desencadear o0 processo

alérgico e inflamatério.

2.1.2 Modelos experimentais de inducéo de DA: 2,4-dinitroclorobenzeno
(DNCB)

Modelos de inducdo de DA séo desenvolvidos para melhor compreender a
patogénese da doenca ou avaliar a eficacia de potenciais terapias (Kim et al.,
2019). Os modelos de DA em camundongos séo caracterizados em trés grupos:
(i) modelos consanguineos, no qual os camundongos desenvolvem dermatite
eczematosa espontanea sob condigbes especificas livres de patégenos, com
respostas imunes aumentadas contra antigenos percutaneos (ii) camundongos
geneticamente modificados nos quais 0s genes de interesse sdo superexpressos
ou deletados e (iii) modelos induzidos por aplicacéo topica de agentes exdgenos
(Kim et al., 2019). Neste ultimo modelo, sdo utilizados sensibilizantes como o
dinitrofluorobenzeno  (DNFB), 2,4-dinitroclorobenzeno (DNCB), 1,1,1-
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tricloroetano (TNP) e oxazolina, estes sao indutores que representam uma
minoria de substancias capazes de induzir a DA e séo dotados de propriedades
pré-inflamatérias potentes (Kalish & Askenase, 1999). A toxicidade desses
sensibilizantes fornece um sinal ao sistema imune inato da pele, levando a
producdo de citocinas inflamatdrias, e a ativacdo de linfécitos T (Kaplan et al.,
2012). Os modelos induzidos por aplicacéo tépica de agentes exdgenos sao
talvez os mais frequentemente utilizados nos campos da pesquisa
dermatolégica. Embora a aplicacdo tdpica possa ser trabalhosa, ela permite a
inducéo controlada por tempo e dose, além de poder ser utilizada em uma
variedade de racas de camundongos, incluindo camundongos geneticamente
modificados (Kim et al., 2019).

A aplicacdo tépica de haptenos, como o DNCB, em camundongos é
comumente usada para induzir hipersensibilidade de contato com a pele, além
de ser amplamente usado como modelo animal para a DA, uma vez que
mimetiza o processo inflamatorio da pele envolvido no desenvolvimento e
manutenc¢ao da doenca (Bruno et al., 2016; Kim et al., 2014; Lin et al., 2016). Na
hipersensibilidade de contato, os haptenos penetram pela epiderme e se
conjugam as proteinas normais do organismo (que funcionardo como proteinas
carreadoras). O reconhecimento de um conjugado pelo linfocito T € especifico
para um conjugado hapteno/carreador. Alguns haptenos, como o DNCB, ir&o
sensibilizar quase todos os individuos e por isso esse indutor € amplamente
utilizado em modelos animais (Saito et al., 2017).

As células de Langerhans sdo as principais células apresentadoras de
antigenos na hipersensibilidade de contato. Aproximadamente quatro horas
apos a exposicdo ao DNCB, estas células aparecem nas areas corticais dos
linfonodos drenantes (De Bezerril, 2014). A hipersensibilidade de contato &
dividida em duas fases (fase de sensibilizacdo e fase efetora) (Zhang et al.,
2017). A fase de sensibilizacéo ocorre em torno de 10 a 14 dias apds a exposi¢ao
ao DNCB, e nessa fase ocorre a absorcéo desse hapteno pela pele. Apos ser
absorvido esse indutor se combina com uma proteina (carreadora), o conjugado
hapteno-carreador € internalizado pelas células apresentadoras de antigeno
(APC), e essas células vao migrar para as areas corticais dos linfonodos

regionais. As APC véao apresentar o conjugado hapteno-proteina aos linfocitos
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TCD4+ (ThO) auxiliares que véo realizar a formacao de linfécitos ThO ativados e

um linfécito de meméaria (Figura 2) (Hennino et al., 2005).

TCD4+ de meméoria

APCcom

antigeno TCDA4+ ativado
processado

APC: Macrofago/ Células de Langerhans

Figura 2. Fase de sensibilizacdo por haptenos. Formacéao de linfocito TCD4+
ativado e TCD4+ de memoria apos apresentacdo do conjugado (Hapteno +

receptor), realizado pela APC (Adaptado do texto de Hennino et al., 2005).

Na fase efetora, a manifestacdo da hipersensibilidade de contato ocorre
depois de 4 a 8 horas da exposi¢do ao imundgeno (DNCB). Os linfocitos TCD4+
de memdéria sdo ativados pela apresentacdo do conjugado hapteno-proteina
processado pelas células de Langerhans ou macréfagos. A partir desse ponto,
essas células passam a produzir e secretar IL-2, IL-4 e IL5, entre outras citocinas
importantes para o processo de reacdo de hipersensibilidade. Segue-se, entéo,
uma proliferacéo de linfocitos T induzida por estas IL’s. Dessa forma, o resultado
€ uma intensa migracao de linfcitos e outras células de defesa para o sitio da

inflamacé&o e formacao de eczema (Figura 3) (Zhang et al., 2017).
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Figura 3. Fase efetora apés sensibilizacdo por haptenos. (Adaptado do texto
de Hennino et al., 2005).

Frente ao que foi exposto, o modelo de inducéo utilizando haptenos, no caso
o DNCB, mimetiza de forma eficaz o0s mesmos mecanismos que acreditam-se
estar relacionados com a fisiopatologia da DA, tornando esse modelo

experimental ideal para o estudo da doenca.

2.1.3 Tratamentos para a DA utilizados na atualidade

A DA é uma doenca sem cura até os dias atuais (CID 10 - L20). Frente a isso,
o portador dessa patologia, deve adotar medidas afim de controlar sua
manifestacdo e tratar as suas complicacbes (Eichenfield et al., 2014).
Normalmente, o primeiro tratamento realizado pelo paciente para controlar as
lesBes causadas pela DA é o uso de corticosteroides de uso tépico devido a sua
acao anti-inflamatoria, visando aliviar o prurido. Os corticosteroides potentes,
guando aplicados em areas extensas ou por um periodo prolongado (mais de
sete dias), podem ser absorvidos para a corrente sanguinea. Dessa forma, é
preferivel interromper o tratamento, pois estes esteroides quando aplicados por
um longo periodo de tempo também levam ao enfraquecimento da pele,

rachaduras e sangramentos, facilitando assim a entrada de alérgenos presentes
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no meio externo (Tan & Gonzalez, 2012). Os corticosteroides topicos mais
utilizados séo: HC, triancinolona e betametasona (Kim et al., 2014).

Por sua vez, essa classe de medicamento quando utilizada por via oral tém
uma acgao curta e limitada e os efeitos adversos, como reabsorcao 6ssea e renal
e inibicdo da funcdo das glandulas suprarrenais, podem representar um risco
superior ao seu beneficio (Meena et al., 2017). Em associacdo com 0s
tratamentos convencionais, podem ser utilizados os anti-histaminicos orais e
topicos que controlam o prurido e permitem o sono, que € perturbado pelo
constante ato de cocar (muito caracteristico na DA) (Meena et al., 2017).

Como tratamento de segunda linha na DA s&o utlizados os
imunomoduladores, que séo inibidores da proteina ativadora da producdo de
células T, calcineurina (ciclosporina, tacrolimus e pimecrolimus) e anticorpos
monoclonais produzidos por tecnologia de DNA recombinante, que bloqueiam a
funcdo da IgE (omalizumab) (Kim et al.,, 2014). No ano de 2017, a Agéncia
Nacional de Vigilancia Sanitaria (Anvisa) aprovou no Brasil uma terapia inédita
para a DA, o dupilumab, este que é um anticorpo monoclonal totalmente humano
dirigido contra a subunidade a (IL-4R a) do receptor IL-4 que inibe a sinalizac&o
de IL-4 e IL-13 (Figura 4). Embora outros produtos biolégicos, como o
omalizumab (anticorpo  monoclonal anti-IgE), ustekinumab (anticorpo
monoclonal anti-IL-12/IL-23), mepolizumab (anticorpo monoclonal anti-IL-5),
BMS-981164 (anticorpo monoclonal anti-IL-31), lebrikizumab (anticorpo
monoclonal anti-IL-13) e CIM331 (anticorpo monoclonal anti-IL-31) foram ou
estdo sendo investigados para DA, o dupilumab € o Unico, até a presente data,
que pode ser comercializado no Brasil para o tratamento dessa patologia
(Hamilton et al., 2015).
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Figura 4. Mecanismo do dupilumab. (Modificado de Hamilton, 2015).
Dupilumab inibindo a sinalizagao através do bloqueio da subunidade a (IL-4R a)
do receptor de IL-4 e IL-13.

Além dos tratamentos convencionais e dos novos tratamentos utilizados para
amenizar os sintomas da DA, diversos pesquisadores buscam novas alternativas
que possam ser utilizadas, tendo em vista que atualmente h4 uma falta de
terapias adequadas, e que a doenca ndo possui cura (Malajian & Guttman-
Yassky, 2015). Nesse sentido, diversas moléculas e extratos de plantas foram
testadas em modelos animais de DA, buscando auxiliar na melhora dos sintomas
dessa patologia (Ju Ho et al., 2018; Tang et al., 2020; Sharma et al., 2020).
Embora tenham muitas pesquisas de novas moléculas e extratos que possam
vir a tratar a DA, nenhuma delas conseguiu evoluir para se tornar um
medicamento exclusivo para o tratamento da patologia, isso provavelmente,
devido a fisiopatologia complexa envolvida na doenca. Dessa maneira, se faz
necessario a utilizacdo de modelos experimentais utilizando animais, visando a
busca de uma melhor compreenséao da fisiopatologia da doenga, assim como a

busca de novas estratégias terapéuticas para o seu tratamento.
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2.1.4 Hidrocortisona (HC)

A HC é considerada a base do tratamento farmacologico para as lesdes da
DA (Yuan et al., 2020). Esse medicamento é um analogo sintético do horménio
cortisol que é produzido pela glandula suprarrenal (Prete et al., 2020) (Figura 5).
Dentro da classificacao dos corticosteroides topicos de acordo com sua poténcia,
a HC apresenta baixa poténcia e por isso é a escolha para o tratamento em areas
com alta penetracao, incluindo axilas, virilhas, 6rgaos genitais e face (Chabassol
& Green, 2012). De acordo com isso, a HC € um farmaco recomendado para
efetuar tratamentos de cunho inflamatério, de origem proliferativa ou de causa
imunologica da pele, sendo considerada eficiente no tratamento de sintomas
cutdneos com a presenca ou nao de prurido e sensacdo de queimadura (Yuan
et al., 2020).

O

Figura 5. Estrutura da quimica da hidrocortisona.

O mecanismo de ac¢éo da HC esta ligado a inibicdo da enzima fosfolipase A2,
impedindo a formacdo de acido aracdbnico e, conseguentemente, das
prostaglandinas, tromboxanos e leucotrienos. Como agonista do receptor de
glicocorticéide, a HC promove o catabolismo proteico, a gliconeogénese, a
estabilidade da parede capilar, a excrecao renal de célcio e suprime as respostas
imunoldgicas e inflamatérias (Goodwin et al., 1986). Mesmo a HC sendo a
escolha de tratamento para as lesdes da DA, quando aplicada em areas
extensas ou por um periodo prolongado pode desenvolver os efeitos adversos
citados no topico anterior, podendo levar a interrupcéo do seu uso (Kim et al.,

2014). Dessa forma, torna-se importante a pesquisa por novas alternativas
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terapéuticas para o tratamento da DA, seja através de novos
compostos/moléculas ou alternativas capazes de reduzir os efeitos adversos

desta classe de medicamentos utilizados para o tratamento da doenca.

2.2 Efeito farmacoldgico de compostos organicos de selénio

O Selénio (Se) é um nutriente essencial para o organismo, que foi descoberto
em 1817 pelo quimico sueco Jons Jacob Berzelius. Essa descoberta permitiu
gue diversos estudos pudessem ser realizados para avaliar a influéncia de suas
formas inorgéanicas nos organismos vivos (Kieliszek & Btazejak, 2016). O Se foi
reconhecido como um oligoelemento essencial desde 1957, sendo o elemento
menos abundante na Terra com finalidade biolégica (Schroeder et al., 1970). Na
verdade, mais de 25 selenoproteinas foram identificadas em humanos e muitas
delas servem a funcdes criticas (Lu & Holmgren, 2009). Com o passar do tempo,
0 Se passou a ser empregado em estruturas quimicas, uma vez que apresenta
diversas propriedades interessantes. Dentre as suas propriedades, destaca-se
a antioxidante (Croft et al., 2007).

Este elemento é facilmente introduzido e eliminado de moléculas organicas e
por isso, a partir da década de 30, os organocalcogénios comecaram a ser alvos
de interesse para 0s quimicos organicos em virtude da descoberta de suas
aplicacOes sintéticas (Comasseto, 1983), e de suas propriedades biolégicas e
aplicacdes farmacologicas (Nogueira et al., 2004). Inumeros estudos
demonstram que 0s compostos organicos de Se apresentam propriedades
farmacoldgicas interessantes, como: antioxidantes, anti-inflamatorias,
neuroprotetoras, ansiolitica, anti-hiperglicémica, anti-hipertensiva, anticancer,
antiviral, imunossupressora, antidepressiva, entre outras (Pinz et al., 2018;
Wilhelm et al., 2019; Voss et al., 2020; Reis et al., 2020; Luchese et al., 2020;
Nogueira et al., 2021; de Oliveira et al., 2022; Reis et al., 2022) . Além disso, em
um estudo anterior a esta tese, foram observados efeitos positivos do tratamento
oral e topico com 7-cloro-4-(fenilselanil) quinolina (4-PSQ) (composto organico
de Se) sobre os sintomas, parametros inflamatérios e oxidativos em um modelo
de DA induzida com DNCB. Importantemente, a eficacia do tratamento com o 4-
PSQ foi semelhante ou até melhor do que a dexametasona, um glicocorticoide

frequentemente utilizados no tratamento da DA (Voss et al., 2018).
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No estudo dessa tese, foi investigado o efeito de outro composto organico de
Se, o0 SeTal (Figura 6), em um modelo de lesbes semelhantes a DA induzidas
por DNCB. Uma das principais vantagens do SeTal sobre outros compostos de
organosselénio é sua alta solubilidade em agua. Além disso, ele é altamente
estavel em solucgdes que simulam fluidos biolégicos e no trato gastrointestinal e
ndo € rapidamente degradado ou metabolizado, ao contrario de outros
compostos contendo Se. Dessa forma, permanece intacto durante o
armazenamento prolongado e possui disponibilidade por via oral (Zacharias et
al., 2020). Ademais, em um estudo realizado anteriormente, o SeTal foi
administrado por via oral em camundongos por até 12 semanas a 1 mM, sem
qualquer sinal de toxicidade evidente ou efeitos adversos a saude, e foi
demonstrado que permanece intacto no plasma e em varios tecidos (Zacharias
et al., 2020). Em relacdo aos seus efeitos, o SeTal demonstrou atividade
antioxidante em camundongos, diminuindo os niveis de superoxido, aumentando
a disponibilidade de Oxido nitrico basal e normalizando a contribuicdo de
prostandides vasoconstritores (Ng et al., 2017). Além disso, o SeTal também é
um tratamento promissor para feridas cronicas, pois melhora a cicatrizacdo em
camundongos nao diabéticos e diabéticos e melhora a perfusao vascular (Davies
& Schiesser, 2019).

HO
Se

Figura 6. Estrutura quimica do 1,4-anidro-4-seleno-D-talitol (SeTal).

Sendo assim, a busca e investigacdo das propriedades farmacoldgicas dos
compostos orgénicos contendo Se, tém crescido nos ultimos anos. Nesse
contexto, cabe destacar que o SeTal apresentou propriedades farmacologicas

interessantes, anteriormente destacadas, e pode tornar-se um promissor
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tratamento para lesbes semelhantes a DA. Paralelamente a isso, o estudo de
novas formas farmacéuticas de uso tdépico como os biomateriais sdo de grande
valor no estudo da DA, sendo que estas podem atuar como um curativo capaz
de carrear estes compostos de Se, isolar o local da lesdo e até mesmo reduzir 0
efeito adverso dos tratamentos convencionais a base de corticosteroides.

2.3 Biomateriais

No final da década de 1960, estudos comecaram a explorar a natureza da
biocompatibilidade de materiais, e logo suas aplicacdes se tornaram visiveis,
especialmente no campo da medicina. Sistemas de liberacdo de farmaco,
biossensores e biocurativos, tornaram-se possiveis, em grande parte, por conta
dos biomateriais (More et al., 1996). No ano de 1987, surgiu uma das primeiras
definicbes para o termo, que descreve um biomaterial como um material usado
em dispositivos médicos, com o objetivo de interagir com os sistemas biologicos.
Como complemento, ainda foi descrito que biocompatibilidade € “a habilidade do
biomaterial em proporcionar uma resposta hospedeira apropriada para uma
aplicacao especifica” (Ratner et al., 2013). Os biomateriais sao classificados de
acordo com a sua origem de obtencéo, ou seja, natural e artificial. A classificacdo
na forma natural ocorre quando o biomaterial € retirado do meio ambiente sem
a necessidade de manipulacdo em laboratério; na forma artificial ocorre uma
combinacéo de substancias, manipulacdo em laboratério ou sintese de novos
materiais (O’Brien, 2011).

Para um material ser biocompativel, ele deve possuir como caracteristica a
capacidade de promover uma resposta hospedeira adequada para uma
aplicacado especifica, com o minimo de reacBes possiveis, levando em
consideracao as condi¢cdes de utilizacdo e avaliacdo (Patel & Gohil, 2012). Esse
tipo de material ndo pode ser téxico nem liberar substancias toxicas, uma vez
que entram em contato com fluidos corporais, e precisam ser compativeis com
os tecidos do corpo. Do mesmo modo, um biomaterial ndo deve causar reagéo
alérgica e/ou inflamatéria (Temenoff & Mikos, 2008).

Como mencionado anteriormente, os biomateriais podem ser utilizados
como, biossensores e sistemas de hemodialise, dispositivos para liberacao de
medicamentos na forma de filmes, implantes subdérmicos e particulas,

curativos, entre diversas outras aplicacbes (Pires et al., 2015). No que diz
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respeito a administracdo de farmaco por meio dos biomateriais, os desafios
fundamentais incluem a selecdo de fatores ou combinacdo de fatores
necessarios para induzir uma resposta desejada, além da dose e da entrega
espaco-temporal necesséria para a regeneracao adequada do tecido (Chen &
Liu, 2016).

Polimeros, ceramicas, metais, entre outros podem ser utilizados como
biomateriais, por exemplo, como substitutos desde tecidos 6sseos a tecidos
moles, como cabeca do fémur e implantes de mama, respectivamente. Dentre
estes materiais, os polimeros vém se destacando cada vez mais no ramo de
aplicacdes biomédicas (Pires et al., 2015). Como mencionado anteriormente, 0s
biomateriais também podem ser de origem sintética ou natural. O uso de
materiais de origem sintética pode levar a formacéo de residuos que dificultam
a recuperacdo da lesdo. Essa limitacdo pode ser diminuida pelo uso de
dispositivos produzidos a partir de variados tipos de compostos poliméricos
naturais, uma vez que estes além de serem biocompativeis sdo biodegradaveis
(Sionkowska, 2011). Diante do exposto, 0os biomateriais poliméricos se tornaram
uma importante ferramenta na medicina moderna, em doencas de pele ou na
cicatrizacdo de feridas eles podem ser utilizados para carrear medicamentos,
além de atuar como um curativo (biocurativo). Estes materiais geram um
microambiente controlado, além de exercerem a funcdo de barreira fisica

protegendo a lesdo contra fatores externos (Basit et al., 2020).

2.3.1 Biomateriais poliméricos (biopolimeros)

Os polimeros sdo macromoléculas de alta massa molar formadas por meio
de ligacdes covalentes de unidades repetidas menores ao longo da cadeia
principal, chamadas de mondémeros (Canevarolo, 2002). Os polimeros podem
ser obtidos a partir de reagcbes de polimerizacdo ou por meio de organismos
vivos, classificando-se, assim, como sintéticos e naturais (biopolimeros). Os
biopolimeros, também chamados de polimeros naturais, sdo macromoléculas
provenientes de fontes renovaveis que ocorrem na natureza (Hocking, 1992).

Dentre os biomateriais mais empregados no ambito hospitalar destacam-se
os biopolimeros, devido as diversas vantagens que eles apresentam, como:
facilidade na fabricagcéo, processamento secundario (reciclagem), baixo custo e

disponibilidade em encontrar materiais com propriedades mecanicas e fisicas
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desejadas para aplicacdes especificas (Shahid-ul-Islam et al., 2013). Além disso,
os biopolimeros séo capazes de formar filmes flexiveis, resistentes a ataques
biomecanicos, leves e biocompativeis. Os polimeros de origem natural séo
encontrados em abundancia e seus produtos de degradacao sdo biocompativeis
e nao-toxicos (Zia et al., 2017).

Existe uma ampla variedade de biopolimeros que sédo utlizados em
aplicacdes biomédicas, e suas aplicacdes incluem, principalmente, o tratamento
de feridas e liberacdo controlada de farmacos (Contardi et al., 2019). Estas
aplicagbes sao possiveis devido a todas caracteristicas que foram mencionadas
anteriormente para esse tipo de material, como biocompatibilidade e
biodegrabilidade (Zia et al., 2017). Outra caracteristica importante € que a
degradacdo desses materiais depende de processos enzimaticos. Além disso,
estes sdo mais faceis de serem metabolizados pelo organismo humano, além de
serem formados a partir de grupos funcionais disponiveis para modificacdes
quimicas e enzimaticas, disponibilizando grande variedade de produtos com

propriedades adaptaveis para vasto campo de aplicacao (Jacob et al., 2018).

2.3.1.1 Gelatina, amido e alginato de sédio

Em 1850 a gelatina comecou a ser utilizada como aglutinante dos sais de
prata na industria fotogréafica (Fakhreddin Hosseini et al., 2013). A gelatina é um
polimero natural composto por proteinas e peptideos, e este biopolimero &
derivado da hidrélise parcial do colageno, correspondente ao principal
componente de proteina fibrosa em 0ssos, cartilagens, pele, tendfes (Rivero et
al., 2009).

A gelatina é praticamente insipida, inodora e incolor ou ligeiramente
amarelada, nas temperaturas entre 45°C a 60°C ela € soluvel em agua e a
compostos como glicerol e acido acético. O peso molecular é relativamente alto
(20.000-250.000 Da) comparado aos polimeros sintéticos devido ao modo de
processamento (Harrington & Von Hippel, 1962). Sob condi¢cbes especificas
como temperatura ambiente, solventes ou pH, a gelatina pode apresentar
diferentes modos de geleificacdo, podendo ser moldada de acordo com o
interesse do pesquisador (Huang & Fu, 2010). Existe um grande interesse de
aplicacdo para as industrias farmacéuticas médicas, devido as suas

propriedades de biodegradabilidade e biocompatibilidade com ambientes
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fisiologicos e alta resisténcia a tensées mecéanicas.. Sua aplicacdo se estende a
area medica, culinaria, industrial, cosmética, entre outras (Gomez-Guillén et al.,
2011).

Por outro lado, o0 amido é um polissacarideo de reserva de plantas superiores
que € acumulado nos cloroplastos das folhas e nos amiloplastos. O amido é
oriundo de residuos de glicose formados durante o processo de fotossintese.
Essas moléculas de glicose unidas pela acdo de enzimas, na presenca de
Adenosina Trifosfato (ATP), formam estruturas complexas, amilose e
amilopectina, constituintes majoritarios do amido (Forouzandehdel et al., 2020).

Na industria de alimentos o amido tem ganhado destaque néo so pela sua
importancia nutricional mas também por atuar como um agente de melhoria das
propriedades tecnoldgicas dos alimentos, como a viscosidade, solubilidade,
forca de gelatinizacdo ou adesao nos produtos alimentares (Cavalcanti et al.,
2011). O amido esta sendo cada vez mais estudado como substituinte de
materiais derivados do petréleo, como na producédo de embalagens. E isto se da
pelo fato do amido ser um material de fonte renovavel e biodegradavel (Dehghan
Baniani et al., 2017). A proporgéo entre a amilose e amilopectina (principais
constituintes do amido), afeta a morfologia dos biopolimeros; um alto teor de
amilose proporciona a confeccao de filmes mais homogéneos, enquanto que um
alto teor de amilopectina causara aumento na tendéncia de separacéo de fases
(Krogars et al., 2003). Ou seja, uma maior concentragéo de amilose apresentam
filmes com melhores propriedades de forca mecéanica e barreira, por outro lado
filmes com maior proporcdo de amilopectina sdo mais frageis e quebradicos
(Krogars et al., 2003).

