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Resumo
Um dos grandes desafios atuais da ciéncia e engenharia de materiais é o desenvolvimento de

materiais sustentaveis, produzidos por rotas quimicamente amigaveis, que ndo impactem o
meio ambiente proporcionando materiais com multifuncionalidade. Nesse sentido, a
modificacdo da quitosana incorporando o grupo tiol é bastante promissora, pois essa
modificacdo abre um leque de aplicacbes que vao desde engenharia de tecido até tratamento
de agua, pois esse grupamento possibilita uma melhor adesdo celular, assim como uma
seletividade e interacdo quimica ampliada com diversos materiais. Nesse enfoque, o presente
trabalho buscou a producdo de materiais tridimensionais por meio do processo freeze-drying
(liofilizacdo), funcionalizando a quitosana com diferentes precursores contendo o grupo tiol
(-SH) (cisteina (CHICys) e acido mercaptoundodecanoico (CHIMerc)) por uma rota quimica
sustentavel, para potenciais aplicacdes na regeneracéo tecidual e no tratamento de agua. Para
melhor compreensdo dos mecanismos envolvidos na funcionalizagdo, técnicas de
caracterizacdo como espectroscopia no infravermelho, espectroscopia Raman, ressonancia
magnética nuclear, intumescimento, degradacdo por solvatacdo (Gel-fraction, GF), angulo
de contato, microscopia eletronica de varredura, microtomografia computadorizada,
Arquimedes e definicdo do grau de funcionalizacdo com o reagente Ellman, utilizando a
espectroscopia no ultravioleta visivel, foram utilizadas. Além disso, para avaliar a aplicacdo
do material na regeneracdo de tecido, ensaios bioldgicos de citotoxicidade, como o ensaio
colorimétrico de MTT e o LIVE/DEAD com as células de osteosarcoma (SAQOS) e de rim
embrionario (HEK) foram reproduzidos. Além de ensaios antibacterianos com a bactéria
Pseudomona aeroginosa e ensaios de adsorcdo do pigmento laranja de metila, avaliando a
cinética de adsorcdo, isotermas, influéncia do pH e dessorcao para a potencial aplicacdo do
material no tratamento de agua com o patdgeno e com corantes. Os resultados mostraram que
0s precursores apresentaram diferentes graus de funcionalizacdo em razdo das diferencas de
cada um e do método utilizado (CHICys =5 % e CHIMerc = 26 %). Além disso, a estrutura
tridimensional das quitosanas modificadas apresentaram uma morfologia mais homogénea
comparada com a da quitosana, diametros de poros ((223£72 um), (225£95 um) para a
CHICys e CHIMerc, respectivamente), porosidade (> 80 %) e interconectividade (> 90 %)
adequados para crescimento celular. Também a estabilidade quimica e a lipofilicidade do
material foi diferente apresentando-se maior (CHIMerc, GF = 96£3 %) ou menor (CHICys,

GF = 36+4 %) dependendo do precursor. Os resultados também indicaram que essa
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estabilidade quimica esta relacionada ao grau de funcionalizagio (CHICys = 409+27 um.g*
e CHIMerc = 2218+100 pum.g?), ja que o grupo tiol possibilita a formacdo de ligagbes
cruzadas por meio de ligacGes dissulfetos, bem evidentes na amostra CHIMerc. Essa
diferenca na funcionalizagéo, possibilitou a amostra CHIMerc a aplicagdo como adsorvente
do pigmento laranja de metila, apresentando uma alta adsor¢do (400 — 450 mg.g™ em pH =
7,0£0,2), sendo o modelo de Freundlich o mais apropriado para explicar a adsorcéo,
indicando uma afinidade quimica do scaffold pelo pigmento e com elui¢do do pigmento apds
2 h de ultrassonicacdo ((82+1) %, (76x2) % e (37+£2) % para 0 EDTA, KCI e HNOs3,
respectivamente). A avaliacdo da adsor¢do do pigmento e de dgua em diferentes pH mostrou
que o grupo tiol é influenciado pelo pH (sob condicdes basicas sofre oxidacdo e a adsorcéo
sofre uma diminuigdo (18+1 %), comparada com condi¢des acidas (42+3 %) e neutras (91+2
%)). Essa amostra também apresentou atividade antibacteriana contra Pseudomona
aeroginosa, uma bactéria bastante resistente e presente em efluentes e agua residuais
propiciando o uso desse scaffold como um adsorvente em agua contaminadas com esse
patdgeno. E ambos os scaffolds ndo apresentaram citotoxicidade in vitro avaliada pelos
ensaios de MTT e LIVE/DEAD nas células HEK e SAOS propiciando sua aplicacdo em
regeneracao tecidual em razdo da morfologia, das propriedades fisico-quimicas e da nédo

toxicidade no meio bioldgico.

Palavras chaves: Quitosanas Tiolizadas, Estrutura Tridimensional (3D), Tiol (SH),

Engenharia de Tecido, Bioadsorcéo.
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Abstract
One of the major challenges today in materials science and engineering is the development

of sustainable materials produced by chemically friendly routes that do not impact the
environment by providing multifunctional materials. In this sense, the modification of the
chitosan incorporating the thiol group is very promising, since this modification opens a
range of applications ranging from tissue engineering to water treatment, since this grouping
allows a better cellular adhesion, as well as a selectivity and chemical interaction enlarged
with several materials. In this approach, the present work sought the production of three-
dimensional materials from a sustainable source through the freeze-drying process, using
chitosan modified with different precursors containing the thiol group (SH) (cysteine
(CHICys) and mercaptoundodecanoic acid (CHIMerc)) by a friendly chemical route for
applications in tissue regeneration and water treatment. In order to understand the
mechanisms involved in the functionalization, characterization techniques were used as
infrared spectroscopy, Raman spectroscopy, visible ultraviolet spectroscopy, nuclear
magnetic resonance, swelling degree, gel-fraction, surface contact, scanning electron
microscopy, microtomography, Archimedes, biological cytotoxicity assays such as MTT and
LIVE/DEAD with SAOS and HEK cells, and antibacterial activity against Pseudomona
aeroginosa. In addition, the scaffolds were applied in the adsorption of the methyl orange,
evaluating the Kinetics of adsorption, isotherms and the influence of the pH in this adsorption.
As the desorption of the pigment was carried out to evaluate the feasibility of reuse. The
results showed that the different precursors led to different degrees of functionalization due
to the differences in the chains and the method used (CHICys =5 % and CHIMerc = 26 %).
In addition, the three-dimensional structure of thiolated chitosans presented different
morphology compared with chitosan, as the porous size ((223+72 pum), (22595 um) para a
CHICys e CHIMerc, respectively), porosity (> 80 %) and interconnectivity (> 90 %) were
suitable to cell growth. The chemical stability and lipophilicity of the material was also
different (CHIMerc, GF = 96+3%) or lower (CHICys, GF = 36+4%) depending on the
precursor. The results further indicated that the higher chemical stability was provided by the
presence of the higher amount of thiol group (CHICys = 409+27 pum.g* and CHIMerc =
2218+100 um.g™?, obtained with the Ellman’s reagent), which provides crosslinks formed by
the disulfide bonds, most evident in the CHIMerc sample. This difference in the

functionalization and the presence of the thiol group allowed the CHIMerc sample to be
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applied as an adsorbent to the methyl orange, which presented a high adsorption (400 - 450
mg.g? at pH = 7.0+0.2), and the Freundlich model was more suitable to explain the
adsorption, which indicates a chemical affinity of the scaffold for the pigment. In addition,
the adsorption of the pigment and water at different pH showed that the thiol group is
influenced by pH (under basic conditions undergoing oxidation and the adsorption process
suffer a decrease (18+1 %), compare with acid (42+3 %) and neutral (91+£2 %) conditions).
Moreover, the recovery of methyl orange after 2 h of ultrasonication was (82+1) %, (76+2)
% and (37+2) % for the EDTA, KCI, and HNO3, respectively indicated the feasibility of its
reuse. In addition, this sample presented antibacterial activity against Pseudomona
aeroginosa, a very resistant bacterium present in effluents and residual water, which allowed
the use of this scaffold as an adsorbent wastewater with this patogen. As well as both
scaffolds did not present in vitro cytotoxicity evaluated by the MTT and LIVE/DEAD assays
with HEK and SAOS cells favoring its application in tissue regeneration due to the

morphology, physicochemical properties and non-toxicity to the biological environment.

Keywords: Thiolated Chitosan, Three Dimensional Structure (3D), Thiol (SH), Tissue

Engineering, Bioadsorption



Organizacgo da Tese

A estrutura desta tese segue uma divisdo por capitulos de 1 a 7, sendo que os capitulos 3 e 4
correspondem a um manuscrito publicado e submetido a publicacdo. O capitulo 1 apresenta
a introducdo ao tema e 0s objetivos dessa tese, sendo destacados a relevancia do trabalho. O
capitulo 2 relata uma breve reviséo bibliografica do assunto, abordando os topicos principais
expostos na literatura pertinentes a pesquisa trabalhada.

O capitulo 3 aborda o0 manuscrito publicado no periddico International Journal of Biological
Macromolecule (Qualis A2) em marco de 2018, onde ¢é abordado a producdo de estruturas
tridimensionais pelo processo de liofilizacdo (freeze-drying) a partir de quitosana modificada
com diferentes precursores contendo o grupo tiol, compreendendo as diferencas de
funcionalizacdo em relacdo a morfologia e grau de funcionalizagdo proporcionado pelos

diferentes precursores para aplicacao na regeneracdo tecidual de cartilagem.

O capitulo 4 € composto do manuscrito submetido a publicacdo em junho de 2018 para o
periddico Biochemical Engineering Journal (Qualis Al). Nesse manuscrito é abordado a
compreensdo da funcionalizacdo da quitosana para aplicacdo no tratamento de agua com
corantes (pigmentos) e sua atividade antibacteriana com a bactéria Pseudomona aeroginosa,
compreendendo os diferentes mecanismos em cada aplicacdo e a influéncia do grupo tiol

nessas aplicacoes.

O capitulo 5 aborda as consideracdes finais referentes ao trabalho de pesquisa aqui presente,
entendendo a importancia e a influéncia que o grupo tiol exerceu nas diferentes aplicacdes

propostas nessa tese. Assim como as contribui¢fes originais desse trabalho.

Por fim, os capitulos 6 e 7 abordam as contribuicBes para a literatura desse trabalho, assim

como sugestdes de trabalho futuro dessa pesquisa.



Capitulo 1. Introducéo

Um dos grandes desafios atuais da ciéncia e engenharia de materiais é o desenvolvimento de
materiais sustentaveis, produzidos por rotas quimicamente amigaveis, que ndo impactem o
meio ambiente produzindo materiais com multifuncionalidade. Logo, a proposta de
funcionalizacdo de polimeros provenientes de fontes naturais torna-se bastante promissora,
pois esses polimeros possuem como vantagens serem biodegradaveis, provenientes de fontes
renovaveis, manufatura mais facil e muitas vezes serem produzidos a partir de residuos [1-
3].

Nesse enfoque, a quitosana é um biopolimero bastante promissor, pois engloba propriedades,
como biocompatibilidade, propriedades antibacterianas [4], apresenta propriedades Unicas
com funcbes fisioldgicas altamente sofisticadas devido a sua atividade bioldgica versatil e
biodegradabilidade em combinacdo com baixa toxicidade [5-7]. Além disso, apresenta em
sua cadeia grupamentos quimicos como as aminas e hidroxilas, que Ihe proporcionam uma
grande capacidade de captacdo de ions de metais pesados, de compostos organometalicos,
assim como de 0leos e derivados [8], e ainda permitem diversas modificacGes quimicas na
cadeia desse polimero viabilizando multiplas aplicacbes como na indastria farmacéutica,
cosmética, biomédica, biotecnoldgica, agricola, industrias de alimentacdo, bem como no
tratamento de agua, papel e téxteis [9-11]. Essas modificacdes quimicas podem ser realizadas
por meio de ligacdes cruzadas e conjugacao oferecendo diversas alternativas, como insercao
de grupos quimicos funcionais e ativos, através de ligacdes covalentes com os grupamentos

aminas ou hidroxilas tornando sua aplicacdo final mais viavel [12-14].

A incorporacdo de grupos quimicos especificos que proporcionem ndo somente uma alta
capacidade de retencdo de agua, por meio da formacdo de redes tridimensionais, mas que
possibilitem uma interacdo especifica com determinados grupos quimicos presentes tanto no
meio celular, como no meio ambiental, em especial a 4gua, apresenta-se como um desafio e
uma oportunidade de aliar a ciéncia dos materiais a engenharia de sustentabilidade em
aplicagdes ambientais e biologicas. Nesse sentido, as quitosanas modificadas com o grupo

tiol (-SH) sé@o cientificamente e industrialmente atraentes, pois a presenca desse grupo



melhora a estabilidade quimica da quitosana, por meio da formacéo de ligagGes dissulfidicas
(S-S), assim como possibilitam uma interacdo especifica com diversos materiais e com 0
meio biolégico [15]. Essa modificagdo é feita com base na imobilizagdo do grupo tiol nos
grupamentos aminas na cadeia da quitosana e varios compostos podem ser utilizados nessa
incorporacdo do grupo tiol, como acido tioglicélico [16], cisteina [15,16] e mercaptos
[17,18].

De maneira geral, essas incorporacdes melhoraram a propriedade mucoadesiva e de reforgo
da quitosana, proporciona novas propriedades fisico-quimicas tais como a formacgdo de
organizagdes poliméricas, incluindo géis, vesiculas poliméricas, filmes Langmuir-Blodgett,
cristais liquidos, membranas e fibras, promovem atividade antibacteriana [18-22] e formacéo
de matrizes tridimensionais mais homogéneas e estaveis quimicamente [17,23]. A
incorporacdo desse grupo na cadeia da quitosana da origem a algumas caracteristicas
sinérgicas interessantes para uso em engenharia de tecidos, bem como outras propriedades
biomédicas potencialmente uteis, incluindo anticoagulante e atividades de colesterol [24,25].
Assim como potencial para aplicacbes ambientais, como tratamento de &gua, ja que a
incorporacéo do grupo tiol possibilita uma melhora na afinidade quimica com diversos ions

como arsénio, cadmio e prata [26-28].

No entanto, embora existam varios estudos apontando o0 uso dessas quitosanas modificadas
com o grupo tiol, existe um vasto campo a ser explorado com base na combinacdo de
funcionalidades quimicas com o esqueleto da quitosana produzindo uma nova classe de
quitosanas tiolizadas, tais como quitosanas modificadas com cistéina e com grupos acilados
contendo o grupo tiol, como 0s mercaptanos, para numerosas aplicacdes. Um material ideal
combinara todas as caracteristicas mencionadas da quitosana e do grupo tiol em um dnico

projeto [18].

Considerando que a disponibilidade de &gua para o desenvolvimento econémico e
conservagdo da vida é um tema de grande preocupacdo [29], cirurgiBes ortopédicos e
pesquisadores em todo o mundo enfrentam continuamente o desafio de regenerar os defeitos

dos tecidos, pois o corpo humano tem uma capacidade restrita de auto-regenerar



adequadamente a maioria de seus principais tecidos [30] e antibioticos e bactérias resistentes
sdo amplamente encontrados no ambiente como resultado do aumento do uso de
medicamentos em aplicacbes medicas, veterinarias e agricolas [31,32]. Encontrar um
material que alie a possibilidade de aplicacdo no tratamento de &gua, regeneracao tecidual e
atividade antibacteriana é um grande desafio. Nesse contexto, essas quitosanas tiolizadas sdo
interessantes, pois aliam a capacidade de mimetizar a matriz extracelular e possibilitar uma
melhor adesdo das células devido a presenca do grupo tiol [33], promover atividade
antibacteriana [18] e interacdo quimica com ions presentes em agua [26-28]. Assim, ha um
vasto campo a ser explorado com base na combinacdo de funcionalidades quimicas da
quitosana com grupos tiol como N-cisteina-quitosana e N-acetil-quitosana para inumeras
aplicacOes e na literatura publicada ndo ha relatos em relacdo a investigacdo de estruturas
tridimensionais produzidas a partir de quitosanas tiolizadas para aplicacbes em reparo de

tecidos moles e na adsorcao de pigmentos.

Dessa forma, o proposito da presente tese foi desenvolver estruturas tridimensionais a partir
de quitosana modificada com a incorporacéo de diferentes precursores contendo o grupo tiol
em sua estrutura, a L-cistéina (CYS) e o acido mercaptoundodecandico (MERC), por meio
de uma rota quimicamente sustentavel, para potenciais aplicacdes na regeneracéo tecidual e
no tratamento de agua com corantes (pigmentos), além de promover a atividade
antibacteriana. Compreendendo os mecanismos de funcionalizacdo quimica, a engenharia
quimica envolvida no processo e a interacdo quimica com os diferentes componentes

trabalhados nessa pesquisa.

1.1. Objetivos

1.1.1 Objetivo Geral

O objetivo geral dessa tese foi produzir estruturas tridimensionais (3D) pelo processo de
freeze-drying, a partir da quitosana modificada com diferentes precursores contendo o grupo
tiol, a L-cisteina e o &cido mercaptoundodecandico, por uma rota quimicamente sustentavel,
para aplicacGes na regeneragdo tecidual e na adsor¢do de corantes (pigmentos), além de

promover a atividade antibacteriana.



1.1.2 Objetivos Especificos

Como objetivos especificos dessa tese encontram-se:

Funcionalizar a quitosana com diferentes precursores contendo o grupo tiol por meio
de uma rota quimicamente amigavel, mantendo a mesma razdo molar entre 0s
precursores e avaliar as diferencas de funcionalidades em cada um;

Promover a formacao de estruturas tridimensionais através do processo de liofilizacdo
(freeze-drying) e estudar as diferengas proporcionadas na estrutura 3D com os
diferentes precursores pelas técnicas de microscopia eletrdnica de varredura (MEV),
microtomografia computadorizada (micro-CT) e pelo Principio de Arquimedes;
Entender os mecanismos de funcionalizacdo proporcionado pelo uso dos zero-
crosslinker  (N-(3-Dimetil  aminopropil)-N-etilcarbodiimida (EDC) e N-
Hidroxisulfosuccinimida (sulfo-NHS)) por meio de diferentes técnicas de
caracterizacdo, como espectroscopia no infravermelho (FTIR), espectroscopia
Raman e Ressonancia Magnética Nuclear (RMN) e espectroscopia no ultravioleta
visivel usando o reagente Ellman;

Compreender a modificacdo nas propriedades da quitosana com a incorporacéo do
grupo tiol e sua interacdo com os diferentes meios por meio do uso de técnicas como
intumescimento, degradacdo por solvatacdo (Gel-fraction), espectroscopia Raman e
angulo de contato;

Avaliar a citoxicidade in vitro das diferentes quitosanas tiolizadas para averiguar a
possibilidade da sua aplicacdo em regeneracdo de tecido por meio de ensaios
colorimétrico de reducdo do brometo de 3-(4,5-Dimetiltiazol-2-yl)-2,5-
difeniltetrazdlio (MTT) e LIVE/DEAD;

Entender os mecanismos quimicos envolvidos na adsor¢do do pigmento laranja de
metila, assim como a interacdo do grupo tiol com o pigmento;

Avaliar a cinética e a adsorcdo do pigmento laranja de metila por meio de isotermas
de adsorcao;

Avaliar a influéncia do pH na adsor¢do do laranja de metila, assim como o
comportamento da estrutura tridimensional em diferentes pH sem o corante,

verificando as modifica¢Ges no grupo tiol;



e Compreender a influéncia do grupo tiol na atividade antibacteriana contra a bactéria

Pseudomona aeroginosa.
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Capitulo 2. Revisdo Bibliografica

2.1 A quimica verde e aspectos de sustentabilidade

As tecnologias de Quimica Verde ¢ Engenharia sdo “ferramentas” que fornecem solucées
inovadoras para hoje e amanha em muitas areas de produtos e pesquisa de processo e
aplicacdo [1]. Os esforcos em Quimica Verde e Engenharia precisam estar focados nas
principais questdes para a sustentabilidade, as quais incluem varios fatores como alteracoes
climaticas, producdo sustentavel de energia, esgotamento de recursos ndo renovaveis, a
dissipacdo de materiais toxicos e perigosos no meio ambiente, assim como tratamentos de

residuos solidos e liquidos, entre eles a agua [2,3].

Anasta & Warner (1998) [4] definem a quimica verde como a utilizagdo de um conjunto de
principios que reduz ou elimina 0 uso ou a geracdo de substancias perigosas no projeto,
fabricacéo e aplicacdo de produtos quimicos. Uma das distintas caracteristicas desse conceito
€ a acao para fazer um produto quimico ou processo inerentemente menos perigoso [4]. Ja a
sustentabilidade foi definida pela Comissdo Mundial sobre Meio Ambiente e
Desenvolvimento da Organizacao das Nac¢des Unidas (ONU) (1987) como uma iniciativa em
atender as necessidades da geracdo atual, sem comprometer a capacidade das geracdes

futuras de atender suas necessidades [5].