O Alginato € um polissacarideo linear natural composto por unidades dos
acidos 1,4-B-D-manurénico e a-L-gulurdnico, extraido comercialmente de algas,
com reconhecidas propriedades biolégicas (K. Y. Lee & Mooney, 2012). Este
biomaterial apresenta inUmeras aplicacdes na ciéncia e engenharia biomédica
devido as suas propriedades favoraveis, incluindo biocompatibilidade e
facilidade de gelificacdo. O alginato tém atraido atencao por seus usos na terapia
genética, engenharia de tecidos, cicatrizagcdo de feridas e administragdo
controlada de drogas, por meio da semelhanga estrutural com as matrizes

extracelulares nos tecidos (Zdiri et al., 2022).
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Os curativos/biomateriais a base de alginato fornecem um microambiente
fisiologicamente Umido ao local de aplicacéo, reduzem a inflamacéo e infeccéo
bacteriana no local da ferida e consequentemente facilitam a cicatrizacao (Taskin
et al., 2013). Diversas moléculas, desde pequenas drogas quimicas até
proteinas macromoleculares, podem ser liberadas de géis de alginato de
maneira controlada, dependendo dos tipos de reticulantes e métodos de
reticulacédo (K. Y. Lee & Mooney, 2012). Semelhante aos outros biopolimeos, o
alginato também é biodegradavel, o que estimula seu uso em muitas aplicacfes

médicas e farmacéuticas (Zdiri et al., 2022).

2.3.1.2 Vitamina C
A vitamina C (4cido ascoérbico) é um constituinte normal da pele encontrado

em niveis elevados tanto na derme quanto na epiderme (Nielsen et al., 2021).
Além disso, a vitamina C atua como um antioxidante natural, apresentando
propriedades anti-inflamatorias, fotoprotetoras, além de ser um bioestimulador
conhecido da sintese de colageno e sintese de hidroxiprolina e hidroxilisina
(Ballaz & Rebec, 2019). Ademais, o efeito antioxidante dessa vitamina
desempenha um papel importante auxiliando na protecdo contra espécies
reativas de oxigénio derivadas da atividade metabdlica (Nielsen et al., 2021).
Devido as atividades supracitadas, a vitamina C protege componentes
biolégicos, como lipoproteinas de baixa densidade, contra modificacdes
oxidativas e, assim, pode assumir um papel ateroprotetor (Pawlowska et al.,
2019).

Ainda, a vitamina C (Figura 7) € util para construir uma resisténcia frente as
doencas, sendo essencial na dieta dos seres humanos (Cimmino et al., 2018).
Corroborando, essa vitamina esta presente no cérebro dos mamiferos,
juntamente com varias aminas neurotransmissoras, atuando como um
importante cofator (Chang et al., 2020). Frente ao que foi exposto, e devido a
sua ampla lista de beneficios para o corpo humano, a vitamina C tem sido
utilizada para o tratamento de diversas enfermidades, tais como resfriados,
infertilidade e cancer (Nielsen et al., 2021).

Esta estabelecido que a deficiéncia de vitamina C pode desencadear ou
agravar a ocorréncia e o desenvolvimento de algumas doencas de pele, incluindo

a DA (Kaigin Wang et al., 2018). Além disso, 0s niveis plamaticos dessa vitamina
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estédo reduzidos em pacientes comprometidos com DA (Shin et al., 2016). Assim,
estudos demonstram que niveis elevados de vitamina C podem reverter quadros
inflamatorios crénicos e assim reduzir os sintomas clinicos da DA (Lim et al.,
2013; Park & Zippin, 2014). Kaigin Wang e colaboradores (2018) destacam que
a vitamina C pode ser um tratamento coadjuvante para doencas de pele, no
entanto, sua administracdo oral ainda pode causar DA simétrica. Portanto, a
incorporacdo desta vitamina em um biofiilme pode oferecer uma via de
administracdo alternativa para o tratamento e atenuacdo de sintomas

semelhantes a DA.

Figura 7. Estrutura quimica da vitamina C (&cido ascorbico).
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3. OBJETIVOS

3.1 Objetivo geral

Investigar o efeito tépico do composto SeTal como uma nova estratégia

terapéutica para o tratamento das lesbes semelhantes a DA, bem como a

utilizacdo de filmes biopoliméricos como moduladores e direcionadores da

liberacéo de farmacos, ambos em um modelo de DA induzida por DNCB em

camundongos.

3.2 Objetivos especificos

a)

b)

Investigar o efeito topico do composto SeTal em um modelo de DA
induzida por DNCB em camundongos:

Identificar uma nova estratégia farmacolégica para o tratamento da DA,;
Verificar se o SeTal reduz as lesfes e o prurido caracteristicos da DA,
Investigar se 0 composto SeTal € capaz de modular os parametros
inflamatodrios relacionados com o desenvolvimento das lesbes
semelhantes a DA nos camundongos;

Mensurar a expressao de interleucinas que podem ser utilizadas como
marcadores fisiopatolégicos da DA, bem como avaliar se o composto
SeTal é capaz de atenuar estes marcadores;

Avaliar o efeito do SeTal sobre os infiltrados celulares e a formacao de
fibras de colageno na pele, apés a inducéo de les6es semelhantes a DA

em camundongos.

Investigar o efeito de HC incormporada a um filme biopolimérico (via
topica), em um modelo de DA induzida por DNCB em camundongos:
Investigar se a incorporacdo da HC em um filme reduz os seus efeitos
adversos;

Preparar e caracterizar os filmes biopoliméricos de gelatina e
gelatina+amido incorporados com HC;

Avaliar se os filmes biopoliméricos apresentam perfil de liberacdo

controlada de HC in vitro;
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Investigar o efeito do filme biopolimérico carregado com HC nas lesbes e
prurido caracteristicos da DA;

Avaliar a capacidade dos filmes biopoliméricos de modular parametros
inflamatorios;

Mensurar se os filmes biopoliméricos interferem nos niveis de
corticosterona, marcador de resposta ao estresse;

Avaliar se a incorporacdo da HC nos filmes biopoliméricos reduz a

toxicidade hepatica.

Investigar o efeito da associacdo do SeTal a HC e a vitamina C
incorporados a filmes biopolimericos em um modelo de DA induzida por
DNCB em camundongos:

Investigar se a incorporacdo do SeTal, SeTal + HC e SeTal + vitamina C;
em filmes biopoliméricos aumenta a biodisponibilidade dos compostos in
vitro, bem como possibilita um tratamento a longo prazo;

Preparar e caracterizar os filmes biopoliméricos de gelatina e alginato
incorporados com SeTal, SeTal + HC e SeTal + vitamina C;

Avaliar se os filmes biopoliméricos apresentam perfil de liberacédo
controlada de SeTal, SeTal + HC ou SeTal + vitamina C in vitro;
Investigar o efeito dos filmes biopoliméricos carregado com SeTal, SeTal
+ HC ou SeTal + vitamina C nos sinais clinicos de lesbes cutaneas e
prurido caracteristicos da DA;

Verificar se os filmes biopoliméricos modulam a anormalidade
imunolégica por meio da reducdo das alteracbes no baco dos
camundongos;

Avaliar a capacidade dos filmes biopoliméricos em modular parametros
inflamatérios;

Investigar se os filmes biopoliméricos modulam os niveis de nitrito e nitrato
(NOXx);

Avaliar se a incorporacao do SeTal, SeTal + HC ou SeTal + vitamina C
nos filmes biopoliméricos reduzem a gravidade das alteracoes

morfoldgicas induzidas por DNCB.
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4. CAPITULOS

Os resultados que fazem parte dessa tese estdo apresentados sob a forma
de 2 artigos cientificos e 1 manuscrito. As se¢fes materiais e meétodos,
resultados, discussao e referéncias encontram-se nos artigos € no manuscrito,
representando a integra desse estudo. Os artigos estdo estruturados conforme
as revistas no qual foram publicados e o manuscrito esta estruturado de acordo

com revista na qual foi submetido.
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4.1 Artigo 1

Suppressive effect of 1,4-Anhydro-4-seleno-D-talitol (SeTal) on atopic
dermatitis-like skin lesions in mice through regulation of inflammatory

mediators

O artigo cientifico encontra-se publicado na revista International Journal

of Trace Elements in Medicine and Biology
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qt fy infl y edema, myelop: idase (MPO) activity, and AD-associated cytokines (tumor
necrosis factor alpha (TNF-«), interleukins (IL)-18, and IL-33).
Results: DNCB treatment induced skin lesions and increased the scratching behavior, ear edema, MPO activity
(ear and dorsal skin), and cytokine levels in dorsal skin. Topical application of SeTal improved inflammatory
markers (cytokine levels and MPO activity), cutaneous severity scores, and scratching behavior.
Conclusion: The efficacy of SeTal was satisfactory in the analyzed parameters, showing similar or better results
than hydrocortisone. SeTal appears to be therapeutically advantageous for the treatment and control of AD.
1. Introduction adults worldwide [1-3]. Patients with AD have a hereditary tendency to
secrete antibodies (particularly immunoglobulin E (IgE)) excessively in
Atopic dermatitis (AD), a multifactorial chronic disease with com- response to a variety of stimuli [4]. The immune response observed

plex origins, affects approximately 20 % of children and up to 3% of during AD is characterized by acute inflammation that presents as
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outbreaks of eczematous pruritic lesions on skin, beginning with a
predominant response of T helper 2 lymphocytes (Th2) [5]. AD skin

Journal of Trace Elements in Medicine and Biology 67 (2021) 126795

Tween 80 and incorporated in a nonionic cream (pH 5.5; white color,
homogeneous, containing cetostearyl aleohol and ethoxylated sorbitan

lesions are also characterized by the overexpression of pro-infl

type 2 molecules [6]. Studies have implicated IL-18 in the pathophysi-
ology of AD, as this increases the recruitment of eosinophils to the air-
ways, and enhances the levels of IL-4, IL-13, and histamine, via basophil
and mast cell activation [7,8].

The therapeutic strategies used in AD generally consist of treatments
capable of relieving the itching [9]. Topical corticosteroids, such as
hydrocortisone (HC), are widely used in patients with AD. However, its
effectiveness is limited and long-term use results in adverse effects [10,
11]. Systemic immunosuppressant drugs for AD are generally more
effective than topical treatments, but these are also potentially toxic [10,
12]. Consequently, there is interest in identifying new agents that reduce
and treat the symptoms of AD [13-15].

1,4-Anhydro-4-seleno-D-talitol (SeTal), a water-soluble selenium-
containing carbohydrate derivative, has potent antioxidant activity and
is a promising treatment for chronic wounds, as it enhances healing in
both normal and diabetic mice and improves vascular perfusion [16,17].
Organoselenium compounds have been previously studied as potential
therapeutic agents as they show positive pharmacological actions, as
antioxidant, antinociceptive and anxiolytic agents [18-21] and high
efficacies in experimental models of inflammation [14,21]. The hy-
pothesis of the present study is that SeTal reduces oxidative stress,
especially through the scavenging mechanism on the superoxide radical
[16]. In addition, it does not appear to act through induction of sele-
noenzymes, or through cytotoxic properties like other selenocompounds
[18]. SeTal could reduce the inflammatory mediators related to the
disease, which are triggered by the hyperactivation of Th2 lymphocytes,
and reduce the DA-type skin lesions induced by 2,4-dinitrochloroben-

zene (DNCB) in mice.
2. Materials and methods
2.1. Animadls

The experiments used BALB/c mice female (6-8 weeks old) kept ina
separate animal room, on a 12 h light (07:00-19:00)/dark cycle at
22 + 1 °C, with free access to food (diet according to the recommended
selenium intake for mice) and water. Biological assays were conducted
according to institutional and national guidelines for the care and use of
animals. The experiments were approved by the Committee on Care and
Use of Experimental Animal Resources, Federal University of Pelotas,
Brazil (CEEA 4294-2015), following National Institutes of Health
guidelines for the care and use of laboratory animals (NIH Publications
No. 8023, revised 1978). The number of animals used was the minimum
necessary to demonstrate the consistent effects of drug treatment, and
all efforts were taken to make them comfortable.

2.2. Drugs

SeTal (Fig. 1) was synthesized and purified in the School of Chem-
istry at the University of Melbourne, Australia [22]; it was solubilized in

HO

H
HO Se

HO OH

Fig. 1. Chemical structure of 1,4-anhydro-4-seleno-D-talitol (SeTal).

rate), for topical application. HC (1%) was obtained
commercially in the form of cream (each 1 g of cream contains 11.2 mg
of HC acetate and excipients (macrogol stearate 400, stearyl alcohol,
liquid petrolatum, white petrolatum, edetate disodium, carbomer 980,
sodium hydroxide, methylparaben, propylparaben and purified water)).
DNCB was obtained commercially. All other chemicals were of analyt-
ical grade and obtained from standard commercial suppliers.

2.3. Experimental protocol

Haptens, such as DNCB, are commonly topically applied to mice to
induce skin contact hypersensitivity, and this approach is widely used as
an animal model for induction AD. Here, AD-like cutaneous lesions were
induced on mice with DNCB according to Chan et al. [23]. Animal were
depilated in the dorsal region and 200 pL of 0.5 % (v/v) DNCB in 3:1
(v/v) acetone/olive oil applied on days 1-3. Animals were further
challenged with 200 pL of 1% (v/v) DNCB on their backs and 20 pL on
their right ears, on days 14, 17, 20, 23, 26, and 29, as shown in Fig. 2.
Mice were randomly divided into five groups each of 8 animals. Normal
control mice (control group) were sensitized and challenged with ace-
tone/olive oil (3:1) and treated with compound-free nonionic cream.
Sensitized control mice (DNCB group) were sensitized and challenged
with DNCB and treated with compound-free nonionic cream. Experi-
mental mice were sensitized and challenged with DNCB and received
topical treatment with 1% or 2% SeTal incorporated in nonionic cream,
or 1% HC (1% SeTal, 2%SeTal, and HC groups). The backs of the mice
were treated daily with 0.5 g compound-free nonionic cream, SeTal, or
HC, from days 14-29. Signs of toxicity and mortality were evaluated
during the experimental protocol. The concentrations of SeTal used in
the present study are based on the doses used in previous wound-healing
studies (~1%) [17]. The duration of treatment with SeTal was chosen
based on previous studies [14,15].

2.4. Clinical skin severity scores

The clinical skin severity score is an important parameter used to
identify and classify AD-like skin lesions in DNCB treated mice. On day
30, the skin was photographed, and severity scores were determined
according to Park et al. [24]. The five signs of skin lesions are: (1)
pruritus/itching, (2) erythema/hemorrhage, (3) edema, (4) excor-
iation/erosion, and (5) scaling/dryness. The above-mentioned symp-
toms were graded as follows: 0 (no symptoms), 1 (mild), 2 (moderate),
and 3 (severe).

2.5. Scratching behavior

Itching is an important clinical sign in AD, which is related to most
complications caused by the disease. Here, the itching caused by AD-like
lesions induced by DNCB was evaluated in animals by determining
scratching behavior. The amounts of time that the mice spent rubbing
their noses, ears, and dorsal skin with their hind paws were measured
and recorded for 20 min on day 30 in order to investigate AD-like
behavioral changes [25].

3. Inflammatory parameters
3.1. Ear swelling

Inflammatory edema is characteristic of the inflammation observed
in AD-like lesions. This phenomenon, associated with increased hydro-
static pressure secondary to vasodilation, results in a marked loss of
fluids and an accumulation in the interstitial tissue, which characterizes
the edema. The severity of inflammation can easily be evaluated by ear
swelling. On day 30, following scratching-behavior assessment, mice
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0.5% DNCB or vehicle

(200 uL)

! Back: 1% DNCB 200 L, days 14-29, 6 times

| w14

| Ear: 1% DNCB 20 pL, days 14-29, 6 times

17
=2

Treatment with topical compound-free
nonionic cream, topical (1% or 2%) SeTal or
(1%) HC, days 14-29, every days

—— 29

Day of euthanasia — Removal
of ears and back

30

Fig. 2. Summary of experimental protocol for the development of atopic AD-like skin lesions in DNCB treated mice.

were euthanized, and both ears were severed at the base and the mass
differences between the control (left) and the DNCB-treated ears (right)
determined using an analytical balance. The ears were subsequently
used to determine myeloperoxidase (MPO) activity.

3.2. Determination of MPO activity

MPO is an enzyme present in the azurophil granules of poly-
morphonuclear leukocytes (neutrophils). Polymorphonuclear leuko-
cytes can be estimated by determining MPO activity, a well-established
marker of tissue neutrophil influx. In the inflammatory process caused
by AD-like lesions, these cells migrate to the animal’s tissue. MPO ac-
tivity was assayed according to the previously described method [26]
with some modifications. Mouse ears and back fractions were minced,
pooled and homogenized in phosphate-buffered saline (20 mM, pH 7.4)

determined. Total mRNA was extracted from thawed samples of back
skin (50—70 mg; n = 7 per group) using TRIzol reagent (Invitrogen™,
Carlsbad, USA) followed by treatment with DNase 1 (Amplification
Grade, Invitrogen™, Carlsbad, USA) to minimize DNA contamination.
The isolated RNA was quantified and its purity (260/280 and 260/230
ratios) determined by spectrophotometry (NanoVue, GE, Fairfield, CT,
USA).

<DNA was synthesized using a high capacity ¢cDNA reverse tran-
seription kit (AppliedBiosystems™, UK) according to the manufacturer’s
protocol. For reverse transcription, 2 pg of total RNA was used in a re-
action volume of 20 pL. Amplification was conducted with the GoTag®
qPCR Master Mix (Promega, Madison, WI) with an Agilent Mx3005 P
qPCR System (Agilent Technologies Inc., Santa Clara, CA), and the
primers listed in Table 1. The qPCR conditions were as follows: 10 minat
95 °C to activate the hot-start Taq polymerase, followed by 35 cycles of
d ation for 15 s at 95 °C, primer annealing for 60 s at 60 °C, and

containing ethylenediaminetetraacetic acid (0.1 mM). The hy genate:

were centrifuged at 900 gfor 10 min at 4 °C and the pellet discarded. The
supernatant (fraction S1) was then re-centrifuged at 24,080 g at 4 °C for
15 min to yield the final pellet (P2), which was resuspended in medium
containing potassium phosphate buffer (50 mM, pH 6.0) and hex-
adecyltrimethylammonium bromide (0.5 % w/v). Samples were sub-
jected to three freeze-thaw cycles prior to assaying MPO activity. MPO
activity was quantified by adding aliquots of resuspended P2 (100 pL) to
solutions containing N,N,N’,N -tetramethylbenzidine (1.5 mM). Oxida-
tion of this substrate by MPO was initiated by the addition of H,0,
(0.01 vol%) with the absorbance changes at 655 nm monitored over a
period of 2 min at 37 °C. Results are expressed as optic density (OD)/mg
protein/min. Protein concentration was determined by the Bradford
method [27] using bovine serum albumin (1 mg/mL) as the standard.

3.3. RNA extraction, cDNA synthesis, and quantitative real-time
polymerase chain reaction

As AD is a chronic multi-factorial inflammatory skin disease, driven
by the interplay between genetic predisposition and environmental
factors that initiate inflammation, the levels of multiple cytokines
involved in the inflammatory process of AD-like lesions were

extension for 30 s at 72 °C. Fluorescence signals were recorded at the
end of every cycle. Baseline and threshold values were automatically set
by the Stratagene MxPro software. The number of PCR cycles required to
reach the fluorescence threshold in each sample is defined as the Ct
value, and each sample was analyzed in duplicate to obtain an average
Ct for each sample. The 2 24€T method was used to normalize the fold
change in gene expression [28] using glyceraldehyde-3-phosphate

Table 1

Primers used for quantitative real-time polymerase chain reaction.
Primer Name Sequence Reference
TNF-« Forward 5’ CCCTCACACTCAGATCATCTTCT 3* 1461
TNF-« Reverse 5’ CTACGACGTGGGCTACAG 3" -
IL- 18 Forward 5" CAACTCAGGAGTCTTGCTCAACA 3 1471
IL-18 Reverse 5’ CAGGCCTGACATCTTCTGCAA 3’ 44
IL-33 Forward 5’ CTGCAAGTCAATCAGGCGAC 3’ 1481
IL-33 Reverse 5" TGCAGCCAGATGTCTGTGTC 3’ G

GAPDH Forward
GAPDH Reverse

5'TGCGACTTCAACAGCAACTC 3’

49
5’ATGTAGGCAATGAGGTCCAC 3° 9]

The forward and reverse primer sequences used to amplify each target gene as well as the GAPDH

endogenous control are listed
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dehydrogenase as a housekeeping gene.
3.4. Histological analysis

Histological analysis was used to evaluate tissue changes and cell
migration into the affected areas. The back skin and ear samples were
fixed in 10 % buffered formalin solution. Tissue samples were embedded
in paraffin, sectioned at 3-4 pm and stained with hematoxylin and eosin
(HE) or Masson’s Trichrome (MT) for optical microscopy.

3.5. Statistical analysis

The normality of the data was evaluated by the D'Agostino and
Pearson omnibus normality test. The data were analyzed by one-way
analysis of variance (ANOVA) followed by Tukey’s test. All analyses
were performed using GraphPad software (San Diego, CA, USA). Data
are expressed as means + standard errors of the mean (SEMs); p < 0.05
was considered to be statistically significant.

4. Results
4.1. Effect of SeTal on clinical signs of AD-like skin lesions

Clinical skin severity scores were used to investigate the protective
effect of SeTal against DNCB-induced AD-like skin damage, with the
results displayed in Fig. 3A and B [F4 35 = 114.3, p < 0.0001]. One-way
ANOVA followed by Tukey's testing revealed that DNCB significantly
increased the skin severity scores when compared with the control group
(p < 0.0001) (Fig. 3B). Treatment with 1% SeTal (p < 0.0001) or 2%
SeTal (p < 0.05) reduced the severity of the skin-lesions induced by
DNCB. No significant difference in the severity of the skin lesions was
detected on treatment with HC, when compared to the DNCB group (p >

A — Dermatitis scores

A

Control
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0.05) (Fig. 3B).

Fig. 3C shows the effect of SeTal on scratching behavior [Fs 35 =
37.46, p < 0.0001]. One-way ANOVA followed by Tukey's testing
revealed that DNCB-exposed animals exhibited increased scratching
times when compared with the control group (p < 0.0001). SeTal (1%)
(p < 0.01), SeTal (2%) (p < 0.0001) and HC (p < 0.0001) reduced the
scratching time induced by DNCB, with the protective effect of SeTal
(2%) being similar to that of HC.

4.2. Effect of SeTal on inflammatory parameters

Fig. 4A illustrates the effects of SeTal treatment on ear swelling in
mice [F435 =21.70,p < 0.0001]. One-way ANOVA followed by Tukey's
testing showed that DNCB substantially increased right-ear swelling
‘when compared with the control group (p < 0.0001). Treatments with
HC (p < 0.01), 1% SeTal (p < 0.001), and 2% SeTal (p < 0.001)
partially reduced the ear swelling induced by DNCB. The protective
effect of the two SeTal preparations was similar to that of HC.

The results displayed in Fig. 4B and C show the effects of the topical
administration of SeTal on ear and dorsal-skin MPO activity, respec-
tively [F4 35 = 33.15, p < 0.0001 (ear); F4 35 = 39.79, p < 0.0001 (dorsal
skin)]. One-way ANOVA followed by Tukey's testing revealed that
DNCB significantly increased MPO activity in mouse ears (p < 0.0001)
and dorsal skin (p < 0.0001) when compared with the control group.
Statistical data analysis reveals that 1% SeTal (p < 0.001) and 2% SeTal
(p < 0.001) partially protected against the increase in MPO activity in
ear tissue on exposure to DNCB (Fig. 4B). HC (p < 0.0001) also restored
the MPO activity of ear tissue to control values, with the protective effect
of SeTal similar to that of HC (Fig. 4B).

The data presented in Fig. 4C indicate that treatment with 2% SeTal
partially protects against increasing dorsal-skin MPO activity induced by
DNCB. Statistical analysis reveals that 1% SeTal (p < 0.0001) restores

B - Scratching incidence
4 # #* & #
ey

Signs of skin lesions
~N

DNCB

C - Scratching time

H

©
8

Scratching time (s)
g B

Control Vehicle 1% 2% HC

DNCB

Fig. 3. The effect of SeTal treatment on (A) dermatitis scores, (B) scratching incidence and (C) scratching time, after DNCB exposure. Data are means + SEMs (one-
way ANOVA followed by the Tukey's test). # p < 0.05 compared with the control group, * p < 0.05 compared with the DNCB group, @ p < 0.05 compared with the

1% group, & p < 0.05 compared with the HC group.
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Fig. 4. The effect of SeTal treatment on (A) ear swelling, (B) ear MPO activity and (C) dorsal skin MPO activity. Data are means + SEMs (one-way ANOVA followed
by the Tukey's test). # p < 0.05 compared with the control group, * p < 0.05 compared with the DNCB group, @ p < 0.05 compared with the 2% group & p < 0.05
compared with the HC group.
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Fig. 5. The effect of SeTal treatment on mRNA expression levels of cytokines: (A) TNF-«, (B) IL-18 and (C) IL-33 in mouse dorsal skin. Data are means + SEMs. (one-
way ANOVA followed by the Tukey's test). # p < 0.05 compared with the control group, * p < 0.05 compared with the DNCB group, @ p < 0.05 compared with the
1% group & p < 0.05 compared with the HC group.
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dorsal skin MPO activity to control levels. SeTal treatment at both 1%
(p < 0.0001) and 2% (p < 0.05) levels was more effective in reducing
dorsal-skin MPO activity than HC (Fig. 4C).

The data presented in Fig. 5(A-C) display the effects of the topical
administration of SeTal on the dorsal-skin expression of cytokines tumor
necrosis factor alpha (TNF-o) [Fs35 = 56.49, p < 0.0001], IL-18
[Fa35 = 34.78, p < 0.0001], and IL-33 [Fs 35 = 47.53, p < 0.0001].
One-way ANOVA followed by Tukey's testing reveals that DNCB
significantly increased the expression of TNF-w, IL-18, and IL-33 when
compared with the control group; 1% SeTal (p < 0.0001) and 2% SeTal
(p < 0.0001) protected against the increase in TNF-a expression induced
by DNCB (Fig. 5A), whilst HC did not.

SeTal at 2% (p < 0.0001) partially protected against the increase in
IL-18 expression induced by DNCB (Fig. 5B), whilst HC (p < 0.0001)
reduced the expression of IL-18, when compared to the DNCB group.
Treatment with SeTal [1% (p < 0.0001) and 2% (p < 0.0001)] pro-
tected against an increase in IL-33 expression induced by DNCB expo-
sure (Fig. 5C), but HC did not (p > 0.05). Treatments with SeTal (1% and
2%) were more effective in reducing the expression of IL-33 than HC.

4.3. Histology

The severity of the morphological alterations to the dorsal skin and
ear caused by exposure to the various treatments is shown in Fig. 6. A
normal histological architecture was observed for the ears (Fig. 6.1 and
6 .3) and dorsal skin (Fig. 6.2 and 6.4) of the control animals. The ear
sections from the DNCB-exposed animals exhibited the formation of
crust on a hyperplastic epidermis together with mild hyperkeratosis

Ear Back

Control

DNCB

1% HC + DNCB

2% SeTal+ DNCB
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(Fig. 6.5). The dermis of the dorsal skin was thickened, edematous,
contained abundant inflammatory infiltrates of macrophages, lympho-
cytes, and neutrophils, congested blood vessels, and dilated lymphatic
vessels (Fig. 6.6). The collagen fibers of the superficial dermal layer
appeared denser than the collagen fibers of the deep dermis when
stained with MT (Fig. 6.7 and 6 .8).

The animals treated with HC presented several regions with intra-
epidermal and subepidermal pustules. The formation of crust with
bacterial colonies was observed on the surface dermises, along with
macrophage, neutrophil, and lymphocyte infiltration, vascular conges-
tion, edema, and dilated lymphatic vessels (Fig. 6.9 [ears] and 6.10
[dorsal skin]). The animals treated with 1% HC exhibited lower numbers
of collagen fibers, with these appearing mainly as dense bands in the
superficial dermis when stained with MT (Fig. 6.11 and 6 .12).

The ear sections of animals treated with 1% SeTal (Fig. 6.13) pre-
sented thickened dermises that contained inflammatory lymphocyte and
macrophage infiltrates. Non-ulcerated dorsal skin (Fig. 6.14) exhibited
epithelial hyperplasia, some foci with crust formation, and mild para-
keratotic hyperkeratosis. Inflammatory lymphocyte and macrophage
infiltrates were observed in the dermises of animals treated with 1%
SeTal. The collagen fibers appeared to be evenly distributed and uni-
formly colored in the superficial and deep dermal layers (Fig. 6.15 and 6
.16) when stained with MT.

Slight hyperplasia of the epithelium with the presence of crust and
the accumulation of bacterial colonies on and intermeshed with keratin
filaments was observed in the ear (Fig. 6.17) and dorsal-skin (Fig. 6.18)
samples of animals treated with 2% SeTal. When stained with MT, the
collagen fibers of the superficial and deep dermal layers were

Ear Back

Fig. 6. Photomicrographs showing the severity of ear and dorsal-skin morphological alterations caused by treatment exposure. (1), (2), (3) and (4) represent control
animals, which show a normal aspect; (5), (6), (7) and (8) represent animals exposed to DNCB — [vascular (), dilated lymphatic vessels (arrow), and the
presence of a crust on the inner and outer faces (arrowhead), C (cartilage) and subepidermal pustules (arrow)]. (9), (10), (11) and (12) represent 1% HC + DNCB
group — [thickened ear with vascular congestion (*), dilated lymphatic vessels (arrow), and the presence of i les (ar head), C (cartilage),
presence of intraepidermal (long arrow) and subepidermal (short arrow) pustules]. (13), (14), (15) and (16) represent 1% SeTal + DNCB group and (17), (18), (19)
and (20) 2% SeTal + DNCB group - [a thick crust is present (*) as well as bacterial colonies and subepidermal pustules (arrow)]. (HE staining - 100X and MT - 100X
and 400X).

idermal p
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interspersed with many young fibroblasts (Fig. 6.19 and 6 .20).

4.4. Toxicity and mortdlity

During the experimental protocol, 50 % of the animals treated top-
ically with 1% HC died. In contrast, no death or sign of toxicity was
observed in animals exposed to 1 or 2% SeTal.

5. Discussion

The present study shows, for the first time, the effect of SeTal on AD-
like skin lesions in mice. Our findings reveal a suppressive effect of this
water-soluble selenium-containing sugar derivative on skin lesions,
seratching behavior, and ear swelling induced by exposure to DNCB,
probably via a reduction in local inflammatory processes. A summary of
these results is shown in Table 2. This finding is extremely important,
considering that our research group has dedicated special attention to
the study and identification of new agents capable of reducing and
treating the symptoms of AD-like pathologies [13-15].

SeTal has therapeutic advantages over other organoselenium com-
pounds due to its high solubility in water (allowing rapid clearance and
avoiding any apparent bioaccumulation of the drug in fat deposits which
is a limiting factor with some other organoselenium compounds, with
lipophilic characteristics), low degradability (remains intact during
prolonged storage), little biotransformation and oral availability. In
addition, in a previous study SeTal was administered orally in mice for
up to 12 weeks at 1 mM, without any sign of evident toxicity, sign of
cancer or adverse health effects, and has been shown to remain intact in
plasma and in various tissues [18]. The high-water solubility of the
compound suggests that selenosis is unlikely to be a major problem, but
it was not studied here. As is already known, AD is triggered by the over
activation of Th2 lymphocytes, which will release IL that will trigger an
allergic and inflammatory process through the activation of B lympho-
cytes and migration of defense cells such as eosinophils and mast cells
[8]. The hypothesis of the SeTal mechanism of action is related to the
normalization of Th2 lymphocyte activity and to the decrease in mRNA
expression of cytokines involved in the pathophysiology of AD. Another
important point that corroborated the choice of SeTal as a treatment for
AD, is that it possibly reduces oxidative stress mainly by the scavenging
mechanism of the superoxide radical. It is worth mentioning that the
present study is in its initial phase, and that future work on the mech-
anism of action of SeTal, and other possible therapeutic advantages, or
disadvantages, are underway. This compound possibly does not act by

Table 2
y of the main behavioral results and infl y
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inducing selenoenzymes or by cytotoxic properties [15]. However, a
significant improvement is seen in AD-type lesions.

The primary course of treatment for subjects with AD lesions typi-
cally involves the use of topical corticosteroids because of their anti-
inflammatory action [29]. Here, mortality was observed in animals
sensitized by DNCB and submitted to HC after a long exposure period. In
a previous study carried out by our research group, this mortality was
also observed [30]. Corticosteroids, when applied over large areas or for
prolonged times, can be absorbed into the bloodstream, resulting in
systemic effects including the induction of Cushing’s syndrome and the
suppression of the hypothalamic-pituitary-adrenal (HPA) axis [31].
While the prolonged use of corticosteroids can lead to such complica-
tions, the development of symptomatic adrenal insufficiency is rare
[32]. Therefore, it is preferable to discontinue treatment, given that
long-term topically applied steroids also leads to a weakening of the
skin, and formation of cracks and bleeding [29]. Of particular impor-
tance, in this study no death was observed during treatment with SeTal
at concentrations equal to or higher than that of HC.

Repeated allergic and inflammatory responses over time results in a
hardening and thickening of the skin surface [33]. SeTal reduced the
seratching behavior induced by DNCB, suggesting a reduction in pruri-
tus. This finding is important, as pruritus s a characteristic aspect of AD
and has a significant impact on the quality of life of people with AD [34].
However, further studies to examine the effects of SeTal on the media-
tors associated with itching are required to confirm and extend the
current data.

Itis well established that the AD phenotype begins with pruritus, but
erythema and dermatitic plaques are also observed. Depending on the
duration of the lesions, they may weep, crust, or scale [35]. Here, SeTal
(1 and 2%) attenuated the severity of skin lesions induced by DNCB.
Surprisingly, HC (1%) did not alter the severity of the lesions induced by
this hapten. The SeTal data are consistent with the observed scratching
behavior that highlights the possible suppressive effect of SeTal against
AD-like skin lesions. In addition, topical and local (dorsal skin) treat-
ment with SeTal or HC reduced the ear edema of animals exposed to
DNCB, consistent with both treatments exerting systemic activity.

In an attempt to link the suppressive effects of SeTal with modulation
of inflammation, MPO activity was evaluated. MPO is a heme enzyme
released from the intracellular granules of activated neutrophils,
monocytes, and some macrophages, which generates powerful tissue-
damaging oxidants [36]. Since neutrophils are important contributors
to immunological disease pathogenesis, MPO protein levels and activity
are widely used as markers of inflammation [37]. The importance of

in mice treated with SeTal.

Behavioral parameters

Control Vehicle (DNCB)  DNCB + 1% DNCB +2%  DNCB+HC
Signs of skin lesions 0.0=0.0 2.87+0.12 4 1.87£0.12 § 237018 § 3.00=0.00 =
Scratching time 3.25£1.06 268.60+23.374 166.90+16.62 § 87.63+22.78 § 6425+7.81 ¥

Inflammatory parameters

Ear swelling 0.002 = 0.0009 0.05+0.003 4 002+ 0.003 § 0.02+0.003 | 0.03=0.005 §

MPO (Ears) 0.0=0.0 1.06+0.08 4 042+0.07 § 043006 | 026=009 |

MPO (Back) 0.001 £0.0013 041£0.04 4 005001 4 028003 | 041£005:
TNF-a 1.01 £0.22 3484192 4 9.40+1.83 | 862161 | 27.68+288z
IL-18 1.00+£0.27 16760+ 1322 4 14101 £1378 z 8064 + 1428* | 6072 +8153 ¢
IL-33 1.09 £0.19 13.31+1.01 4 629+088 ¢ 3.02+0.64* | 11.33+081%

Data are reported = the mean + standard crror of mean (SE M) of O mice in cach group. (, ted) inerease in behavioral and inflammatory parameters compared with the control group; (, , green) reduction in

behavioral and inflammatory parameters compared with the induced group (Vehicle — DNCB); (_ , green) there was no statistical difference in the behavioral and inflammatory parameters compared to the induced

group (Vehicle - DNCB); 1% = 1% SeTal and 2% = 2% SeTal; 4 statistical difference between 1% SeTal and 2% SeTal_
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neutrophils in the pathogenesis of several diseases, and the lack of safe
and effective strategies to specifically target them, makes MPO a po-
tential therapeutic target [38]. In the current study, SeTal treatment
reduced MPO activity in both the treated dorsal skin and the non-treated
ear tissue, consistent with a systemic activity of this selenium com-
pound. 2% SeTal proved to be less efficient than 1% SeTal in the
normalization of dorsal skin MPO activity. An explanation for this
observation has not yet been obtained. However, based on our set of
results, SeTal is promising for the treatment of lesions associated with
AD; however, this is a preliminary study. Further studies are underway
with the aim of better elucidating the effect of SeTal on AD-like lesions
and improving the topical formulation of this compound. However, HC
was only effective in reducing MPO activity in the ear. In this way,
topical application of SeTal was able to reverse the inflammatory
response induced by DNCB, and thereby potentially alleviate the
symptoms and skin lesions.

Patients with AD were found to possess a subset of T lymphocytes
and cytokines that can be used as biomarkers for AD diagnosis [39].
Here, SeTal decreases the mRNA expression of cytokines involved in the
pathophysiology of AD (SeTal at a concentration of 2% - TNF-« (70 %),
1L-18 (52 %) and IL-33 (82 %) / SeTal at a concentration of 1% - (TNF-a
(70 %), IL-18 (non-significant reduction) and 1L-33 (53 %)), thus
reducing the inflammatory condition and allergic responses triggered by
these mediators. However, no alteration in the expression of TNF-a and
1L-33 was observed in animals treated with HC. TNF-a, a well-known
potent inflammatory cytokine, is involved in inflaimmation signal
transduction by inducing the migration of NF-kB into the nuclei of
keratinocytes, and it is an important factor in controlling cell differen-
tiation and immune responses [40]. IL-18 and IL-33 are believed to be
involved in the pathology of AD, as these cytokines belong to the IL-1
family, which is responsible for regulating inflammatory responses
[41]. Indeed, IL-18 can stimulate the T-lymphocyte response, given that
inflammatory dendritic epidermal cells release IL-18 [42]. In addition,
in an earlier study an increase in serum levels of IL-18 was observed in
children, adults and in an experimental model using mice [43].

In addition, another important mechanism to be studied is oxidative
stress, which seems to be another factor that predisposes the patho-
genesis of AD. It occurs by directly damaging the cellular structures of
the skin, contributing to the exacerbation of dermal inflammation and
by weakening the skin's barrier function favoring infections by patho-
gens [44]. Here, the effect of SeTal on oxidative stress was not elucidate,
however in previous studies, this selenium compound demonstrated
potent antioxidant activity in mice, by reducing the levels of superoxide
radicals [16]. Thus, the antioxidant effect of SeTal may be involved in
the suppressive effect of AD-like skin lesions. In view of this, an explo-
ration of the association between inflammation and oxidative stress in
AD may provide a better understanding of the development of the dis-
ease, and allow the elucidation of new treatment strategies.

Histological studies reveal that animals treated with SeTal presented
collagen fibers in the superficial and deep dermal layers that are inter-
spersed with a large quantity of young fibroblasts. As expected, the use
of HC resulted in fewer collagen fibers that formed dense bands mainly
in the superficial dermis, which is a known side effect associated with
use of cortic ids [45]. Cortic ids delay healing because they
inhibit the expression of IL and growth factors responsible for neo-
vascularization and fibroblastic migration [45]. Clearly, SeTal provides
an advantage over HC in this regard, and has been reported to improve
wound healing [17].

In conclusion, these studies reveal that SeTal attenuates AD-like
symptoms in mice by suppressing the increase in MPO activity, and
mRNA expression levels of TNF-o, IL-18, and IL-33 induced by DNCB.
However, further studies are needed to elucidate the best concentration
of SeTal (here, a better response was observed with 2% compared to 1%
SeTal, with the exception of some of the measurements of MPO activity)
and to fully evaluate these processes and other potential mechanisms of
action that may contribute to the positive suppressive effects of SeTal in
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this experimental model. In addition, the results of the present study
suggest that the use of this compound can be extended to other studies
involving skin/inflammatory diseases and even bumns.

6. Limitation of the study

Despite these promising results, it is important to note that the skin
barrier of a mouse is considered to be weak compared to that of human
skin, and that the surface/volume ratio of a mouse and its physiology are
different to that of humans. This is a limitation of the present study.
Therefore, the toxicity observed following treatment with HC cream
treatment needs to be further studied, since human and mouse skin are
different, and the specific properties of mouse skin may make it more
sensitive to HC cream. Another important point is that SeTal shows little
degradation/biotransformation, and particularly no detectable release
of free selenium. It reacts with oxidants but does this in a manner to give
the selenoxide that can be readily re-reduced back to the parent com-
pound. Unfortunately, urine collection was not performed to determine
SeTal and its metabolites, the focus of the study was to evaluate the
effect of SeTal on atopic dermatitis AD-like lesions. In addition, the
amount of SeTal and/or Se that may be absorbed by the mice was not
evaluated. More studies are necessary to validate this point.
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Drug delivery

Atopic dermatitis (AD) is the most common chronic inflammatory skin disease with nasty effects on the psy-
chosocial wellbeing of patients. Overall, glucocorticoids, such as hydrocortisone (HC), are the primary phar-
macologic drugs used to treat AD and its symptoms. However, the long-term treatment with HC is often ac-
companied by severe adverse effects. So, this study reports the encapsulation of HC in polymeric films based on
gelatin (Gel) and gelatin/starch (Gel/St) and investigates their potential to treat and attenuate 2,4-
Dinitrochlorobenzene (DNCB)-induced AD-like symptoms in BALB/c mice model. The prepared films were
characterized by different techniques, which indicated that HC was physically entrapped into the polymer
matrices. In vitro experiments indicate that the HC release process occurs in a controlled manner (up to 48 h) for
both films. Regarding the in vivo experiments, HC-loaded films (Gel@HC and Gel/St@HC), unloaded films (Gel
and Gel/St) and HC cream (1%) (as reference) were applied topically on the back of the DNCB-sensitized animals
and skin severity scores and scratching behavior were determined. Ex-vivo experiments were done to quantify
infl. y and/or bioch | parameters. As assessed, the topical application of the biopolymeric films
(loaded or not with HC) imp d the infl 'y par: while a lower corticosterone level was observed
for the animals treated with Gel and Gel@HC films. In summary, the HC-loaded films showed superior efficiency
to treat/attenuate the analyzed parameter than the HC cream (1%). Further, no death or sign of toxicity was
observed in animals exposed to HC-loaded films. Thus, the lation of HC in biopolymeric films seems to be
a promising alternative for the treatment of injuries caused by chronic skin diseases that require prolonged use of
glucocorticoids.

1. Introduction according to the type of disease. Atopic dermatitis (AD), for example, is
a highly pruriginous and recurrent inflammatory disease, while vitiligo

Chronic skin diseases, such as dermatitis, lupus, and vitiligo, have is a polygenic autoimmune disease characterized by the progressive
affected millions of people around the world. In 2019, skin di skin d ation [3]. Overall, the initial treatment of such skin

were ranked as the fourth most common cause of human illness and diseases is focused on the use of topical creams and ointments con-

incapacitation [1]. Taking into account that the skin is the primary
interface between the human body and the external environment, the
presence of skin diseases impact substantially many aspects of the pa-
tient's life. For example, patients with severe skin diseases are more
susceptible to negative social repercussions resulting in psychological
disorders [2]. This scenery gets worst if we consider that children are
usually a frequent target of this type of disease.

The clinical manifestation associated with skin diseases varies

* Corresponding authors.

taining anti-inflammatory, antihistaminic, and antibiotic agents [4].
Among these drugs, the corticosteroids constitute a class of primarily
synthetic steroids used as anti-inflammatory and antipruritic agents. In
particular, hydrocortisone (HC) has been used to reduce dermatosis
symptoms (such as redness, itching, swelling, etc.) due to its pharma-
cological properties for decades. Despite the efficient use of HC on the
treatment of the different symptoms of skin diseases, its hydrophobic
nature may impair its application mainly in exudative lesions [5,6].
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Also, a long-term administration of HC may lead to some risks of sys-
temic effects, such as hypothalamus-pituitary-adrenal (HPA) axis sup-
pression [7]. HC is a synthetic analog of cortisol, and a high level of this
hormone may be responsible for the suppression of the HPA axis and
adrenocorticotropic hormone (ACTH), which leads to adverse effects
such as adrenal atrophy [8]. To overcome these drawbacks, we report
in this paper the preparation of bio-based films of gelatin (Gel) and
gelatin/starch (Gel/St) to act as vehicles for encapsulation and con-
trolled release of HC.

Over the past few years, the use of some polymeric-based devices to
release HC in a controlled manner has been reported in the literature
[9,10]. Nevertheless, the use of release devices consisting of majorly by
biopolymers has been poorly explored. Gelatin (Gel) is a biopolymer
derived from collagen widely used by food, pharmaceutical, and med-
ical industries due to its non-toxicity, biodegradability, and bio-
compatibility properties [11]. More specifically, Gel has been used to
formulate different drug delivery devices, such as hydrogels, micro-
particles, tablets, among others [11,12]. Due to these features, we uti-
lized Gel (pure or blended with starch) to prepared films using a simple
protocol. Starch (St) is also a biopolymer consisting predominantly of
two polysaccharides, namely amylose and amylopectin. In general, St
exhibits excellent film-forming properties as well as natural abundance,
low cost and toxicity, and biodegradability [13,14].

Herein, biopolymeric films consisting of Gel and Gel/St were used to
encapsulate HC and tested as drug delivery devices. Beyond the full
characterization of the obtained films, in vitro assays were performed to
investigate the HC release profile, kinetics, and mechanism.
Furthermore, the biological activity of the HC-containing films was
investigated by in vivo and ex vivo assays concerning the treatment of
2,4-dinitrochlorobenzene (DNCB)-induced AD-like skin lesions in mice
model. Thus, the objective of this study was to develop a corticosteroid
administration system, such as HC, capable of acting on the lesions of
cutaneous diseases with minimal systemic absorption, leading to fewer
adverse effects.

2. Materials and methods
2.1. Materials

Gelatin (Gel, type B) and 2,4-dinitrochlorobenzene (DNCB) were
purchased from Sigma-Aldrich (USA). Rice starch (St) with amylose
content of 30% was kindly donated by LabGraos/UFPel (Pelotas-Brazil)
[15]. Glycerol (99.5%) was purchased from Synth (Brazil). HC (> 98%,
particle size < 20 um) was purchased from Gemini (Brazil), and HC
cream (1%) was obtained commercially (Bayer®) in the form of cream -
each 1 g of cream with 11.2 mg of HC acetate and excipients (macrogol
stearate 400, stearyl alcohol, liquid petrolatum, white petrolatum,
edetate disodium, carbomer 980, sodium hydroxide, methylparaben,
propylparaben, and purified water). All other chemicals of analytical
grade were used as received without further purification.

2.2. Preparation of Gel and Gel/St films

Gel and Gel/St films were prepared by the solvent casting method
[16-18]. Firstly, to prepare the Gel film (without St), 2.5 g of pure
gelatin was solubilized in 50 mL of distilled water (stirring of 250 rpm
for 1 h at 50 °C). Then, glycerol (100 pL), as a plasticizer, was added to
the gelatin solution, which was homogenized under stirring (250 rpm)
for 15 min. Next, the resulting solution was poured in a Petri dish (PS,
round-shape 85 x 10 mm), which was placed in an oven (40 °C) to
evaporate the solvent. After 24 h, the resulting Gel film was carefully
peeled-off from the Petri dish, rinsed with distilled water and oven-
dried (40 °C, overnight). In parallel, the Gel/St film was prepared by
blending the aqueous solutions of gelatin and starch. Briefly, 1.75 g of
gelatin was solubilized in 30 mL of distilled water (1 h at 50 °C), while
0.75 g of starch was also solubilized in 30 mL of distilled water (4 h at
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85 “C). Both solutions were blended under magnetic stirring (250 rpm
for 30 min) at 50 “C. Herein, the gelatin/starch mass ratio was fixed at
70:30 w/w-%, respectively. Next, glycerol (100 pL) was added to the
gelatin/starch solution (250 rpm for 30 min), which after homo-
genization, was poured into a Petri dish. Later, the solvent was eva-
porated (oven, 40 °C for 24 h), resulting in a Gel/St film, which was
recovered, rinsed with distilled water, and oven-dried (40 °C, over-
night).

2.3. Preparation of Gel and Gel/St films containing hydrocortisone

The film samples loaded with HC were prepared using a protocol
similar to that described in the previous section. However, HC (25 mg)
at a fixed mass ratio of 99:1 w/w-% (polymer:HC) was added to the
film-forming solutions before the solvent evaporation step. The re-
sulting films were denoted as Gel@HC and Gel/St@HC, respectively.

2.4. Characterization

Fourier transform infra-red (FTIR) spectroscopy was used to char-
acterize the chemical nature of the prepared materials. For this, FTIR
spectra were obtained in a Shimadzu IR Affinity spectrometer (Japan)
in the 4000-400 cm ~! range with an average of 64 scans at 4 cm !
resolution. Before the spectra acquisition, the samples were ground
with  spectroscopic grade KBr and pressed into discs.
Thermogravimetric analyses (TGA) were performed using a Shimadzu
DTG-60 Analyzer (Japan) in a temperature range of 25-700 °C under N,
atmosphere at a heating rate of 10 °C min ', Mechanical properties of
the prepared films were investigated by tensile tests using a Stable
Microsystems TA.XT2 texturometer equipment (UK). The tests were run
using rectangular samples (80 x 25 mm, length x width) in an atmo-
sphere of 50% relative humidity with a test speed of 0.8 mm min™"
according to the ASTM D882-12 method [19]. The morphology of the
samples was examined by means of scanning electron microscopy
(SEM). Images were obtained in a JEOL JSM-6610LC microscope (USA)
using an acceleration voltage of 15 kV. Before the SEM visualization,
film samples were cut into rectangular pieces (about 4 x 2 mm), which
were attached to sample holders with carbon tapes and, then, gold-
coated by sputtering. Microscopic images of the films and the pure HC
were also taken using a polarized light microscope (Olympus Germany).
Swelling experiments were done to investigate the liquid uptake ca-
pacities of the prepared films (loaded or not with HC). Briefly, film
samples were weighed and then placed into vials filled with 50 mL of
simulated wound fluid (SWF) (2 w/v-% of bovine serum albumin (BSA),
0.02 mol ™! CaCly, 0.4 mol L™ NaCl, pH 7.4) [20] at 37 °C. At pre-
determined time intervals, the swollen films were withdrawn, blotted
carefully with tissue paper to remove the surface-adhered liquid dro-
plets, and reweighed. The swelling degree of each sample after different
time intervals was calculated according to the following equation:

. W — Wo
Swelling degree (%) = [‘——] X 100
: W @
where W, is the initial weight of the dry film, and W; is the swollen
weight of the film at time t. This experiment was performed in tripli-
cate.