Dessa forma, aliar processos gque sejam menos perigosos ao ser vivo e ao meio ambiente e
promover a producdo de materiais que atendam as necessidades das geracoes atuais e futuras,
sem um grande impacto no meio ambiente, torna-se um desafio cada vez maior para a ciéncia
dos materiais, ja que com o passar dos anos 0 homem tem comprometido ndo s seu
desenvolvimento presente, mas principalmente das geracdes futuras que encontram um
ambiente pouco promissor para as praticas sociais e de trabalho, com diminuicdo e impactos
constantes nos recursos naturais, cComo a agua, assim como um acumulo cada vez maior de

residuos no ambiente [1,6].
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Nesse enfoque, os produtos quimicos devem ser em sua grande maioria biodegradaveis para
que ndo persistam no meio ambiente. Substancias quimicas e processos devem ser capazes
de minimizar os riscos potenciais de produtos quimicos como derramamentos, explosdes e
incéndios [1,4]. O uso de derivados desnecessarios devem ser evitados para reduzir o
desperdicio quimico que pode ser gerado. Assim como a preferéncia pelo uso de matérias
primas provenientes de fontes renovaveis no lugar de materiais provenientes de fontes ndo

renovaveis [1,4].

Logo, o objetivo do projeto deve ser a durabilidade direcionada ao produto e ndo a
imortalidade. Atender as necessidades e minimizar o excesso deve ser considerado como uma
prioridade no design e produtos multicomponentes devem ser projetados para minimizar 0s
impactos causados durante o processamento [7]. A integracdo e a interconectividade com os
fluxos disponiveis de energia e material devem ser projetados de forma a diminuirem o0s
impactos causados no meio ambiente. Assim como a escolha de rotas quimicas mais
sustentaveis com uso racionado de materiais que impactem o meio ambiente devem ser
escolhidas [7].

Nesse sentido, uso de materiais como os biopolimeros € cientificamente e industrialmente
atraente, pois estdo disponiveis em grandes quantidades, apresentam grande potencial para
uso em razdo do seu baixo custo, representando recursos praticamente inexplorados,
amplamente disponiveis e ambientalmente amigaveis, ja que muitos sao de origem natural e
biodegradavel [8-11].

2.2 Biopolimeros

Os biopolimeros, também conhecidos como bioplasticos, comecaram a ter seu uso industrial
h& muitos anos atras, no entanto sua participacdo ainda é minima no mercado internacional,
mesmo apresentando vantagens de aplicacdes [12]. No Brasil, o seu desenvolvimento se
iniciou na década de 90 com a cana de acUcar, por meio de uma parceria do Instituto de

Pesquisa Tecnoldgica (IPT), da Copersucar e da Universidade de Sdo Paulo (USP). Esses
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estudos se iniciaram com os polimeros da familia dos poli(hidroxialcanoatos) (PHA), os
quais sdo produzidos por bactérias em biorreatores a partir de agucares [13].

Esses biopolimeros séo classificados estruturalmente como polissacarideos, poliésteres ou
poliamidas. A sua manufatura é possivel por meio de uma fonte de carbono renovavel,
geralmente carboidratos derivados de plantios comerciais de larga escala ou de 6leos
vegetais, ou provenientes das paredes celulares de fungos ou casca de crustaceos [14]. Essas
fontes renovaveis possuem um ciclo de vida mais curto comparado com as fontes fosseis,
como o petréleo que leva milhares de anos para se formar, levando ao crescente interesse no
uso dos biopolimeros, em razdo de alguns fatores ambientais e sdcio econdémicos, pois
reduzem os grandes impactos ambientais causados pelos processos de extracdo e refino

utilizados para producao dos polimeros provenientes do petréleo [15].

Uma vantagem do uso desses materiais € que grande parte deles apresentam uma degradacéo
mais sustentavel, pois sdo biodegradaveis [16]. Os principais polimeros biodegradaveis de
base biologica incluem polihidroxialcanoatos, polihidroxibutirato (PHB) e copolimeros
afins, como o acido polilactico (PLA), a celulose regenerada e polimeros a base de amido. O
consumo desses materiais tem crescido cada vez mais, principalmente na America do Norte
(2° maior produtor) e na Europa Ocidental (1° maior produtor), sendo os mais consumidos o

acido polilactico (PLA) e o amido, com 41 % e 38 % de consumo, respectivamente [17].

Polimeros de origem natural e biodegradaveis de grande interesse atual estdo presentes na
classe dos polissacarideos. Os polissacarideos sdo os carboidratos mais abundantes presentes
na natureza desempenhando diversas funcGes, entre elas fornecimento de energia, pois

liberam grandes quantidades de calorias [18].

2.2.1 Polissacarideos

Os polissacarideos sdo polimeros naturais e biodegradaveis com cadeias de dez a milhares
de monossacarideos unidos por liga¢6es glicosidicas (Figura 2.1). Apresentam grupamentos

quimicos que lhes possibilitam diversas modifica¢fes quimicas. Assim como apresentam
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biocompatibilidade e a possibilidade de interacdo com diversos meios, como o bioldgico e a
agua [19-22].

OH

OH

HO o
OH oH
le) (0]
OH OH
Ho o °
OH OH

Figura 2. 1. Estrutura de um polissacarideo com as ligac6es glicosidicas
Fonte: Adaptado de Kaplan (1998) [23]

Os beneficios de utilizar esses polissacarideos em diversas aplicacdes sdo enormes, pois sao
polimeros ambientalmente amigaveis, provenientes de fontes renovaveis, apresentam
biodegradabilidade, propriedades reoldgicas interessantes, podem apresentar interacoes
intermoleculares de maneiras diferenciadas, a depender da classe, implicando nas mais
diversas aplicacGes em ciéncias dos materiais, sdo biocompativeis, além de comporem a

composicao alimentar essencial da maioria dos seres vivos [18,23-25].

O primeiro polissacarideo foi descoberto em fungos comestiveis durante estudo relativo ao
seu valor nutricional em 1811, posteriormente denominado quitina. A presenca de grupos
funcionais como hidroxilas, aminas, acetamida, carboxilicos e sulfatos proporcionam a esse
grupo caracteristicas interessantes como biocompatibilidade, atoxicidade, hidrofilicidade e
multifuncionalidade [21]. Esses polissacarideos podem ser classificados quanto a fungéo
como estruturais (celulose e quitina) ou de reserva (amido). Os estruturais sdo compostos de
polimeros lineares, arranjados na forma de fibras constituindo paredes de plantas, animais,
insetos e vegetais. Ja os de reserva sdo cadeias mais complexas que ao serem degradadas

fornecem energia [26].

Um dos polissacarideos mais abundantes no Planeta é a celulose. Ela comp®e a estrutura de

plantas, alguns animais marinhos, algas e liquens. Estima-se que sua produc¢do no mundo seja
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superior a 10'2 toneladas sendo considerada uma fonte quase inesgotavel de matéria prima
no ecossistema [27]. A celulose é composta de uma unidade elementar denominada anidro
— D — glicose, sendo que os mondmeros da glicose séo esterificados por ligacdes do tipo R -
(1,4) —glicosidicas permitindo a celulose um arranjo linear devido a configuracéo do carbono
anomérico (Figura 2.2). Esse arranjo linear resulta numa distribui¢do uniforme das hidroxilas
na cadeia levando a constituicbes de fortes interagdes de hidrogénio, proporcionando um
arranjo cristalino na celulose o que a torna um polimero com certa rigidez e hidrofilicidade
[28,29].

OH
HO OH HO
HO OH
o) S 0 o
/ O HO ®) e}
OH n OH

Figura 2. 2. Estrutura da celulose
Fonte: Adaptado de Taipina (2012) [29]

A celulose vem sendo estudada ha mais de 70 anos e mesmo nos dias de hoje a sua
aplicabilidade e modificacdo tem ampla divulgacdo no meio cientifico. Varios estudos como
o de Innerlohinger, et al. (2006) [30] e Wang, et al. (2013) [31], envolvendo a producéo de
aerogeéis mostraram resultados interessantes em relacdo a porosidade e outras propriedades.
Além de trabalhos como producdo de nanocristais de celulose [32,33], ou a producéo de
celulose atraves dos mais diferentes tipos de fungos para diferentes aplicacGes [34], producéo
de nanofibras, aplicac6es de celuloses e modificacBes de celuloses em tratamento de dgua e
adsorcao [35-37].

No entanto, outros polissacarideos sdo estudados além da celulose, como 0 amido ou a quitina
[37-39]. Assim como modificacbes desses mesmos polissacarideos, como a
carboximetilcelulose [19,40], a quitosana [41,42], a carboximetilquitosana [42], a
trimetilquitosana [43], entre outros. No caso do amido, a sua vantagem € que ele faz parte da
principal reserva alimentar de plantas, sendo comercialmente derivado de gréos e tubérculos.

Ele é composto de uma mistura de dois polissacarideos (glucanos), a amilose (menor
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composicdo) e a amilopectina (maior composicdo). Muitas das propriedades quimicas e
fisicas do amido dependem da sua natureza granular [39].

Além do amido, nos Gltimos anos um grande nimero de polissacarideos vem sendo estudado.
As xiloglucanas, encontradas na parede celular de plantas que possuem um esqueleto
celuldsico (1—4) — B — D - glicopirano agregado a residuos oo — D - xilopiranose no carbono
6, ligadas por meio de ligacBes de hidrogénio as fibras de celulose na parede celular, é outro
representante desse grupo. Esse polissacarideo € de extrema importancia para 0 nao
rompimento das células durante a pressdo osmotica [44], sendo muito utilizada como aditivo
na industria de papel celuldsico, pois a sua insercdo nas fibras de celulose durante a producéo

de papel torna a superficie mais fina proporcionando maior resisténcia ao papel [45].

Outro polissacarideo presente em grande abundancia € a quitina, considerado o segundo mais
abundante desse grupo por alguns autores na literatura. A quitina compde a estrutura de
exoesqueletos de crustaceos, fungos e paredes celulares [46]. Além disso, por meio da
desproteinizacdo, desmineralizacdo, descoloracdo e desacetilagdo alcalina de estruturas
contendo quitina é possivel obter a quitosana (Figura 2.3), um biopolimero biodegradavel de

grande interesse atual [47].
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Figura 2. 3. Representacdo esquematica da desacetilagdo da quitina para obtencdo da
quitosana, destacando os grupamentos aminas livres
Fonte: Adaptado de Pires (2010) [48]
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3.2.1.1 Quitosana e Quitosana tiolizada

A quitosana é obtida pela N-desacetilacdo da quitina sendo considerada um copolimero
composto por unidades estruturais de 2 — amino — 2 — desoxi — D — glicopiranose (GIcN) e 2
— acetamido — 2 — desoxi — D — glicopiranose (GIcNAc) unidos por ligagdes glicosidicas do
tipo B (1—4), mas com a unidade glicosamina (GICN) sempre em maior propor¢éo (Figura
2.4) [49].

HO NH, HO NH, HO " >=0
o)
o] b o o‘jh/
OH OH OH
Figura 2. 4. Estrutura quimica da quitosana
Fonte: Adaptado de Gongalves, et al. (2011)

A escolha da fonte da quitina e 0 seu processo de isolamento afetam a qualidade e as
propriedades fisico-quimicas da quitosana significativamente [50]. A maior parte da
quitosana disponivel comercialmente € produzida a partir da desacetilagdo da quitina retirada
de cascas de camardao em condicgdes alcalinas, a altas temperaturas e por longos periodos de
tempo [51]. No entanto, o fornecimento das matérias-primas é variavel lote a lote, sazonal,

sendo o processo laborioso e dispendioso [52].

A formacdo da quitosana é determinada pelo grau de desacetilacdo (GD), que esta associada
a porcentagem de grupamentos aminos livres, permitindo a distincdo entre a quitina e a
quitosana [53,54]. Quando o GD alcanca valores maiores que 50 %, a quitina se torna soltvel
em meio aquoso &cido sendo entdo denominada de quitosana [53]. O processo de
desacetilacdo alcalina de ligacdes N - acetil presentes na quitina, resultando na formacéao de
D - glucosamina, que contém um grupo amina livre, proporciona a quitosana um relativo

caréater hidrofilico [48].
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O GD da quitosana pode ser determinado por diversas técnicas como analise elementar,
titulacdo potenciométrica [55], espectroscopia no ultravioleta visivel (UV vis) [56],
espectroscopia no infravermelho (FTIR) [57] e pela ressondncia magnética nuclear [42]. A
escolha da técnica depende do processo de purificagdo, da solubilidade da amostra e da

disponibilidade de equipamento.

Nahalka, et al. (1998) [57] relata que o GD da quitosana esta relacionado a quantidade de
grupos amidos acetilados, podendo dessa forma ser utilizada a espectroscopia no
infravermelho para detecgédo do seu valor. Nesse caso, usa-se a razdo das absorbancias (A)
definindo o baseline e realizando os calculos conforme colocado na Equagéo (2.1).

Av3z0/Araz0 = 0,3822 + 0,03133(100 — GD) (2. 1)

Onde:

A13,0 € a absorbancia (relacionada a altura) centrada proximo a banda 1320 cm™ é a banda
da amida I1I.

Ai40 € aabsorbancia (relacionada a altura) centrada préximo a banda 1420 cm™ referente a

banda da deformacéo anti-assimétrica do grupo CHs.

O grau de desacetilacdo e a massa molar da quitosana influenciam na maioria de suas
propriedades, tais como solubilidade em &gua, comportamento mecanico, transparéncia
Optica, biodegradabilidade, estabilidade quimica, entre outras [41-43]. A espectroscopia no
infravermelho é muito valiosa na caracterizacdo quimica da quitosana e seus derivados, pois
além de ser possivel a obtencdo do GD ela analisa as emissdes de energia devido a acao de
um campo eletromagnético, ocorrendo assim transferéncia de energia entre 0 campo e a
molécula sendo possivel determinar as ligacfes quimicas presentes na cadeia [58]. A Tabela
2.1 mostra as bandas relativas aos grupos quimicos associados a estrutura quimica da

quitosana e a Figura 2.5 mostra um espectro da quitosana.
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Tabela 2. 1. NUmeros de onda e grupos quimicos caracteristicos da quitosana [42,43,54,57].

Bandas o Bandas .
Grupo Quimico Grupo Quimico
(cm™) (cm™)
3570 - 3200 1340 - 1250 )
v OH 8 C-N (Amida I11)
3450 1380
2955 — 2845
v CH (assimétrico) 1321 v CN (Amida III)
2922
v CH
2878 L 1260 v CN (Amida II)
(simétrico)
1550 — 1500 v NH3" (simétrico)
) 1150 e 896 v C-0-C
1590 - 1500 NH2e Amida Il
v -C-O (C3-0H alcool
1640 — 1600 | v NHs* (anti-simétrico) | 1090 — 1075 secundario)
1650 -C=0 (Amida I) 1060 — 1020 v -C-0O (C6-OH élcool
primario)
v C=N (fraco) 1300 — 1000 )
1640 — 1690 ) v C-O (ciclico)
(Base de Schiff) 1070
1570-1515 o
& N-H (1) 1030 v C-O (ciclico)
1560
5 OH
1465
deformacao 897 v C-0
1420

antisimétrica CHs
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Figura 2. 5. Espectro no infravermelho da quitosana na faixa de 800 a 1800 cm™

Fonte: Adaptado de Medeiros Borsagli, et al. (2015) [42]

Outra ferramenta que pode ser aliada ao FTIR é a espectroscopia Raman. O efeito Raman
consiste do espalhamento inelastico de luz. Um foton incidente perde ou ganha energia no
processo de espalhamento com o material, tendo o féton espalhado energia inferior ou
superior a energia do foton incidente. As diferencas de energia entre a luz incidente e a

espalhada estao relacionadas as diversas propriedades vibracionais de cada material [59].

Uma das caracteristicas mais importantes dessa técnica € a identificacdo de grupos quimicos
caracteristicos nas quais muitas moléculas estéo envolvidas, além da obtencdo de uma ampla
faixa de nimero de onda (cm™), o que muitas vezes € inviavel por espectroscopia no
infravermelho [59]. Além disso, a espectroscopia no Raman permite a observacéo de bandas,
como por exemplo o grupo tiol (-SH) e ligacdes dissulfidicas (S-S), que sdo pouco ou hada

perceptiveis pela espectroscopia no infravermelho [20].

Vérias outras técnicas como MEV, micro-CT, espalhamento dinamico da luz (DLS) [60],
entre outras, sao utilizadas para caracterizar a quitosana, seja ela obtida comercialmente ou
produzida em laboratério a partir da quitina extraida, em geral de crustaceos. Além dessas
técnicas, o potencial zeta (PZ) é uma técnica bastante interessante, pois permite determinar a

solubilidade e mecanismos idnicos envolvidos na cadeia da quitosana em diferentes pH, ja
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que é possivel estimar a carga de superficies, sendo possivel predizer sobre a estabilidade da

suspensdo [61] (Figura 2.6).
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Figura 2. 6. Potencial zeta da quitosana em diferentes pH mostrando a extensdo da protonagéo
das aminas
Fonte: Ramanery, et al. (2013) [41].

O valor do pKa, associado a dissociacdo da quitosana em agua, é o fator determinante em
relacdo ao mecanismo de captacdo ionica. Sorlier, et al. (2001) [62] revelou que o valor do
pKa esta diretamente ligado ao GD da quitosana, sendo que para a completa dissociacao
idnica o seu valor deve estar entre 6,3 e 7,2. O valor do Ka pode ser determinado pela
Equacdo (2.2). Esse valor de pKa ¢é dependente do pH da solucdo, em meios neutros (pH =

7,0) cerca de 50 % dos grupamentos aminas encontram-se desprotonados (-NH2) [63].

Ka = {[QUI - NH,][H;0%]/[QUI — NH]} (2.2)

Alguns autores na literatura [41,42] propuseram por meio da espectroscopia no ultravioleta
visivel, potencial zeta e espectroscopia no infravermelho os mecanismos quimicos envolvido
no processo de solubilizacdo em &gua da quitosana definidas nas Equagdes (2.3) e (2.4)

descritas a seguir.
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QUI- NH , + H*(aq) 2 QUI- NH} (2. 3)

QUI - NHf + OH™(aq) 2 QUI - NH, + H,0 (2. 4)

Segundo esses autores [41,42], o intervalo de solubilidade da quitosana e derivados pode ser
explicado com base no equilibrio global de cargas negativas e positivas na cadeia polimérica.
Sob condigdes acidas (pH < pKa = 6,5), o grupamento da amina na quitosana ¢ protonado
em graus diferentes (Equacdo 2.3). Esses grupos aminas protonados (NHs") repelem-se uns
aos outros, favorecendo a interacdo da quitosana com a agua, superando o modelo associativo
de ligacGes de hidrogénio e interagdes hidrofébicas entre as correntes. Em meios
moderadamente acidos a neutros, 0 nimero de espécies -NHs* diminui resultando em uma

atracdo da cadeia acabando por diminuir a solubilidade da quitosana em agua (Equacédo 2.4).

Em razdo das diversas caracteristicas presentes na quitosana, suas aplicacfes sd@o as mais
diversas. As suas propriedades unicas a tornam uma classe de materiais bastante interessante
[67,65]. Devido ao carater hidrofilico proporcionado pela presenca dos grupos aminas e
hidroxilas livres, a quitosana apresenta uma grande capacidade de adsor¢éo, assim como uma

boa compatibilidade com o meio fisioldgico [42,54].

Contudo, devido a sua limitacdo em relacdo a atuacdo em pH maiores que 6,5, muitas
modificacdes sdo  propostas para melhorar sua aplicabilidade [64-66].
Portanto, a modificacdo quimica da quitosana fornece um meio poderoso para promover
novas atividades biologicas e propriedades especificas. A versatilidade da funcionalizacao
da quitosana € essencialmente devida a presenca de grupos amino primarios na
macromolécula. Esses grupos sdo reativos e fornecem um mecanismo para a fixacdo de

grupos laterais usando uma variedade de condicGes de reacdes [66].

Além disso, pela selecdo adequada da natureza do grupo lateral a ser anexado as cadeias
poliméricas, as propriedades fisico-quimicas e bioldgicas podem ser ajustadas para fornecer
funcionalidades especificas [67-69]. Com base nesta abordagem, uma gama de grupos (por

exemplo, carboxilatos, acilas, alquilas, tidis, amino quaternarios, etc.) foram inseridos em
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quitosana fornecendo caracteristicas adicionais, tais como melhor solubilidade em agua,
caracteristicas anidnicas ou catiénicas, atividades antibacterianas, comportamento anfifilico

e outras caracteristicas [43,68,69].

Uma estratégia inovadora para a modificacdo da quitosana esta associada a introdugdo de
unidades de aminodcidos (isto €, unidades monoméricas de proteinas) com caracteristicas
acidas, basicas ou hidrofébicas, na estrutura da cadeia polimérica. Essa estratégia tem sido
usada para modificar e melhorar as propriedades fisico-quimicas da quitosana, como
solubilidade e mucoaderéncia, e d& origem a algumas caracteristicas sinérgicas interessantes
para uso em engenharia de tecidos, bem como outras propriedades biomédicas
potencialmente uteis, incluindo anticoagulante, antibacteriana, atividades de colesterol
[70,71]. As reacOGes de conjugacdo de aminoacidos com quitosana foram conduzidas
principalmente nos grupos amino livres da cadeia, em geral formando ligagbes amida
covalentes com uso de agentes de reticulacdo como os zero crosslinkers EDC e sulfo-NHS

[71] os quais apenas ativam 0 processo sem incorporarem a cadeia (Figura 2.7).
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Figura 2. 7. Representacdo esquematica da modificacdo da quitosana com incorporagdo de
cadeias contendo o tiol com o uso dos zero crosslinkers.
Fonte: Medeiros Borsagli, et al. (2018) [20]

Um fendmeno interessante resultante da funcionalizagdo da quitosana com aminocidos é a
introducdo de grupos carboxilicos e grupos amino adicionais, que, em combinacdo,

aumentam a solubilidade em agua da quitosana em valores de pH neutros e alcalinos. Esta
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caracteristica é altamente desejavel considerando a limitada solubilidade da quitosana, o que
pode comprometer sua aplicagdo em vérias areas biomedicas [71].