2.5. In vitro hydrocortisone release assays

The release behavior of HC from the Gel@HC and Gel/St@HC films
was investigated using a vertical cell diffusion apparatus. Briefly, film
samples (50 mg loaded with 0.5 mg of HC) were directly placed over
regenerated cellulose dialyses membranes (Mywco 12-14 kDa, Spectra/
Por®, USA) with an effective release area of approx. 1.5 cm?. The ac-
ceptor vial was filled with SWF (25 mL, pH 7.4) and the temperature
was maintained at ~37 °C. Aliquots (1 mL) were withdrawn at pre-
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determined time intervals and analyzed using a Micronal BS82
UV-visible spectrometer (Brazil) at a wavelength of 248 nm (the ab-
sorption maximum of HC in aqueous medium). Simultaneously, an
equivalent volume (1 mL) of fresh SWF was added to each vial for
continuing incubation. The absorbance data were converted into con-
centration using a calibration curve (Abs = 0.003 + 0.005[HC],
R? > 0.999) that was built using standard concentrations of HC in
SWF. Each experiment was performed in triplicate. For comparative
purposes, the dissolution profile of pure HC (0.5 mg) was examined
under similar conditions (25 mL of SWF at 37 °C).

2.6. In vivo and ex vivo assays

2.6.1. Animals

Herein, BALB/c mice female (6-8 weeks old) were used to perform
the experimental protocol. The animals were kept in a 12 h light-dark
cycle (7 a.m. to 7 p.m. with light) at 22 * 1 °C, with free access to food
and water. Biological assays were conducted according to institutional
and national guidelines for the care and use of animals. The Local
Committee for Care and Use of Laboratory Animals of the Federal
University of Pelotas (Pelotas, Brazil) approved this research project
(code number: 4294-2015). The number of animals used was the
minimum necessary to demonstrate the consistent effects of the drug
treatment, and all efforts were taken to make them comfortable.

2.6.2. Experimental protocol

DNCB was used as an inducer of AD-like skin lesions, as previously
described by Chan et al. [21]. For this, animals were depilated in the
dorsal region and 200 pL of 0.5% (v/v) DNCB in 3:1 (v/v) acetone/olive
oil applied on days 1 to 3, for sensibilization. Later, animals were fur-
ther challenged with 200 pL of 1% (v/v) DNCB on their backs and 20 pL
on their right ears, on days 14, 17, 20, 23, 26, and 29, as shown in
Fig. 1. Mice were randomly divided into seven groups, each one with 7
animals, except for the HC group (n = 14 due to high mortality during
the HC treatment). Normal control mice (control group) were sensitized
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and challenged with acetone/olive oil (3:1) and received no treatment.
Sensitized control mice (vehicle group) were sensitized and challenged
with DNCB and received no treatment. Experimental mice were sensi-
tized and challenged with DNCB and received topical treatment with
either HC-loaded (Gel@HC or Gel/St@HC, 50 mg sample loaded with
0.5 mg of HC) or not-loaded films (Gel or Gel/St) (50 mg samples) or
HC (cream, 50 mg containing 0.5 mg of HC (1% w/w)). The backs in-
juries of mice were treated every 3 days with either HC-loaded or not
film (Gel, Gel/St or Gel/St@HC) or HC (cream), the days 14, 17, 20, 23,
26, and 29. Signs of toxicity and mortality were evaluated during the
experimental protocol.

2.6.3. Clinical skin severity scores and scratching behavior

On the last day of the experimental protocol (day 30), the skin was
photographed, and severity scores were determined, according to Park
et al. [22]. The five signs of skin lesions are (1) pruritus/itching, (2)
erythema/hemorrhage, (3) edema, (4) excoriation/erosion, and (5)
scaling/dryness. The above-mentioned symptoms were graded as fol-
lows: 0 (no symptoms), 1 (mild), 2 (moderate), and 3 (severe).

After the clinical skin severity evaluation, the amounts of time that
the mice spent rubbing their noses, ears, and dorsal skin with their hind
paws were measured and recorded for 20 min to investigate AD-like
behavioral changes, according to Kim et al. [23].

2.6.4. Inflammatory parameters

2.6.4.1. Ear swelling. Following scratching-behavior assessment (day
30), mice were euthanized, and both ears were severed at the base and
the mass differences between the control (left) and the DNCB-treated
ears (right) determined using an analytical balance. Subsequently, the
ears were used to determine the myeloperoxidase (MPO) activity.

2.6.4.2. Myeloperoxidase (MPO) activity. The MPO activity was
evaluated according to the method previously described by Suzuki
et al. [24] with minor modifications. The tissues removed (back and
ear) were minced, pooled, and homogenized in phosphate-buffered

0.5% DNCB or vehicle
(200 )

E Back: 1% DNCB 200 ul, days 14-29, 6 times i

E Ear: 1% DNCB 20 pl, days 14-29, 6 times

Treatment with topical film loaded or not with
HC (Gel, Gel @HC, Gel/St or Gel/St@HC) or HC
(cream, 1%), days 14-29, 6 times

Days
1
2
3
14
e 17
gg : Tests i
— 26 Day of euthanasia — Removal
i gg of blood, ears and back

Fig. 1. Summary of the experimental protocol for the development of atopic dermatitis-like (AD) skin lesions in 2,4-dinitrochlorobenzene (DNCB) treated mice. The
dorsal skin of the mice was shaved, and between days 1-3 were topically treated with 0.5% DNCB. The mice were then challenged with 1% DNCB on days 14, 17, 20,
23, 26, and 29. AD-like mice were treated with topical film loaded or not with HC (Gel, Gel@HC, Gel/St or Gel/St@HC), or HC (cream) on every 3 days, between days

14-27. Finally, the mice were euthanized on day 30.
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saline (PBS) (20 mmol L7', pH 7.4) containing
ethylenediaminetetraacetic acid (0.1 mmol L™') (EDTA). The
homogenates were centrifuged at 900 rpm for 10 min at 4 °C and the
pellet discarded. The supernatant (fraction S1) was then re-centrifuged
at 24,000 rpm at 4 °C for 15 min to yield the final pellet (P2), which was
resuspended in medium containing potassium phosphate buffer
(50 mmol L™', pH 6.0) and hexadecyltrimethylammonium bromide
(0.5 w/v-%). Samples were finally frozen and thawed three times prior
to the assay. In order to determine the MPO activity, an aliquot of
resuspended P2 (100 pL) was added to a medium containing the
resuspension medium and N,N,N’,N’-tetramethylbenzidine
(1.5 mmol L~ 1). The MPO kinetic analysis was commenced upon the
addition of H,0, (0.01 v-%), and the color reaction was followed at
655 nm at 37 °C. Results were expressed as optic density (OD)/mg
protein/min. Protein concentration was determined by Bradford's
method using BSA (1 mg mL~ 1) as the standard [25].

2.6.5. Biochemical markers

The estimation of the plasma corticosterone concentration was
performed by a fluorometric assay, as described by Zenker and
Bernstein [26]. Fluorescence intensity emission, corresponding to
plasma corticosterone levels, was recorded at 540 nm (with 247 nm
excitation), and corticosterone levels were expressed as ng mL~%. The
AST and ALT activities were determined in mice plasma, using com-
mercial kits (Bioclin, Brazil) following the instructions provided by the
supplier. ALT and AST activities were expressed as units per liter
UL

2.7. Statistical analysis

The normality of the data was evaluated by the D'Agostino and
Pearson omnibus normality test. The data were analyzed by one-way
analysis of variance (ANOVA) followed by Newman-Keuls test. All
analyses were performed using the GraphPad software (San Diego, CA,
USA). Data are expressed as mean =+ standard error of the mean
(S.E.M.). p < .05 was considered statistically significant.

3. Results and discussion
3.1. Characterization
The starting materials used to prepare both films were characterized

by FTIR analysis. Briefly, the spectra of gelatin and starch (shown in
Fig. 2a) exhibited the main characteristic bands of such compounds
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corroborating with previous studies [27,28]. The spectrum of HC ex-
hibited bands at 3427 (O—H stretching), 3017 (aromatic C—H
stretching), 1742 and 1720 (C=O stretching), 1635, and 1560 (C=C
stretching) and 1327 em™! (C-N stretching) [29]. The bands asso-
ciated with the C—H stretching modes of CH, and CH3 groups are no-
ticed in the 2980-2870 cm ! region. The FTIR spectroscopy was also
utilized to investigate the chemical nature of the prepared films (loaded
or not with HC). As shown in Fig. 2b, the Gel film exhibited the main
bands proceeding from gelatin with some discrepancies, likely due to
the presence of glycerol (the plasticizer) [30]. With the addition of
starch, no apparent changes were observed comparing the Gel/St and
Gel spectra. Similar results were reported by Wang et al., which explain
that the starch does not change the conformational structure of gelatin
[31]. The spectrum of Gel/St film showed a slight shifting of the band
associated with the O—H stretching likely due to the H-bonds formed
between gelatin and starch. Also, the appearing of some new bands and
shoulder-type bands in the 1150-1000 cm ' region of the Gel/St
spectrum indicates the presence of starch in the film since these bands
are assigned to different vibrational modes of typical functional groups
of starch (glycoside and pyranose rings, for instance) [32]. Finally, the
FTIR spectra of the HC-loaded films (Gel@HC and Gel/St@HC) were
similar to the spectra of the unloaded films indicating that HC does not
exert a noticeable effect of the films chemical nature. This result may be
a result of the small amount of HC present in the film matrices. Ad-
ditionally, Gel@HC and Gel/St@HC spectra exhibited a band at
1742 cm ™" ascribed to the C=O0 stretching proceeding from HC. The
presence of other low intense bands in the region of 1500-1200 ¢cm "
of the Gel@HC and Gel/St@HC spectra can also be associated with HC
[29,33]. From these data, it can be inferred that HC was efficiently
encapsulated in both films; however, no apparent covalent interactions
take place between HC and the film matrices.

TGA and DTG curves o HC and biopolymeric films (loaded or not
with HC) are shown in Fig. 3. The pure HC exhibited three weight loss
stages that start at 218 °C and end at 635 °C (Fig. 3a), and its major
decomposition stage has a maximum temperature at 306 °C (Fig. 3b)
[34]. At the end of the analysis (700 °C) the residue of HC corresponded
to 5% of its initial weight. The gel film exhibited two stages of weight
loss. The first stage (from 30 °C to 120 °C) is attributed to the loss of
volatile compounds and water, while the second stage (from 120 °C to
520 °C) is associated with the protein chain breakage and peptide chain
rupture of gelatin [35]. Moreover, the thermal decomposition of gly-
cerol (the plasticizer) occurs between 160 and 270 °C [36]. The thermal
stability of the Gel film was significantly altered after the addition of
HC in the film formulation. As shown in Fig. 3b, the maximum
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hydrocortisone
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Transmittance (a.u.)
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Fig. 2. FTIR spectra of (a) starting materials (pure gelatin, starch, hydrocortisone) and (b) biopolymeric films loaded (Gel@HC and Gel/St@HC) or not (Gel and Gel/

St) with hydrocortisone.
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Fig. 4. SEM images recorded from (a) Gel, (b) Gel/St, (c) Gel@HC, and (d) Gel/St@HC films.

temperature associated with the thermal decomposition of the gelatin is
shifted from 332 °C to 257 °C for Gel@HC, which may suggest that the
drug affects the inter and intramolecular interactions among the gelatin
chains. Consequently, the thermal stability of Gel@HC is hammered as
compared to Gel film. Additionally, the TGA/DTG curves obtained for
Gel@HC did not exhibit the degradation stages of HC, suggesting that
the drug is in the amorphous state within the film matrix, which is
desirable, taking into account the HC dispersion and subsequent release
[34]. Further, the TGA/DTG curves of Gel/St film showed two weight
loss stages, where the first is due to the loss of volatile compounds and
water (from 30 °C to 130 °C) while the second (from 130 °C to 500 °C)

refers to the thermal decomposition of gelatin and starch [37,38]. The
absence of a new weight-loss stage indicates high compatibility be-
tween the polymers (i.e., miscible blend). Soliman et al. [35] attributed
this compatibility to the numerous interactions that occur between
gelatin and starch. Likely due to these interactions, the loading of HC
did not affect the thermal stability Gel/St@HC film, as observed in
Fig. 3. The Gel/St@HC film exhibited thermal behavior similar to the
unloaded Gel/St film. Again, the degradation stages associated with HC
were not observed.

Scanning electron microscopy (SEM) was used to examine the
morphology and microstructure of the prepared films. The images
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Fig. 5. Light microscopy images of (a) pure HC, (b) Gel@HC, and (c) Gel/St@HC films.

Table 1
Mechanical properties of the prepared biopolymeric films loaded or not with
hydrocortisone.

the loaded films (Gel@HC and Gel Gel/St@HC films) exhibited round
dark spots associated with the encapsulated drug. As noticed, the drug
ish ly distributed through both film samples corroborating

Sample Film thickness®  Elongation (%) Tensile Young's
(mm) strength (MPa)  modulus
(MPa)
Gel 0.267 + 0.04 57.6 = 5.2 58.1 = 12.4 50 = 1.0
Gel@HC 0.299 + 0.05 98.1 = 14.3 237 = 7.0 12 = 03
Gel/St 0.272 = 0.09 1233 + 108 176 = 3.7 07 = 03
Gel/St@HC  0.302 * 0.05 1168 + 6.7 18.1 = 3.4 07 = 0.2

the previous data.

The efficiency of polymeric films applied as local drug delivery
systems (i.e., topical use) is closely related to a series of physicochem-
ical, biological, and mechanical properties [41]. For instance, a poly-
meric film can be considered mechanically efficient when it is resistant
to handling, transportation, and application processes. Thus, a com-
prehensive investigation of these properties is required. Different types

* The thickness was measured using a digital vernier caliper. The results are
given as mean * S.D. (n = 8).

recorded from the surface of the films are shown in Fig. 4(a—d). In
general lines, all prepared films exhibited uniform, non-porous, and
homogenous surfaces, which suggest good compatibility between
starting materials (gelatin, starch, and glycerol). According to some
authors, the glycerol can act as a plasticizer and a compatibilizer of the
gelatin/starch blend [38,39].

The dense structure of the films d with the ab of
rough suggests a ble strength property. These observations are
in agreement with other previously published studies [40]. Finally, the
addition of HC seems to do not exert an effect on the surface mor-
phology of Gel@HC and Gel/St@HC films (Fig. 4b and d). Overall, this
result indicates a good dispersion of the drug into the bulk phase of the
films.

Fig. 5 shows representative light microscopy images of pure HC and
HC-loaded films. The image of pure HC shows irregular dark particles
and aggregates with a wide size distribution. In parallel, the images of

of and protocols can assess the mechanical properties of
polymeric films. Herein, tensile tests were performed using a Textu-
rometer to investigate different mechanical properties of the as-pre-
pared biofilms. The results computed from these tests and the thick-
nesses of each sample are listed in Table 1.

As demonstrated in Table 1, the thickness increased according to the
incorporation of external compounds (starch and/or HC) in the gelatin
matrix. This trend is likely due to the volume expansion caused by these
compounds [17]. With the addition of starch, the film thickness in-
creased ~10% as compared to the Gel film. Also, the addition of HC
increased the thickness of both loaded films as compared to the pristine
samples. In general lines, these results corroborate other studies that
report the increment of the thickness of gelatin-based films after the

ddition of external compounds [42].

The mechanical properties of the as-prepared biofilms varied ac-
cording to their composition, similar to the thickness. The elongation of
the films increased considerably after the addition of starch and/or HC,
as shown in Table 1. As compared to the pure gelatin film, the elon-
gation of the Gel/St film increased ~114%, while for the Gel@HC film,
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Fig. 6. Photographic images recorded from (a—c) Gel@HC and (d-f) Gel/St@HC films.
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Fig. 7. Swelling profile of the prepared biopolymeric films in SWF (pH 7.4) at
37°C.

the elongation, increased ~70%. As reported by different authors, the
starch chains interact with gelatin by H-bonds that are formed between
the hydroxyl groups of starch and carboxyl groups of gelatin [43]. The
high amylose content of the starch used in this study enhances the
formation of this kind of interaction. So, the enhanced interfacing in-
teractions between the gelatin and starch chains decreases the rigidity
of the film matrix and favors the film elongation (i.e., the mobility of
polymers chains is enhanced). Further, the thermal analysis showed
that the loading of HC in the Gel film exerts a noticeable effect on its
thermal behavior, likely due to the impairment of the interactions that
occur among the gelatin chains. As a result, the elongation of the Gel@
HC film is favored as compared to the pristine Gel film.

Furthermore, the tensile strength and Young's modulus (also known
as elastic modulus) of the Gel film are negatively affected by the in-
corporation of starch. Compared to the Gel film, the tensile strength and
Young's modulus values calculated for the Gel/St film were 70% and
86% lower, respectively. At the same time, the Gel@HC film exhibited

tensile strength and Young's modulus values 60% and 76% lower than
Gel film. The addition of small molecules, such as HC, in the gelatin
matrix, can also result in a plasticizer effect due to the interaction of
these molecules with the gelatin chains [44]. Conversely, a synergic
effect due to the association of starch and HC on the mechanical
properties of the gelatin-based films were not observed. As demon-
strated in Table 1, the Gel/St and Gel/St@HC did not show a con-
siderable variation of the assessed mechanical properties. It can be
hypothesized that the effect caused by the starch chains overcomes the
plasticizer action of HC.

Fig. 6 shows some photographic images taken from the Gel@HC and
Gel/St@HC films to illustrate their physical aspect and flexibility.

Swelling experiments were performed at 37 °C in SWF (pH 7.4) to
investigate the liquid uptake behavior of the as-prepared films. The
results are presented in Fig. 7. Overall, all samples (loaded or not with
HC) exhibited high liquid uptake capacities (swelling degree > 600%),
which can be associated with the hydrophilic nature of the precursor
materials. The Gel film exhibited the fastest swelling kinetics achieving
a swelling degree of 585% within the first 30 min. After that, the liquid
uptaking process slowdown, and the equilibrium is reached after
80 min. For this film sample, the maximum swelling degree was 622%.
For the other film samples (Gel/St, Gel@HC, and Gel/St@HC), a dis-
crepant behavior was noticed regarding the initial swelling kinetics
when compared to Gel film. The incorporation of starch and/or HC in
the gelatin matrix decreased the liquid uptake in the first minutes of the
experiment. Two main reasons can explain this behavior: the H-bonds
formed between polymers (gelatin and starch) and the drug, which
impair the expansion of the film networks and the reduction of hy-
drophilic groups on the film surface due to these H-bonds limiting the
interaction between the film and the water molecules. After the first
20 min, the liquid uptake of the starch-containing films continues in-
creasing, while for the Gel@HC film, the liquid uptake tends to leave
off. It may be stated that HC decreases the hydrophilicity of the film due
to its hydrophobic nature and due to its interaction with the hydrophilic
groups of gelatin. At the end of the experiment, the maximum swelling
degree calculated for Gel@HC was 540%.

On the other hand, the starch-containing films exhibited the highest
liquid capacity likely due to a large number of hydroxyl groups
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Fig. 8. (a) In vitro dissolution profile of HC (control) and HC released from Gel@HC and Gel/St@HC in SWF (pH 7.4) at 37 “C. (b) Korsmeyer-Peppas plots for Gel@

HC and Gel/St@HC.

Table 2
Kinetic constants and correlation coefficients (R?) obtained from different ki-
netic models for HC release from Gel@HC and Gel/St@HC films.

Model Parameter Sample
Gel@HC Gel/St@HC
Zero-order ko (mg min™") 0.005 0.006
R* 0.657 0.698
RSS 14.028 15.662
First-order ky (min~") 0.002 0.002
R* 0.433 0.531
RSS 5.972 3.705
Higuchi ki (mg min®) 0.171 0.194
R* 0.901 0.923
RSS 4.089 3.992
Korsmeyer-Peppas kyp (min™) 4.130 6.670
n 0.458 0.405
R* 0.972 0.986
RSS 0.074 0.026

Note: RSS - Residual sum of squares.

distributed along the starch chains that favor the interaction with the
water molecules. The maximum swelling degree calculated for Gel/St
film was 768%, while for the Gel/St@HC was 723%. Again, the en-
capsulation of HC decreases the liquid uptake ability of the Gel/St@HC
film as compared to the pristine film (i.e., Gel/St). It is noteworthy that
several studies described the use of swellable materials as vehicles for
controlled release of HC; however, its effect on the liquid uptake ability
of such materials is not investigated.

These finds suggest that both HC-loaded films have appropriate li-
quid uptake ability, which is desirable to treat chronic skin diseases,
such as atopic dermatitis. Swellable materials used as topical drug de-
livery systems can absorb exudates and provide a moist environment,
which reduces the risk of skin maceration and contamination by mi-
croorganisms [45].

3.2. Invitro hydrocortisone release

The use of polymeric films as vehicles for encapsulation and con-
trolled release of drugs for topical treatment of chronic skin diseases,
such as atopic dermatitis, has gained considerable attention since these
materials show several advantages as compared to the conventional
system [46]. It is known that the encapsulation of drugs in delivery
vehicles based on polymeric matrices can aid in modulating the release
process at a predetermined rate for a prolonged time at a target site
[47]. In order to investigate this hypothesis, in vitro assays are

performed under conditions that mimic the biological system. Herein,
the release behavior of HC from Gel@HC and Gel/St@HC was ex-
amined in a simulated wound fluid (SWF, pH 7.4) at 37 °C. The col-
lected data are shown in Fig. 8a.

As observed, the encapsulation of the HC into the biopolymeric
films resulted in a slower release kinetics comparing with the control
HC, which was dissolved entirely in the first hour of the experiment. On
the whole, this result highlights the ability of Gel and Gel/St films to
retain HC, which slow the drug release process (i.e., controlled release).
The release profile of HC encapsulated into the biopolymeric films ex-
hibited a similar trend at the beginning of the experiment. Within the
first 60 min, 28 + 1% of HC was released from Gel@HC, while
78 * 2% was released from Gel/St@HC during this time interval.
After that, a faster release trend was observed for Gel/St@HC, where
50% of the encapsulated HC was released in 126 min. In contrast, 50%
of the encapsulated HC was released from Gel@HC only after 180 min.
Overall, after 180 min the release process slowdown for both films and
a well-defined behavior of HC release kinetics was noticed. This trend is
vital to the maintenance of an adequate drug concentration level. At the
end of the experiment, 66 = 3% of HC was released from Gel@HC,
while 84 = 1% was released from Gel/St@HC, respectively. As de-
monstrated by the previous characterization analyses, the incorporation
of starch into the gelatin matrix reduces intermolecular interactions
impairing the barrier effect of the film. Due to this, the amount of HC
release from Gel/St@HC was higher as compared with Gel@HC. It
should be mentioned that both samples maintained their flatness during
the entire experiment and their dissolution was negligible.

In order to gain insights about the dependence of the HC release in
the function of time, the experimental data collected from both film
samples were fitted using some mathematical models [48]. Overall,
these models are useful tools to evaluate the release kinetics as well as
to understand the release mechanisms. Herein, the HC release data
were fitted by linear regression analysis according to four different
kinetic models: Zero-order (Eq. (2)), first-order (Eq. (3)), Higuchi (Eq.
(4)), and Korsmeyer-Peppas (Eq. (5)) models [48,49]. The linearized
form of each model is expressed as:

Q= kot (2)
nQ =1nQ, — kit 3)
Q = ks 4

log(Qg) = log kgp + nlogt

(5)

where Q is the amount of drug released on time t, Q.. is the amount of
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Fig. 9. The effect of topical treatment with film loaded or not with hydrocortisone (HC) (Gel, Gel @HC, Gel/St or Gel/St@HC), or HC (cream) on atopic dermatitis-
like (AD-like) symptoms in mice. (a) Images of dorsal skin and ear lesions from groups of mice taken on the last day of the experiment (day 30), (b) signs of skin
lesions, and (c) scratching incidence time. Data represent the mean + S.E.M. (one-way ANOVA followed by the Newman-Keuls' test). * p < .05 compared with the
control group, # p < .05 compared with the 2,4-dinitrochlorobenzene (DNCB) group, & p < .05 compared with the HC group.

drug released at the equilibrium. k, and k; are the zero-order and the
first-order constants, while kg is Higuchi constant. kp is the Korsmeyer-
Peppas constant that incorporates structural and geometrical informa-
tion of the system, and n is the exponent of release, which is related to
the drug release mechanism. It is worth mentioning that the Korsmeyer-
Peppas model is limited to the description of the first 60% of the release
process [50]. The values of the kinetic constants and correlation coef-
ficients (R?) values obtained from the linear kinetic plots are given in
Table 2.