Nesse enfoque, a incorporacao de cadeias que apresentem o grupo tiol é bastante promissora,
pois esse grupo possibilita uma melhor adeséo das células [71], a possibilidade de atividade
antibacteriana [72] e formacdo de matrizes tridimensionais, hidrogéis [73]. Os tiomeros (ou
polimeros tiolizados) sdo produzidos pela imobilizacdo de cadeias contendo o grupo tiol (-
SH) no esqueleto do polimero, o que resulta numa melhora significativa na mucoadeséo [74].
A quitosana tiolizada tem caracteristicas predominantes, como a estabilidade quimica
melhorada com base nas ligac6es covalentes formadoras de dissulfeto, e a interacdo seletiva
com varias substancias [67,75]. Além disso, a quitosana tiolizada tem um alto nivel de
propriedades coesivas, mucoadesivas, inibidoras da enzima e que melhoram a permeacao
[75]. Assim, ha um vasto campo a ser explorado com base na combinacao de funcionalidades
quimicas com o esqueleto da quitosana produzindo uma nova classe de quitosanas tiolizadas

como N-acetilcisteina-quitosana e N-acetil-quitosana para inimeras aplicacdes [75].

A imobilizacdo de grupos tiol para formar derivados de quitosana (isto &, quitosana
tiolizadas) pode promover e melhorar numerosas propriedades biologicas e bioquimicas
devido a formacéo de ligacGes dissulfidicas com subdominios ricos em cisteina comumente
encontradas em sistemas bioldgicos (por exemplo, células e tecidos) [75-78]. Curiosamente,
embora haja um interesse crescente nos Ultimos anos no desenvolvimento de polimeros
tiolizados e derivados de quitosana para diversas aplicacdes, como transportadores de
liberacdo de farmacos, transfeccdo de nucleotideos para terapia génica, atividades
mucoadesivas e antibacterianas, adsor¢do e tratamento de &gua, ndo havia na literatura
publicada nenhum relato em relacéo a investigacdo de estruturas tridimensionais produzidas
a partir de quitosanas tiolizadas para aplicacGes em reparo de tecidos moles e na adsor¢do

de pigmentos.

Além disso, o efeito das quitosanas tiolizadas em microrganismos, incluindo atividade
antibacteriana, apresenta um grande gap [72,79-82], pois os autores relacionam o efeito

antibacteriano com a lipofilicidade da quitosana modificada, adquirida com a incorporacéo
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de substituintes mercapto, 0s quais apresentam o grupo tiol, no entanto, esta hipétese nao foi
confirmada pelos resultados experimentais [72]. Assim como, relatam o aumento da
atividade antimicrobiana para cadeias alquilicas mais longas [79], enquanto outros afirmaram

a tendéncia oposta [80].

De fato, existe um vasto campo a ser explorado com base na combinagéo de funcionalidades
quimicas com o esqueleto da quitosana produzindo uma nova classe de polimeros de
quitosana tiolizadas tais como quitosanas modificadas com aminoécido (cistéina) e com
grupos mercaptos (acido mercaptoundodecandico) para numerosas aplicacfes. Um material
ideal combinara todas as caracteristicas mencionadas da quitosana e dos tiomeros em um
unico projeto, para abordar os diferentes aspectos de um processo dinamico de adsor¢éo,
reparo tecidual e atividade antibacteriana.

3.3 Engenharia de Tecido e a regeneracao de tecido

A expectativa de vida aumentou muito ao longo dos anos o que levou ao ser humano
apresentar uma estrutura fisica mais sobrecarregada. Embora muitos dos fatores responsaveis
pelo envelhecimento ndo serem completamente compreendidos, as consequéncias sdo muito
claras. ArticulacBes passam a apresentar serios problemas como artroses, ou 0S 0SS0S Se
tornam frageis e quebram. A capacidade da visdo e da audi¢do sao perdidas ou diminuem. O
sistema circulatorio mostra sinais de aterosclerose e o coracao perde o controle do seu ritmo
de batimento vital ou suas valvulas se tornam danificadas [83]. E diversos outros processos
tornam-se cada vez mais presentes. Como consequéncia dessas causas, naturais ou ndo, de
deterioracdo do corpo humano, é que entre dois e trés milhGes de dispositivos artificiais e

proteses sdo implantadas em individuos nos Estados Unidos a cada ano [83].

Orgaos de satde nos Estados Unidos colocam que os gastos com satde estdo acima de 2,5
trilhdo de ddlares somente nesse pais [84]. Danos e doencas relacionadas ao sistema
esquelético representam uma parcela significante desse custo. Nesse sentido, a engenharia de
tecidos tem evoluido como um campo excitante e multidisciplinar de pesquisa com o objetivo

de recriar e restaurar tecidos doentes ou danificados [85]. E, a industria de biomateriais
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seguiu esse mesmo caminho crescendo muito nas Ultimas décadas, sendo esperada uma taxa

de crescimento anual de 15 % para 0s proximos anos [86,87].

Alguns tecidos ndo sdo capazes de recuperar grandes lesdes teciduais, ainda que sejam
capazes de se regenerar. Além disso, a capacidade de regeneracdo de tecidos é
substancialmente reduzida com o envelhecimento [85]. A reconstrucéo cirurgica, ainda que
seja uma solucdo muito utilizada, € incapaz de reparar plenamente tecidos e 6rgaos perdidos,
muitas vezes devido a indisponibilidade de doadores [86]. Biomateriais inteligentes sdo
biodegradaveis e participam ativamente do processo de regeneracdo de tecidos danificados,
estimulando respostas celulares especificas em nivel molecular [67,86]. Para atender a esses
requisitos, modelos de matrizes tridimensionais podem ser projetados em nivel macro, micro
e nanoestruturais [86]. Esses materiais podem ser combinados e ajustados as condicées in
vivo de infinitas formas, modificando suas propriedades tridimensionais e sua composicéo

para criar matrizes porosas degradaveis para o reparo do tecido em questéo [86] (Figura 2.8).

Figura 2. 8. llustracdo da estrutura porosa de biomateriais para aplicacdo em cartilagem
Ossea.
Fonte: Medeiros Borsagli, et al. (2018) [20]
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Além disso, a adesdo celular nos biomateriais € um pré-requisito crucial para a reparagdo e
regeneracdo tecidual, e neste caso a morfologia e estrutura da superficie dos biomateriais sao
consideradas caracteristicas chaves que afetam a capacidade das células de aderirem. Assim,
é muito importante entender a morfologia da estrutura, em particular a porosidade, porque
esse parametro afeta fortemente o desempenho mecéanico e biolégico das estruturas
desenvolvidas [20,67,88]. Foi demonstrado pela literatura que o tamanho ideal de poro para
a atividade de células de osteoblastos em estruturas de engenharia de tecidos, por exemplo,
ainda € controverso, pois houve relatos conflitantes [89,90]. Akay et al. (2011) [89] mostrou
que os osteoblastos preenchiam poros menores (40 pum) quando eles foram cultivados em
estruturas com diferentes tamanhos de poros, mas maiores tamanhos de poros (100 pum)
facilitaram a migragdo celular. No entanto, os diferentes tamanhos de poros ndo tiveram
nenhum efeito sobre a extensdo da mineraliza¢do ou profundidade de penetragéo celular [89].
Outros autores mostraram que tamanho de poros entre 50 a 200 um era capaz de promover a
diferenciacdo celular e infiltracdo de por exemplo de fibroblastos dérmicos [91], ou ainda
que tamanhos de poros maiores de aproximadamente 160 a 270 pum eram importantes para
facilitar a angiogénese em toda a estrutura, assim como a vascularizagéo das estruturas requer

poros maiores que 300 um [89,92].

Dentro dessa perspectiva, cirurgiGes ortopédicos e pesquisadores em todo o mundo
enfrentam continuamente o desafio de regenerar os defeitos da cartilagem articular. O corpo
humano tem uma capacidade restrita de auto-regenerar adequadamente a maioria de seus
principais tecidos se a integridade original do tecido tiver sido seriamente prejudicada por
causa de disturbios médicos envolvendo uma carga cada vez maior de trauma, anormalidades
congénitas e doencas degenerativas [93]. Embora o campo da engenharia de tecidos tenha
progredido desde o artigo publicado na revista Science em 1993 por Langer e Vacanti (1993)
[94], que listou as principais estratégias para o desenvolvimento de biomateriais, incluindo
matrizes de construcdo para células a serem semeadas, ainda ndo € possivel imitar
inteiramente as propriedades fisico-quimicas, bioguimicas e bioldgicas da cartilagem
articular usando tecnologia disponivel e estratégias de desenvolvimento [95]. Portanto, o
desenvolvimento de biomateriais miméticos com propriedades especificas relevantes para a

cartilagem articular estd associada a producdo de materiais inteligentes, funcionais e
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inovadores para potencial aplicacao clinica [20]. Essencialmente, a cartilagem articular é um
tecido conjuntivo composto por uma matriz extracelular (MEC) contendo colageno,

glicosaminoglicano (CGA) e agua.

Devido a sua complexidade, a engenharia de um substituto de tecido requer uma combinacao
de varios campos de pesquisa com uma abordagem multidisciplinar, como a ciéncia dos
materiais, quimica de materiais, bioquimica, biologia molecular e engenharia biomédica [96-
101]. Dessa forma, a selecdo de biomateriais é crucial para o sucesso do candidato a
potenciais aplicagdes de reparo de tecidos e outros processos regenerativos, uma vez que uma
grande variedade de materiais naturais e sintéticos com propriedades biologicas e fisico-

quimicas distintas foi desenvolvida nos dltimos anos [102].

3.4 Processos de Adsor¢ao

A agua € um dos mais importantes elementos naturais compondo de maneira essencial a vida
animal e vegetal, assim como possui um papel fundamental na manutencéo das propriedades
do funcionamento equilibrado do ecossistema. No entanto, ainda h& algumas partes do
mundo onde ndo se encontra dgua limpa disponivel e, embora se saiba do seu desempenho e
importancia na manutencao da vida, ela vem se deteriorando de forma exponencial devido a
contaminacdo proporcionada pelas acdes antropicas [6,103]. Essa contaminacéo,
recentemente tem trazido a tona uma preocupacdo cada vez mais crescente na sociedade em
razdo da possibilidade de esgotamento de tal recurso, pois além de mudancas climéaticas mais
intensas e constantes ocorrendo, o crescente desmatamento e despejo de residuos de todos os
tipos na agua pelas industrias e agricultura tem proporcionado uma reducdo no nivel de agua
potavel do Planeta [42,104].

Vérias técnicas sdo utilizadas para a remoc¢do de materiais nos meios aquosos, 0 que as
diferencia sdo as aplicacdes, custos, seletividade e manutencdo [105]. Atualmente, varios
processos tém sido desenvolvidos com o intuito de melhorar o processo de remocgdo de
materiais e proporcionar melhor seletividade na remog&o. No entanto, alguns desses métodos

podem ser ineficazes para a remocao de vestigios de grandes volumes de &guas residuais e



27

apresentam deficiéncias, como altos custos de manutengdo, geracdo de lama tdxica e
procedimentos complicados envolvidos no tratamento [106-108]. Por esse motivo, é
necessario um processo seletivo de tratamento para a captura/imobilizacdo de materiais
especificos, além da reutilizacdo de residuos.

Nesse sentido, um processo bastante usado é a adsor¢do. Esse processo tem como vantagem
sobre as demais técnicas o fato de utilizar equipamentos comercialmente acessiveis, ter baixa
geracdo de residuos, ser possivel a recuperacdo dos materiais, além da possibilidade de
reutilizacdo do adsorvente e, dependendo do material adsorvente que é utilizado no processo,
pode-se tornar um método de custo competitivo para o tratamento de efluentes
industrialmente [104,109].

A adsorcdo é um processo de separacdo no qual certos componentes de uma fase sé@o
transferidos para a superficie de um sélido adsorvente [110]. O material aderido denomina-
se adsorvato e a superficie solida onde ele € aderido é o adsorvente [111]. Ha sistemas onde
0 processo de adsor¢édo é acompanhado da absorcéo, ocorrendo a penetracédo de fluido na fase
solida, sendo mais apropriado o uso do termo sorcdo, que abrange os dois processos [112].
A adsorcdo ocorre principalmente nas paredes dos poros ou em sitios especificos dentro da

particula podendo envolver processos fisicos e/ou quimicos [113].

Essa adsorcdo € uma operacao de transferéncia de massa, na qual se estuda a habilidade de
certos solidos em concentrar na sua superficie determinadas substancias existentes em fluidos
liquidos ou gasosos, possibilitando a separacdo dos componentes desses fluidos. Uma vez
gue os componentes adsorvidos, concentram-se sobre a superficie externa, quanto maior for
esta superficie externa por unidade de massa solida, tanto mais favoravel serd a adsor¢édo
[113]. Por isso, geralmente os adsorventes sdo solidos com porosidade. O adsorvente
consegue reter de maneira seletiva uma ou mais das espécies contidas inicialmente no fluido,
e essa seletividade ira depender da natureza da superficie do adsorvente e do poder de
interacdo com as moléculas adsorvidas [114]. O processo de adsorcdo pode ocorrer nas
interfaces liquido-gas, liquido-liquido, sélido-gas e solido-liquido. O contato entre as fases

ocorre devido as interacOes entre elas.
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A adsorgdo esta baseada em trés mecanismos distintos, 0 mecanismo estérico, 0s mecanismos
de equilibrio e os mecanismos cinéticos. No caso do mecanismo estérico, os poros do
material adsorvente possuem dimens@es caracteristicas, as quais permitem que determinadas
moléculas possam entrar, excluindo as demais. J& os mecanismos de equilibrio, os diferentes
solidos possuem habilidades para acomodar diferentes espécies de adsorvatos, que sdo
adsorvidos, preferencialmente, a outros compostos. E, por Gltimo, 0 mecanismo cinético esta

baseado nas diferentes difusividades das diversas espécies nos poros adsorventes [115].

A natureza das forgas envolvidas no processo de adsorcdo a classificam quanto a sua
intensidade em dois tipos, adsorcdo fisica e adsor¢do quimica. Na primeira, conhecida como
fisissorcdo, a ligacdo do adsorvato a superficie do adsorvente envolve uma interagéo
relativamente fraca que pode ser atribuida as forcas de Van der Walls, que séo similares as
forcas de coesdo molecular. Ja na segunda, conhecida como quimissorcéo, ocorre a troca ou
partilha de elétrons entre as moléculas do adsorvato e a superficie do adsorvente, resultando
em uma reacdo quimica. Isso resulta essencialmente numa nova ligagdo quimica e, portanto,
bem mais forte que no caso da fisissor¢éo [113,115]. Embora os conceitos de quimissor¢édo
e fisissorcdo sejam distintos, os dois mecanismos de adsor¢do ndo sdo completamente
independentes. No entanto, a distin¢do quanto a espécie ser fisica ou quimicamente adsorvida
ndo € muito clara [116], pois, muitas vezes, ambos 0S processos podem ser descritos em
termos dos principios da adsorc¢éo fisica. De uma maneira geral, as diferencas entre adsorcéo
fisica e adsor¢do quimica podem ser sumarizadas como no caso da primeira, ela é
inespecifica, ja a adsorcdo quimica € altamente especifica e nem todas as superficies solidas

possuem sitios ativos capazes de adsorver quimicamente o adsorvato [116].

A adsorcdo é resultado de uma combinacdo entre os tipos de forcas envolvidas na adsor¢éo
fisica e quimica. Nesse sentido, varios fatores influenciam o processo de adsor¢do como a
area superficial, as propriedades do adsorvente e do adsorvato, a temperatura do sistema,
natureza do solvente e o pH do meio. Logo, depende da natureza do adsorvente, do adsorvato
e das condi¢des operacionais. Algumas caracteristicas do adsorvente como area superficial,
tamanho do poro, densidade, grupos funcionais presentes na superficie e hidrofobicidade do

material, também influem nesse processo. Por outro lado, a natureza do adsorvato depende
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da polaridade, do tamanho da molécula, da solubilidade e da acidez ou basicidade. As
condicdes operacionais incluem, principalmente, temperatura, pH e natureza do solvente
[118].

Dentre os mais diversos processos de adsor¢do, a biossor¢do tem sido vista como uma
solugédo verde em aplicagdes ambientais, como o tratamento de efluentes. Nesse sentido,
muitas pesquisas tém focado em adsorventes bioldgicos ou biocompativeis, pois apresentam
grande capacidade de adsorcéo e estdo disponiveis em abundancia [119]. Na remocdo de ions
metalicos, por exemplo, 0 uso desses biossorventes para remocao ndo é baseada num Unico
mecanismo, mas varios que de forma quantitativa e qualitativa sdo diferentes a depender do

biossorvente utilizado e do metal [120].

Para melhor compreenséo dos processos de adsorcéo, as analises e 0s projetos dos processos
de adsorg@o requerem o conhecimento dos dados de equilibrio. Esses dados permitem a
compreensdo dos processos fisico-quimicos e, assim, pode ser avaliada a aplicabilidade do
processo de adsorcdo como uma operacdo unitaria [117]. A quantidade da substancia
adsorvida por massa de adsorvente (ge) (Equagdo 2.5) em funcdo da concentracdo de
adsorvato (Ce) em solucdo € a maneira de se expressar essa adsorgdo [121,122]. Além disso,
curvas da concentracao do soluto em funcdo da fase fluida, a temperatura constante, podem
ser tracadas e definir esse equilibrio, essas curvas sdéo denominadas isotermas de adsorcao.
Essas curvas mostram a relacdo de equilibrio entre a concentracdo na fase fluida e a
concentracdo nas particulas adsorventes em uma determinada temperatura. Portanto, diversos
modelos de equilibrio, especialmente os multicomponentes, tém sido desenvolvidos levando

em conta a sua simplicidade e aplicabilidade [104,109].

qe ={(Co - Ce)x (V/m)} (2.5)

Onde C, é a concentragéo inicial total (mg.L™?),C, € a concentragdo total no equilibrio (mg.L"
1, V é o volume de solucdo usado, m é massa de adsorvente utilizada e ¢q, (mg.g?) é a
capacidade de adsorc¢do no equilibrio expressa em relacdo a concentracao total do adsorvato
[104].
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3.4.2 Isotermas de Adsorcao

A adsorc¢do € geralmente descrita por isotermas que demostram a quantidade de soluto que
pode ser adsorvida pelo adsorvente a uma dada temperatura e tempo. A isoterma de adsor¢éo
examina a interagcdo entre o adsorvato e o adsorvente e como a adsorgdo varia com a
concentracdo do adsorvato em um dado valor de pH e de temperatura [123]. As isotermas
sdo usadas para representar os resultados da adsorcgdo, elas relacionam as quantidades
adsorvidas por unidade de massa do adsorvente a uma temperatura constante. Sendo assim,
uma isoterma de adsorcédo representa a relacdo de equilibrio entre a quantidade de material
adsorvido e a concentracdo (liquidos) na fase fluida a temperatura constante [123]. Estes
valores sdo determinados experimentalmente, mas também existem modelos de prevé-los,

tanto para adsorcao de um Unico material, como para a adsor¢ao de mais materiais [123].

Esses modelos sdo expressos por equacfes matematicas que relacionam a concentracdo do
adsorvato na interface a concentracdo do adsorvente no equilibrio na fase liquida. Dessa
forma obtém-se uma interpretacdo molecular do processo e, com o0s parametros obtidos
compara-se 0 comportamento de adsorcdo [124]. Experimentalmente, a curva obtida
determina o grau de adsor¢do atraves de uma massa conhecida de material sélido em uma
solucdo de concentracdo conhecida numa dada temperatura. Quando ndo mais é percebida
mudanca significativa dessa relacdo estabelecida, a condicdo de equilibrio é entdo atingida
[124].

Dentre os modelos que mais se aplicam para a interface sélido-liquido, é possivel citar as de
Langmuir e Freundlich. O modelo de Langmuir assume que a superficie do adsorvente possui
idéntica energia e que cada molécula adsorvida encontra-se em um dnico site. Dessa forma,
é possivel prever a formacdo de uma monocamada do adsorvato na superficie do adsorvente
[104]. Esse modelo € preferencialmente usado em estudos de adsorcdo em solugdo, onde Qe
e C. sdo a quantidade adsorvida e a concentragcdo em solucdo, respectivamente, ambos em
equilibrio, K. é a constante de Langmuir e gm € a capacidade maxima de adsor¢do da
monocamada formada no adsorvente (Tabela 2.2). No entanto, esse modelo é limitado, pois

coloca que a adsorcdo € reversivel e limitada em apenas uma camada, a superficie interna do
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solido é homogénea, as moléculas adsorvidas ndo interagem entre si, ndo existe adsor¢do
competitiva, cada molécula é adsorvida em apenas um Unico sitio de adsorcao e os sitios s&o
energeticamente equivalentes. J& 0 modelo de Freundlich preenche a limitacdo da equacédo
de Langmuir por assumir que a adsor¢do em um ponto da superficie do sélido adsorvente ndo
influencia na adsorcdo do sitio vizinho e que cada sitio pode reter mais de uma molécula do
adsorvato. Trata-se de uma equagdo empirica, sendo uma das isotermas mais amplamente
utilizadas para a descricdo de multi sitios de adsorcdo, pois considera a existéncia de uma
estrutura em multicamadas e ndo preveé a saturacdo da superficie durante a adsorcdo (Tabela
2.2). Trata-se de um modelo matematico introduzido como uma correlagdo empirica de
dados experimentais. Nessa isoterma, Kr e n sdo constantes da isoterma de Freundlich
indicando a capacidade de adsorcdo e intensidade de adsorcdo, respectivamente [104]. A
Tabela 2.2 mostra as principais equacdes relacionadas aos modelos matematicos propostos

para a adsorcao.
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Tabela 2. 2. Relagdo matematica das principais isotermas [125].

Isoterma Equacéo Observagoes
Ke e n séo parametros
- 1/Tl 7 - 7
Freundlich q. = KzC, empiricos, sendo que n é

usualmente < 1

Langmuir q. = (K;.C.q)/(1 + K, C,) 0e, max € 0 Maximo de adsorcéo e

Qe, max € 0 Maximo de adsorcao e

_ ko € uma constante, Cs é a
BET 9e = Gemax KpCeq/ (Cs CEZ)[l concentrago total no sitio
+ (ky— 1) (—q)] saturado. Modelo vélido para
Cs multicamadas numa superficie
homogénea*
Redlich- kr € ar S80 constantes, sendo o
Peterson Ge = KRCoq /(14 arChReq) valor de brentre O e 1

R é a cosntante universal dos
Temkin q .= (RT / br) InfarCey) gases, T é a temperatura absoluta
e ar e br sdo constantes

X = RTIn (P/Py), qo é a maxima
capacidade de Dubbinin-
Dubinin — _ (—BDx?) Radushkevich para uma camada,
Radushkevich 4 e = qpexp X é o potencial de Polyani, P é a
pressdo das espécies adsorvidas
e Py é a pressao de vapor

a: € a constante do inverso do
potencial de adsorc¢éo e o
_ expoente tT caracteriza a
Toth 9o = demar 't Coq/ (1 + (arCoq)tT)/ET heterogeneidade do processo de
adsorc¢do, sendo seu valor menor

que 1.
Langmuir — _ Gmas1 (a5Ceq)1 as e b s&o parametros da
Freundlich Qe = bsCeq1 /bs(1+ by ) isoterma

Alguns tipos de isotermas de adsor¢do comumente encontrados sdo apresentados na Figura
2.9. Essas isotermas podem assumir diferentes formas a depender do tipo de adsorcdo, das
forcas predominantes, das caracteristicas fisico-quimicas do adsorvato e das propriedades do

sistema. Quando a isoterma é linear, passando pela origem, a quantidade adsorvida é
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proporcional & concentragdo do fluido. J& aquelas que apresentam a concavidade para baixo
sdo ditas favoraveis, apresentando capacidade de remocéo relativamente alta, mesmo em
condi¢des de baixa concentracdo de adsorvato na solugdo. Nesse caso, ha uma diminuicdo da
disponibilidade dos sitios de adsor¢do quando a concentracdo da solucdo aumenta. No
entanto, quando o contetdo adsorvido é independente da concentragdo do adsorvato, diz-se
que a isoterma é irreversivel. J& uma isoterma com a concavidade para cima é denominada

desfavoravel porque a quantidade adsorvida é relativamente baixa [110].

Lireversivel

Fortemente L
. Favoravel
favoravel

Linear

g adsorvida/g solido

Desfavoravel

0 Concentracao

Figura 2. 9. Representacao esquematica dos diferentes tipos de isoterma.
Fonte: Adaptado de Macbe, et al. (1993) [110].

3.4.1 Cinética de Adsorcéo

A cinética de adsorcao é governada pelas reacoes de sor¢do e transferéncia de massa, as quais
governam a transferéncia dos materiais da solucdo para os sitios presentes na superficie do
adsorvente [123]. Essa cinética de adsorcdo deve ser investigada, pois os adsorventes
utilizados, em sua maioria, sdo porosos, € a velocidade global de adsorcdo € limitada pela
capacidade das moléculas do adsorvato se difundirem para o interior da particula. A
velocidade da adsorcdo pode ser afetada pela temperatura, pH, concentragéo inicial, agitacéo,

tamanho das particulas, distribui¢do dos poros e tipo de solugdo [123]. No caso da quitosana
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0s mecanismos sdo dependentes da forma fisica da quitosana, sendo intrinseco a estrutura da
mesma em relacdo a desacetilagdo, cristalinidade e massa molecular, além da natureza dos

materiais e as condigdes de temperatura e pH [123].

Em geral os modelos de pseudo primeira ordem, pseudo segunda ordem e de difuséo intra-
particulas sdo os mais utilizados para descrever a cinética de adsor¢do do adsorvato pelo
adsorvente [104,125,126]. A Equacgéo (2.6) da taxa de Lagergreen foi uma das primeiras
equacdes utilizadas para descrever o processo de adsorcdo de fases liquida e sélidas num
sistema, baseando-se na capacidade do sélido. Ela esta relacionada com os modelos de
pseudo primeira ordem [126].

ln(Qe - qt) = 11’1( Qe) - Klt (2 6)

Onde g, € a quantidade do ion complexado por unidade de massa do complexante, a
capacidade de complexacdo no equilibrio (mg.g™?) e g, € a quantidade de fon complexado
por unidade de massa do complexante em qualquer determinado tempo (t). K; é a constante
de velocidade da pseudo primeira ordem. O K; tem seus valores calculados a partir da
linearizacdo do In(q, — g.) versus t na concentracdo estabelecidas nas analises realizadas
[126].

Segundo Gerente, et al. (2007) [125] esse modelo apresenta como desvantagem o fato de que
o0 valor de ge é dependente de dados experimentais. Além disso, a curva dos pontos € linear
apenas nos primeiros 30 minutos, depois de passado esse tempo ndo ha correlacdo entre 0s
dados experimentais e tedricos. Esse modelo é largamente usado no processo de quelacdo da
quitosana pelos ions metalicos. Para alguns casos o valor k; cabe adequadamente pelos
valores determinados experimentalmente [125,126], contudo em outros casos 0 modelo de
pseudo segunda ordem torna-se mais adequado. A Equacédo (2.7) mostra a taxa de adsor¢do

segundo o modelo de pseudo segunda ordem [126].

t/qe = 1/((Kz.q2 )) + (1/qc)-t (2.7)
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Onde K, ¢ a constante de velocidade de complexagdo da pseudo segunda ordem (g.mg 2.
min~1). Os valores de K,.q 2 foram calculados a partir da linearizagdo do t/ gt versus t na

concentragéo estabelecida [125,126].

No entanto, o modelo de pseudo segunda ordem é apenas adequada para descrever os dados
medidos perto do equilibrio. Esse modelo assume que o passo determinante da velocidade
pode ser uma reacdo quimica na superficie [127,128]. O modelo de difusdo intra particula
(modelo de Weber & Morris [123]) controlado leva em consideragdo uma resisténcia do filme
em relacdo a transferéncia de massa (Equacao 2.8). Assim como leva em consideracdo que o
formato das particulas seja esférico. Sendo um modelo muito pouco utilizado no processo de
quelacdo pela quitosana e derivados, além de apresentar o inconveniente de ndo prever a
adsorcdo em relacdo aos primeiros minutos, pois 0 modelo é baseado numa relagéo de tempo
levada a 1/2 [123].

qt) =Kipt*> + C (2. 8)

Onde, Kip € a constante de difusdo e C é o efeito da camada limite, dando uma ideia da

espessura da camada [126].

3.4.3 Corantes e a adsorc¢ao

A presenca de corantes em efluentes industriais € uma causa significativa de polui¢do devido
a sua natureza recalcitrante, dando cor indesejavel a agua e reduzindo a penetracdo da luz
solar, além do fato de que seus produtos de degradacdo podem ser tdxicos ou mesmo
mutagénicos e carcinogénicos [129]. Aproximadamente 10.000 diferentes tipos de pigmentos
e mais de 700.000 toneladas por ano sdo produzidos mundialmente anualmente, sendo 10 a

15 % perdidos no efluente durante o processo de tingimento [19,109,130].

Esses corantes sdo um grupo relativamente grande de produtos quimicos organicos
geralmente classificados com base em sua estrutura molecular, que sdo amplamente

utilizados em muitas industrias, como téxtil, impressdo em papel, plastico, cosméticos,
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borracha, curtume e tintas. Normalmente, os corantes sao dificeis de degradar devido as suas
complexas estruturas aromaticas. Eles podem causar varias doengas em humanos e animais,
como alergia, irritacdo, dermatite e até cancer [132-134]. Para remog¢do desses materiais,
métodos como floculacdo, oxidacdo e eletrolise sdo comuns. No entanto, esses métodos
possuem alto custo e habilidade na operacdo [104]. Nesse sentido, a adsor¢do € o processo
mais comumente usado, em razdo da sua eficacia e simplicidade para a remocdo de corantes
ndo degradaveis, mesmo em baixas concentracdes de agua potavel ou de efluentes industriais
[135,136].

Convencionalmente, o carvdo ativado tem sido utilizado para a adsorcdo de corantes em
varios tipos de efluentes, mas sua aplicacdo € muitas vezes limitada devido ao seu alto custo
e natureza recalcitrante. Portanto, nos Ultimos anos, o interesse em buscar novos substitutos
eficazes baseados em polimeros naturais e derivados como amido, celulose, quitosana e
lignina aumentou significativamente considerando o conceito de materiais econdémicos e
ecologicamente corretos [134,136]. Nesse sentido, entre diversas alternativas, os adsorventes
a base de polimeros tém sido utilizados para descontaminacdo de agua e tratamento de
efluentes, pois apresentam redes hidrofilicas com grupos funcionais para o desenvolvimento
de interacGes quimicas com ions metalicos e compostos organicos [137]. Para este fim,
hidrogéis poliméricos altamente absorventes (ou polimero superabsorvente, SAP) tém sido
amplamente utilizados em uma variedade de aplicac@es, tais como produtos farmacéuticos
na distribuicdo de medicamentos, nutricdo, agricultura e como bio-adsorventes para

tratamento e remediacao de dgua [19,138-141].

Nesse enfoque, o uso da quitosana tiolizada € vantajoso, pois apresenta em sua estrutura alem
dos grupos quimicos presentes na quitosana, o0 acréscimo do grupo tiol. Esse grupo ja tem
suas propriedades conhecidas no estudo de adsorcdo de metais pesados e arsénio [142,143].
Esses estudos apontam que o grupo tiol apresenta-se como uma base de Lewis, o que lhe
torna um metal macio com comportamento basico, em razdo da presenca de grupos de
elétrons disponiveis em sua estrutura, o que Ihe possibilita ligacdes fortes com vérios ions,
como cadmio, arsénio e prata [142,145]. Entretanto, ndo ha relatos na literatura do uso dessas

quitosanas na adsorcdo de corantes em &gua, em especial o pigmento laranja de metila.
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O laranja de metila é um pigmento que contém orto-substituintes e a presenca do grupo para-
dimetilamino ativando o grupo azo. Em meios &cidos, esse corante protona e o dimetilamino
forma um ion amdnio (Figura 3.9 2), ou o grupo azo forma uma azénio (Figura 2.9). Estudos
com dimetilaminoazobenzeno sugerem que o ion azdnio pode ser a espécie predominante em
pH menores. J& em meios maiores do que seu pka (pka = 3,49) [109], ele passa de carga
neutra a negativa [109,146].
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Figura 2. 10. Representacdo esquematica das cargas do laranja de metila em meios &cidos
Fonte: Oakes et al. (1998) [146].

3.5 Atividade antibacteriana da quitosana

Atualmente, o efluente hospitalar tem se tornado uma grande preocupacdo, pois muitos
antibidticos e bactérias resistentes sao descartados em grandes quantidades no meio ambiente

emdecorréncia do aumento e do uso frequente e indiscriminado de antibioticos nos processos
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médico, veterinario e agricola, e como a &gua do rio é o principal receptor desse poluente
essa contaminacao pode contribuir para a resisténcia de muitos agentes [147,148].

Esses efluentes hospitalares sdo responsaveis por liberar muitas substancias nos meios
aquosos, como antibioticos, farmacéuticos, metais pesados, drogas, desinfetantes, que ndo
sdo metabolizados pelos pacientes. Esta situacdo provoca um ambiente que fornece um meio
seletivo para bactérias causando um aumento da resisténcia bacteriana [149]. Estudos
mostram que os efluentes hospitalares apresentam maior resisténcia bacteriana do que 0s
efluentes de outras fontes e a concentracdo de antibacterianos na agua que recebe o esgoto
hospitalar também € maior, criando um ambiente com forte seletividade [150]. Além disso,
as condicOes precarias de tratamento de efluentes hospitalares podem causar uma rota de

disseminagéo de bactérias multirresistentes [149-151].

Pseudomonas aeruginosa (P. aeruginosa) é um patdgeno altamente resistente e oportunista.
Devido a barreira de permeabilidade na membrana externa, € naturalmente resistente a muitos
antibioticos [152]. Infeccbes causadas por P. aeruginosa estdo aumentando tanto em
hospitais como na comunidade em geral e tem sido relatada como uma das principais causas

de pat6genos nosocomiais, particularmente entre pacientes imunocomprometidos [153]

Concomitantemente, 0 uso extensivo de agentes antibacterianos e as estratégias evolutivas
de resisténcia das bactérias a esses agentes resultaram no surgimento de bactérias resistentes
a drogas. A eficacia de muitos antibidticos no tratamento de infeccdes tornou-se bastante
limitada devido ao desenvolvimento de resisténcia e a ameaca de organismos resistentes aos
antibacterianos [153-155].

Além da caracteristica intrinseca de apresentar baixos niveis de sensibilidade a agentes
antibacterianos, varios mecanismos de resisténcia foram identificados em P. Aeruginosa,
como hiperexpressdo de bombas de efluxo, producdo de B-lactamases, perda ou expressdo
reduzida de proteinas de membrana externas [156]. Por essas razdes, infec¢fes causadas por
cepas de P. aeruginosa multirresistentes representam um desafio substancial para o

tratamento antibacteriano, trazendo para o cenério atual a identificacdo dessas bactérias
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multirresistentes no efluente hospitalar e avaliando sua contribui¢do para a disseminacéo da

resisténcia em amostras de aguas superficiais [157].

Biopolimeros naturais sdo cientificamente e industrialmente atraentes por causa de sua
capacidade de atividade antibacteriana [153]. Nesse sentido, a quitosana € um dos
biopolimeros mais atraentes com atividade antibacteriana estudada [157]. As propriedades
antibacterianas da quitosana continuam atraindo crescente interesse de pesquisa,
principalmente no que diz respeito ao seu alto potencial de aplicacdo na tecnologia em saide
[158]. Contudo, todas as pesquisas relacionadas a atividade antibacteriana da quitosana e
derivados estdo relacionadas a aplicacdo como biomaterial associando essa atividade
antibacteriana na melhora, por exemplo de cicatrizacdo de feridas por queimadura [153-158].
Praticamente, ndo h4 nenhum relato associando essa atividade antibacteriana ao tratamento
de &gua, onde essas bactérias estdo bastante presentes, em especial a Pseudomona

aeroginosa.

A atividade antibacteriana da quitosana varia de acordo com suas propriedades fisicas (grau
de desacetilacdo, massa molecular), solvente, espécie de microrganismo e fonte. A atividade
antibacteriana da quitosana € relatada como dependente dos métodos envolvidos na
preparacdo de diferentes GD e massa molar de quitosana (quanto maior a massa da quitosana
menor sua atividade antibacteriana) [159-163]. Portanto, ha ainda muitos estudos sobre a
atividade antibacteriana da quitosana, pois seu mecanismo ainda € intensamente debatido.
Nesse sentido, algumas hipoteses sdo publicadas como quelacéo de ions metalicos essenciais,
penetracdo celular em razdo da baixa massa molar seguida por inibicdo da sintese de
proteinas através de ligacdo a acidos nucléicos e, mais amplamente aceito, a destruicdo de

estruturas da parede celular bacteriana [164-167].

Nesse enfoque, as quitosanas tiolizadas foram recentemente utilizadas como portadores de
drogas para aumentar a interacdo com residuos de cisteina na mucosa, aumentando assim 0s
tempos de retencdo in situ. Além disso, estudos anteriores revelaram um forte efeito do &cido
quitosano-tioglicélico (TGA) em diferentes microorganismos, incluindo Streptococcus

sobrinus (bactérias gram-positivas), Neisseria subflava (bactérias gram-negativas) e Candida
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albicans (fungos) [168-170]. Curiosamente, as bactérias gram-positivas, que sdo geralmente
menos sensiveis a baixa massa molar da quitosana e seus derivados, foram atacadas de forma
seletiva e eficiente pelos tiomeros com TGA, ou com substituintes mercapto, identificando
esse composto como um agente antibacteriano promissor e versatil [72]. No entanto, embora
haja diversos estudos da atividade antibacteriana da quitosana e quitosana tiolizada, esses
estudos apresentam um grande gap, pois apresentam resultados contraditérios e ndo
explicativos em relagdo ao mecanismo da atividade antibacteriana, o que viabiliza a
necessidade de mais estudos. Além do fato de que nenhum dos estudos abordando o uso das
quitosanas tiolizadas como promissores antibacterianos tenha abordado o grupo tiol como

um dos agentes dessa atividade.
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Abstract

In this work novel three-dimensional (3D) scaffolds were developed with chitosan thiomer
derivatives for potential soft tissue repair applications. Amino acid-grafted chitosan
(cysteine, CHICys) and N-acylated chitosan (11-mercaptoundecanoic acid, CHIMerc)
derivatives were synthesized by covalent coupling reaction and hydrogel scaffolds were
produced by freeze-drying process. They were comprehensively characterized by swelling
and degradation behaviors, NMR, FTIR and Raman spectroscopy, SEM and X-ray
microcomputed tomography. The results demonstrated the synthesis of chitosan thiomers
with distinct degree of thiol substitution (CHICys =5 % and CHIMerc = 26 %), producing
highly porous scaffolds (porosity > 80 %) with hierarchical interconnected 3D pore
structures. Additionally, their physicochemical properties and architectural features were
significantly tuned by the thiol-modifier, evidenced by the swelling degrees ranging from
approximately 2300 % (CHICys) to 1800 % (CHIMerc) and chemical stability against
degradation. Moreover, they exhibited cytocompatibility based on in vitro bioassays, which

hold promise as suitable platform in soft tissue engineering applications.

Keywords: Chitosan; Thiolated chitosan; Thiomers; 3D Scaffold; Cytocompatibility;

Soft tissue biomaterial.
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3.1 Introduction

Orthopedic surgeons and researchers worldwide are continuously faced with the challenge
of regenerating articular cartilage defects. The human body has a restricted ability to properly
auto-regenerate most of its major tissues if the original tissue integrity has been seriously
injured because of medical disorders involving an ever-increasing burden of trauma,
congenital abnormalities and degenerative diseases [1]. Although the field of tissue
engineering has progressed since the landmark article published in Science in 1993 by
Langer and Vacanti (1993) [2], which listed key strategies for the development of biological
substitutes, including building matrices for cells to be seeded on, it is not yet possible to
entirely mimic the physicochemical, biochemical and biological properties of articular
cartilage using available technology and development strategies [3]. Therefore, the
development of mimetic biomaterials with specific properties relevant to articular cartilage
native tissue will support the promotion of improved, functional, and novel engineered smart
materials for potential clinical application. Essentially, articular cartilage is a connective
tissue composed of an extracellular matrix (ECM) containing collagen, glycosaminoglycan
(GAG), and water. Due to its complexity, engineering an articular cartilage substitute
requires a combination of several fields of research with a multidisciplinary approach such
as materials science, materials chemistry, biochemistry, molecular biology, and biomedical
engineering [4-9]. Therefore, the biomaterial selection is crucial to the success of the
candidate for potential cartilage repair applications, as a large variety of natural and synthetic
materials with distinct biological and physicochemical properties have been developed in
recent years. ldeally, the biomaterial scaffold should closely mimic the environment

occurring in the original articular cartilage tissue structure [10].

To this end, hydrogel scaffolds made from natural and synthetic polymers have become
increasingly important within the field of soft tissue repair and restoration, where natural
polymers possess more favorable biocompatibility and relative abundance. Among several
alternatives of natural polymers, polysaccharides (e.g., chitosan, hyaluronic acid, starch)
have attracted the special attention of researchers for producing three-dimensional (3D)
scaffolds suitable as extracellular matrix mimics for cell culture in tissue repair applications
[11].
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Chitosan, which is a partially de-acetylated derivative of chitin, usually extracted from
exoskeletons of crustaceans, is an interesting alternative to polysaccharides for producing
scaffolds. Chitosan is a linear polysaccharide consisting of f-(1-4) linked D-glucosamine
residues with randomly located N-acetyl-glucosamine groups, where its applications depend
mostly on the degree of acetylation. In addition, chitosan presents some characteristics
similar to several GAGs and hyaluronic acid, which are commonly found in articular
cartilage [10]. The N-acetylglucosamine moiety in chitosan is a structural feature present in
GAGs, which suggests that the analogous structure may also present similar bioactivity.
Moreover, one of the most promising features found in chitosan is related to the exceptional
ability to be processed into porous structures to be applied in tissue regeneration. Porous
chitosan structures can be shaped by distinct methods such as freezing and lyophilizing
slightly acid solutions of chitosan in appropriate molds [10,12].