Examining the values of R? given in Table 2, it can be inferred that
the HC release data from both films are better fitted by the Korsmeyer-
Peppas model (see Fig. 8b). When compared with the other kinetic
models, the Korsmeyer-Peppas model resulted in the highest R values
(R? > 0.97) and the lowest RSS values (RSS < 0.007). To note, RSS is
a statistical parameter that measures the discrepancy between the data
and an estimation model. A small RSS indicates a tight fit of the model
to the data. It is used as an optimality criterion in parameter selection
and model selection [51]. So, the other models were not considered to
explain the release kinetics of HC.

Korsmeyer-Peppas model derives from Fick's law of diffusion, and it

is mainly used to explain the release mechanism of solutes encapsulated
in polymeric matrices [50]. According to this model and considering
the planar geometry of the Gel@HC and Gel/St@HC films, if the ex-
ponent release n is less 0.5, the release mechanism is driven by Fickian
diffusion. On the other hand, the release mechanism is driven by
anomalous diffusion when 0.5 < n < 1.0 or by Case II transport when
n = 1.0. Whenn > 1.0, the drug release is driven by the combination
of both diffusional and erosive processes (non-Fickian diffusion) [50].
In this sense, the values of n calculated for Gel@HC and Gel/St@HC
(0.458 and 0.400) point out that the HC release mechanism is driven by
diffusion. Therefore, the biopolymeric films act as physical barriers
through which the HC molecules elute out under diffusion. These data
corroborate other similar studies that investigate the release of drugs/
biocompounds encapsulated in gelatin-based drug delivery systems
[52-54]. Overall, a diffusional release process is characterized by a
usual molecular diffusion of the encapsulated drug due to a chemical
potential gradient. Simultaneously, phenomenal such as the swelling of
the films as water absorbs and the dissolution of the gelatin polymer
matrix (polymer disentanglement and erosion), modify the diffusion
release rate accordingly [53]. Interestingly, the n values calculated for
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Fig. 10. The effect of topical treatment with film loaded or not with hydrocortisone (HC) (Gel, Gel@HC, Gel/St or Gel/St@HC), or hydrocortisone (HC, cream) on (a)
ear swelling, (b) myeloperoxidase (MPO) activity in ears and (c) dorsal skin of mice. Data represent the mean + S.E.M. (one-way ANOVA followed by the Newman-
Keuls' test). *p < .05 compared with the control group, “p < .05 compared with the 2,4-dinitrochlorobenzene (DNCB) group, *p < .05 compared with the HC

group.

Gel@HC and Gel/St@HC did not show a marked variation with the
gelatin/starch blending, suggesting that the HC release mechanism is
not affected despite the change in the film composition.

3.3. In vivo assays

3.3.1. Reduction of signs of toxicity and suppressive effect of Gel, Gel/St,
Gel@HC and Gel/St@HC films on the severity of injuries and scratching
beh on AD-like symp in mice

The high prevalence rates of toxicity after long-term topically ap-
plied steroids have encouraged us to search for new biopolymeric films
as delivery vehicles for the controlled release of HC. Indeed, during the
experimental protocol, 50% of the animals treated topically with 1%
HC cream died. No death or sign of toxicity was observed in animals
exposed to other treatments (data not shown). It is essential to mention
that the mortality observed in the present study was with specific ex-
perimental conditions. No mortality study has been conducted in
healthy animals. Thus, this toxicity observed after the HC cream
treatment should be better studied, since there are peculiarities in the
skin of humans differing from the skin of mice.

Intense pruritus and eczematous lesions are characteristic of AD,

and these factors cause severe psychological stress and affect the quality
of life of patients with the disease [55]. Skin affected by AD has redness
and itchy responsive skin, and excessive itching can cause skin sores
and fluid leakage [56]. DNCB-induced AD-like lesions were evaluated
on day 30 for severity to investigate the protective effect of Gel, Gel/St,
Gel@HC, and Gel/St@HC films (Fig. 9a and b) [Fes, = 16.85,
p < .0001]. One-way ANOVA followed by Newman-Keuls' post-hoc
testing revealed that DNCB significantly increased the skin severity
scores and scratching behavior when compared with the control group
(p < .0001) (Fig. 9a, b, and c). The topical treatment with film loaded
or not with HC (Gel (p < .5), Gel@HC (p < .0001), Gel/St (p < .5)
or Gel/St@HC (p < .0001) reduced the severity of the skin-lesions
induced by DNCB. HC-loaded films (Gel@HC (p < .001), Gel/St@HC
(p < .001)) had a significant improvement as compared to 1% HC
cream (reference drug). No significant difference in the severity of the
skin lesions was detected after HC treatment when compared to the
DNCB-induced group (vehicle) (Fig. 9b). The present study demon-
strated, for the first time, that the films reduced the signs of toxicity
caused by HC during treatment over a long period and the severity of
injuries on AD-like symptoms in mice.

Several forms of dermatosis have pruritus, not different in AD this
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Fig. 11. The effect of topical treatment with film loaded or not with hydro-
cortisone (HC) (Gel, Gel@HC, Gel/St or Gel/St@HC), or HC (cream) on corti-
costerone levels in mice. Data represent the mean + S.E.M. (one-way ANOVA
followed by the Newman-Keuls' test). * p < .05 compared with the control
group, # p < .05 compared with the 2,4-dinitrochlorobenzene (DNCB) group,
& p < .05 compared with the HC group.

becomes an important diagnostic criterion. Then, scratching behavior is
a possible approach to evaluate the anti-itching effect of treatments
[57]. The effect of film treatments on scratching behavior was shown in
Fig. 9¢ [Fe 42 = 18.95,p < .0001]. Treatment with film loaded or not
with HC (Gel (p < .001), Gel@HC (p < .0001), Gel/St (p < .001) or
Gel/St@HC (p < .0001)) and HC cream (p < .01) protected against
the increase of scratching time induced by DNCB. Treatment with film
Gel@HC (p < .001) and Gel/St@HC (p < .001) were more effective
in reducing the scratching time than 1% HC cream. The prolonged use
of topical steroids leads to thinning of the skin and cracking, triggering
itching, and worsening of the lesion [58]. An important finding in this
study was that HC-loaded films did not cause the death of treated an-
imals, unlike animals that were only treated with free HC. Besides, a
significant improvement in lesions and scratching behavior was ob-
served. These results demonstrated an improvement in systemic toxicity
caused by prolonged use of HC.

3.3.2. Effect of Gel, Gel/St, Gel@HC and Gel/St@HC films on
inflammatory responses of AD-like skin lesions in mice

The cause of AD is multifactorial, with the interplay between ge-
netic predisposition and environmental factors initiating inflammation
[59]. The skin affected by AD has redness, edema, erythematous pa-
pules, and abrasions characteristic of inflammatory processes [56]. The
severity of inflammation can be easily evaluated by ear swelling. Fig. 10
illustrates the effects of film treatments on ear swelling in mice
[Fe43 = 46.28, p < .0001]. One-way ANOVA, followed by Newman-
Keuls' post-hoc testing, demonstrated that DNCB increased the ear
swelling as compared with the control group (p < .0001) (Fig. 10a).
Treatments with films Gel@HC (p < .0001), Gel/St (p < .001) or
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Gel/St@HC (p < .0001) and HC cream (p < .01) reduced the ear
swelling induced by DNCB. No alteration on ear swelling after Gel
treatment was observed.

The symptoms presented in this study are in line with other ex-
perimental investigations that use DNCB skin application to induce AD-
like lesions in mice [22,23,60]. AD is a chronic disease characterized by
lesions resulting from inflammatory processes, which will trigger
edema. According to our findings, there was an increase in ear swelling
of mice due to the inflammatory process triggered by the topical ap-
plication of DNCB, which is also related to the migration of defense cells
(polymorphonuclear leukocytes). Polymorphonuclear leukocytes can be
estimated by the MPO activity determination, which is well established
as a marker of tissue neutrophil influx [61]. Fig. 10b and ¢ show the
effect of topical treatment with films (Gel, Gel@HC, Gel/St or Gel/St@
HC) on the ear and back skin MPO activity, respectively [Fg 4, = 13.15,
p < .0001 (ear); Fe4o = 10.59, p < .0001 (back skin)]. One-way
ANOVA followed by Newman-Keuls' post-hoc testing revealed that
DNCB significantly increased MPO activity in mice ears (p < .0001)
and dorsal skin (p < .0001) when compared with the control group.
The films Gel (p < .001), Gel@HC (p < .0001), Gel/St (p < .001),
Gel/St@HC (p < .0001) and HC cream (p < .001) decreased ear MPO
activity when compared with DNCB-exposed mice. These results cor-
roborate with ear swelling for Gel@HC, Gel/St, Gel/St@HC and HC
cream films. In addition, films incorporated with HC (Gel@HC
(p < .01) and Gel/St@HC (p < .01)) were able to reduce ear MPO
activity when compared to HC cream (reference drug). The data pre-
sented in Fig. 10c indicated that treatment with Gel (p < .05), Gel@
HC (p < .001), Gel/St (p < .05), Gel/St@HC (p < .001) films par-
tially protected against the increase in DNCB-induced MPO activity in
the dorsal skin. In this case, HC-incorporated film treatments also had a
significant improvement when compared with HC cream (Gel@HC
(p < .01) and Gel/St@HC (p < .001)). The reference treatment (1%
HC cream) was not able to reduce the MPO activity on the back of the
animals. Although the treatment with the HC-loaded films reduces the
systemic activity of HC, it did not cause the animals' death. Therefore,
the HC-loaded films were more effective in reducing the back and ear
MPO activity induced by DNCB exposure.

3.3.3. Effect of Gel, Gel/St, Gel@HC and Gel/St@HC films on biochemical
parameters in AD-like skin lesions in mice

When the hypothalamus-pituitary-adrenal axis is stimulated, a
substantial increase in plasma glucocorticoid concentration can be ob-
served; therefore, it is considered an adequate parameter to evaluate
stress levels of animals [62]. Corticosterone is a permanent stress
marker in animals, especially rodents [63,64]. Fig. 11 shows the effect
of the films Gel, Gel@HC, Gel/St, Gel/St@HC and HC cream on plasma
corticosterone levels. One-way ANOVA, followed by Newman-Keuls'
post-hoc testing, reveals that DNCB significantly increased mice plasma
corticosterone levels (p < .001) when compared with the control
group. Treatments with Gel (p < .01) and Gel@HC (p < .01) films
reduced the plasma corticosterone levels when compared with the
DNCB-induced group and also when compared with the HC cream
treated group. Treatments with Gel/St and Gel/St@HC films were not
able to decrease corticosterone levels when compared to the DNCB
induced group. As mentioned, plasma corticosterone measurement is
the most common way to analyze the stress level of laboratory animals.

Table 3
Effect of treatment with topical film loaded or not with HC (Gel, Gel@HC, Gel/St or Gel/St@HC) or HC (cream, 1%) on the plasma biochemical markers in mice.
Control Vehicle Gel Gel@HC Gel/st Gel/St@HC HC
ALT 49 = 50 1 45 = 50 + 47 £ 4 50 = 51 =1
AST 75 * 12 78 £ 13 62 = 16 72 £ 15 59 £ 6 83 = 12 * 20

Data are reported as mean * standard error of the mean (SEM) of seven animals per group. AST and ALT activities were expressed as U/L. Statistical analysis was
performed using a one-way analysis of variance/Newman-Keuls test. Abbreviations: AST - aspartate aminotransferase; ALT - alanine aminotransferase.
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However, plasma corticosterone responds with sensitivity to stressors,
especially for small animals [62,65]. Thus, these factors may have in-
fluenced the results. Another hypothesis is that corticosterone, being a
synthetic corticosterone analog, could be detected as having a higher
systemic absorption in some treatments, such as Gel/St@HC treatment.
However, the toxic effects observed when there is greater absorption of
HC was not observed in any of the film treatments. AST and ALT ac-
tivities were evaluated as hepatic toxicity markers. No alteration on
plasmatic AST and ALT activities were observed after the treatments
(Table 3).

Based on the results obtained, we hope that the materials can be an
alternative to reduce the adverse effects related to the prolonged use of
corticosteroids, such as HC. A highlighted advantage of the gelatin-
based film used in this study compared to other proposed technologies
lies on the fact that this device consists mainly of a biocompatible and
easily obtainable biopolymer that was able to provide a marked de-
crease in adverse effects when compared to conventional HC formula-
tions. The biopolymeric films also exhibit a simple technology in terms
of preparation and use [11]. Also, this biopolymer films provided a
dressing that served as a physical barrier capable of preventing the
contact of the injured skin with the external environment. However,
more studies need to be carried out to elucidate better the action of
these materials on DA-like skin lesions. Finally, additional studies
should also be conducted in the future to address aspects related to the
optimum concentration of HC in the films, skin penetration, and tissue
permeation after topical application. All this information is mandatory
to obtain a device potentially applicable in the AD treatment.

4. Conclusions

Herein, biopolymeric films based on gelatin and gelatin/starch were
prepared and loaded with hydrocortisone (HC), a glucocorticoid, in
order to overcome the adverse effects reported to the prolonged use this
drug in the treatment of chronic inflammatory skin diseases, like atopic
dermatitis (AD). Characterization analysis/experiments showed that
the encapsulated HC did not interact with the polymeric matrices, al-
though its presence causes changes in the mechanical and swelling
properties of the prepared films. In vitro release experiments showed
that both film types enable controlling the process. The release data
were fitted adequately by the Korsmeyer-Peppas model, which in-
dicated that the HC release mechanism is driven by anomalous diffusion
for both film types. In vivo and ex vivo experiments indicated that all
prepared films (loaded or not with HC) exert benign effects on the
parameters tested in the DNCB-induced AD model. Overall, the HC-
loaded films (Gel@HC and Gel/St@HC) showed enhanced efficiency in
the treatment and attenuation of AD-like symptoms as compared to
commercial HC cream (1%) (used as reference). According to our re-
sults, despite the addition of starch improves the mechanical properties
of films, its contribution to the biological experiments seems to be ne-
glected. Finally, it was demonstrated that both HC-loaded films (Gel@
HC and Gel/St@HC) exerted less toxicity to the treated animals than
the commercial HC cream, which ranks them as promising vehicles to
minimize adverse effects associated with the prolonged use of this class
of drugs.
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Abstract

New compounds and pharmacological strategies offer alternatives for treating chronic
skin diseases, such as atopic dermatitis (AD). Here, we investigated encapsulating 1,4-
anhydro-4-seleno-D-talitol (SeTal), a bioactive seleno-organic compound, in gelatin and
alginate (Gel-Alg) polymeric films as a strategy for improving the treatment and
attenuation of AD-like symptoms in a mouse model. Hydrocortisone (HC) or vitamin C
(VitC) were encapsulated with SeTal in the Gel-Alg films, and their synergy was
investigated. All the prepared film samples were able to encapsulate and release SeTal in
a controlled manner. In addition, appreciable film handleability facilitates SeTal
administration. A series of in-vivo/ex-vivo experiments were performed using mice
sensitized with dinitrochlorobenzene (DNCB), which induces AD-like symptoms. Long-
term topical application of the loaded Gel-Alg films attenuated disease symptoms and
pruritus, with suppression of the levels of inflammatory markers, oxidative damage, and
the skin lesions associated with AD. Moreover, the loaded films showed superior
efficiency in attenuating the analyzed symptoms when compared to hydrocortisone (HC)
cream, a traditional AD-treatment, and decreased the inherent drawbacks of this
compound. In short, encapsulating SeTal (by itself or with HC or VitC) in biopolymeric
films provides a promising alternative for the long-term treatment of AD-type skin

diseases.

Keywords: Skin diseases; 1,4-anhydro-4-seleno-D-talitol; hydrocortisone; vitamin C;

biomaterials; drug delivery; selenium.
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1. Introduction

Atopic dermatitis (AD) is a well-known chronic inflammatory skin disease in
which the patient experiences intense itching and recurrent eczematous lesions. Whilst
previously regarded as a childhood disorder, AD is now recognized to be a lifelong
affliction with various clinical manifestations and expressivities, in which defects of the
epidermal barrier play central roles [1]. Currently, AD treatments focus on restoring
epidermal barrier function, with first-line therapies including topical corticosteroids that
are used as anti-inflammatory and antipruritic agents in acute flare-ups. However,
growing concerns regarding the use of this drug class among patients and medical
professionals is resulting in decreased treatment compliance, which worsens AD control
and patient welfare [2]. Accordingly, new agents are sought for the treatment and
attenuation of AD symptoms as alternatives to corticosteroids.

In a previous study, we demonstrated the potential of SeTal (1,4-anhydro-4-
seleno-D-talitol) to reduce inflammatory mediators associated with AD-type skin lesions
induced by 2,4-dinitrochlorobenzene (DNCB) in mice [3]. Importantly, it should be
mentioned that SeTal is a patented compound for skin tissue repair applications in
addition to its powerful antioxidant effect [4]. To broaden our understanding of this
compound and gain insight into its potential, herein we investigated the use of
biopolymeric films composed of gelatin (Gel) and sodium alginate (Alg) loaded with
SeTal as a local treatment for AD-like lesions. The use of these films as vehicles for the
controlled release of SeTal is advantageous because it facilitates administration, increases
compound bioavailability, and enables long-term treatment [5]. Furthermore,
encapsulating SeTal in a Gel-Alg film overcomes problems related to the fast release and
loss of SeTal when applied to exudative lesions, due to the very high water solubility of

this compound [6].
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The film constituents (Gel and Alg) were chosen as they exhibit attractive
properties for preparing biomaterials for topical delivery of drugs to the skin. Gel is a
water-soluble biopolymer derived from collagen and is widely used in skin adhesives due
to its attractive properties as a biocompatible, biodegradable, non-immunogenic, and
naturally abundant material [7-9]. Blending Gel with Alg followed by crosslinking with
low amounts of a carbodiimide allows the generation of materials with enhanced stability,
mechanical and bioadhesive properties to be prepared [9]. Alg is a natural linear
polysaccharide composed of 1,4-B-D-mannuronic (M) and a-L-guluronic (G) acid units,
is commercially extracted from brown algae, and has recognized biological properties
[10]. In a similar manner to Gel, Alg is also biocompatible, biodegradable, and non-toxic,
which has prompted its use in a number of medical and pharmaceutical applications [11].

Here, we also examined potential additive effects of SeTal and other
pharmacological agents used to treat AD symptoms, by also evaluating Gel-Alg films
containing SeTal together with hydrocortisone (HC) or vitamin C (VitC). As mentioned
above, HC has been used for years to treat and reduce the most common clinical
dermatosis symptoms [12]. Despite concerns regarding the topical use of this
corticosteroid, encapsulation of HC in a polymeric delivery device is an efficient
alternative for controlling its systemic absorption, thereby limiting adverse side effects
[13]. On the other hand, VitC is a powerful natural antioxidant that plays a pivotal role in
various structural and functional skin processes [14]. VitC deficiency is known to trigger
or aggravate the occurrence and development of some skin diseases, including AD [15].
Moreover, lower levels of this vitamin are observed in the plasma of patients afflicted by
AD [10]. Wang et al. have reported that VitC can be used as an adjuvant to treat a variety
of dermatoses; however, oral administration still can cause symmetrical AD [16].

Therefore, encapsulating VitC in a Gel-Alg film offers an alternative route of
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administration. In this study, all prepared films were extensively characterized using a
variety of analytic techniques, with systematic in-vitro/in-vivo/ex-vivo experiments used
to evaluate their performance in the treatment and attenuation of AD-like symptoms in an

animal model.

2. Experimental section
2.1. Materials

Gelatin (Gel, type B from bovine skin), alginic acid sodium salt (Alg) from brown
algae with medium viscosity (molecular mass: 80-120 kDa; M/G units ratio: ~1.56), N-
(3-dimethylaminopropyl)-N -ethylcarbodiimide hydrochloride (EDC) and DNCB were
purchased from Sigma—Aldrich (USA), glycerol (>99%) was purchased from Synth
(Brazil), and VitC (L-ascorbic acid, analytical grade) was obtained from Sinopharm
(China). Hydrocortisone (HC, purity >98%) was obtained from Gemini (Brazil), and a
commercial topical HC cream (1 w/w%, Bayer®) was purchased from a local drugstore
(Pelotas, Brazil). Each gram of this cream contains 11.2 mg of HC acetate and excipients
(macrogol stearate 400, stearyl alcohol, liquid petrolatum, white petrolatum, edetate
disodium, carbomer 980, sodium hydroxide, methylparaben, propylparaben, and purified
water). SeTal was prepared according to our previous report [4]. All other chemicals were

of analytical grade.

2.2. Preparation of Gel-Alg films

The films (loaded or unloaded) were prepared by a conventional solvent casting
method, with the composition of each sample detailed in Table 1. Experimentally, Gel
was first solubilized in distilled water (50 mL) with magnetic stirring at 60 °C for 1 h,

after which Alg was added to this solution. The Gel:Alg mass ratio was fixed at 10:1
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based on previous experiments. After homogenization (stirring for 30 min), glycerol was
added to the Gel/Alg solution, with stirring continued at 30 °C for another 30 min. EDC
was then added to the solution while being vigorously stirred for 15 min prior to being
poured into a Petri dish (polystyrene, 80 x 15 mm, standard round). Solvent casting
followed by heating in an oven at 40 °C for 24 h led to a film, which was peeled from the
Petri dish and stored in a dissector.

The film samples loaded with SeTal (Figure S1), SeTal/HC, and SeTal/VitC were
similarly prepared, with pre-determined amounts of the drug compounds added to the
filmogenic solution with magnetic stirring for 30 min prior to the solvent-casting step.
Based on previous experiments (not reported), the amounts of these compounds were

adjusted to around 1 w/w% based on the total mass of biopolymer.

Table 1. Composition of the prepared Gel-Alg films

Gel Alg Glycerol EDC SeTal HC VitC

im (mg) (mg) @LF (mg) (mg) (mg) (mg)
Gel-Alg 900 90 100 5 - - -
Gel-Alg/SeTal 900 90 100 5 10 - -
Gel-Alg/SeTal/HC 900 90 100 5 10 10 -
Gel-Alg/SeTal/VitC 900 90 100 5 10 - 10

2 This volume refers to 126 pg of glycerol.

2.3. Analytical characterization of films

Fourier-transform infrared (FTIR) spectra were recorded on a Shimadzu IR
Affinity-1 spectrometer (Japan) over the 3800—400 cm™' spectral range with a 4 cm™!
resolution (64 scans). Samples were powdered (Anton Parr BM500 ball mill, USA) and
mixed with KBr and then pressed into disks. Powder X-ray diffraction (XRD) patterns

were acquired in the 10-70° 26 range at 0.05° s ' on a Siemens D500 diffractometer
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(Germany) equipped with a Cu-Ka radiation source. The accelerator current and voltage
were set to 20 mA and 30 KV, respectively. Thermogravimetric analysis (TGA) was
performed using a Shimadzu DTG60 Analyzer (Japan) operating in the 25-600 °C
temperature range at 10 °C min~!'. Sample were analyzed under 20 mL min~! flowing
nitrogen. Mechanical properties were examined using a Stable Microsystems TA.XT2
texturometer (UK) operating in tensile mode according to the ASTM D882-12 standard
[17]. Film samples were cut into rectangular shapes (80 x 25 mm) and stored in a 50%

relative humidity atmosphere prior to tensile testing.

2.4. Swelling experiments

To evaluate the abilities of the prepared films to absorb physiological fluids,
swelling experiments were performed in simulated wound fluid (SWF), which was
prepared according to Voss et al. [13]. Dry samples (100 mg) were placed in vials filled
with 50 mL of SWF, which were kept under stirring (50 rpm) during the experiment. The
swollen samples were recovered from the vials at the desired time, blotted with filter
paper to remove the excess liquid and then reweighed. The swelling ratio (SR) at each

time was calculated according to Equation (1):
SR (%) = &™) + 100 Q)
mgq

where ms and mqg refer to the mass of the samples in their swollen and dry states,

respectively. These experiments were performed in triplicate.

2.5. In-vitro release experiments
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Release experiments were performed using a Franz diffusion cell apparatus. A
film sample (100 mg) was directly placed on the surface of a regenerate cellulose dialysis
membrane (Mwco: 12,000—14,000; effective release area: 1.5 cm?), which was placed
between the donor and receptor compartments of the Franz diffusion cell. SWF (pH 7.4,
12 mL) was used as release medium, and the temperature of the cell was maintained at
~37 °C throughout the experiment. The release medium was gently magnetically stirred.
Aliquots (3 mL) were withdrawn at the indicated time points and analyzed using a
PerkinElmer Lambda 35 UV-Vis spectrophotometer (USA) in the 200-700 nm
wavelength range. The medium in the receptor compartment of the Franz cell was
replaced with an equal amount of fresh SWF. Absorbance data were converted into
concentrations using a previously constructed calibration curves. All in-vitro experiments

were performed in triplicate.