Despite the numerous advantages of chitosan (e.g., abundant natural polysaccharide,
biodegradable and non-toxic), it is soluble only under an acidic aqueous medium, which can
restrict some of its potential applications in the biomedical field at a physiological pH and
with mildly alkaline environmental conditions. Therefore, chemical derivatization of
chitosan provides a powerful means to promote new biological activities and specific
properties. The versatility of chitosan functionalization is essentially due to the presence of
primary amino groups in the macromolecule (i.e., degree of deacetylation). These groups are
reactive and provide a mechanism for side group attachment using a variety of mild reaction
conditions. Moreover, by the proper selection of the nature of the side group to be attached
to the polymer chains, the physicochemical and biological properties can be tuned to provide
specific functionalities. Based on this approach, a myriad of groups (e.g., carboxylates, acyls,
alkyls, thiols, quaternized amino, etc.) have been inserted into chitosan providing additional
characteristics such as improved water solubility, anionic or cationic features, antifouling and

antimicrobial activities, amphiphilic behavior and other characteristics [12-14].

Some studies have developed N-alkyl derivatives of chitosan exhibiting reasonable water
solubility, swelling behavior, and micellar aggregation in solution for applications as drug

carriers, nucleic acid transfection in gene therapy and blood compatibility [13,15]. The N-
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acylation of chitosan with fatty acids with different alkyl chain lengths and degree of
substitution can add adjustable hydrophobic interactions for use as hydrogel matrices in

tissue engineering [15,16].

Another innovative strategy for the derivatization of chitosan is associated with the
introduction of amino acid moieties (i.e., monomeric units of proteins) with acidic, basic or
hydrophobic characteristics, to the backbone of the polymer chain. This strategy has been
used to modify and improve the physicochemical properties of chitosan such as solubility
and mucoadhesiveness and gives rise to some interesting synergistic features for using in
tissue engineering, as well as other potentially useful biomedical properties, including
anticoagulant, antimicrobial, and anti-cholesterol activities as well as the increasing interest
in the field of tissue engineering [17,18]. The conjugation reactions of amino acids with
chitosan have been conducted principally on the free amino groups of chitosan, usually by
direct coupling forming covalent amide bonds [18]. An interesting phenomenon resulting
from the functionalization of chitosan with amino acids is the introduction of carboxylic
groups and additional amino groups, which in combination, increase the water-solubility of
chitosan at neutral and up to alkaline pH values. This characteristic is highly desirable
considering the limited solubility of chitosan (i.e., pH > 6.0), which can compromise its

application in several biomedical areas [18].

Thiomers (or thiolated polymers) are produced by the immobilization of thiol-bearing ligands
onto the polymer backbone, which results in a significant improvement in mucoadhesion.
Thiolated chitosan has a high level of cohesive-, mucoadhesive-, enzyme inhibitory-, and
permeation-enhancing properties. Thus, there is a vast field to be exploited based on the
combination of chemical functionalities with the chitosan polysaccharide backbone
producing a new class of thiolated chitosan polymers such as N-acetyl cysteine-chitosan and
N-acetyl-chitosan for numerous biomedical applications [19]. The immobilization of thiol
groups to form chitosan derivatives (i.e., thiolated chitosan) can promote and enhance
numerous biological and biochemical properties due to the formation of disulfide bonds with
cysteine-rich subdomains of glycoproteins commonly encountered in biological systems

(e.g., cells and tissues) [20-23]. Interestingly, although there is an increasing interest in recent
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years in the development of thiolated polymers and chitosan derivatives for biomedical
applications such as drug delivery carriers, nucleotide transfection for gene therapy,
mucoadhesive and antimicrobial activities, no report was found in the published literature
investigating the production of 3D porous scaffold hydrogels made of cysteine-chitosan and
N-acetyl-chitosan for potential applications in soft tissue repair [20,21,23].

Thus, in this study novel multifunctional thiolated polysaccharides were designed and
produced based on the chemical functionalization of chitosan backbone with cysteine amino
acid and N-acyl-thiol moiety for producing 3D scaffolds aiming at potential soft tissue
engineering applications. The highly porous 3D scaffold hydrogels with complex
interconnected and hierarchical architecture demonstrated physicochemical properties and in
vitro biocompatibility suitable to be prospectively applied as biomaterial support for cartilage

repair in soft tissue engineering.

3.2 Materials and Methods

3.2.1 Materials

All the reagents and precursors, sodium hydroxide (Sigma, USA, > 99 %, NaOH),
hydrochloric acid (Sigma-Aldrich, USA, 36.5 — 38.0 %, HCI), 11-Mercaptoundecanoic acid
(Sigma-Aldrich, USA, > 95 %, MM = 218.36 g.mol™, HSCH(CH2)sCH,COOH), ethanol
(Synth, Brazil, 99.8 %, CH3sCH>OH), 2-Propanol (Sigma-Aldrich, USA, anhydrous 99.5 %,
(CHs)2CHOH), Acetic acid (Synth, Brazil, 99.8 %, MM = 60.05 g.mol?, CH3COzH), L-
cysteine (Aldrich, USA, HSCH,CH(NH2)CO.H, MM = 121.16 g.mol™), Ellman’s reagent
(Sigma-Aldrich, USA, DTNB, 5,5'-Dithiobis(2-nitrobenzoic acid), MM = 396.35 g.mol ™, [-
SCsH3(NO2)CO2H]z), EDC (Sigma-Aldrich, USA, CgH17N3-HCI N-(3-
Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride, MM = 191.7 g.mol™), Sulfo-
NHS (N-hydroxysulfosuccinimide sodium salt, Aldrich, USA, > 98 %, CsH4sNNaOsS, MM
=217.13 g.mol ™), sodium phosphate dibasic (Sigma-Aldrich, USA, >99.0 %, MM = 141.96
g.mol?, NazHPOy,), potassium phosphate monobasic (Sigma-Aldrich, USA, > 99.0 %, MM
= 136.09 g.mol?, KH2PO.), potassium chloride (Sigma-Aldrich, USA, > 99.0 %, MM =
74.55 g.mol, KCI), sodium chloride (Sigma-Aldrich, USA, > 99.0 %, MM = 58.44 g.mol?,

NaCl) were used as-received. High-molecular-mass chitosan powder (CHI, molar mass, MM
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= 310,000 to >375,000 g.mol?, deacetylation degree (DD) > 75.0 %, and viscosity 800-2000
cPoise, at 1 % in 1 % acetic acid, Aldrich, USA) was used for polymer modification.
Deionized water (DI-water) (Millipore Simplicity™) with a resistivity of 18 MQ-cm was used
to prepare all solutions. All preparations and syntheses were performed at room temperature
(RT, 25 + 2) °C unless otherwise specified.

3.2.2 Synthesis of thiolated chitosan derivatives - Thiomers

3.2.2.1 Amino acid functionalization of chitosan with cysteine (CHICys)

The synthesis of chitosan (CHI) with cysteine (CYS) was performed according to the molar
ratio of reagents 1:2:2 (CHI:EDC:CYYS) adapted from the process reported in the literature
[17]. Briefly, 0.5 g of chitosan powder was dissolved in 30 mL of 2 % (v/v) acetic acid
aqueous solution overnight for complete solubilization. The pH was adjusted to 4.5+0.5
(NaOH, 1.0 mol-L™). In the sequence, 0.7 g of cysteine powder was dissolved in 20 mL of
phosphate-buffered saline (PBS) solution, 1.2 g of EDC and 0.32 g of sulfo-NHS were added
and maintained under moderate stirring for 1 h at room temperature (referred to as
CYS/EDC/NHS solution). Then, the CYS/EDC/NHS solution was added to the
chitosan/acetic acid solution (i.e., total volume =57 mL, molar ratio of 1:2:2/CHI:EDC:CYS)
and the pH was adjusted to 5.0+0.5 (NaOH, 1.0 mol-L™). The coupling reaction via the
formation of amides was performed at room temperature under moderate stirring for 5 h in
the darkness. Next, the mixture was dialyzed in the darkness against distilled water using a
membrane (12-14 kDa, Sigma, USA) for 7 days at RT to remove unreacted species and

water-soluble contaminants for further preparing the hydrogels.

3.2.2.2 N-Acylation of chitosan with 11-mercaptoundecanoic acid (CHIMerc)

Although not previously reported in the literature, the N-acylation of chitosan with 11-
mercaptoundecanoic acid (MERC), a similar procedure using the modification of chitosan
with cysteine was adapted for the synthesis of chitosan functionalized with the hydrophobic
acyl chain using MERC. Thus, based on the molar ratio of reagents 1:2:2 (CHI:EDC:MERC),
0.5 g of chitosan powder was dissolved in 30 mL of 2 % (v/v) aqueous acetic acid solution
overnight for complete solubilization, and the pH was adjusted to 4.5+0.5 (NaOH, 1.0 mol-L"
1. In the sequence, 1.36 g of MERC was dissolved in 60 mL of PBS buffer
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solution/isopropanol (30/30) (v/v). Next, 1.2 g of EDC and 0.32 g of sulfo-NHS were added
to the solution and maintained under moderate stirring for 1 h at room temperature (referred
to as MERC/EDC/NHS solution). The MERC/EDC/NHS solution was added to
chitosan/acetic acid solution (i.e., total volume = 91 mL, molar ratio of
1:2:2/CHI:EDC:MERC), and the pH was adjusted to 5.0+0.5 (NaOH, 1.0 mol-L?). The
acylation reaction was performed at room temperature under moderate stirring for 5 h in the
darkness. In the sequence, the mixture was dialyzed in the darkness against distilled water
using a membrane (12-14 kDa, Sigma, USA) for 7 days at RT to remove unreacted species
and water-soluble contaminants for further preparing the hydrogels.

3.2.3 Preparation of 3D porous scaffolds of chitosan thiomers

To obtain polymer matrices with porous three-dimensional structures, samples of the
previously prepared solutions (CHICys and CHIMerc) were poured into plastic tubes (1.5
mL in Eppendorfs) and frozen at -4+2 °C for 72 h and freeze-dried (ModulyoD, Thermo
Electron Corporation, Wathan, Massachusetts, USA) at -50 °C and 400+100 pbar until the
samples reached a constant mass (approximately 72 h). The freeze-drying process was the
same, and the parameters (temperature, pressure, time) were maintained unchanged for all
the samples produced. The thiolated-chitosan scaffolds were produced with a foam-like

aspect and stored at 4+2 °C until further use.

3.2.4 Characterization of chitosan thiomers and 3D porous scaffolds

3.2.4.1 Determination of thiol functionalization of chitosan by Ellman’s reagent
protocol

The determination of the total of the thiol groups in the CHICys chain was performed using
the Ellman’s reagent protocol as reported previously in the literature [24]. Briefly, 5 mg of
CHICys polymer was dissolved in 2 mL of deionized water. Next, the test solution was
prepared by mixing 100 pL of the CHICys solution with 900 pL of 0.5 M phosphate buffer
(PBS, pH 8.0) and 1 mL of Ellman’s reagent (DTNB, 3 mg in 10 mL of 0.5 M PBS, pH 8.0).
After incubation for 2 h at room temperature with light protection, the polymer/PBS/DTNB
solution was centrifuged at 4000 rpm for 10 min. The absorbance of the supernatant was

measured at a wavelength of A = 450 nm with a Lambda EZ-2100 spectrophotometer (Perkin
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Elmer, USA) using a quartz cell with an optical path length of 10 mm. The amount of thiol
groups was calculated from a calibration curve of cysteine in a concentration range of 1600
— 20 uM prepared exactly like the samples (Fig. S1.a). Analogously, a similar procedure was
performed to determine the total number of thiol groups in the CHIMerc samples, but with
the minor alteration of dissolving the chitosan thiomers in ethanol instead of in DI water
because of the relative hydrophobicity (i.e., 5 mg of CHIMerc polymer was dissolved in 2
mL of ethanol). Thus, the total amount of thiol functionalization was calculated using the
calibration curve of 11-mercaptoundecanoic acid in a concentration range of 2400 — 90 uM
and made in the exactly same way as the samples (Fig. S1b). All experiments were conducted
in triplicate (n = 3) unless specifically noted. Statistical analysis of the results was performed

using the mean and standard deviation, where necessary.

The degree of functionalization (DF) of chitosan with CYS and MERC was estimated based
on the total number of available reaction sites in the chitosan chains before the
functionalization reactions and on the results obtained by the Ellman's method (umol.g?)
(Equation 3.1):

DF % = [(Npuman X 161) /(Wey; X DD)] x 100 (3.1)

where Neiman is the number of thiol groups obtained by the Ellman’s method (mol); Wchy is
the mass of chitosan used in the synthesis (g); 161 is the average molar mass of 2-amino-2-
desoxi-D-glucose units of chitosan (g.mol™); DD is the degree of deacetylation of chitosan
(DD =0.85, obtained by NMR in our previous study) [25].

3.2 Spectroscopic characterization of chitosan thiomers and 3D porous scaffolds

Fourier transform infrared (FTIR) spectra were obtained using an attenuated total reflectance
method for all samples (ATR, ZnSe crystal prism, 4000 — 650 cm™! using 32 scans and a 4
cm ! resolution - Nicolet 6700, Thermo-Fischer). All of the experiments were conducted in

triplicate (n = 3) unless specifically noted.
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Raman spectroscopy was performed with a LabRam-HR 800 (Horiba/Jobin Yvon) equipped
with an Olympus BX-41 microscope provided with lenses of 10x, 50x and 100x and an
additional macro lens of 40 mm for all samples. A 632.8 nm excitation from a helium-neon
laser was focused on a spot of 1-2 pm? in the samples. The back-scattered light collected was
dispersed by a monochromator and detected by the LN (liquid nitrogen)-cooled CCD
(charge-coupled device) system. The spectra ranged from 200 cm™ to 3300 cm™ with a step
size of 1.1 cm™. Depending on the background fluorescence, the acquisition time was set
from approximately 60 s to 300 s, with a minimum ten replicates to increase the signal-to-

noise ratio.

!H-NMR (proton nuclear magnetic resonance) spectra of CHI, CHICys and CHIMerc
samples were recorded at 50 °C in D.O/DCI using a Bruker-400 MHz Varian spectrometer
(90° pulse and 16 scans).

3.2.4.3 Characterization of swelling degree and gel-fraction behavior of thiolated-
chitosan 3D porous scaffolds

The swelling degree (SD) of all samples was evaluated in deionized water (pH = 5.5+0.5) as
described in the literature [12, 26]. Briefly, the samples were weighed before (Wi, “dry state”)
and after immersion in DI water (Ws, “swollen state™) for the specific time period. After the
immersion, any excess of solution was gently removed from the sample surface with a
cellulose filter paper and then weighed. In the sequence, the sample was dried at 40+2 °C in
an oven for 24 h (i.e., faster drying process compared to room temperature, until mass
stabilization) and the final weight was recorded. This process was repeated for different time
intervals 1, 2, 3, 4 and 24 h to assess the swelling degree until reaching the equilibrium for

the chitosan-based hydrogels, which was evaluated using Equation 3.2:

SD (%) = [(Ws — W;)/W;] x 100 3.2)

where W is the weight of the swollen polymer, and W; is the initial weight of the polymer.



65

The chemical stability in vitro in aqueous solution (referred to as the gel fraction, GF) of
thiolated chitosan samples was assessed by measuring the GF, according to Equation 3.3
[27].

GF (%) = {1 - [(W; —w;)/W;]} x 100 (3.3)

where Wi is the initial mass of the polymer, and W is the mass of the dried polymer after the

swelling procedure.

These experiments were performed with 21 samples for each system (n = 21, 7 samples of 3
different synthesis of each polymer, CHI, CHICys, CHIMerc). The results were averaged
and statistical analysis was performed using ANOVA (one way included Tukey’s test, p <
0.05, software Origin v.8.1, OriginLab Corporation, USA).

3.2.4.5 Morphological analysis of thiolated-chitosan 3D porous scaffolds

The morphologies of the freeze-dried CHICys and CHIMerc scaffolds were evaluated using
a scanning electron microscope (SEM, FEI-FEG-FIB-QUANTA 3D) coupled with energy
dispersion X-ray spectroscopy (EDX, EDAX Bruker, 0.8 nm). Before examination, the
samples were coated with a thin carbon film via sputtering using a low deposition rate,
cooling the substrate, and ensuring the maximum distance between the target and the sample
to avoid sample damage; the film formed was 30 nm. Images of secondary electrons (SESs)
were obtained using an accelerating voltage of 15 kV for all samples on two different planes
(transversal and superficial). SEM images were collected and the pore size was estimated
based on at least 50 random measurements using the open source image processing program
(ImageJ v.1.50+, National Institutes of Health, NIH). The results were averaged, and
statistical analysis was performed using ANOVA (one way included Tukey’s test, p < 0.05,
software Origin v.8.1, OriginLab Corporation, USA).

The three-dimensional structures of the scaffolds were investigated using 3D
microtomography (SkyScan 1174, Bruker micro-CT) at a resolution of 12.18 pum, at 40 kV

voltage, 100 pA current, 0.7° rotation step, and no filter. Images were reconstructed using
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NRecon Reconstruction software (v.1.6.1.18, Bruker micro-CT). CTAn software (v.1.15.4.0,
Bruker micro-CT) was used to analyze the micro-CT datasets in 2D and 3D for morphometry
and densitometry, and CTVol software (v. 2.3.1.0, Bruker micro-CT) was used for 3D

visualization of the scaffolds.

Additionally, the mass of the dry, wet and submerged scaffolds was measured using the
accessory SMK-301/400 (Shimadzu) coupled to a balance (+0,0001 g) and the densities (pa,
Equation 3.4) were calculated according to the equipment manual. The porosities (€) were
calculated according to the Archimedes’s Method [28] (Equation 3.5). The surface areas (Sa)
were estimated by a method used to determine the surface area of powder materials (Equation
3.6) [29].

Pa = Way/ Wy + W) x py (3.4)
£ (%) = [(Wuwy - Wy )/ Wy - Wiy )] x 100 (3.5)
Sa = 3/(Pa- (dm/z) ) (3- 6)

Where W) is the mass of sample dry (g), Ww) is the mass of sample in water or alcohol (g),
W) is the mass of the sample submerged, pq) is the density of water or alcohol at the
temperature of experimental analysis (19 °C; 0.9984 and 0.79 g.cm™ to water and alcohol,
respectively), Sa is the surface area (m2-g?), pa is the bulk density, and dm is the average

diameter (m) obtained by micro-CT or by SEM analysis.

Surface Contact Angle (SCA)

The effect of thiolation of chitosan with CYS and MERC moieties on the
hydrophilic/hydrophobic behavior was evaluated via contact angle measurements. The tests
were performed by pouring DI water droplets using a microsyringe (50 pL) onto CHI,
CHICys and CHIMerc films and capturing the images for contact angle calculations (Lumix
FZ-47 digital camera, Panasonic, Tokyo, Japan and open source image processing program,
ImageJ Fijji, NIH).
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3.2.5 Biological assays of thiolated-chitosan 3D porous scaffolds

Cell viability assay by MTT (3-(4,5-dimethylthiazol-2yl) 2,5-diphenyl tetrazolium
bromide): Human osteosarcoma cells (SAOS) and the kidney cell line of human embryos
(HEK 293 T) were kindly provided by Prof. A. Goes of the Department of Immunology and
Biochemistry, UFMG. The cells were cultured in Dulbecco’s modified eagle medium
(DMEM) with 10 % fetal bovine serum (FBS), penicillin G sodium (10 units-mL™),
streptomycin sulfate (10 mg-mL™), and 25 pg-mL™* amphotericin-b (all from Gibco BRL,
NY, USA) in a humidified atmosphere of 5 % CO at 37 °C. The cells were used for the
experiments at passage twelve. All of the biological tests were conducted according to 1ISO
standards (ISO 10993-5:2009/(R)2014 (Biological evaluation of medical devices: Tests for
in vitro cytotoxicity)). SAOS and HEK 293 T cells were plated (3 x 10* cells) on each sample
material. The plates were subjected to UV radiation for 60 min in a sterile flow and washed
quickly in ice-cold PBS. The samples were sterilized by UV radiation for 60 min in a sterile
flow. Controls were created using cells and the DMEM medium (10 %); Triton x-100 (1 %;
Sigma-Aldrich, St. Louis, MO, USA) was used as a positive control, and chips of sterile
polypropylene (1 mg-mL™; Eppendorf, Hamburg, Germany) were used as a negative control.
After 24 h, all media were aspirated and replaced with 210 pL of culture medium with serum.
MTT (170 pL, 5 mg-mL?; Sigma-Aldrich, St. Louis, MO, USA) was added to each well and
incubated for 4 h followed by incubation 16 h with SDS/4 % HCI. Subsequently, 100 uL was
removed from each well and transferred to a 96-well plane, and the absorbance was
quantified using a Varioskan Reader (Thermo Scientific) with a 595-nm filter. The values

obtained were expressed as the percentage of viable cells according to Equation 3.7.

. iy Absorbance of samples and SAOS cells X100
Cell viability (%) = d (3.7)

Absorbance (control)

All of the experiments were performed in triplicate (n = 3). The results were averaged, and
statistical analysis was performed using ANOVA (one way included Tukey’s test, p < 0.05,
software Origin v.8.1, OriginLab Corporation, USA).

Cell viability assay by LIVE/DEAD®: SAOS and HEK 293 T cells on passage 13 and 8,

respectively, were synchronized in a serum-free medium for 24 h. After this period, cells
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were trypsinized and seeded (3 x 10° cells/well) on hydrogel foams (1 mg hydrogel and 200
ML medium, w/v) and placed in a 96-well plate. The reference controls were cells cultured in
the DMEM medium with 10 % FBS. After 24 h, all of the media were aspirated, and the cells
were washed two times with 10 mL of phosphate buffered saline (PBS, Gibco BRL, NY,
USA). Cells were treated with the LIVE/DEAD® Viability/Cytotoxicity kit (Life
Technologies of Brazil Ltd., Sdo Paulo, Brazil) for 30 min, according to the manufacturer's
specifications. Images of fluorescent emissions were separately acquired, calcein at 530+12
nm, and EthD-1 (ethidium homodimer-1) at 645+20 nm, with an inverted optical microscope
(Leica DMIL LED, Germany).