2.6. In-vivo and ex-vivo assays
2.6.1. Animals

Experiments were conducted using BALB/c female mice (6—8 weeks old). The
animals were exposed to a 12 h light/dark cycle (with light from 7 a.m.to 7 p.m.) at 22 +
1 °C and had free access to food and water. Animal experiments were approved by the
Committee for Care and Use of Laboratory Animals of the Universidade Federal de
Pelotas (Brazil) (CEEA 4294-2015) according the National Institutes of Health guidelines
for the care and use of laboratory animals (NIH Publications No. 8023, revised 1978).
The minimum number of animals required to demonstrate the consistent effects of the

drug treatment regime was used, and all efforts were taken to make ensure their comfort.

2.6.2. Experimental protocol
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We used the pre-clinical AD model with DNCB as an inducer of AD-type skin
lesions as reported by Chan et al. [18] (Figure 1). The dorsal region of each mouse was
shaved and 200 pL of 0.5% (v/v) DNCB in 3:1 (v/v) acetone/olive oil was applied on
days 1 to 3 of the experimental protocol in the initial sensitization phase. Each mouse was
further challenged with 200 pL of 1% (v/v) DNCB on its back and 20 pL on its right ear
on days 14, 17, 20, 23, 26, and 29, as shown in Figure 1. The animals were divided
randomly into seven experimental groups each of 7 animals. Normal control mice (control
group) were sensitized and challenged with acetone/olive oil (3:1) and received no
treatment. Sensitized control mice (DNCB group) were sensitized and challenged with
DNCB and received no treatment. Experimental mice were sensitized and challenged
with DNCB and were topically treated with films (Gel-Alg, Gel-Alg/SeTal, Gel-
Alg/SeTal/HC or Gel-Alg/SeTal/HC/VitC) or HC (cream). The lesions on the back of
each mouse was treated every 3 d with loaded or non-loaded film (Gel-Alg, Gel-
Alg/SeTal, Gel-Alg/SeTal/HC, or Gel-Alg/SeTal/HC/VitC) or HC (cream), on days 14,
17, 20, 23, 26, and 29. The mice were subjected to behavioral testing on the last day of
the experimental protocol (day 30), after which the animals were euthanized and their

backs, ears, and spleens were removed for further analysis.

Topical treatment with gelatin-alginate films containing SeTal,
SeTal/HC, SeTal/VitC or hydrocortisone cream — 6 times

Back treatment

Days 1 28 83 14 17 20 23 26 29
,f »
Induction phase

Sensitization phase

0.5 % DNCB or Back: 1% DNCB 200 pL - 6 times Behavioral testing
vehicle (200 pL) )
| Ear: 1% DNCB 20 pL - 6 times

""""" % Euthanasia —Removal
of back, ear and spleen
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Figure 1. Summary of the experimental protocol used to develop AD-like skin lesions

in DNCB-sensitized mice.

2.6.3. Clinical skin severity scores

The lesions on dorsal-skin samples were evaluated and the severity scores were
determined by analyzing photographs acquired on the last day of the experiment. Five
skin-lesion signs were assessed: pruritus/itching, erythema/hemorrhaging, edema,
excoriation/erosion, and scaling/dryness. Each of these symptoms were graded as
follows: 0 (no symptoms), 1 (mild), 2 (moderate), and 3 (severe), according to Park et al.

[19].

2.6.4. Scratching behavior

Scratching behavior was evaluated on day 30 because pruritus is the main and
most-important symptom of AD, with the amount of time that each animal spent rubbing
their nose, ears and dorsal skin with their hind legs measured and recorded over a 20 min

period, according to Kim et al. [20].

2.6.5. Spleen index
Changes in spleen mass and length were measured using an analytical scale

(AUY220- SHIMADZU) and a digital caliper, respectively.

2.6.6. Inflammatory parameters
2.6.6.1. Ear swelling

Following the scratching-behavior assessment (day 30) the thickness of the right
ear (central portion of the lobe) was evaluated using a digital caliper. Subsequently, mice

were euthanized, both ears were severed at the base and the mass differences between the
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control (left) and the DNCB-sensitized ears (right) were determined using an analytical
balance to determine the extent of swelling. The tissues were then used to quantify

myeloperoxidase (MPO) activity.

2.6.6.2. Determination of MPO enzymatic activity

The activity of MPO was evaluated as described by Suzuki et al. [21] with some
modifications. Back and ear tissues were minced, pooled, and homogenized in phosphate-
buffered saline (PBS) (20 mmol L%, pH 7.4) containing ethylenediaminetetraacetic acid
(0.1 mmol L) (EDTA). The homogenates were centrifuged at 900 g for 10 min at 4 °C
and the pellet was discarded. The supernatant (fraction S1) was then re-centrifuged at
24,000 g at 4 °C for 15 min to yield the final pellet (P2), which was re-suspended in
potassium  phosphate  buffer (50 mmol L, pH 6.0) containing
hexadecyltrimethylammonium bromide (0.5% w/v). Samples were then subjected to three
freeze-thaw cycles before assaying MPO activity by adding an aliquot of resuspended P2
(100 pL) to medium containing the resuspension medium and N,N,N’N-
tetramethylbenzidine (1.5 mmol L™). MPO kinetic activity was initiated by the addition
of H202 (0.01 v/v%), and the absorption measured at 655 nm and 37 °C, with the data
expressed as optical density (OD)/mg protein/min. Protein concentrations were
determined by the Bradford method [22] using bovine serum albumin (1 g L™) as the

standard.

2.6.7. Nitrate and nitrite (NOx) levels
NOXx levels were determined according to Miranda et al. [23]. Back skin samples
were used to determine nitrate and nitrite content, an indicator of nitric oxide (NO:)

production. The NOx content was determined in a medium containing 2 w/v% VCls (in
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5 viv% HCI), 0.1 w/v% N-(1-naphthyl) ethylenediamine dihydrochloride and 2 w/v %
sulfanilamide (in 5 v/v% HCI). After incubation at 37 °C, nitrite levels were determined
spectrophotometrically at 540 nm, based on the reduction of nitrate to nitrite by VCls.

Tissue nitrate/nitrite levels are expressed in nmol NOx/mg tissue.

2.6.8. Histological analysis

Histological analysis was used to evaluate tissue changes and cell migration into
the affected areas. Skin sections from the backs of mice were collected and fixed in a 10%
buffered formalin solution for 24 h. All fragments were cut to 5 um and stained with
hematoxylin and eosin (H.E.) and examined under an optical microscope. The treatment
groups were compared to the control group, with assessment of intraepidermal pustules,
crust, inflammatory infiltrate in the superficial dermis, deep dermis and subcutaneous
inflammatory infiltrate. The extent of these events was assessed qualitatively as: discrete

(low), moderate (medium), and accentuated (high).

2.7. Statistical analysis

Data normality was evaluated using the D'Agostino and Pearson omnibus
normality test. The data were analyzed by one-way analysis of variance (ANOVA)
followed by Tukey’s test. All analyses were performed using GraphPad software (San
Diego, CA, USA). Data are expressed as means + standard errors of the means (SEMs),

with p < 0.05 considered to be statistically significant.

3. Results and discussion

3.1. Characterization of the Gel-Alg films
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The chemical nature of the films was studied by FTIR spectroscopy with
representative spectra presented in Figure 2a. The spectra of the Gel-Alg films exhibited
major bands typically associated with the biopolymers used to prepare it (Figure S2), with
those from Gel dominating, as it is present in excess. The band between 3600-3000 cm!
is believed to reflect the high number of hydroxyl and amine groups, as well as the large
number of H-bonds among the functional groups of Gel, Alg, and glycerol (the
plasticizer). The shoulder-type band at 1689 cm™! is assigned to amide C=0 stretching
formed through the crosslinking process. As reported by Staroszczyk et al. [24], EDC
mediates the formation of iso-peptide bonds between amino groups and activated
carboxylic groups of glutamic or aspartic acid residues in Gel. Since carboxylic groups
are also available on the Alg backbone, we propose that amide bonds are also formed
between the Gel and Alg chains. The spectrum of the film containing SeTal (Gel-
Alg/SeTal) is similar to that of the bare film, indicative of weak interactions between this
molecule and the polymer matrix, though the bands associated with C-H, C-O, and C-C
vibration modes were more intense in the spectrum of Gel-Alg/SeTal compared to Gel-
Alg, with these ascribed to contributions from the functional groups of SeTal. The
spectrum of Gel-Alg/SeTal/HC exhibited a small band at 1742 cm™" and a shoulder-type
band at ~1625 cm™! assigned to the C=0 and C=C stretching vibrations of HC. The more
intense bands in the 1500—-1200 cm™' range are also attributed to HC [25], confirming the
presence of this compound in the film. Finally, the spectrum of the film containing VitC
exhibited the characteristic bands of Gel-Alg/SeTal with the additional bands observed at
3528, 1741, and 863 cm™! assigned to the O—H, C=0, and C—C ring stretching vibrations
of VitC. These findings confirm that VitC had been stably entrapped in the film [26].

Moreover, these spectroscopic data indicate that both the SeTal and VitC in the Gel-
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Alg/SeTal/VitC films are physically entrapped in the polymer matrix, with no evidence

of any chemical interactions (i.e., covalent bonds).
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Figure 2. (a) FTIR spectra and (b) XRD patterns of Gel-Alg, Gel-Alg/SeTal, Gel-

Alg/SeTal/HC, and Gel-Alg/SeTal/VitC.

The structures of the encapsulated compounds (SeTal, VitC, and HC) were
determined by XRD. The data presented in Figure 2b, shows that Gel-Alg exhibits only
a broad-halo at around 26 ~ 20.3° in its XRD pattern, confirming the amorphous nature
of this material. No significant changes were observed when the XRD pattern of the bare
film was compared with those obtained from the drug-containing films (SeTal,
SeTal/VitC, and SeTal/HC). The absence of diffraction peaks from these crystalline
compounds (Figure S3) indicates that they undergo structural transitions to amorphous
states during encapsulation. Thus, intermolecular interactions among SeTal, VitC, and
HC with polymeric matrix appear to limit crystallization of these compounds, which is
an advantageous in terms of drug solubility and release (cf. previous reports [27]).

The prepared films were subjected to TGA/DTG to investigate their thermal
profiles. Figure 3a shows that all the films exhibited a loss of mass over the 30-150 °C

temperature range due to water evaporation. The extent of this loss was dependent on the
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film sample, which may indicate that these films have different hydrophilicities. The
smallest mass loss (~3%) was observed for the Gel-Alg/SeTal sample, most likely
because interactions between SeTal molecules and the polymeric matrix through H-
bonding reduces the number of hydrophilic groups able to interact with water molecules.
In contrast, the hydrophilicity of the film appeared to return to that observed for the
pristine film as other compounds (HC or VitC) were added. This may arise from the
presence of HC or VitC restricting interactions between SeTal and the Gel-Alg matrix
since these compounds can interact themselves. The mass loss observed in the TGA
curves at higher temperatures (> 170 °C) is assigned to thermal decomposition of Alg
(maximum ~251 °C) and Gel (maximum ~316 °C). The DTG curves (Figure 3b), reveal
that the encapsulated compounds (SeTal, SeTal/HC, and SeTal/VitC) have little effect on
the thermal stability of the polymer. As reported above, only weak physical interactions
appear to occur between the encapsulated compounds and the film matrix, consistent with
the observed thermal trends. However, the DTG curves of Gel-Alg/SeTal and Gel-
Alg/SeTal/HC exhibit a shoulder at around 335 °C, which is ascribed to gelatin moieties
interacting with SeTal; these moieties are thermally stable, which rationalizes this trend.
Such a shoulder was not observed for Gel-Alg/SeTal/VitC, most likely because
interactions between SeTal and VitC interfere with those involving the film matrix, with
the chemical structures of SeTal and VitC (see Figure S1) favoring interactions between
these species. Degradation stages related to the pure compounds (SeTal, HC, and VitC)
were not observed in the TGA/DTG curves, indicative of their efficient entrapment. This
finding is consistent with the XRD data, which show that these compounds are

predominantly amorphous in the film matrix.
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Figure 3. (a) TGA and (b) DTG curves for Gel-Alg, Gel-Alg/SeTal, Gel-Alg/SeTal/HC,

and Gel-Alg/SeTal/VitC.

In addition to their physicochemical properties, the mechanical properties of the
prepared films may play a significant role in their behavior and drug release capacities.
Therefore, tensile testing was used to investigate the mechanical properties of the
prepared films. The resulting data are summarized in Table 2 along with the film

thicknesses.

Table 2. Thicknesses and mechanical properties of the Gel-Alg-based films.

) Young's Maximum Maximum
) Thickness . .
Film modulus tensile strength elongation
(mm)?
(MPa) (MPa)® (%)P
Gel-Alg 0.13+0.01 22.44 £ 6.10 237.78 £17.94  34.67+4.58
Gel-Alg/SeTal 0.15+0.03 26.68 £ 1.53 161.80 + 9.68 18.05 + 6.40
Gel-Alg/SeTal/HC 0.16 £0.02 25.56 £ 4.10 103.23+37.53  11.13+4.86
Gel-Alg/SeTal/VitC ~ 0.16 +0.03 27.85+4.08 142.80+26.82  14.00 £5.79

a Determined using a digital vernier caliper. ® Computed at breaking point. All results are given as

means + standard deviations (n = 5).

The prepared films had similar average thicknesses, which demonstrates that

incorporating the various compounds did not lead to expansion of the polymeric matrix,
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which is possible ascribable to interactions between these compounds and the film
polymer, as reported above. The prepared films were determined to have Young’s moduli
that varied between 22 and 28 MPa, with the loaded films exhibiting slightly higher
values, though these were not significantly different, indicating that the encapsulated
compounds have minimal effects on the rigidity of the Gel-Alg matrix. These data
corroborate previous results that show that the compounds interact weakly with the Gel-
Alg matrix (vide supra). Compared to other drug-delivery materials, the Young”s moduli
determined for the films prepared in this study are comparable or superior to those of
other film-like materials tested as drug delivery systems [13,28]. While the encapsulated
compounds (SeTal, HC, or VitC) did not appear to affect the Young’s modulus
significantly, they did affect other mechanical parameters (tensile strength and
elongation). Table 2 reveals that SeTal-encapsulated film and those containing SeTal/HC
and SeTal/VitC exhibit lower tensile strengths and maximum elongations. Thus,
interactions between the various compounds and the film matrix appear to decrease
polymer chain mobility during mechanical solicitation Additionally, the encapsulated
compounds decrease the free volume in the film matrix [29], especially for the film loaded
with SeTal/HC or SeTal/VitC. Despite these small differences, all the films were flexible

and easy to handle, as illustrated in Figure 4.
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Figure 4. Photographic images of (a) Gel-Alg, (b) Gel-Alg/SeTal, (c) Gel-

Alg/SeTal/HC, and (d) Gel-Alg/SeTal/VitC. (e) Photographic image of the Gel-

Alg/SeTal/HC film applied to a hand.

3.2. Quantification of film swelling and drug release

The ability of biomaterials to swell is advantageous to treat the exudative lesions
caused by AD [30], as it prevents maceration and the accumulation of body fluid at the
treated site [30]. At the same time, the swelling process is a feature of the drug-release
mechanism [31]. Consequently, we studied the abilities of the prepared films to swell in
simulated wound fluid (SWF, pH 5.5) at 37 °C. Figure 5a shows swelling ratios (SRs) for
the various films as a function of time, with rapid increases in the SR detected at early
time points, with high values achieved by 30 min. This trend is ascribed to the hydrophilic
natures of Gel and Alg, which favor the sorption and retention of water molecules.
Swelling appears to plateau beyond 30 min as each film approaches equilibrium. The

pristine Gel-Alg film achieved an equilibrium earlier (at ~60 min) than the compound-
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containing films, which required ~120 min, and the SR values varied minimally once
equilibrium had been established. The Gel-Alg film exhibited the highest SR (~490%),
which is likely due to the higher number of functional groups in this system that are
available for interaction with water molecules, as well as its free volume that
accommodates the absorbed liquid. The carboxylic acid groups of Gel and Alg are likely
to be deprotonated at the pH value employed (5.5), since their pKa values lie between
3.5-4.5 [32], which results in a high negatively charge density in the polymer matrix that
causes it to expand, leading to higher liquid absorption. The maximum SR values of the
other films were calculated to be 406% (Gel-Alg/SeTal), 430% (Gel-Alg/SeTal/HC), and
434% (Gel-Alg/SeTal/VitC). The lower SR values for the drug-containing films is
ascribed to fewer available hydrophilic groups, due to interaction with the encapsulated
molecules, as well as lower the free volume in the film matrix. These results are consistent
with the mechanical data. Furthermore, the TGA/DTG data show that Gel-Alg/SeTal is
noticeably less hydrophilic compared to the pristine sample; despite this reduction, each
drug-containing film exhibited a strong capacity to swell under physiological-like

conditions, which is likely to have practical advantages.
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Figure 5. (a) Swelling profiles of the prepared films immersed in SWF at 37 °C. (b)
SeTal-release profiles from Gel-Alg/SeTal, Gel-Alg/SeTal/HC, and Gel-

Alg/SeTal/VitC in SWF (pH 7.4) at 37 °C.

Encapsulated-compound release from the various films was investigated using
SWEF (pH 7.4) as the release medium. These experiments revealed that neither HC nor
VitC were released (or not detected by the UV-Vis detector employed) from the Gel-
Alg/SeTal/HC and Gel-Alg/SeTal/VitC films over a 24 h period. Only the absorption
band assigned to SeTal (at 255 nm) was detected in the spectra of aliquots withdrawn
from the acceptor compartment of Franz cells, with the release of this compound being
independent of the film sample (Figure S5). Typically, HC and VitC show UV-Vis
absorption bands at 248 and 264 nm [33]. As FTIR spectroscopy (see above) provided
evidence weak interactions between SeTal and the film matrix, and stronger interactions
for HC and VitC (probably through H-bonding), these data rationalize the preferential
release of SeTal. Figure 5b shows SeTal release behavior for the three different film
samples over time, with this indicating that the release process depends on the film
formulation. SeTal was released slowly from Gel-Alg/SeTal at the start of the experiment
(< 30 min), with no burst behavior observed; the lower hydrophilicity of Gel-Alg/SeTal
helps explain this behavior. The release rate then increased slightly before achieving
equilibrium at ~180 min, with ~54% of the encapsulated SeTal released from by the end
of the experiment (240 min). In contrast, the Gel-Alg/SeTal/HC and Gel-Alg/SeTal/VitC
films released SeTal more rapidly (Figure 5b), with this ascribed to the additional
compounds in the matrix reducing the number of SeTal/film interaction sites and
facilitating release. Despite their faster release profiles, the Gel-Alg/SeTal/HC and Gel-

Alg/SeTal/VitC films achieved a SeTal-release equilibrium faster (~120—-150 min) than
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Gel-Alg/SeTal, and exhibited maximum SeTal-release extents of 89% and 51%,
respectively, after 240 min. The HC molecule possibly interacts intermolecularly with the
Gel and Alg chains due to its large size, and blocks interaction between these chains and
SeTal, facilitating its release. This suggestion is consistent with the mechanical data (see
above), as the Gel-Alg/SeTal/HC film exhibited the lowest elongation rate (i.e., lowest
chain mobility) caused by these interactions. The lower molecular mass of SeTal
(compared to HC) and its higher aqueous solubility may also contribute to this effect.
The experimental data were fitted to mathematical models to gain insight into the
release mechanism, including, zero-order (Equation 3), first-order (Equation 4), Higuchi

(Equation 5), and Korsmeyer—Peppas (Equation 6) models:

Q = kot (3)

InQ = kgt 4)

Q = kyt'/? (5)

In (Qi) =Inkgp+nint (6)

where Q is the fraction of the compound released at time t, Q is the fraction of the
compound released at infinite time (i.e., equilibrium), while ko, k1, kn, and kxp are the
zero-order, first-order, Higuchi, and Korsmeyer—Peppas constants, and n is the release
exponent. The values of these parameters determined from this data fitting (Figures S6a—

S6d) by simple linear regression analysis are summarized in Table 3.
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Table 3. Kinetic data and coefficient of determination (R?) calculated for SeTal release

from each prepared film, for the release model employed.

Film
Release model  Parameter o1 Aju/seTal  Gel-Alg/SeTallHC  Gel-Alg/SeTal/VitC
Zero-order ko (Mg/min) 2.44 x 107 4.18x 107 212 x 103
R? 0.953 0.784 0.617
First-order ki (1/min) 1.35x 107 1.46 x 102 0.79 x 1072
R? 0.545 0.400 0.320
Higuchi ku (Mg/min®2) 3,98 x 1072 7.30x 102 3.93 x 102
R? 0.930 0.885 0.831
Kkp (1/min™) 2.59 x 10 1.05 x 10 0.49 x 10*
Korsmeyer—Peppas n 1.66 181 1.10
R? 0.972 0.951 0.948

The R? values in Table 3 suggest that the Korsmeyer—Peppas model is best able
to explain SeTal release from the various film samples, with the three Gel-Alg-based
films exhibiting R? values > 0.94. It is important to note that this model is limited to the
first 60% of SeTal release [34]. The value of n, which is related to the release mechanism,
was determined to be greater than unity for each film, with these values consistent with a
super case-lIl transport mechanism, in which polymer-chain relaxation associated with
liquid imbibition is the rate-controlling step [35]. Diffusion and erosion of the polymer
material also contribute to this transport mechanism, as reported elsewhere [36]. Our

findings are consistent with other studies into drug release from polymer films [37].

3.3. In-vivo and ex-vivo assays
3.3.1. Effect of the prepared films on the clinical signs of AD-like skin lesions

DNCB was used to induce AD-like skin conditions in mice. This small hapten-
class molecule penetrates the skin barrier and the intact epidermis of mice to initially
cause an acquired immune response. Repeated exposure leads to the development of an
AD-like state [38]. DNCB induction causes anaphylaxis and the appearance of AD-like

skin lesions, including thicker skin, dryness, swelling, edema, and erythema [39].
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The effects of topically applying Gel-Alg, Gel-Alg/SeTal, Gel-Alg/SeTal/HC, and
Gel-Alg/SeTal/VitC on skin lesion severity, scratching behavior, and back skin thickness
are shown in Figures 6a and 6b. One-way ANOVA followed by Tukey’s post-hoc test
revealed that DNCB significantly increased skin severity scores [Fes42 = 45.79, p <
0.0001], scratching behavior [Fe42 = 420.3, p < 0.0001] and back thickening [Fe42 =
32.76, p < 0.0001] compared to the control group, consistent with DNCB inducing an
AD-like phenotype (Figures 6¢ and 6d). Topical treatment with film loaded with Gel-Alg
(p < 0.0001), Gel-Alg/SeTal (p < 0.0001), Gel-Alg/SeTal/HC (p < 0.0001), and Gel-
Alg/SeTal/VitC (p < 0.0001) reduced DNCB-induced skin-lesion severity, scratching
behavior, and back thickening. The Gel-Alg/SeTal, Gel-Alg/SeTal/HC, and Gel-
Alg/SeTal/VitC films also significantly improved clinical and behavioral parameters
compared to those detected with HC cream. DNCB-induced stimulation resulted in
typical allergic responses, including the itching, erythema, skin thickening, edema,
excoriation, and scaling typical of AD, and the films improved these symptoms and
pruritus.

AD induces a variety of immune responses, with the spleen being responsible for
the production of immune cells as well as other body functions [40]. Consequently, we
measured the length and mass of the spleen on day 30 to assess splenomegaly, an indicator
of immunological abnormality [41]. Figures 6e and 6f show that exposure to DNCB
causes a significant increase in mouse spleen length [Fe 42 = 14.83, p < 0.0001] and mass
[Fe42 = 39.26, p < 0.0001], and that treatment with the Gel-Alg (p < 0.001), Gel-
Alg/SeTal (p < 0.0001), Gel-Alg/SeTal/HC (p < 0.0001), and Gel-Alg/SeTal/VitC (p <
0.05) films, as well as HC cream (p < 0.01), diminishing these changes in the animals
sensitized with DNCB. The Gel-Alg/SeTal/HC film more effectively modulated these

parameters than HC cream. HC is a synthetic cortisol analog and long-term administration
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is known to result in suppression of the hypothalamic-pituitary-adrenal (HPA) axis and
adrenocorticotropic hormone (ACTH), which leads to adverse effects including adrenal
atrophy [42]. In turn, changes in the HPA axis affects the immune system and
inflammatory pathways [43], as observed in our study through changes in the spleens of
animals sensitized with DNCB. Thus, encapsulating HC in the Gel-Alg film reduced the

adverse effects of topical HC, while incorporating SeTal further improved its effects.
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Figure 6. Effects of topical treatment with various films (Gel-Alg, Gel-Alg/SeTal, Gel-
Alg/SeTal/HC, and Gel-Alg/SeTal/VitC), as well as hydrocortisone cream on atopic-
dermatitis-like (AD-like) symptoms in mice induced by DNCB. (a) Photographic images
of dorsal skin, (b) skin lesion scores, () scratching times, (d) back thicknesses, (e) Spleen
lengths, and (f) Spleen mass after DNCB sensitization. Data are means + SEMs (one-way
ANOVA followed by Tukey’s test). * p < 0.05 compared with the control group, # p <
0.05 compared with the DNCB treatment group, and & p < 0.05 compared with the
hydrocortisone (HC) group.