3.3 Results and Discussion

3.3.1 Characterization of chitosan thiomers and 3D porous scaffolds

3.3.1.1 Characterization of degree of substitution via Ellman’s reagent method

The primary amino group at the 2-position of the glucosamine subunits of chitosan is the
main target for the immobilization of thiol groups. The sulfhydryl-bearing reagents can be
attached to this primary amino group via the formation of covalent amide bonds, using the
carboxylic acid groups of the CYS and MERC molecules reacting with the primary amino
group of chitosan mediated by a water soluble carbodiimide as schematically depicted in
Figure 3.1A.
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Figure 3. 1. (A) Schematic representation of chemical functionalization of chitosan with
thiol precursors (a) CYS and (b) MERC. (B) Chitosan thiomers produced (a) CHICys and
(b) CHIMerc (x = 0.85, y = 0.15, and w = 0.85 x DF; DF is 0.05 and 0.26 for CYS and
MERC, respectively). (C) Histogram of thiol content inserted in chitosan chain estimated by

Ellman’s reagent (umol.g?).
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The number of thiol groups on the chitosan-based thiomers was determined via Ellman’s
reagent [20]. Figure 3.1B shows the chemical structure of the chitosan thiomers of CHICys
(a) and CHIMerc (b), respectively. Figure 3.1C presents the results of the concentration of
thiol groups of CHICys (409+27) pmol-g* and CHIMerc (2218+100) umol-g obtained by
Ellman’s method. The degree of substitution of thiol groups in this study was relatively
higher than others found in the literature [20,24,30,31], although the N-acylation of chitosan
using 11-mercaptoundecanoic acid has not been reported before. This more effective
thiolation process can be assigned to distinct optimized experimental conditions such as the
buffer solution and solvent (i.e., PBS in water), the use of sulfo-NHS combined with EDC as
a zero-length coupling agent (stabilization of intermediates formed), temperature, pH,
concentration of reagents, time of reaction, degree of deacetylation and molar mass of
chitosan and others. In addition, a much higher concentration (over 400 %) of thiol groups
was verified in the CHIMerc compared to CHICys, which was suggested to be mostly caused
by the orientation of the reacting molecule MERC as an amphiphilic molecule (i.e., “polar
carboxylic head” and “hydrophobic thiol-acyl tail”) favoring the formation of amide bonds
with amino groups of chitosan. However, as cysteine is a polarizable amino acid, it can be
repelled by electrostatic forces with charged groups of chitosan (amino) leading to a

reduction of the degree of substitution [32,33].

Nonetheless, the high concentration of thiol groups found in this study (degree of substitution
of 5+1 % and 262 %, CHICys and CHIMerc, respectively) possesses advantages for
improving the properties of pristine chitosan in potential biomedical applications such as

water solubility, cytocompatibility and mucoadhesion [24,31].

3.3.1.2 Spectroscopic characterization of chitosan thiomers

Chitosan is a copolymer composed of N-acetyl-D-glucosamine and D-glucosamine repeating
units with several chemical groups, which can be extensively characterized by FTIR
spectroscopy. As a general analysis of the FTIR spectra (Figure 3.2A), the typical chitosan
bands can be identified in all samples: The amide | bands at ~1655 cm™; the amide 11 band
at 1560 cm*; the amide 111 band at 1315-1320 cm'®; the broad OH and NH stretching bands
at 3450 cm*; C-H stretching bands between 28002900 cm™*; the —-CH bending at 1420 cm®
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1+ the bands assigned to C-O stretching at 1030 cm™ and 1075 cm™; and the band at 897 cm

! related to C-O-C glycosidic linkage [12,13].
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Figure 3. 2. (A) FTIR spéttra of samples (a) CHI, (b) CHIMerc, (c) CHICys; (B) FTIR
spectra with changes of bands of amine and amide groups (a) CHI, (b) CHIMerc, (c) CHICys;
(C) Chemical representation highlighting the changes in the chitosan chains with the thiol
functionalization (a) CHI, (b) CHIMerc, (c) CHICys; (D) The relationship between bands at
1640/897 cm™ and 1250/897 cm™ for each sample.

The differences observed by comparing the IR spectra can be associated with the
functionalization by the thiol precursors (i.e., CYS and MERC) with the primary amine in
chitosan glucosamine units (Figure 3.2B In CHIMerc (b), and CHICys (c) spectra, the C-N
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(1250 - 1320 cm) and NH (~1550 cm™) bands shifted towards lower frequencies, which can
be attributed to the addition of a heavier group after the amide bond formation [13,16]. In
addition, the formation of amide groups also increases the amide | band due to the
augmentation of C=0 stretching vibrations. Moreover, for both functionalization moieties,
i.e., CYS and MERC, there is an insertion of CH> groups in the chitosan polymer structure,
especially for CHIMerc, which possess an alkyl chain with 10 carbons. Therefore, the
thiolation of chitosan in this study was qualitatively confirmed by the increase in bands
related to CH, vibrations at approximately 2900 cm™ and 1420 cm™. Moreover, the FTIR
spectra indicated the presence of weak signals of sulfur-based groups at approximately 770
— 730 cm™ (-S-C) and 2560 — 2500 cm* (-SH) in thiol-containing chitosan samples (CHICys
and CHIMerc).

Considering the glycoside linkage band (897 cm™) of chitosan as the reference, which is not
expected to be significantly affected by the chemical reaction at the primary amino group
[12], and comparing the relative changes in amide 11l band (C-N bond) associated with the
amide bond formation, it was possible to estimate the extension of the functionalization
process. Changes in amide | region (~1640 cm™) can also be used to estimate the degree of
functionalization. Compared with the CHI spectrum (Figure 3.2B (a)), the changes in
CHIMerc spectrum (Figure 3.2B (b)) are more remarkable than those in the CHICys
spectrum (Figure 3.2B (c)), attributed to the length of the alkyl chain and the higher degree
of functionalization, as verified by Ellman’s reagent in the previous section. The chemical
representations of the changes in chitosan chains with the thiol functionalization, according
to the FTIR analysis, are shown in Figure 4.2C. The ratio between reference (897 cm™) and
amide (1640 cm™ and 1250 cm™) bands (related to both areas and intensities of these selected
bands) are shown in Figure 4.2 D [30,34-36].

As thiol bands are weakly detectable in FTIR, Raman spectroscopy was used as a
complementary technique for further characterization of the chitosan thiomers. The results
are shown in the Raman spectra in Figure 3.3A highlighting the bands related to sulfur groups
of thiol chitosan samples (CHICys and CHIMerc) at 2800 — 2700 cm™ (-S-CH2-CH,), 610
cm?, 530 cm? (S-S), 770 — 730 cm? (-S-C), and 2560 — 2500 cm™ (-SH) [37,38]. However,



73

the major band related to thiol groups (-SH) at 2560 — 2500 cm™ appeared only in the
CHIMerc (Figure 3.3B), most likely due to the much higher degree of substitution compared
to CHICys evaluated by Ellman’s method in the previous section [37,38]. Moreover, the
bands associated with stretching and bending vibrations of the CH> species at 2800-3000 and
1400 — 1200 cm™ were stronger in the CHIMerc sample than in the CHICys and CHI samples,
which were assigned to the contributions of N-acylation of the chitosan polymer with the
MERC alkyl chain (i.e., inserting 10 CH2 groups) [37,38]. Minor signals were detected at 530
cm in the CHICys and the CHIMerc samples, which indicated the formation of disulfide
bonds (S-S) by adjacent thiol groups [37,38].
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Figure 3. 3. (A) Raman spectra of samples (a) CHI; (b) CHIMerc and (c) CHICys; (B) Raman
spectra of all thiol chitosan samples highlighted the thiol group and (C) *H-NMR spectrum
of CHIMerc.

Nuclear magnetic resonance spectroscopy (NMR) has been widely used as a characterization

tool for evaluating polysaccharides such as chitosan and its functionalized derivatives. Thus,
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in this study, 'H-NMR spectroscopy was used as a supporting technique for further
investigating the functionalization of the chitosan backbone by thiol modifiers (i.e., cysteine
and MERC). Principally, both samples (CHICys, Fig. S2 and CHIMerc, Figure 3.3C) showed
the peak at approximately 2.0 ppm indicating the three N-acetyl protons of the N-acetyl
glucosamine residue (NHCOCH3) due to the incomplete deacetylation of chitosan. In
addition, the saccharide ring protons of chitosan usually resonating at approximately 3.4 —5.0
ppm were detected [13,24,25,36,39]. Regarding the functionalization of chitosan, the protons
in thiol groups can easily be replaced by D in DO used for NMR sample preparation, making
it undetectable in the NMR spectrum. Nonetheless, the signal at 6 2.7 - 2.9 ppm is commonly
assigned to methylene protons adjacent to thiol groups (-S-CH), which can be perceived as
evidence for the existence of thiol groups immobilized on chitosan backbones [24,36,39,40].
Moreover, the *H-NMR spectrum of CHIMerc indicated the incorporation of aliphatic chain
residues due to the appearance of signals corresponding to acyl chain protons at 3.1 - 3.3
ppm, 1.9 - 1.4 ppm and 1.3 - 1.0 ppm (greater & related to o -CH2- and 8 -CH2- and smaller 6
for -(CHz)q-i-) as indicated in Figure 3.3C [13]. These results confirmed that CYS and MERC
were successfully grafted onto the chitosan backbone forming thiomer-functionalized

structures.

3.3.1.3 Swelling and degradation properties of thiolated-chitosan scaffolds

The results of swelling degree of chitosan and chitosan-thiolated scaffolds are presented in
Figure 3.4A. A significant decrease of the swelling degree (SD) at equilibrium of chitosan
from 2600 % to 2280 % and 1810 % for the thiomers, CHICys and CHIMerc, respectively,
was observed after 24 h of immersion in deionized water (pH = 5.5+0.5, at room temperature,
26+2 °C). Although several methods are reported in the literature for evaluating the swelling
degree of hydrogels, most of them present well-correlated results with no relevant difference
for the overall tendency analyzed. These results are consistent with the FTIR findings and
the degree of functionalization discussed in the previous sections, where the thiolation of
chitosan occurred via the formation of amide bonds (i.e., replacing -NH2 groups by -SH
groups), which led to a less chemically hydrophilic (or more hydrophobic) polymer matrix
for water swelling. In addition, the introduction of thiol groups to the chitosan backbone

favored further crosslinking of the polymer network by the formation of disulfide bonds
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between adjacent groups (i.e., -SH/-SH) [17, 24, 30]. Therefore, this effect contributed to the
reduction of the swelling capacity of the chitosan-thiolated scaffolds produced. To this end,
the reduction of swelling degree was more prominent in CHIMerc scaffolds due to the
grafting of the hydrophobic acyl chain with terminal sulfhydryl group to the chitosan
backbone, associated with a higher degree of functionalization compared to CHICys.
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Figure 3. 4. (A) Swelling degree in deionized water (pH = 5.5+0.5) for all samples at 24

hours (n = 21) and (B) Gel fraction in deionized water (pH = 5.5+0.5) at 24 hours for all
samples (n = 21).
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Analogously, the in vitro chemical stability of these scaffolds was assessed by a gravimetric
method after 24 h of immersion in deionized water (pH = 5.5+0.5), at room temperature
(26+2 °C), which was applied to estimate the gel fraction (or degradation by solvation), and
the results are presented in Figure 3.4B. As expected, the opposite trend for the GF compared
to the swelling degree was verified. The swelling degree was decreased by grafting thiol
moieties to the chitosan backbone. The results of GF indicated a higher chemical stability of
the scaffolds produced with chitosan derivatives, i.e., GF = 100 % and 36 % for CHIMerc
and CHICys, respectively, and 18 % for chitosan. These results endorsed the previous
findings, demonstrating the more hydrophobic behavior of thiolated chitosan derivatives due
to the substitution of primary amino groups by thiol groups in the polymer chain and the
incorporation of the acyl groups by coupling with MERC. Similar trends were reported in
the literature for thiolated chitosan derivatives [17,36,41].

Thus, the results of swelling degree and gel fraction measurements demonstrated that these
thiomer-based scaffolds made of chitosan derivatives showed physicochemical properties
suitable for biomedical applications in soft tissue engineering where hydrophilic networks
are highly needed associated with chemical stability in aqueous media. Moreover, the
grafting of thiol groups onto the chitosan backbone tuned these properties, which may
promote chemical interactions with more hydrophobic molecules (peptides, antibodies,
proteins, enzymes, drugs, etc.) present in the biological microenvironment (e.g., cells and
tissues) [42-45].

3.3.1.4 Morphological analysis by SEM, micro-CT and Archimedes’ Method

The presence of thiol groups is a very interesting characteristic because the thiol groups can
give the system bio-adhesive characteristics, permeation enhancement and anti-protease
properties, and these characteristics are important because they influence the capacity of cells
to adhere and proliferate [42]. In addition, if the tissue engineering applications are
envisioned, cell adhesion to biomaterials is a crucial prerequisite for tissue repair and
regeneration, and in this case, the morphology and structure of the surface of biomaterials
are considered key features affecting the capacity of cells to adhere and proliferate [12,46].

Therefore, it is very important to understand the morphology of the scaffold, in particular
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porosity, because this parameter strongly affects the mechanical and biological performance
of the developed structures [12,46]. Among many alternatives, appropriate techniques for
this purpose must be selected, because each technique has limitations, and a combination of
different techniques is often required to achieve an in-depth study of the morphological
properties of the scaffold. Then, for that proposal, scanning electron microscopy (SEM)
analysis associated with micro-computed tomography (micro-CT) as nondestructive
techniques can provide a comprehensive set of data and fulfill this role. In addition, the
surface areas of the scaffolds were estimated based on the results obtained by the
Archimedes’ Method.

SEM is considered a traditional technique to characterize the material surface. This technique
presents excellent resolution at the sub-micrometer range and is available in research centers
and universities worldwide. However, the micro-CT, which was used initially to characterize
the 3D trabecular microarchitecture of bone, has been exploited for several research studies
for the morphological porous biomaterial characterization, and this technique enables a full
assessment of porous structures, both in terms of pore size and interconnected porosity for
the development of scaffold-based tissue engineering applications [12]. In that sense, the
SEM analysis was performed, and all samples have presented highly tridimensional porous
structure at the micrometer range (Figure 3.5). However, although all scaffolds presented
sponge-like structures with pore size typically ranging from 100 and 350 um, they clearly
showed distinct morphological aspects. Chitosan scaffolds presented relatively larger
average pore size of 389+188 um than CHICys and CHIMerc thiomer derivatives of 223172
and 225+95 um, respectively. Moreover, CHICys scaffolds (Figure 3.5B) presented a more
uniform pore size distribution than the CHIMerc sample despite similar average pore size
values (Figure 3.5C), assigned to the possible interactions of the hydrophobic acyl chain of
MERC with the water solvent during the freeze-drying process. Nonetheless, as far as
biomedical application is concerned, these features of highly porous structures are very
important to facilitate the diffusion of nutrients, biomolecules and cell metabolic by-
products. In addition, pore sizes ranging from 100 to 350 um are ideal for cell proliferation

and the formation of new tissue [12,47-52].
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Figure 3. 5. SEM images with 100 x at left and distribution of porous size obtained manually
with 30 measures and Chemical/Physical crosslinking between the chains at right of (A) CHI,
(B) CHICys and (C) CHIMerc.

The X-ray microtomography analysis (micro-CT) showed that the average porosity was
higher than 80 % in all samples, and the average pore size was 204+6 and 214+3 um for
CHICys and CHIMerc, similar to the values estimated by SEM. The interconnectivity of
CHICys and CHIMerc was > 90 % (Table 3.1), which is suitable for better cell proliferation
aiming at potential biomedical applications in tissue repair [49,52,53] as it allows the flow
transport of nutrients and metabolic waste and cell functions pertinent to the new tissue

formation and tissue ingrowth.
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Table 3. 1. Morphological aspects obtained by micro-CT analysis for 3D porous scaffolds of
thiolated-chitosan derivatives.

Morphological Aspects CHICys CHIMerc
Average pore size (Lm) (204+6) (214+3)
Porosity (%) (86x4) (82+3)
SIV (um™) (0.026x0.003) (0.085+0.001)
Interconnectivity (%) >90 >90

The Archimedes’ method was also used to assess the surface area and the porosity of the
scaffolds [54,55]. The results indicated that all chitosan-based thiomer scaffolds presented
porosity higher than 90 % (like the micro-CT method) but CHIMerc showed the largest
surface area and lowest density (Table S1). These results were interpreted as the contribution
of the hydrophobic chain inserted in the 3D scaffold of CHIMerc, which caused repulsion to
water molecules during the synthesis of the 3D porous structure. In addition to the pores with
size ranging from 100 - 350 pm, this has led also to the formation of ultra-small pores in the
scaffolds causing a much higher surface area and lower density, which was detected at the
higher magnification of the SEM analysis (Fig. S3). Therefore, the contact angles of these
systems were evaluated using water droplets spread onto polymer films as a qualitative
method for assessing the relative variation of hydrophobic/hydrophilic behavior of the
chitosan and thiolated chitosan samples. The results of the contact angle (Figure 3.6) were
60+1° for chitosan and 64+1° and 84+2° for CHICys and CHIMerc, respectively. The
thiolation of chitosan has significantly increased the average value of the contact angle of
almost 40 % for CHIMerc, which demonstrated the hydrophobic interactions of the acyl
groups inserted into the polymer backbone. To this end, such a large specific surface area,
high porosity and tunable hydrophilic/hydrophobic characteristics may promote cell
adhesion and proliferation regarding to the potential biomedical applications of these systems
[41,51,56].
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Figure 3. 6. Contact angle measurements of (a) CHI (b) CHICys and (c) CHIMerc films.

3.3.1.5 Biological characterization of thiolated-chitosan 3D porous scaffolds

3.3.1.5.1 Cell viability assay by MTT

The cytocompatibility of the 3D hydrogel scaffolds was characterized through MTT in vitro
assays to further validate the potential of these hydrogels to be applied in the biomedical field
for cartilage repair [12,26]. HEK 293 T and SAOS were used as models, since they share
similarities with cells that are involved in the production of ECM components essential for
the repair of soft and hard tissues [4-9]. Therefore, in this study, the toxicity of the CHI,
CHICys and CHIMerc biopolymeric scaffolds was preliminary evaluated based on analysis
of the cell viability using the direct contact method of the MTT assay. This test was
specifically used to evaluate mitochondrial function and cell viability and is widely accepted
to access the cytotoxicity of novel biomaterials according to the international standard (ISO
10993-5:2009/(R)2014, Biological evaluation of medical devices: Tests for in vitro
cytotoxicity). Figure 3.7A shows the results towards HEK 293 T where no cytotoxic effects
were observed for all systems, as there were cell viability responses of over 90 %, like the
reference control condition (100 %, within statistical variation). Despite differences in the
morphological and architectural features of CHI, CHICys and CHIMerc scaffolds and their
physicochemical properties characterized in the previous sections, they demonstrated

equivalent cytocompatibility to HEK 293 T cells, which was attributed to the high
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biocompatibility of the chitosan biopolymer favoring cell metabolic mitochondrial activity.
For the confluence of these cells (Figure 3.7B), no significant difference was observed for
the polymeric samples compared with the control group with nearly 100 % surface coverage
after 24 h of incubation in the direct contact method. Analogously, equivalent results were
observed for SAOS cells where no cytotoxicity was verified towards all scaffolds tested (Fig.
S4).
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Figure 3. 7. (A) Histogram of cell viability of embryonic cell lines (HEK 293 T) towards all
samples; (B) Optical images of HEK 293 T responses after 24h using MTT assay and (C)
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The LIVE/DEAD® test with HEK 293 T cells after 24 h incubation. Live cells (green) and
Dead cells (red) in control of with 200 x.

3.3.1.5.2 LIVE/DEAD® assay

Essentially, the LIVE/DEAD® viability/cytotoxicity assay provides a two-color fluorescence
cell viability test, based on the simultaneous determination of live (stained in green, Aex 495
nm, Aem 515 nNm) and dead cells (stained in red, Aex 495 nm, Aem 635 NM) with two probes,
Calcein AM (acetoxymethyl ester of calcein) and EthD-1 (ethidium homodimer), that
measure known parameters of cell viability, the intracellular esterase activity and plasma
membrane integrity [57,58]. Therefore, the LIVE/DEAD® cytotoxicity assay was performed
to confirm the results of the MTT tests using the kidney cell line of a human embryo (HEK
293 T) with chitosan and thiolated derivatives (CHICys and CHIMerc). Figure 3.7C shows
that the cells tested with the samples CHI, CHICys and CHIMerc had a fluorescence pattern
similar to the control group, i.e., high green fluorescence (viable cells) and little or no red
fluorescence (dead cells). Thus, as expected, the LIVE/DEAD test validated the previous
results shown in the cell viability assays by MTT. In that sense, it may be suggested that the
CHICys and CHIMerc scaffolds have shown promising potential to find applications as

biomaterials for tissue engineering.

3.5 Conclusions

In this study, we focused on the synthesis and comprehensive characterization of new 3D
hydrogel scaffolds based on thiol-functionalized high molecular mass chitosan. The
hydrogels were produced by the freeze-drying method for obtaining porous scaffolds. The
FTIR, Raman and NMR spectroscopy results evidenced the mechanisms involved in the
conjugation process via the formation of amide bonds between carboxyl groups from thiol
precursors (i.e., cysteine and MERC) with amino groups of the chitosan backbone. Moreover,
the results demonstrated that the chitosan and chitosan-thiolated hydrogels were produced
with different degree of functionalization and swelling degree depending on the thiol-
modifier precursors used in the synthesis. Analogously, degradation behavior was reduced
by increasing the hydrophobicity of the thiol precursor and the crosslinking of the network

by the formation of disulfide bonds. SEM analysis associated with micro-CT X-ray imaging
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of the hydrogel scaffolds presented highly porous and interconnected 3D structures, with
distinct morphological features such as porosity, surface area and density significantly
affected by the thiol moieties inserted in the chitosan polymeric network. These three-
dimensional hydrogel scaffolds were cytocompatible, based on the in vitro MTT assay with
over 90 % of the cell viability responses of HEK 293 T and SAQOS cells and LIVE/DEAD
cell viability results. Therefore, novel biocompatible chitosan-derived thiomer scaffolds were
designed and produced with properties that are modified by the selection of sulfhydryl
precursors, with the ability to absorb large amounts of water while maintaining their
architectural features and three-dimensional stability. The scaffolds are promising for

potential use in cartilage tissue repair applications.
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Supplementary Materials
Table S1. Morphological parameters obtained for 3D porous scaffolds of chitosan and

thiomer derivatives: Bulk density (pa), porosity (¢) and surface area (Sa).

Sa
3D Porous 1
(m”.g™")
Scaffolds Pa £
Micro-CT
samples (g.cm™3) (%)
SEM analysis analysis
CHI (0.112+0.014) (89+3) (139+17) NA*

CHICys (0.066+0.008) (95+2) (466£61) (426+55)
CHIMerc (0.035£0.003) (96x2) (804+89) (765+64)

*NA = Not applied due to limitation of the method.
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Bi-Functional Eco-friendly 3D Scaffolds based on N-acyl Thiolated Chitosan for
Potential Adsorption of Dye Pollutants and Antibacterial Applications
Fernanda G. L. Medeiros Borsaglit, Virginia S. T. Ciminelli2, Dionei J. Haas®, Andrey P.

Lage®, Herman S. Mansur'*

Center of Nanoscience, Nanotechnology, and Innovation - CeNano?l, Department of
Metallurgical and Materials Engineering, Federal University of Minas Gerais/lUFMG,
Belo Horizonte, Brazil.

National Institutes of Science and Technology: INCT-Acqua, Department of Metallurgical
and Materials Engineering, Federal University of Minas Gerais, Brazil.
3Department of Preventive Veterinary Medicine, Veterinary School, Federal University of
Minas Gerais, Brazil.

Corresponding author: *hmansur@demet.ufmg.br

Abstract

Unfortunately, the presence of organic dyes in industrial effluents has been continuously
polluting waters leading to the formation of toxic sludge and/or carcinogenic
compounds. To worsen this scenario, the proliferation of multidrug-resistant
microorganisms in waters caused by anthropogenic activities and natural disasters has
become major global concern because of serious health and environmental harms. Herein
we designed and developed novel three-dimensional (3D) porous scaffolds made of N-acyl
thiolated chitosan using 11-mercaptoundecanoic acid. These hydrogels exhibited 3D
hierarchical pore structure (porosity > 82%) and high surface area (~ 804 m?.g™), which
demonstrated high adsorption capacity for methyl orange anionic dye pollutant (~ 450
mg.g?) in water. The adsorption data were well-fitted to a pseudo-second-order kinetics
and Freundlich’s isotherm. Moreover, the thiolated-chitosan proved antibacterial activity
against Pseudomonas aeruginosa regularly found in hospital discharges. Thus, for the first
time, bi-functional thiolated-chitosan 3D-scaffolds were produced combining green
biosorbent behavior for organic dyes and antimicrobial activity against pathogenic bacteria,
which offer innovative strategy for the treatment of multi-polluted and contaminated water

bodies.

Keywords: Biosorbent; Adsorption of Dyes; Antibacterial Hydrogel; Wastewater

Treatment; Thiolated-chitosan; Porous Scaffolds.
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4.1 Introduction

Water availability for economic development and conservation of life is a theme of great
concern given the increasing occurrence of extreme events related to climate changes
combined with the deterioration of water quality due to anthropogenic contamination [1].
Among these pollutants, dyes, phenolics, pharmaceutics, and pesticides have recently
become of great concern because of their extreme toxicity and persistence in the
environment. Although chemical and biological treatments are available for the removal of
organic compounds, the by-products of their degradation can also be harmful and non-
degradable [2-4]. Industrial effluents and hospital wastewater are some sources of water
pollution. Industrial effluents runoffs may comprise colored substances that are released from
textile, paint, paper, varnishes, ink, plastics, pulp, cosmetics, tannery and plastic [5,6]. The
presence of dyes in industrial effluents are a significant cause of pollution due to their
recalcitrance nature, giving undesirable color to the water and reducing sunlight penetration,
associated with the fact that their degradation products may be toxic or even mutagenic and
carcinogenic [5]. Approximately 10,000 different types of pigments and over 700,000 tons
are produced worldwide annually, being 10 to 15 % lost in the effluent during the dyeing
process [4,6,7]. To aggravate this scenario, many types of drugs, including antibiotics usually
from inappropriate discard of medical, veterinary, and agricultural applications, heavy
metals, and disinfectants are found in wastewater, thus contributing for increasing bacterial
resistance [5,6,8,9]. Studies have shown that hospital effluents, in special, contain levels of

bacteria with antibiotic resistance higher than effluent derived from other sources [8-10].

Effluents are usually treated by chemical precipitation, membrane separation, evaporation,
electrolysis, among other processes. However, some of these methods may be ineffective for
the removal of trace amounts from large volumes of wastewater and present shortcomings,
such as high maintenance costs, generation of toxic sludge and complicated procedure
involved in the treatment [11-14]. For this reason, selective wastewater treatment processes
for the capture/immobilization of specific dyes, in addition to the reuse of waste is highly
needed. In addition to the adopted adsorbents (e.g., activated carbon) investigations on
selective biosorbents based on natural polymers and derivatives have significantly increased

under the concept of economic and environmentally friendly materials [15]. The natural
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polymers such as starch, cellulose, chitosan, and lignin are scientifically and industrially
attractive because they present hydrophilic networks with functional groups for developing
chemical interactions with metallic ions and organic compounds [16, 17]. Moreover, the
presence of pH-sensitive functional groups in the polymer backbone offers an attractive
possibility for developing novel soft materials forming polyelectrolyte hydrogel platforms.
These hydrogel networks can swell in aqueous medium instead of dissolving in it and
therefore, are capable of retaining extremely large amounts of water relative to their own
mass (referred to as superabsorbent polymer-based hydrogel, SAP). The formation of
hydrogen bonding between water molecules and functional groups of the polymer network
leads to water absorption from 10-100 times its weight and this allows a variety of innovative

environmental and biological applications [4,17].

Despite the several advantages of chitosan such as abundant natural polysaccharide, non-
toxic and biodegradable, it is only soluble under acidic aqueous solution, which can limit
some of its potential applications in the environmental and biomedical fields. Thus, the
chemical derivatization of chitosan provides powerful means to promote new features and
specific properties by the functionalization process based on the presence of primary amino
groups in the macromolecule [18-25]. To this end, the chemical conjugation process of
chitosan with thiol-bearing ligands produces thiomers with improved water solubility
associated with a high level of cohesive-, mucoadhesive-, enzyme inhibitory-, and
permeation-enhancing properties. Moreover, the effect of chitosan thiomers on

microorganisms, including antibacterial activity has been recently reported [18-25].

Chitosan and derivatives have been widely investigated as sorbent for water treatment mostly
in the removal of heavy metals and dyes [16, 24-27]. However, interestingly, no study was
found in the consulted literature reporting the research of chitosan thiomer hydrogels for
organic dye adsorption combined with antimicrobial features. Hence, there is a vast field to
be exploited based on the combination of chemical functionalities with the chitosan
polysaccharide backbone producing a new class of thiolated-chitosan polymers for numerous
applications. An ideal material will combine all the mentioned features of chitosan and its

thiomers into one single design, to address simultaneously the distinct aspects of a dynamic
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adsorption process and antibacterial activity. Hence, such modifications should preserve the
fundamental skeleton of the chitosan and improve selectivity according to the character of
the introduced moieties. In that sense, further investigations of the effects of thiolated
chitosan on the adsorption of toxic dyes and antibacterial activity pose highly attractive

challenges to the research community and environmental professionals.

Thus, to the best of our knowledge, the present work reports for the first time a facile green
synthesis of 3D porous scaffold bio-adsorbents combined with antibacterial activity based on
thiolated chitosan produced using 11-mercaptoundecanoic acid. It was comprehensively
evaluated the influence of grafting thiol groups to chitosan on the adsorption of model
hazardous organic dye, including the kinetics and mechanisms involved, as well as the
antibacterial activity against the resistant pathogen (Pseudomonas aeruginosa). It is foreseen
the prospective use of these bi-functional 3D porous scaffolds as ecologically sustainable dye
adsorbents combined with the antibacterial behavior for wastewater treatment with

severe organic dye pollution and pathogen contamination.

4.2 Experimental section

4.2.1 Materials

All the reagents and precursors were used as received. These included sodium hydroxide
(Sigma, USA, >99 %, NaOH), hydrochloric acid (Sigma-Aldrich, USA, 36.5-38.0 %, HCI),
11-mercaptoundecanoic acid (Sigma-Aldrich, USA, > 95 %, MM = 218.36 g.mol?,
HSCH2(CH2)sCH.COOH), 2-propanol (Sigma-Aldrich, USA, anhydrous 99.5 %,
(CHs)2,CHOH), acetic acid (Synth, Brazil, 99.8 %, MM = 60.05 g.mol?, CH3zCO:zH),
Ellman’s reagent (Sigma-Aldrich, USA, DTNB, 5,5'-dithiobis(2-nitrobenzoic acid), MM =
396.35 g.mol?, [-SCeH3(NO2)CO.H]2), N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride - EDC (Sigma-Aldrich, USA, CgHi7N3-HCI, MM = 191.7 g.mol™), N-
hydroxysulfosuccinimide sodium salt - sulfo-NHS ( Aldrich, USA, > 98 %, C4H4NNaOeS,
MM = 217.13 g.mol™?), sodium phosphate dibasic (Sigma-Aldrich, USA, > 99.0 %, MM =
141.96 g.mol, NazHPO,), potassium phosphate monobasic (Sigma-Aldrich, USA, > 99.0
%, MM = 136.09 g.mol?, KH2PO.), potassium chloride (Sigma-Aldrich, USA, > 99.0 %,
MM = 74.55 g.mol?, KCI), sodium chloride (Sigma-Aldrich, USA, > 99.0 %, MM = 58.44
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g.moll,  NaCl), ethylenediaminetetraacetic = acid (EDTA, Synth, Brazil,
(HO2CCH2)2NCH2CH;N(CH2CO2H)2, > 99.99 %, MM = 292.24 g.mol™?), nitric acid (HNOs,
Sigma-Aldrich, USA, > 90 %, MM = 63.01 g.mol?), methylene blue (MB, Synth, Brazil,
C16H18N3SCI-3H20) and methyl orange (MO, Synth, Brazil, C14H14N3NaOsS). High-
molecular-mass chitosan powder (CHI, molar mass, MM = 310,000 to > 375,000 g.mol?,
deacetylation degree (DD) > 75.0 %, and viscosity 800-2000 cP, at 1 % in 1 % acetic acid,
Aldrich, USA) was used for polymer modification. Deionized water (DI-water) (Millipore
Simplicity™) with a resistivity of 18 MQ-cm was used to prepare all solutions. All
preparations and syntheses were performed at room temperature (RT, 252 °C) unless
otherwise specified.

4.2.2 N-Acylation of chitosan with 11-mercaptoundecanoic acid (CHIMerc)

The synthesis of chitosan with 11-mercaptoundecanoic acid (MERC) was performed
according to the molar ratio of reagents 1:2:2 (CHI:EDC:MERC) as described at our previous
work [25,26] which was slightly modified due to presence of the hydrophobic acyl chain
(MERC). Briefly, 0.5 g of chitosan powder was dissolved in 30 mL of 2 % (v/v) acetic acid
aqueous solution overnight for complete solubilization and the pH was adjusted to 4.5+0.5
(NaOH, 1.0 mol.L). In the sequence, 1.36 g of MERC was dissolved in 60 mL of phosphate-
buffered saline (PBS) solution/2-propanol (30/30) (v/v). Then, 1.2 g of N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) and 0.32 g of N-
hydroxysulfosuccinimide sodium salt (sulfo-NHS) were added and maintained under
moderate stirring for 1 h at room temperature (referred to as MERC/EDC/NHS solution).
Then, the MERC/EDC/NHS solution was added to chitosan/acetic acid solution and the pH
was adjusted to 5.0+0.5 (NaOH, 1.0 mol.L?) (i.e., total volume = 91 mL, molar ratio of
1:2:2/CHI:EDC:MERC). This is required in order to increase number of de-protonated amino
groups (R-NHz*—R-NH>) to conjugate with carboxylic group from MERC [18,25]. The
coupling reaction via the formation of amides was performed at room temperature (RT) under
moderate stirring for 5 h in the darkness. Next, the mixture was dialyzed in the darkness
against distilled water using a membrane (12-14 kDa, Sigma, USA) for 7 days at RT to
remove unreacted species and water-soluble contaminants for further preparing the

hydrogels. To obtain polymer matrices with porous three-dimensional structures, samples of
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the previously prepared solutions (CHIMerc) were poured into plastic tubes (1.5 mL in
Eppendorfs), frozen at -4+2 °C for 72 h and freeze-dried (ModulyoD, Thermo Electron
Corporation, Waltham, Massachusetts, USA) at -50 °C and 400+£100 ubar until the samples
reached a constant mass (approximately 72 h). The freeze-drying process was the same and
the parameters (temperature, pressure, time) were maintained unchanged for all the samples
produced. The thiolated-chitosan scaffolds were produced with a soft foam-like aspect and
stored at 4+2 °C until further use.

4.2.3 Thiolated chitosan characterization

4.2.3.1 Determination of thiol group content grafted to chitosan

In our previous work [25], the determination of the total amount of thiol groups in the
CHIMerc chain was performed using the Ellman’s reagent protocol as reported previously in
the literature [18]. This method was used because a solution of this compound produces a
measurable yellow-colored product when it reacts with sulfhydryl, so this reagent (DTNB,
5,5'-dithiobis(2-nitrobenzoic acid)) is very useful as a sulfhydryl assay reagent because of its
specificity for -SH groups at neutral pH, 11-mercaptoundecanoic acid at concentration range
of 2400 — 90 uM was used because sulfhydryl groups may be estimated in a sample by
comparison to a standard curve composed of known concentrations of a sulfhydryl-
containing compound [19]. All experiments were performed in triplicate (n = 3), unless
specifically noted. Moreover, the degree of functionalization (DF) of chitosan with MERC
was estimated based on the total amount of available reaction sites in chitosan chains before
the functionalization reactions and the results obtained by the Ellman's method as described
in our recent work [25] with DD (degree of deacetylation of chitosan (DD = 0.85)) estimated
by NMR according to our previous study [27].

4.2.3.2 Statistical analysis
The results of all experiments were averaged and statistical analysis was performed using
ANOVA (one way included Tukey’s test, p < 0.05, software Origin v.8.1, OriginLab

Corporation, USA) unless specifically noted.
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4.2.3.3 Characterization of thiomer samples

Raman spectroscopy was performed with a LabRam-HR 800 (Horiba/Jobin Yvon) equipped
with an Olympus BX-41 microscope provided with lenses of 10x, 50x and 100x and an
additional macro lens of 40 mm for all samples. A 632.8 nm excitation from a helium-neon
laser was focused on a spot of 1-2 pm? in the samples. The back-scattered light collected was
dispersed by a monochromator and detected by the LN2 (liquid nitrogen)-cooled CCD
(charge-coupled device) system. The spectra ranged from 200 cm™ to 3300 cm™ with a step
size of 1.1 cm™. Depending on the background fluorescence, the acquisition time was set
from approximately 60 s to 300 s, with a minimum of ten replicates to increase the signal-to-
noise ratio. This analysis was performed on samples produced and after immersed in aqueous

solutions with pH 3.0, 7.0, 9.0 and dried at room temperature.

To determine the swelling behavior of 3D scaffolds, the water adsorption (WA) was
evaluated in aqueous solution at pH 3.0, 7.0 and 9.0 (adjusted with HCI or NaOH, 0.5 %
aqueous solution), as described in the literature [4,25]. This process was performed for 24
hours and the Equation 4.1 was used to assess the water adsorption until reaching the
equilibrium for the chitosan-based hydrogels [25]. These experiments were performed with

9 samples for each system (n = 9, 3 samples of 3 different syntheses of the 3D scaffolds).

WA (%) = [(Ms — M;)/M;] x 100 (4.1)

Where M;s is the weight of the swollen polymer, and M; is the initial weight of the polymer.

The morphologies of the freeze-dried CHICys and CHIMerc scaffolds were evaluated using
a scanning electron microscope (SEM, FEI-FEG-FIB-QUANTA 3D) coupled with energy
dispersion X-ray spectroscopy (EDX, EDAX Bruker, 0.8 nm). Before the examination, the
samples were coated with a thin carbon film via sputtering using a low deposition rate,
cooling the substrate, and ensuring the maximum distance between the target and the sample
to avoid sample damage; the film formed was 30 nm. Images of secondary electrons (SE)
were obtained using an accelerating voltage of 15 kV for all samples. Moreover, the three-

dimensional structures of the scaffolds were investigated using 3D microtomography
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(SkyScan 1174, Bruker micro-CT) at a resolution of 12.18 um, at 40 kV voltage, 100 pA
current, 0.7° rotation step, and no filter. Images were reconstructed using NRecon
Reconstruction software (v.1.6.1.18, Bruker micro-CT). CTAn software (v.1.15.4.0, Bruker
micro-CT) was used to analyze the micro-CT datasets in 2D and 3D for morphometry and
densitometry. Additionally, the mass of the dry, wet and submerged scaffolds was measured
using the accessory SMK-301/400 (Shimadzu) coupled to a balance (£ 0.0001 g) and the
densities pa, were calculated according to the literature [25]. The porosities (g) were
calculated according to the Archimedes’s Method [25,28]. The surface areas (Sa) were
estimated by a method used to determine the surface area of powder materials [25,29].

4.2.4 Antibacterial activity of 3D scaffolds

The samples were sterilized and pressed as disc format similar to the antibiotic disc, then it
was sterilized again using UV radiation at 10 cm of distance (4.78 mW.cm?, 6 W, at A, = 254
nm, Boitton Instruments). It was prepared 18 discs of each sample with average mass
presented in Table S.1. Then, the Gram-negative human bacterial pathogens (Pseudomonas
aeruginosa, P. aeruginosa, ATCC 27853) obtained from the American Type Culture
Collection (ATCC) was tested. The inoculums of the test organism were incubated at 37 °C
in Muller—Hinton medium until reaching the logarithmic phase. The optical density of
bacterial suspensions was measured at A = 620 nm using a microplate reader (Spectra Il
Microplate Reader, Tecan) at absorbance mode. All of the materials were sterilized in the

autoclave at 120 °C under 1 kgf.cm™ for 15 min.

4.2.5 Adsorption and desorption of organic dye pollutants

The adsorption of organic dye pollutants was made using methyl orange (MO) as a model of
hazardous dyes in water, respectively. MO solutions were prepared from a stock solution of
100 mg.L* in deionized water. The MO solutions were prepared with 3 concentrations (20
mg.L?, 50 mg.L?, and 100 mg.L?). Adsorption experiments were conducted by adding
approximately 18 mg of the scaffolds (on a dry mass basis) into 5 mL of each MO solution.
The experiments were performed at constant pH = (7.0£0.5) and temperature of (26+2) °C in
a dark chamber. All experiments were averaged, and statistical analysis was used. The

removal efficiency (% removal by sorption) under the selected experimental conditions and
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adsorption capacity (mg.g™) were determined according to the literature [27]. The correlation
of the absorbance with the dye concentration was performed at the characteristic maximum
absorption wavelength of MO (i.e., A = 465 nm) by the standard working curve (Fig. S.1)
using UV-vis spectroscopy (Lambda EZ-210, Perkin Elmer) in all experiments. Appropriate
dilution was performed to ensure that the concentration of the solution was within the range
of the standard working curve.

Adsorption Kkinetics experiments were performed to determine the time for equilibrium for
the dye adsorption (at 20 mg.L™, final pH equal 7.0£0.5 and temperature of 262 °C). The
fitting of the pseudo-first-order and pseudo-second-order models [4,30] to the experimental

data at increasing time intervals up to 1440 min (i.e., 24 h) was also investigated.

The Langmuir and Freundlich equations [13] were tested to determine the best model to
describe the results, in a concentration range of 0-100 mg.L™, mass of adsorbent of 13 mg,
final pH of 6.5+0.5 and temperature of (26+2) °C. The effect of the pH from 3.0+0.5 to
9.0+0.5 (adjusted with NaOH or HCI 1.0 mol.L™) on the adsorption of MO solutions (20
mg.L?) was also investigated. Before and after scaffold immersion and with increasing time
intervals, aliquots of the MO solutions were collected and analyzed to determine the dye
concentration. The CHIMerc sorbent, before and after 24 hours contact with MO was dried
at room temperature and analyzed by Raman spectroscopy, according to the procedure

described in section 4.2.3.3.