3.3.2 Effects of the prepared films on the inflammatory responses of AD-like skin lesions

in mice

AD is a complex disease involving both abnormal immunological and
inflammatory pathways. Chronically, it is characterized by lesions resulting from
inflammatory processes which trigger skin edema [20]. Current treatments for AD work
by reducing major physical symptoms, such as excessive scratching and damage caused
by skin inflammation [44]. However, these treatments have side effects that reduce
treatment compliance [45]. Inflammation severity was gauged by ear swelling, with the
effects of the various treatments shown in Figure 7. One-way ANOVA followed by
Tukey’s post-hoc test demonstrated that DNCB increases ear swelling compared to the
control group [Fea42 = 415.40, p < 0.0001] (Figure 7a). Treatment with Gel-Alg (p <
0.0001), Gel-Alg/SeTal (p < 0.0001), Gel-Alg/SeTal/HC (p < 0.0001), and Gel-
Alg/SeTal/VitC (p < 0.0001) films, and HC cream (p < 0.0001) reduced DNCB-induced
ear edema, with Gel-Alg/SeTal/HC and Gel-Alg/SeTal/VitC showing superior effects
when compared to HC. The combination of SeTal and HC in the Gel-Alg/SeTal/HC film
provided a superior effect compared to Gel-Alg/SeTal alone.

Topical sensitization with DNCB triggers an inflammatory process that can be

detected as increased ear edema, with this process related to the accumulation of
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polymorphonuclear leukocytes (PMNS) including neutrophils. The number of PMNs can
be quantified by the activity of MPO, a oxidant-generating heme enzyme released
primarily by neutrophils [46]. Figures 7b and 7c show the effect of topical film treatment
(Gel-Alg, Gel-Alg/SeTal, Gel-Alg/Setal, Gel-Alg/SeTal/HC or Gel-Alg/SeTal/VitC) on
MPO activity in the ear and back skin of mice, respectively. One-way ANOVA followed
by Tukey’s post-hoc test revealed that DNCB significantly increased MPO activity in
mouse ears [Fe42 = 355.10, p < 0.0001] and dorsal skin [Fe42 = 415.50, p < 0.0001]
compared to the control group as expected. The Gel-Alg (p < 0.0001), Gel-Alg/SeTal (p
< 0.0001), Gel-Alg/SeTal/HC (p < 0.0001), Gel-Alg/SeTal/VitC (p < 0.0001) films and
the HC cream (p < 0.0001) decreased MPO activity in the ear (Figure 7b) and dorsal skin
(Figure 7c) compared to mice sensitized with DNCB but otherwise left untreated. The
Gel-Alg/SeTal, Gel-Alg/SeTal/HC, Gel-Alg/SeTal/VitC films were more effective than
HC cream (positive control) in reducing the MPO activity in the analyzed tissue.
Furthermore, the Gel-Alg/SeTal/HC film exhibited superior performance for reducing

MPO activity in the dorsal skin of mice sensitized with DNCB than Gel-Alg/SeTal.
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Figure 7. Effect of topical treatment with films (Gel-Alg, Gel-Alg/SeTal, Gel-
Alg/SeTal/HC and Gel-Alg/SeTal/VitC) and hydrocortisone (HC) cream on (a) ear
swelling, (b) ear MPO activity and (c) dorsal skin MPO activity Data are means + SEMs
(one-way ANOVA followed by Tukey’s test). * p < 0.05 compared with the control
group, # p < 0.05 compared with the vehicle-DNCB group, + p < 0.05 compared with the
Gel-Alg/SeTal group, and & p < 0.05 compared with the hydrocortisone group.

3.3.3 Effect of prepared films on NOx levels, as an oxidative parameter in AD-like skin

lesions in mice
Skin inflammation in AD patients plays an important role in the pathogenesis of

this disease through the overproduction of oxidants, with consequent decreases in
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antioxidant defense capacity [47]. Multiple endogenous and exogenous factors can
increase oxidant production including the inflammatory responses of leukocytes, with this
resulting in altered NOXx levels [48]. Elevated oxidant levels can induce damage to cellular
and extracellular macromolecules, including lipids, proteins, and nucleic acids, with this
resulting in disruption to biochemical processes [49]. Consequently, oxidative stress is
often studied in AD-like models, given that an imbalanced redox system appears to
predispose to AD pathogenesis [50].

Figure 8 shows how Gel-Alg, Gel-Alg/SeTal, Gel-Alg/Setal, Gel-Alg/SeTal/HC,
Gel-Alg/SeTal/VitC, and HC cream treatment affect NOx levels in the dorsal skin of
mice. One-way ANOVA followed by Tukey’s post-hoc test revealed that animals
sensitized with DNCB show higher NOx levels compared to the control group [Fes2 =
72.86, p < 0.0001]. Treatment with Gel-Alg (p < 0.0001), Gel-Alg/SeTal (p < 0.0001),
Gel-Alg/SeTal/HC (p < 0.0001), Gel-Alg/SeTal/VitC (p < 0.0001), or HC cream (p <
0.0001) ameliorated the higher NOXx levels induced by DNCB. The Gel-Alg/SeTal/VitC
film provided a superior effect in reducing NOXx levels caused by DNCB in the dorsal
skins of mice than Gel-Alg/SeTal or HC cream. This was as expected, as VitC is a potent
natural antioxidant and anti-inflammatory agent [51,52], and can also modulate the
immune system [53]. SeTal has also been shown to have potent antioxidant activity,
acting at different points in the general mechanism of antioxidant defense [54]. Thus,
SeTal may contribute to suppressing AD-like skin lesions via an antioxidant activity,
though other mechanisms cannot be excluded. Therefore, the combined antioxidant and

anti-inflammatory effects of SeTal may provide an effective therapy for AD-like lesions.
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Figure 8. Effects of topical treatments with films (Gel-Alg, Gel-Alg/SeTal, Gel-
Alg/SeTal/HC, Gel-Alg/SeTal/VitC) and hydrocortisone (cream) on nitric oxide level in
mouse dorsal skin. Data are means £ SEMs (one-way ANOVA followed by Tukey’s test).
* p < 0.05 compared with the control group, # p < 0.05 compared with the vehicle-DNCB
group, + p < 0.05 compared with the Gel-Alg/SeTal group, and & p < 0.05 compared with
the hydrocortisone group.

3.3.4. Effects of the prepared films on AD-type skin lesions in mice as determined by
morphological analysis

Histological scores were evaluated using H.E. to identify the effects of DNCB
sensitization and film treatment on AD-like skin lesions. The severities of the
morphological alterations to the dorsal skin caused by exposure to the various treatments
are shown in Figure 9. The dorsal skin of control animals exhibited normal histological
architecture (Figures 9a and 9b), while dorsal skin sections of animals sensitized by
DNCB exhibited intraepidermal pustules along with thick crusts (Figure 9¢) and marked

inflammatory eosinophil, macrophage, and lymphocyte infiltrates in the superficial, deep,
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and subcutaneous dermises (Figure 9d). The animals that received HC cream had a
thinner dermis and exhibited low dermal inflammatory responses (Figure 9e) with few
inflammatory cells present in the dermis and subcutaneous regions (Figure 9f). While
crusts were observed to a limited extent, no intraepidermal pustules were present. The
dorsal skins of animals that received the Gel-Alg film exhibited marked crusts covering
the epidermis with intraepidermal pustules (Figure 9g), in addition to moderate
inflammatory polymorphonuclear, macrophage, and lymphocyte infiltrates in their
superficial, deep, and subcutaneous dermises (Figure 9h).

The animals treated with Gel-Alg/SeTal film presented large intraepidermal
pustules and multiple crust layers (Figure 9i), in addition to a marked inflammatory
response in the superficial and deep dermis along with eosinophil, macrophage, and
lymphocyte infiltration (Figure 9j). However, fewer infiltrates were observed in
subcutaneous tissue. In contrast, the animals treated with the Gel-Alg/SeTal/HC film
exhibited fewer intraepidermal pustules, while multiple crust layers were retained
between keratin layers (Figure 9k). More discrete inflammatory responses were detected
in the superficial and deep dermises (Figure 9l). The subcutaneous region showed
abundant inflammatory eosinophil infiltrates, along with edema and dilated lymphatic
vessels. The dorsal skin of mice treated with Gel-Alg/SeTal/VitC film showed few
intraepidermal pustules. Crusting was also observed but without the formation of multiple
layers (Figure 9m). The eosinophil inflammatory response was more marked than those
of mononuclear cells and extended almost homogeneously through the dermis and
subcutaneous tissue (Figure 9n).

These data demonstrate that DNCB induces a significant increase in immune cell
(eosinophils, macrophages, and lymphocytes) infiltration into the dermis compared to the

control group (Figures 9c and 9d). Eosinophils act as immune modulators, secreting
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multiple chemical mediators and cytokines that recruit more immune cells to the affected
region, thereby exacerbating the inflammatory process [55]. Treatment with HC resulted
in a thinning of the skin, a known side effect associated with the use of corticosteroid-
class drugs [56]. Thus, corticosteroids delay tissue healing as they inhibit the regulation
of immune and inflammatory reactions by reducing the expression of interleukins and
growth factors responsible for neovascularization and fibroblast migration [56]. Our
histological analyses also demonstrated that the combination of SeTal and HC (Gel-
Alg/SeTal/HC) provides advantages over HC treatment alone in this regard, in addition
to improving wound healing through the formation of fewer intradermal pustules and

more-discrete inflammatory responses in the superficial and deep dermises.
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DNCB

Hydrocortisone + DNCB

Gel-Alg + DNCB

Gel-Alg/SeTal + DNCB

Gel-Alg/SeTal/HC + DNCB

Gel-Alg/SeTal/VitC + DNCB

Figure 9. Photomicrographs (100x, left; 200x, right) showing the severity of dorsal-skin
morphological alterations caused by sensitization with DNCB and various treatments. (a)
and (b) correspond to control animals, (c) and (d) represent animals sensitized with
DNCB, (e) and (f) represent the HC cream group, (g) and (h) represent the Gel-Alg group,
(i) and (j) represent the Gel-Alg/SeTal group, (k) and (I) represent the Gel-Alg/SeTal/HC
group, and (m) and (n) correspond to the Gel-Alg/SeTal/VitC group. Labels: Epidermis

(E), dermis (D), subcutaneous (S), and nuscle layer (M). All sections were H.E. stained.
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Conclusion

Biopolymeric films of Gel and Alg were prepared and loaded with different
compounds (SeTal, HC, and/or VitC) to serve as biomaterials for treating and attenuating
symptoms of AD. Characterization analyses confirmed the presence of the compounds in
the film matrices and demonstrated that these compounds affect different properties
(thermal, mechanical, and swelling). The interactions among the encapsulated
compounds and the Gel-Alg matrix caused these changes and affected their release
behavior as assessed. Release experiments performed in simulated wound fluid (pH 7.4)
revealed that only SeTal, which has a lower affinity with the film matrix, is released.
SeTal was controlled-released, and this process occurs due to a combined mechanism
involving polymer-chain relaxation, diffusion, and erosion. A series of in-vivo and ex-
vivo studies showed that films loaded with SeTal, HC, and/or VitC have beneficial effects
on multiple parameters used to evaluate AD in a DNCB-induced model. These films were
more efficient at treating or attenuating key disease parameters compared to the positive
control (HC cream). Therefore, encapsulating SeTal with HC and/or VitC in a biopolymer
film of Gel-Alg appears to be a promising alternative therapy for long-term treatment of
AD. Furthermore, these biopolymer films also reduced adverse effects associated with
corticosteroids, such as HC. These films may also provide beneficial effects on other skin

diseases.
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FTIR analysis

The spectrum of Alg exhibited a broad band centered at 3428 cm™ related to the
O-H stretching (hydroxyl groups) and bands in the range of 2970-2810 cm attributed
to C—H stretching (Figure S2). Characteristic bands of carboxylate groups stretching were
observed at 1620 cm™ (C=0 asymmetric) and 1413 cm™ (C=0 symmetric), respectively.
Bands in the range of 1150-950 cm™ are attributed to the C—O stretching of the pyranose
ring with contributions from C—C—H and C—-OH deformations [1]. The bands noticed at
942, 887, and 815 cm™ are assigned to the C—O stretching of uronic acid residues, f-Ci—
H deformation, and mannuronic acid residues [2]. For Gel, the band centered at 3450 cm”
1is due to the O—H stretching (hydroxyl group) overlapping the band associated with the
N—H stretching (primary amine and amide groups). Bands related to the C—H stretching
(CH2 and CHjs groups) are observed in the range of 2990-2820 cm™, while the amide |
band is at 1641 cm™ [3]. This band overlapped the amide Il band typically observed
around 1540 cm™. Amide 111 band is noticed at 1235 cm™, respectively. The spectrum of
SeTal exhibited a broad band centered around 3350 cm™ related to O-H stretching
(hydroxyl groups), bands in the range of 3000-2800 cm* are due to C-H stretching (CHx
groups), and the band at 1437 cm™ is due to C—H bending (CH2 groups). The band at
1353 cm is due to the C—OH bending and bands in the range of 1200-950 cm™ are
attributed to C-O and C-C stretching. The band at 862 cm™ is assigned to C-C ring
stretching and the shoulder-type band at around 540 cm refers to C—Se stretching [4].
For VitC, bands in the range of 3650-3150 cm™ are related to the O-H stretching (free
and H-bonded hydroxyl groups), while the bands in the range of 3050-2900 cm™ are due
to C—H stretching (CH and CH_ groups). Bands at 1755 and 1652 cm™ are attributed to
the C=0 and C=C stretching in the five-membered lactone ring. The band at 1322 cm™ is
due to the C—H wagging (CH2 groups) and the bands in the range of 1200-950 cm™ can
be associated with C—O—C stretching, C—OH and C—H bending, and deformation of the
lactone ring [5]. Finally, the band at 863 cm™ is assigned to the C—C stretching in the
lactone ring. The spectrum of HC exhibited bands in the range of 3600-3200 cm™due to
the O—H stretching (hydroxyl groups), a band at 3016 cm™ assigned to aromatic C—H
stretching, and bands in the range of 2900-2800 cm™ due to aliphatic C—H stretching
(CH2 and CHs groups). Two bands at 1743 cm™ and 1725 cm™ are due to C=0 stretching
(carbonyl groups) and the band at 1625 cm™ is due to C=C stretching. Bands at 1326,
1272, and 1231 cm™ are associated with C—C and C—O stretching. The bands associated
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with the C-H in-plane and out-of-plane bending modes are observed in the range of 1150—
850 cm™ [6].

Transmittance (a.u.)

! I ' I ' | ' | ! I ! I
3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure S2. FTIR spectra of Alg, Gel, SeTal, VitC, and HC.
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XRD analysis

As observed in Figure S3, the XRD patterns of SA and Gel exhibited broad-halo
peaks at around 20 = 13.1° and 21.3° (for SA) and 7.9° and 20.3° (for Gel) denoting that
both have a predominant amorphous nature, corroborating previous reports [7,8]. On the
other hand, the encapsulated compounds (SeTal, VitC, and HC) exhibited several well-
defined XRD peaks in the 20 range analyzed. Overall, such diffraction patterns denote
that all compounds have a highly crystalline nature with crystallites of different sizes. For
SeTal, the main diffraction peaks were noticed at 20 = 11.0°, 14.2°, 17.3°, 19.6°, 21.8°,
22.9°, 24.8° and 33.2°. Probably, the ordering of the SeTal structure is due to the
intermolecular forces among their molecules (H-bonds, van de Waals, etc.). The main
diffraction peaks for VitC were observed at 20 ~ 10.4°, 19.8°, 25.2°, 27.1°, and 35.5° [9],
while HC diffraction peaks were observed at 26 = 12.0°, 15.7°, 16.5°, 16.9°, and 21.4°
[10].

Intensity (a.u.)

20 (degree)

Figure S3. XRD pattern of Alg, Gel, SeTal, VitC, and HC.
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Thermal analysis

TGA curve for Alg exhibited two main weight-loss stages, where the first
(temperature range of 30—-120 °C) is due to the water evaporation and the second (range
of 200-300 °C) refers to its thermal decomposition [11] (Figure S4). For Gel, again two
main weight-loss stages were noticed from its TGA curve. The first stage (range of 30—
140 °C) corresponds to dehydration and the second stage (range of 240-420 °C) is
attributable to the protein chain breakage and peptide chain rupture of Gel [12]. TGA
curves of the encapsulated compounds (SeTal, VitC, or HC) did not exhibit the weight-
loss stages associated with water evaporation. Indeed, it can be seen from Figure S4 that
these three compounds have high thermal stability since they did not show weight loss at
temperatures below 190 °C. The thermal decomposition of SeTal occurs in two stages.
The first (range of 220-315 °C) is likely due to decarboxylation and dehydration
reactions, while the second stage (temperature range of 320-400 °C) encompasses
decarboxylation and carbonization reactions. The TGA curve of VitC exhibited three-
weight loss stages, which refers to their thermal decomposition. The first stage (range of
190-280 °C) is due to the decarboxylation and dehydration reactions [13]. The second
and third weight-loss stages (temperature ranges of 245-380 °C and 390-500 °C) are due
to decarboxylation and decarbonylation reactions and a slow carbonization process [13].
The TGA curve of HC exhibited two main weight-loss stages associated with its thermal
degradation. The first stage (range of 240-390 °C) can be correlated to the
decarboxylation and dehydration reactions, while the second stage (range of 240-500

°C) refers to the carbonization of this compound [14].
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Figure S5. UV-Vis spectra of the release medium collected after 24 h from the acceptor

compartment of the Franz cells for the experiments performed with (a) Gel-Alg/SeTal,

(b) Gel-Alg/SeTal/HC, and (c) Gel-Alg/SeTal/VitC.
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5. DISCUSSAO

Os resultados dessa tese demonstram, pela primeira vez, (i) o efeito do SeTal
nas lesdes semelhates a DA em camundongos, (ii) a utilizacdo de um filme de
base bioldgica feito de gelatina e/ou amido para atuar como veiculo para
encapsulamento e liberacdo controlada de HC e (ii) o uso de filmes
biopoliméricos constituidos de gelatina e alginato de sddio carregados com
SeTal, SeTal + HC e SeTal + vitamina C, como uma abordagem para tratar
lesbes semelhantes a DA. Os resultados apresentados no primeiro estudo,
revelam um efeito supressor do SeTal em lesGes de pele, comportamento de
cocar e edema da orelha induzido pela exposicdo ao DNCB, provavelmente por
meio de uma reducado dos processos inflamatérios locais.

Através dos resultados obtidos nessa tese, destaca-se a possibilidade da
implementagé&o de um futuro tratamento capaz de ser disponibilizado no Sistema
Unico de Saude (SUS), que é um dos maiores e mais complexos sistemas de
salde publica do mundo. A possibilidade supracitada seria possivel, devido aos
resultados promissores do composto SeTal, aliados com a facilidade na
producéo dos filmes poliméricos utilizados. Torna-se importante salientar que o
composto SeTal possui vantagens terapéuticas sobre outros compostos
organicos de selénio, devido a sua alta solubilidade em agua (permitindo
depuracdo rapida e evitando qualquer bioacumulacdo aparente da droga em
depdsitos de gordura, que € um fator limitante de outros compostos dessa
classe), baixa degradabilidade (permanece intacto durante armazenamento
prolongado), pouca biotransformacéo e disponibilidade por via oral (Zacharias et
al., 2020). A hipotese do mecanismo de acdo do SeTal esté relacionada com a
normalizacdo da atividade dos linfécitos Th2 e da reducdo da expressédo de
citocinas envolvidas na fisiopatologia da doencga. Outro ponto importante que
corroborou com a escolha do SeTal como possivel tratamento para DA, é que
possivelmente este composto reduz o estresse oxidativo principalmente pelo
mecanismo de eliminag&o do radical superoxido (Zacharias et al., 2020).

O curso primario de tratamento para individuos com lesdes de DA envolve
0 uso de corticosteroides topicos devido a sua acdo anti-inflamatoria (Tan &
Gonzalez, 2012). Porém, no primeiro estudo, foi observado um alto indice de
mortalidade em animais sensibilizado pelo DNCB e submetido a HC durante o
periodo de tratamento. A taxa de mortalidade observada nesse estudo, atrelada
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aos efeitos adversos conhecidos da classe dos corticosteroides, impulsionaram
a realizacédo do segundo estudo utilizando o biomatrial para encapsulamento da
HC.

Nesse contexto, os resultados obtidos no segundo estudo revelaram que a
HC encapsulada n&o interagiu com as matrizes poliméricas, embora sua
presenca cause mudancas na mecanica e intumescimento dos filmes
preparados. Experimentos de liberac&o in vitro mostraram que o mecanismo de
liberacdo de HC é impulsionado por difusdo para ambos os tipos de filme.
Experimentos in vivo e ex vivo indicaram que todos filmes preparados
(carregados ou ndao com HC) exercem efeitos positivos sobre os parametros
avaliados no modelo de DA induzida por DNCB. No geral, os filmes carregados
com HC foram mais efetivos no tratamento e atenuagdo de sintomas
semelhantes aos da DA em comparagdo com o creme de HC comercial (1%)
(utilizado como referéncia). Além disso, foi demonstrado que ambos os filmes
carregados com HC exerceram menor toxicidade nos animais tratados do que o
creme HC comercial (Voss et al., 2020).

Na fase de caracterizagao dos filmes, os materiais de partida utilizados foram
caracterizados por analise de espectroscopia no infravermelho por transformada
de Fourier (FTIR). Resumidamente, os espectros de gelatina e amido exibiram
as principais bandas caracteristicas de tais compostos corroborando com
estudos anteriores (Ullah et al., 2019). O filme de gelatina exibiu as principais
bandas provenientes da gelatina com algumas discrepancias, provavelmente
devido a presenca de glicerol (plastificante). Com a adi¢cdo do amido, nenhuma
mudanca aparente foi observada comparando com o filme de gelatina,
resultados semelhantes foram relatados por Wang e colaboradores (2017). Os
espectros de FTIR dos filmes carregados com HC foram semelhantes aos
demais filmes, indicando que a HC ndo exerce um efeito perceptivel na natureza
quimica dos filmes. Os espectros dos filmes carregados com HC exibiram uma
banda em 1742 cm, atribuido ao alongamento C=0O proveniente do HC. A
presenca de outras bandas de baixa intensidade na regido de 1500-1200 cm™
dos espectros destes filmes também podem ser associados a HC (Hussain et
al., 2013). A partir desses dados, pode-se inferir que a HC foi eficientemente
encapsulada em ambos os filmes; no entanto, nenhuma interagédo covalente

aparente ocorre entre HC e as matrizes dos filmes.

124



No teste de analise termogravimétrica (TGA/DTG), a HC pura exibiu trés
perdas de pesos, estagios que comecam em 218 °C e terminam em 635 °C, e
seu principal estagio de decomposicdo tem uma temperatura maxima de 306 °C
(Celebioglu & Uyar, 2020). No final da analise o residuo de HC correspondia a
5% do seu peso inicial. O filme de gel exibiu dois estagios de perda de peso, o
primeiro estagio (de 30 °C a 120 °C) é atribuido a perda de compostos volateis
e agua, enquanto a segunda fase (de 120 °C a 520 °C) esta associada a quebra
da cadeia proteica e a ruptura da cadeia peptidica da gelatina (Soliman & Furuta,
2014). Além disso, a decomposicao térmica do glicerol (o plastificante) ocorre
entre 160 e 270 °C (Hoque et al.,, 2011). A estabilidade térmica do filme de
gelatina foi significativamente alterada ap6s a adicdo de HC na formulacao do
filme. A temperatura associada com a decomposi¢ao térmica da gelatina mudou
de 332 °C para 257 °C para o filme de gelatina carregado com HC, o que pode
sugerir que a droga afeta as interacdes inter e intramoleculares entre as
correntes de gelatina. Além disso, as curvas TGA/DTG obtidas para o filme
carregado com HC, ndo exibiram os estagios de degradacédo da HC, sugerindo
que a droga esta no estado amorfo dentro da matriz do filme, que € desejavel,
levando em consideracdo a dispersdo de HC e a liberagcdo subsequente
(Celebioglu & Uyar, 2020).

Além disso, as curvas TGA/DTG do filme de gelatina+amido mostraram dois
estagios de perda de peso, o primeiro € devido a perda de compostos volateis e
agua (de 30 °C a 130 °C) enquanto a segunda (de 130 °C a 500 °C) refere-se a
decomposicdo térmica de gelatina e amido (Quadrado & Fajardo, 2020;
Podshivalov et al., 2017). A auséncia de um novo estagio de perda de peso
indica alta compatibilidade entre os polimeros, atribuindo esta compatibilidade
com as inumeras interacdes que ocorrem entre gelatina e amido. Provavelmente
devido a essas interacfes, o carregamento de HC néo afetou a estabilidade
térmica do filme de gelatina+amido+HC (Soliman & Furuta, 2014). Através da
Microscopia eletrbnica de varredura (SEM), todos os filmes preparados foram
uniformes, ndo porosos e apresentaram superficies homogéneas, o que sugere
boa compatibilidade entre materiais de partida (gelatina, amido e glicerol). De
acordo com alguns autores, o glicerol pode atuar como plastificante e
compatibilizante da mistura de gelatina/amido (Podshivalov et al., 2017). Estes

resultados aliados ao teste de tracdo e intumescimento demonstram que 0s
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filmes apresentaram caracteristicas ideais para carrear a HC. Ambos os filmes
carregados com HC tém capacidade de absorcao de liquido, o que € desejavel
para tratar doencas de pele crénicas, como a DA. Tendo em vista que materiais
expansiveis podem absorver exsudatos e fornecer um ambiente Umido, o que
reduz o risco de escamacgdo da pele e contaminacdo por microorganismos
(Negut et al., 2018).

Os resultados promissores do SeTal no primeiro estudo e dos biofilmes no
segudo estudo, impulsionaram a realizag&o do terceiro projeto. Sendo assim, foi
realizada a incorporagdo de SeTal, SeTal + HC e SeTal + vitamina C em
biomateriais de gelatina e alginato de sédio. Os constituintes gelatina e alginato
foram escolhidos considerando seus aspectos atrativos para a preparacao de
biomateriais para liberacdo topica de farmacos na pele (Bhutani et al., 2016). A
gelatina € um biopolimero soltvel em agua derivado do coldgeno amplamente
utilizado para adesivos cutaneos devido as suas propriedades naturais atrativas
(Xu et al., 2021). Por outro lado, o alginato € um polissacarideo linear natural
composto por unidades dos &cidos 1,4-B-D-manurénico e a-L-gulurdnico,
extraido comercialmente de algas marrons, com reconhecidas propriedades
bioldgicas (Zdiri et al., 2022). Ademais, a utilizacdo de vitamina C se deu por
sua poderosa acao antioxidante natural que possui um papel fundamental em
Varios processos estruturais e funcionais da pele (Nielsen et al., 2021). Esta bem
estabelecido que a deficiéncia de vitamina C desencadeia ou agrava a
ocorréncia e o desenvolvimento de algumas doencas de pele, incluindo a DA
(Chang et al., 2020). Além disso, a vitamina C atua na sintese de colageno como
um cofator importante para as enzimas lisil e prolil hidroxilases, auxiliando na
formacao dessa proteina que é de suma importancia na cicatrizacao (DePhillipo
et al., 2018).

Vérias formas de dermatose como a DA apresentam prurido intenso, dessa
forma este parametro € um importante critério de diagnéstico. Frente a isso, o
comportamento de cocar € uma possivel abordagem para avaliar o efeito anti-
pruriginoso dos tratamentos (G. Park & Oh, 2014). No primeiro estudo, o Setal
foi capaz de reduzir o comportamento de cogar induzido pelo DNCB. Da mesma
forma os biomateriais carragados com HC (segundo estudo) e SeTal, SeTal +
HC ou SeTal + vitamina C (terceiro estudo), reduziram este comportamento nos

camundongos. Estes resultados sdo importantes pois o prurido intenso e lesdes
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eczematosas sdo caracteristicas da DA, e esses fatores causam estresse
psicolégico severo e afetam a qualidade de vida de pacientes com a doenca
(Bruno et al., 2016). Além disso, a pele afetada pela DA apresenta vermelhidao
e coceira excessiva, podendo causar feridas na pele e vazamento de fluidos
(Tokura, 2010).

Respostas alérgicas e inflamatdrias repetidas em pacientes com DA, ao longo
do tempo resultam em um endurecimento e espessamento da superficie da pele
(Yarbrough et al., 2013). No primeiro estudo, o SeTal nas duas concentragdes
testadas (1% e 2%), atenuou a gravidade das lesdes cutaneas induzidas por
DNCB. Surpreendentemente, HC (1%, creme comercial) ndo alterou a gravidade
das lesdes induzidas por este hapteno. Os dados do SeTal sédo consistentes com
os observados no comportamento de cocar, e isso destaca o possivel efeito
supressor desse composto contra as lesGes cutaneas semelhantes a DA. Além
disso, tratamento tépico com SeTal ou HC reduziu o edema de orelha dos
animais expostos ao DNCB. Em paralelo, no segundo estudo o tratamento tépico
com filmes carregados ou ndo com HC, foi capaz de reduzir a gravidade das
lesdes cutaneas induzidas por DNCB. Porém, os filmes carregados com HC
tiveram uma melhora significativa em comparacdo com HC creme (1%)
(medicamento de referéncia), tendo em vista que, nenhuma diferenca
significativa foi detectada apés o tratamento com HC (1%) na gravidade das
lesbGes cutaneas, quando comparado com o grupo induzido por DNCB. De
acordo com os resultados obtidos, o presente estudo demonstra pela primeira
vez, que os biomateriais reduziram os sinais de toxicidade causada por HC (
creme comercial) durante o tratamento por um longo periodo e a gravidade das
lesbes em sintomas semelhantes aos da DA em camundongos. No terceiro
estudo, o efeito do tratamento tépico com os biomateriais incorporados com
SeTal, SeTal + HC e SeTal + vitamina C, foi realizado afim de avaliar o efeito
sinérgico do SeTal com a HC e a vitamina C, bem como se a HC apresentaria
efeito adversos apos ser incorporada no filme biopolimérico e associada com o
SeTal. Sendo assim, foi avaliada a gravidade da lesdo da pele, comportamento
de cocar e espessura da pele dorsal. O DNCB aumentou significativamente os
escores de gravidade da pele, comportamento de cocar e espessamento da pele
dorsal, quando comparado ao grupo controle. O tratamento tépico com o0s
biomateriais carregados com SeTal, SeTal + HC ou SeTal + vitamina C,
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reduziram a gravidade das lesGes cutaneas induzidas pelo DNCB,
comportamento de cocar e espessamento da pele dorsal. Os biomateriais
carregados com SeTal, SeTal + HC ou SeTal + vitamina C, tiveram melhora
significativa em relagéo ao HC creme.

A causa da DA é multifatorial e apresenta interacdo entre predisposicéo
genética e fatores ambientais que iniciam a inflamacdo (Udompataikul & Limpa-
o-vart, 2012). A pele afetada pelas les6es da DA apresenta vermelhidéo, edema,
papulas eritematosas, que sao caracteristicas de processos inflamatorios
(Tokura, 2010). A gravidade da inflamagédo pode ser facilmente avaliada pelo
edema da orelha em modelos animais utilizando camundongos. Nos trés estudos
realizados, os tratamentos foram efetivos em reduzir o edema de orelha dos
camundongos apods a inducdo com DNCB. O edema de orelha observado nos
camundongos ocorre devido ao processo inflamatério desencadeado pela
aplicacao topica de DNCB, que também esta relacionada a migracéo de células
de defesa (leucocitos polimorfonucleares). Estes leucdcitos polimorfonucleares
podem ser estimados pela determinacéo da atividade da enzima MPO, a qual
esta bem estabelecida como um marcador de influxo de neutréfilos para o tecido
(Odobasic et al., 2016). Dessa forma, em uma tentativa de vincular os efeitos
supressores observados nos experimentos, com a modulacao da inflamacéo, a
atividade de MPO foi avaliada. A MPO € uma enzima presentes nos granulos
intracelulares de neutrofilos ativados, mondcitos e alguns macréfagos (Davies et
al., 2008). Portanto, devido a importancia dos neutrofilos na patogénese de
varias doencas, e a falta de estratégias eficazes para mensura-los, tornam a
MPO um potencial alvo terapéutico (Odobasic et al., 2016).

No primeiro estudo, o tratamento com SeTal foi capaz de reduzir a atividade
da MPO tanto na pele dorsal quanto na pele da orelha, caracterizando assim
uma atividade sistémica deste composto. O SeTal 2% provou ser menos
eficiente do que 0 1% na normalizagao da atividade da MPO na pele dorsal. Uma
explicagéo para esse resultado ainda n&o foi obtida. No entanto, com base em
nosso conjunto de resultados, o SeTal € promissor para o tratamento de lesbes
associadas a DA, no entanto, este é um estudo preliminar. Por outro lado, a HC
(creme comercial) foi eficaz apenas na reducéo da atividade da MPO na pele da
orelha. Desta maneira, a aplicacéo topica de SeTal foi capaz de reverter o quadro

inflamatorio induzido por DNCB e potencialmente aliviar os sintomas e lesdes
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cutaneas. Os biomateriais (segundo e terceiro estudo), de forma geral foram
capazes de diminuir a atividade da MPO tanto na orelha como no dorso, quando
comparado com camundongos expostos ao DNCB. Esses resultados
corroboram com os do edema de orelha. Além disso, os biomateriais (HC, SeTal,
SeTal + HC e SeTal + vitamina C), reduziram a atividade da MPO da orelha
gquando comparado ao creme HC (medicamento de referéncia). Ademais, o
tratamento com os biomateriais carregados com HC no segundo estudo
reduziram a sua atividade sistémica, evitando a morte dos animais durante o
experimento.

Os pacientes com DA possuem um subconjunto de linfocitos T e citocinas
gue podem ser usadas como biomarcadores para o diagndstico de DA (Brandt
& Sivaprasad, 2011). No primeiro estudo, o SeTal diminui a expressao de mRNA
de citocinas envolvidas na fisiopatologia da DA, assim reduzindo a condi¢cdo
inflamatoria e as respostas alérgicas desencadeadas por esses mediadores. No
entanto, nenhuma alteracdo na expressédo de TNF-a e IL-33 foi observada em
animais tratados com HC (creme comercial). O TNF-a é uma potente citocina
inflamat6ria bem conhecida que esta envolvida na transducdo do sinal da
inflamacé&o induzindo a migracdo do fator nuclear kappa B (NF-kB) para os
nacleos dos queratindcitos e é um fator importante no controle da diferenciacao
celular e das respostas imunes, 0 que torna essa citocina um importante
marcador da inflamacéo na DA (Jung et al., 2015). Acredita-se que IL-18 e IL-33
estejam envolvidas na patologia da DA, uma vez que essas citocinas pertencem
a familia IL-1, que é responsdavel por regular as respostas inflamatorias (Paller et
al., 2017). Na verdade, a IL-18 pode estimular a resposta dos linfocitos T, visto
que células epidérmicas dendriticas inflamatorias liberam IL-18 (Peng & Novak,
2015). Além disso, em um estudo anterior, um aumento nos niveis séricos de IL-
18 foi observado em criancgas, adultos e em um modelo experimental usando
camundongos (Tanaka et al.,, 2001). A DA é mediada por uma resposta
exacerbada do sistema imunologico. O baco € o maior 6érgéo do sistema linfatico
e é responsavel pela producéo de células do sistema imunolégico que combatem
infeccodes (Moon et al., 2021). Assim, no terceiro estudo foi realizado as medidas
de comprimento e o peso do bago para avaliar a esplenomegalia, o que indica
uma anormalidade imunolégica (Han et al., 2012). O tratamento com os filmes
SeTal, SeTal + HC e SeTal + vitamina C, foram capazes de controlar alteracdes
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no baco de animais expostos ao DNCB. Comparado ao grupo tratado com HC
(creme comercial), o efeito do tratamento topico com SeTal + HC foi mais eficaz
no controle das alteracdes esplénicas. A HC € um analogo sintético do cortisol
e sua administracdo a longo prazo é conhecida por resultar na supressao do eixo
hipotalamo-hipofise-adrenal (HPA) e do horménio adrenocorticotréfico (ACTH),
0 que leva a efeitos adversos como atrofia adrenal (Schacke et al., 2002). Por
sua vez, alteracdes no eixo HPA resultam em alteracfes no sistema imunolégico
e nas vias inflamatdrias, conforme observado nesse estudo, através de
alteracdes no baco de animais expostos ao DNCB. Assim, a encapsulacdo de
HC em filmes biopoliméricos proporcionou reducéo dos efeitos adversos do HC
tépico, bem como a sua incorporagao com SeTal melhorou seus efeitos (Eyerich
et al., 2013).

Os estudos histologicos revelam que os animais tratados com SeTal
apresentam fibras de colageno nas camadas superficiais e profundas da derme
intercaladas com grande quantidade de fibroblastos jovens. Como esperado, o
uso de HC (creme comercial) resultou na reducédo de fibras de colageno que
formaram bandas densas principalmente na derme superficial, que € um
conhecido efeito colateral associado ao uso de corticosteroides (Howe, 1998).
Os corticosteroides retardam a cicatrizacdo porque inibem a expressao de
interleucinas e fatores de crescimento responsaveis pela neovascularizacdo e
migragcdo fibroblastica (Howe, 1998). Claramente, o SeTal fornece uma
vantagem sobre o HC creme a este respeito, e foi relatado que melhora a
cicatrizacdo de feridas (Davies & Schiesser, 2019).

Quando o eixo HPA é estimulado, um aumento substancial na concentracao
plasmética de glicocorticoides pode ser observado, portanto, este é considerado
um parametro adequado para avaliar niveis de estresse dos animais (Touma et
al., 2003). No segundo estudo os niveis de corticosterona foram avaliados como
marcador de estresse nos animais (Brown & Grunberg, 1995; Arndt et al., 2009).
O tratamento com dois dos filmes testados (gelatina e gelatina+HC), reduziram
0s niveis de corticosterona plasmatica quando comparado com o grupo induzido
por DNCB e HC. Por outro lado, o tratamento com filme contendo apenas amido
nao reduziu os niveis de corticosterona quando comparado ao grupo induzido
com DNCB. Como mencionado, a determinacéo da corticosterona plasmatica €

a maneira mais comum de analisar o nivel de estresse de animais de laboratorio.
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No entanto, a corticosterona plasmatica responde com sensibilidade a
estressores, especialmente para pequenos animais (Touma et al., 2003). Assim,
esse fator pode ter influenciado os resultados. Outra hipdtese é que a
corticosterona, sendo um analogo sintético de corticosterona, poderia ser
detectada por meio de uma maior absorcao sistémica em alguns tratamentos,
como o tratamento com o filme de gelatina+tamido+HC. No entanto, os efeitos
toxicos observados quando existe uma maior absorcdo de HC né&o foram
observados em nenhum dos tratamentos com os filmes. De acordo com isto, ao
avaliar os marcadores de dano hepético foi demonstrado que o tratamento com
a HC incorporado ao filme biopolimerico ndo apresentou toxicidade hepatica.

Outro mecanismo importante estudado € o estresse oxidativo, que parece ser
um fator que predispde o patogénese da DA (Bertino et al., 2020). A inflamacéo
da pele em pacientes com esta doenca desempenha um papel importante na
patogénese da doenca, através da superproducao de agentes oxidantes como
radicais livres e baixa capacidade de defesa antioxidante (Ji & Li, 2016). Existem
diversos fatores enddgenos e exdgenos pelos quais ocorre 0 aumento da
producdo de espécies reativas, dentre eles esta as respostas inflamatorias dos
leucdcitos envolvendo um desequilibrio nos niveis de nitrito e nitrato (NOX)
(Lambeth, 2007).

No terceiro estudo,foram avaliados os niveis de Nox na pele dorsal dos
camundongos apos o tratamento com os filmes biopoliméricos. Dessa forma,
nesse estudo todos bioamateriais protegeram contra o0 aumento dos niveis de
NOx induzido pela exposicdo ao DNCB. Além disso, vale ressaltar que a
associacdo de SeTal a vitamina C, proporcionou efeito superior aos demais
tratamentos utilizados. Esse resultado ja era esperado, considerando que a
vitamina C atua como um potente antioxidante natural, além de possuir
propriedades anti-inflamatérias (Blaschke et al., 2013). O efeito antioxidante da
vitamina C, desempenha um papel importante no metabolismo celular através
da protecdo contra as espécies reativas derivadas da atividade metabdlica,
protegendo assim os componentes biolégicos dos danos oxidativos (Sies, 2014).
Além disso, corroborando com as informacdes supracitadas, resultados
encontrados em um estudo anterior, demonstraram que o SeTal foi capaz de
modular a atividade antioxidante em camundongos, suprimindo 0s niveis de

radicais superoxidos (Ng et al., 2017). Assim, acreditamos que o efeito
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antioxidante do SeTal pode estar envolvido na redugcéo de lesbes cutaneas
semelhantes a DA. Portanto, a combinacdo do efeito antioxidante e anti-
inflamatorio desse composto pode proporcionar uma terapia mais eficaz para o
tratamento de lesdes dessa patologia.

Em conjunto, os resultados apresentados nessa tese sugerem que 0S
tratamentos utilizados (i) reduziram as lesdes semelhantes a DA; (ii) reduziram
o prurido; (iii) atenuaram a inflamacéo; (iv) modularam parametros imunoldgicos;
(v) reduziram os niveis de um marcador de estresse oxidativo; (vi) aumentaram
a sintese de colageno e (vii) reduziram os efeitos adversos quando comparado
ao medicamento de referéncia (HC creme), no modelo utilizando camundongos.
Nesse sentido, os tratamentos testados podem ser uma abordagem

multifuncional para a DA, uma condi¢cdo multifatorial.
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Figura 8. Resumo gréafico dos eventos ocasionados pelas inducdes com 2,4-
dinitroclorobenzeno (DNCB), e dos mecanismos de acao do 1,4-anidro-4-seleno-
D-talitol (SeTal) e filmes biopoliméricos em camunongos. Abreviagbes: 2,4-
dinitroclorobenzeno (DNCB), Imunoglobulina E (IgE), Linfécito auxilar tipo O
(Th0), Linfécito auxiliar tipo 2 (Th2), Interleucina (IL), Fator de necrose tumoral a
(TNF-a), Mieloperoxidase (MPO), Espécies reativas (ERs). Fonte: Imagem do
autor, 2022
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6. CONCLUSAO

Na presente tese o SeTal apresentou-se como uma alternativa de tratamento
para as lesdes semelhantes a DA. No geral, os tratamentos avaliados mostraram
maior eficiéncia na atenuacao dos sintomas e les6es semelhantes a DA e com
efeitos adversos reduzidos em comparagdo com um dos tratamento utilizado
para a DA, a HC creme. Ademais, cabe salientar que os biomateriais avaliados
no segundo e terceiro estudo forneceram um curativo capaz de atuar como uma
barreira fisica protegendo as les6es semelhantes a DA e prevenindo o contato
da pele afetada com o meio externo, além de realizar a liberagdo controlada dos
ativos, resultando em um menor numero de aplicacbes e menores efeitos
adversos. Dessa maneira, os biomaterias séo classificados como veiculos
promissores para a liberagdo de ativos. Portanto, o SeTal pode ser uma
importante alternativa terapéutica para o tratamento das lesées semelhantes a
DA, além disso, quando incorporados juntamente nos filmes biopoliméricos o
Setal, HC e a vitamina C tiveram resultados promissores e a HC (no filme

biopolimérico) ndo apresentou efeito adverso.
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7. PERPECTIVAS

Estudos adicionais também devem ser conduzidos no futuro para tratar de
aspectos relacionados a concentracdo 6tima de HC e SeTal nos filmes e
penetracdo na pele apods aplicacdo. Todas essas informagfes sdo obrigatérias
para obter um dispositivo potencialmente aplicavel no tratamento dessa
patologia. Outro ponto importante que se deve destacar ap0s a apresentacdo
destes resultados € que a aplicacdo tanto do SeTal na sua forma livre como nos
filme biopoliméricos pode ser estendida a outros estudos envolvendo doencas

cutaneas/inflamatdrias e até mesmo cicatrizagdo de queimaduras.
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ANEXO A

Carta de aprovacao dos protocolos experimentais pela Comisséo de Etica

em Experimentacdo Animal da Universidade Federal de Pelotas

151



UNIVERSIDADE FEDERAL DE PELOTAS
PARECER N° 62/2018/CEEA/REITORIA
PROCESSO N° 23110.025357/2018-96

Pelotas, 14 de junho de 2018

Certificado

Certificamos que a proposta intitulada “Avaliacio do efeito de compostos sintéticos inéditos na
dermatite atopica induzida por 2,4-dinitroclorobenzeno em camundongos”, processo n°
23110.023357/2018-96, sob a responsabilidade de Ethel Antunes Wilhelm - que envolve a
produgio, manutengio ou utilizagio de animais pertencentes ao filo Chordata, subfilo Vertebrata
(exceto humanos), para fins de pesquisa cientifica (ou ensino) — encontra-se de acordo com os
preceitos da Lei n® 11.794, de 8 de outubro de 2008, do Decreto n° 6.899, de 15 de julho de 2009,
e com as normas editadas pelo Conselho Nacional de Controle de Experimentagio Animal
(CONCEA), e recebeu parecer FAVORAVEL a sua execugio pela Comissdo de Etica em
Experimentagdo Animal, em reunido de 11/06/2018.

Solicitamos que no TCLE seja assinado pelo Chefe do Biotério (fornecedor dos animais).

Finalidade ( X) Pesquisa ( ) Ensino
'Vigéncia da autorizagdo 15/07/2018 a 15/07/2023
Espécie/linhagem/raca Mus musculus/Balb/c
IN° de animais 208
Idade 60 dias
Sexo Fémeas
Origem Biotério Central - UFPel

152



Numero para cadastro: 23357-2018

M.V. Dra. Anelize de Oliveira Campello Felix

Presidente da CEEA

' ~ei| Documento assinado eletronicamente por ANELIZE DE OLIVEIRA CAMPELLO FELIX,
gmlu; L‘i’] Médico Veterinario, em 14/06/2018, as 10:45, conforme horario oficial de Brasilia, com
eletronica fundamento no art. 69, § 12, do Decreto n? 8.539, de 8 de outubro de 2015.

A autenticidade deste documento pode ser conferida no site
< http://sei.ufpel.edu.br/sei/controlador_externo.php?

-E.i acao=documento_conferir&id orgao acesso externo=0, informando o cédigo verificador
¥ o e o codigo .
'k_,,. 0178016 digo CRC 8E1D3652

Referéncia: Processo n® 23110.025357/2018-96 SEI n2 0178016
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ANEXO B
Permisséo do periédico cientifico International Journal of Trace Elements

in Medicine and Biology para areproducdo do material
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Re: Authorization to insert article in the Thesis

i

@ Dirk Schaumléffel <dirk.schaumloeffel@univ-pau.fr>
24/11/2022 10:27

Para: svc-scielsjoumnals@elsevier.com; gui_voss@hotmail.com

Authorization granted to attach the mentioned article in your thesis.
Dirk Schaumloffel

Editor-in-Chief

>

> Suppressive effect of 1,4-anhydro-4-seleno-D-talitol (SeTal) on atopic

> dermatitis-like skin lesions in mice through regulation of

> inflammatory mediators.
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> Ethel A. Wilhelm a,*
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> Att.
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ANEXO C
Permisséo do periddico cientifico International Materials Science &

Engineering C para areproducao do material
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Dear Guilnerme Teixeira Voss

We hereby grant you permission to reprint the material below at no charge in your thesis subject to the
following conditions:

RE: Biopolymeric films as delivery vehicles for controlled release of hydrocortisone: Promising
devices to treat chronic skin diseases, Materials Science and Engineering: C, Volume 114, 2020,
Voss et al

1. If any part of the material to be used (for example, figures) has appeared in our publication with credit
or acknowledgement to another source, permission must alse be sought from that source. If such
permission is not obtained then that material may not be included in your publication/copies.

2. Suitable acknowledgment to the source must be made, either as a footnote or in a reference list at
the end of your publication, as follows:

“This article was published In Publication title, Vol number, Author(s), Title of article, Page Nos,
Copyright Elsevier (or appropriate Society name) (Year).”

3. Your thesis may be submitied to your institution in either print or electronic form.

4. Reproduction of this material is confined to the purpose for which permission is hereby given.

5. This permission is granted for non-exclusive world English rights only. For other languages please
reapply separately for each one required. Permission excludes use in an electronic form other than

submission. Should you have a specific electronic project in mind please reapply for permission.

6. As long as the article is embedded in your thesis, you can postishare your thesis in the University
repository.

7. Should your thesis be published commercially, please reapply for permission.

8. Posting of the full article/ chapter online is not permitted. You may post an abstract with a link to the
Elsevier website www.elsevier.com. or to the aricle on ScienceDirect if it is available on that platform.

Kind regards,

Roopa Lingayath
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Journal: Biomaterials Advances

Title: Treating atopic-dermatitis-like skin lesions in mice with gelatin-alginate films containing 1,4-anhydro-
4-seleno-d-talitol (SeTal)

Corresponding Author: Dr Ethel Wilhelm
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submission via Elsevier's online submission system for Biomaterials Advances.

Submission Title: Treating atopic-dermatitis-like skin lesions in mice with gelatin-alginate films containing
1,4-anhydro-4-seleno-d-talitol (SeTal)

Elsevier asks all authors to verify their co-authorship by confirming agreement to publish this article if it is
accepted for publication.

159