As a preliminary assessment of the potential recovery of MO, desorption experiments were
performed. After adsorption of MO (at 100 mg.L* after 24 h), saturated dye-loaded sorbents
were immersed in aqueous KCl solution (3 mol.L™, ionic strength = 1.5), HNO3 solution (pH
= 4.0£0.5), NaOH solution (pH = 10.0£0.5), and EDTA (1 M, pH = 4.5£0.5) to evaluate
desorption due to the ion exchange, pH variation and extraction by a complexant,
respectively. After 2 h of ultrasonication, the final MO concentrations in solution were

analyzed and compared to the amount of dye previously adsorbed.
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4.3 Results and Discussion

4.3.1 Characterization of 3D scaffolds

4.3.1.1 Analysis of synthesis and determination of total thiol group

The concentration of thiol groups on CHIMerc was (2218+100) pumol.g™ [24]. It can be
observed that the degree of substitution of thiol groups was higher (300 to 700 % for
CHIMerc) compared with other studies [18,19,26,31]). The N-acylation of chitosan using 11-
mercaptoundecanoic was only previously reported in our recent work [24]. This effectiveness
of the thiolation process can be assigned to optimized experimental conditions, such as the
use of sulfo-NHS combined with EDC as a zero-length coupling agent (stabilization of
intermediates formed), the buffer solution and solvent (i.e., PBS solution), temperature, pH,
concentration of reagents, Kinetics of reaction, degree of deacetylation, molecular weight
(Mw), DD of chitosan and others. The high concentration (over 400 %) of thiol groups at
CHIMerc was suggested to be mostly caused by the orientation of the reacting molecule
MERC as an amphiphilic molecule (i.e., “polar carboxylic head” and “hydrophobic thiol-
acyl tail”) favoring the formation of amide bonds with the amino groups of chitosan [32].
Moreover, the high concentration of thiol groups found in CHIMerc (degree of substitution
of 26£2 %) possesses advantages for improving the properties of pristine chitosan in many

potential applications [18,31].

4.3.1.2 Analysis of Raman spectra and Swelling as a function of pH (Mechanism)

Raman spectroscopy was used for the characterization of the chitosan thiomers, as thiol bands
are weakly detectable in FTIR. The typical chitosan bands (Figure 4.1A) can be identified in
the 3D scaffolds: the amide | bands at ~1696 cm™; the amide I11 band at 1297 cm™; the —-CH,
bending at ~1410 cm; the bands assigned to C-O stretching at 890 cm™ and 920 cm™; C-H
stretching bands between 2800 — 2900 cm™. In addition, the 3D scaffolds presented the bands
related to sulfur groups at 610 cm™ (-S-C-), 540 cm™ (S-S) and 2560 — 2500 cm™ (-SH) [33,
34]. Moreover, the bands associated with stretching and bending vibrations of the C-H and
CH; species at 2800 - 3000 and 1492 cm™, respectively, were stronger in the CHIMerc
sample than in the CHI sample, which were assigned to the contributions of N-acylation of
the chitosan polymer with the MERC alkyl chain (i.e., inserting 10 CHz groups) [33]. Minor

signals were detected at 540 cm™ in the CHIMerc sample, which indicated the formation of
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disulfide bonds (S-S) by adjacent thiol groups [34]. The band located at 760 cm™, which may
be attributed to the deformation p(CHy.) in phase [34], only appeared at CHIMerc. Some other
less intense bands (not highlighted) at CHIMerc were observed at 1037 and 1100 cm™* are
assigned to the cis and trans (C-C) stretching, respectively, while the band at 1064 is
characteristic of a random (C—C) skeletal conformation [33].
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scaffold.
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Raman spectroscopy helped to determine the mechanism of 3D scaffolds (CHIMerc) at
different pH. Figure 4.1B shows the similarity between the spectra obtained under neutral
conditions and that of pure CHIMerc. Under basic conditions the thiol band suffers a great
decrease (Figure 4.1C), which can be attributed to the oxidation of SH groups at this pH. The
vibration of SO3 [35,36] by the additional weak mode appears at 730 cm™ (Figure 4.1D). In
addition, the band at 956 cm™ is shifted towards lower frequencies at pH (9.0+0.5) compared
with pH (7.0£0.5) and (3.0£0.5), which can be also attributed to the appearance of SO3
[36,37].

Similar to Raman, the water adsorption was used to determine the mechanism of 3D scaffolds
at different pH values. The results showed a significant difference in the swelling of CHIMerc
between pH (3.0£0.5) and (9.0£0.5). The water adsorption (WA) was higher at acid (91671
%) than at basic conditions (511+18 %). The largest water adsorption (1765+144 %) was

observed under neutral conditions (pH=7.0+0.5).

Under acidic conditions (pH<pKa~6.5 of chitosan [27]), the amine groups of chitosan are
predominantly protonated to various degrees (Equation 4.2), which improve the water
adsorption at this medium. Under basic conditions, the amino group is deprotonated
(Equation 4.3). In addition, the thiol group is present in aqueous solution as dissolved neutral
(H2S) species or dissolved anions (eg. HS", HSOs", S203") depending on the pH [38]. This
group presents a great affinity by oxygen and can oxidize to form disulfide cross-linked
hydrogel or -SOz, spontaneously; the reaction is slow by exposure to air [31,39]. The basic
conditions accelerated this oxidation process, thus decreasing the water adsorption at this
medium (Equation 4.3). At neutral conditions all amine groups are deprotonated
(NH3"™—NHq>, no residual charges), the polymer chain increases the formation of dative bonds
of groups (electron donor, :NH2 or :SH), and the reaction of thiol oxidation is very slow,

which improved the water adsorption (Equation 4.4).

. +
CHI N> + H*(aq) — CHI 3 (4.2)
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+ .
CHlg,® + OH™(aq) — CHIgpy" (4.3)
CHI igy* + H,0(aq) = [CHI g* /H,0] (4. 4)

4.3.1.3 Morphological analysis of 3D scaffolds

SEM images of samples CHIMerc showed a highly porous structure for the thiomer scaffolds
(Figure 4.1E) with average pore diameter of (225+95) um. These CHIMerc scaffolds present
a three dimensional interconnected hierarchical pore structure, which will contribute for the
formation of surface sites for the adsorption process of organic dyes in water. These
interconnected pores are very important to facilitate the diffusion of the adsorbate [6,39]. In
addition, as reported in our previous study [25], micro-CT analysis indicated porous
structures with a reasonably monodisperse distribution in the 3D volume. The CHIMerc
showed an average pore size of (214+3) um and porosity of (82+3) %. These results
supported the SEM analysis, indicating that the combination of morphological features would
favor the permeability and flux of adsorbate, improving the adsorption of azo dyes by the
scaffolds. The surface area in the 3D scaffolds was determined by Archimedes’ method. This
method indicated that CHIMerc has the largest surface area (804+89 m2-g™), because the
presence of sub-micrometer pores [25]. The high porosity of the scaffolds and their high
surface area likely provided a very large surface-to-volume ratio, thus offering abundant

active sites for the adsorption of azo dyes [40].

4.3.2 Analysis of the Antibacterial activity of 3D scaffolds

The chitosan antibacterial activity depends on their physical properties (DD, Mw), type of
solvent, microorganism species and biopolymer source [19,20,41]. According to the
literature [19], the results also depend on the tested chitosan and on the method to measure
the antibacterial activity. In this study, the antibacterial activity of 3D scaffolds was evaluated
using agar-well diffusion method. The results are shown at Figure 4.2A. The absence of
antibacterial activity of CHI is ascribed to the high molar mass of the sample used in the

present investigation.
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Figure 4. 2. (A) Sensitivity of bacterial activity against 3D scaffolds and (B) Illustration of

some mechanisms proposed to explain CHIMerc antibacterial activity against P. aeruginosa.

Conversely, Figure 4.2A demonstrates the antibacterial activity of the synthesized CHIMerc
against the P. aeruginosa. These bacteria are highly drug-resistant and opportunistic
pathogen present at hospital effluents. Due to the permeability barrier in the outer membrane,
it is naturally resistant to many antibiotics [20]. To explain the CHIMerc antibacterial result
against P. aeruginosa some hypotheses are not discharged: the highest DF (26+2) %, the
long alkyl-chain, which improves the hydrophobic interactions between the alkyl chain and

the bacterial wall proteins [20], the interaction between the thiol group and the alginate
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biofilm ((1-4)-linked B-D-mannuronate) formed at bacterial culture causing lyase of this
biofilm [42], and the interaction with quorum signals (QS) (which is a mechanism by each
bacteria communicate with each other [41]) prevented the increase of bacterial proliferation
(Figure 4.2B).

Previous work [20] suggested the length of the thiol-alkyl chains of the chitosan substituents
can enhance the antibacterial activity of the pristine compound through hydrophobic
interactions between the alkyl chain and the bacterial wall proteins. Nevertheless, other
authors reported the detrimental effect on antibacterial activity by the reaction of the thiol-
moiety with cysteine, because this group can serve as nutrients for the bacteria [19,22].

4.3.3 Analysis of dye adsorption process

4.3.3.1 Adsorption analysis of methyl orange (MO)

The adsorption pattern depicted by the scaffolds, CHIMerc, are shown in Figure 4.3. The
CHIMerc scaffolds showed increasing MO uptake with time up to approximately 240 min,
remaining constant at longer times. The decolorization of the MO solutions, changing from
a darker orange to light orange (Figure 4.3C), was qualitatively observed after the contact
with CHIMerc.
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Figure 4. 3. (A) Methyl orange (MO) adsorption and absorbance profile as a function of time

for CHIMerc, (B) CHIMerc after 8 hours in contact with MO solution (C) Initial solution of

2 hours

MO and after 2, 8 and 24 hours in contact with CHIMerc. Experimental conditions: MO
initial concentration 20 mg.L™; initial pH (7.0+0.5); final pH (6.7+0.5); temperature of 26+2
°C.

The MO dye concentration was quantified by the Beer-Lambert correlation with absorbance
analyzed by UV-vis spectroscopy at its characteristic maximum absorption wavelength (i.e.,
A =465 nm) (Fig S.2). The decrease of absorbance at 465 nm with the increase of time (Figure
4.3) depicts MO adsorption by the scaffold. The MO removal (S) after 2 hours contact time
was calculated to be (88+1) % for CHIMerc. Under these conditions, the adsorption capacity
(not gmax) of CHIMerc for MO was (251+15) mg.g™, which compares very positively with
the literature (Table 4.1). The relative high adsorption of MO dye was related to the high
concentration of thiol groups in the CHIMerc ((2218+100) umol.g™l), resulting in the

formation of a MO-thiolate complex on the scaffold surfaces.
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Table 4. 1. Comparison of MO uptake with data from the literature

Reference Adsorbent Qmax (Mg.g™") pH
[6] Aminated pumkin 126.1 3
seed powder Zr (1V)-
immobilized
crosslinked
[43] Chitosan/bentonite 76.9 7
composite
[44] HEMA-chitosan- 198 7
MWCNT
nanocomposite
[45] Chitosan spheres 5.8 7
[46] Chitosan biomass 29 3
[47] Chitosan/alumina 32.999 7
composite
This study CHIMerc 400 - 450 7

MO (Methyl orange)

HEMA — chitosan — MWCNT (nanocomposite of multi-walled carbon nanotube (MWCNT)
functionalized (f) with chitosan (CS) and poly-2- hydroxyethyl methacrylate (P HEMA))

Zr (IV)-immobilized crosslinked (nanocomposite of chitosan with Zr (1V)

4.3.3.2 Kinetics of MO adsorption

The adsorption kinetics of the dye was calculated by monitoring the absorbance of the MO
solution after the contact with CHIMerc sample. Figure 4.4 clearly shows that the adsorption
process increased rapidly in the initial stages and then slowed down. According to the
literature, the adsorption processes are generally described by the following Kinetic
equations, namely, the pseudo-first-order and pseudo-second-order rate laws [6,13]. The
pseudo-second-order model fitted better the adsorption data as indicated by the fitting curves
(Figure 4.4) to the experimental data, the higher correlation coefficient (R?) (Table S.2). This
conclusion was further confirmed by the Chi-square (y*) test [4] as shown in the
supplementary material. The pseudo-second-order rate constant calculated from Figure 4 was
(15x10%) g.mg*.mint. The theoretical value of ge (251 mg.g™) also agrees very well with

the experimental data.
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Figure 4. 4. Kinetic models applied to the experimental data (squares) of methyl orange (MO)

adsorption on CHIMerc (a) pseudo-second-order (continuous line) and (b) pseudo-first-order

(dash line); the inset shows the linearized form of pseudo-second-order model. Experimental

conditions: MO initial concentration 20 mg.L?; initial pH of (7.0+0.5); final pH of (6.7+0.5);

temperature of 26+2 °C.

4.3.3.3 Adsorption Isotherms

The amount of solute adsorbed per unit mass of the adsorbent in equilibrium with the
concentration of an adsorbate in bulk solution at a given temperature may be expressed by
an adsorption isotherm. The two most common equations for describing solid-liquid sorption
systems are the Langmuir and Freundlich (two-parameter isotherms) [6]. The fitted isotherms

and the constants K, Kr, R;,, and gm are presented in Figure 4.5A and Table 4.2, respectively.



Table 4. 2. Parameters of Langmuir's and Freundlich's Equations
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Langmuir Freundlich
Om K. RL R2 D Kr n R2 D
(mg.g™) | (L.mg™) @) | (mg.g?) (%)
588.24 0.85 0.062 | 0.92952 21 4.21 2.40 | 0.98974 12

gm (Maximum uptake obtained by the Langmuir equation);
KL (Langmuir constant);

R. (dimensionless separation factor);

Kr (constant relating the adsorption capacity);

n (empirical parameter related to the deviation of linearity);
D (average absolute percentage deviation).
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Figure 4. 5. Fitting of models to MO-CHIMerc experimental data (A) second-order degree
polynomial, (B) Langmuir (b, blue square) and Freundlich (c, red circle) adsorption isotherms
(C) 3D structure of CHIMerc showing the thiol group at chitosan chain (SH green).
Experimental conditions: MO initial concentration 20 mg.L™; initial pH (7.0+0.5); final pH
(6.7£0.5); temperature of 262 °C.

The best fitting was achieved with the Freundlich equation, as shown by R2 and the average
absolute percentage deviation (% D) [13] (Table 4.2). Figure 4.5 suggests that at lower
concentrations the Langmuir equation fitted better than Freundlich, whereas at high
concentrations the Freundlich equation prevails. This observation can be ascribed to the fact

that at lower concentrations and surface coverage, adsorption may take place with no
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interaction between the adsorbate molecules. As the surface coverage increases, the
interaction between the adsorbate molecules will influence the adsorption process. This
behavior may be also explained in terms of a non-uniform distribution of adsorption energy,
which is consistent with the Freundlich model and MO adsorption on CHIMerc illustrated in
Figure 4.5C. The adsorption involves the affinity of thiol groups, crafted on the chitosan
chain, by the oxygen in the MO pigment. A favorable adsorption tends to have a value of n
(Freundlich's constant) between 1 and 10 [48]. It is also noticeable the development of a
plateau corresponding to a maximum adsorption capacity in range of 400 — 450 mg.g, which
is relatively high if compared to the other studies reported in the literature (Table 4.1) in
similar systems. There are some investigations on the application of thiolated chitosan for
the removal of metals. To the best of the authors’ knowledge, the adsorption of dyes by
thiolated chitosan porous scaffolds was not previously reported.

4.3.3.4 Analysis of MO desorption

To offer the possibility of recovering the dyes extracted from the liquid phase and the
adsorbent, it is desirable to regenerate the adsorbent material. For this experiment, four
systems (EDTA, KCI, HNO3s, and NaOH) were chosen. The recovery of MO after just 2 h of
ultrasonication was (82+1) %, (76£2) % and (37+2) % for the EDTA, KCI, and HNOg3,
respectively (Figure 4.6). These results indicated the potential use of these new 3D scaffolds
as biocompatible and eco-friendly bio-sorbents for MO dye removal and recovery in

environmental applications.
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Figure 4. 6. Desorption of methyl orange from CHIMerc by different media, after 2 hours,
T=(26+2) °C; the inset shows the solution with 20 mg.L* MO and after desorption by EDTA,
KCl and HNOsa.

4.3.3.5 Mechanism of MO adsorption on thiolated chitosan

The pH of the solution will affect both the charges of the ionized dye molecules and the thiol
group, thus the adsorption process. The previous section discussed the experiments carried
out under neutral conditions (pH=7.0+0.5), the best one according to water adsorption and
Raman spectroscopy. The effect of acid and alkaline conditions on MO adsorption was also

studied and is shown in Figure 4.7.
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Under acid conditions (MO pKa = 3.49), MO protonates: the dimethylamino group to form
an ammonium ion (R-NHz") or the azo group to form an azonium ion (R=NH."). As pH
increases, the MO charge changes from positive to neutral and finally to negative charge
[49]. The study of the effect of pH was developed at pH (9.0+0.2), (7.0£0.2) and (3.0£0.2).
During all of the adsorption experiments, pH variation was less than 0.2 units, thus indicating

no net release of H™ or OH groups.

The obtained results showed the highest MO uptake at neutral conditions, thus indicating that
the charge of dye does not influence directly dye adsorption on CHIMerc. Adsorption is
rather dominated by the great affinity of MO by the thiol groups (Figure 4.8). At neutral
conditions (Figure 4.8A), the polymer chain increases the formation of dative bonds (electron
donor, : NHz or :SH), and the kinetic of thiol oxidation is very slow, as demonstrated in
previous section by Raman spectroscopy. Under acid conditions (Figure 4.8B), the amine
groups of CHIMerc are predominantly protonated (-NHs*) and so the MO groups, which may
hinder MO adsorption, despite the great affinity of adsorbent by the dye (Figure 4.6B). Under
basic conditions the oxidation process of a thiol group takes place, as demonstrated by the

Raman spectroscopy (section 4.3.1.2), which contributes to decrease MO adsorption.
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Figure 4. 8. Mechanlsm of MO adsorption by CHIMerc at (A) neutral and (B) acid

conditions.
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Raman spectroscopy was used to investigate role of thiol groups on MO adsorption. The
spectra (Fig. S.3) showed the interaction between MO and the thiol at CHIMerc by the
decrease of bands at 610 cm™ (-C-S), 540 cm* (S-S) and 2560 — 2500 cm* (-SH). Moreover,
the ratio of the reference band intensity at 2885 cm, which was not significantly affected by
the chemical reaction with MO, and the intensities of the 540 cm™ (S-S) and 2560 — 2500
cm? (-SH) bands were used to confirm the adsorption mechanism (Figure 4.8). The decrease
of this ratio, observed in Figure 4.7B, indicates the interaction of sulfur-containing groups
with MO during adsorption. Based on the results, it is possible to conclude that only a special
type of S-S bonds is involved in MO adsorption. In fact, the atoms involved in the disulfide
bonds (C-C-S-S-C-C) of adsorbent structure may assume different spatial orientations,
causing three different conformations for the chemical bonds: trans—gauche—trans, gauche—
gauche—trans, and gauche—gauche—gauche [34]. For the trans-gauche-trans and gauche—
gauche—trans conformations, the expected wavenumbers for the S-S stretching vibration is
540 and 525 cm?, respectively, while for the gauche—gauche—gauche it is 510 cm™ [34].
The results indicated that the trans-gauche-trans disulfide bridges prevail in the CHIMerc
and were preferably consumed during MO adsorption. Moreover, the sharp band at 2550
cm ! (v(S-H) vibrational mode) shown in the CHIMerc spectrum disappears after reaction
with MO, which confirms that the higher concentration of thiol group (2218+100) pmol.g*

resulted in the formation of a MO-thiolated chitosan complex on the scaffold surface.

4.4 Conclusions

The application of 3D scaffolds with antibacterial activity, was evaluated for wastewater
treatment. These thiolated chitosan derivatives showed a significant high thiolation degree
(up to 700 % compare to other studies). The antibacterial activity was demonstrated against
P. aeruginosa, a bacterium highly drug-resistant and an opportunistic pathogen. This feature
was related to the presence of sulfhydryl groups, the high DF (26+2) %, the long alkyl-chain,
with probable thiol interaction with the alginate biofilm, and the interaction with quorum
signals (QS). The maximum adsorption capacity, in a range of 400 — 450 mg.g?, is higher
than similar studies with other chitosan derivatives. The removal of dyes by thiolated
chitosans were not previously reported, to the best of the authors’ knowledge. Raman

spectroscopy showed that the sulfhydryl groups at the 3D scaffolds are the active groups
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involved in MO biosorption. The adsorption data were well-fitted to a pseudo-second-order
kinetics and Freundlich’s isotherm. Finally, the scaffolds showed MO dye recovery over 80
%. The 3D scaffolds are envisioned as promising bio-sorbents for potential wastewater

treatment.
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Supplementary Materials
Kinetics model — Equations

pseudo-first-order
ln(Qe - qt) = ln( Qe) - Klt (l)

pseudo-second-order
t/qe = 1/((K2.qZ )) + (1/4e)-t 2

Where, g, is the amount of dye adsorption per unit of mass of the adsorbent (adsorption
capacity at equilibrium, mg.g™?); g, is the amount of dye adsorption per unit of mass of the
adsorbent at any given time (t); K; is the pseudo-first-order rate constant and it is calculated
from the linearization of In(q, — g;) vs. t at the concentration established at 24 hours; K, is

the pseudo-second-order rate constant (g.mg*-min?) [8].

The Chi square (?) test [4], a non-parametric test that can be used to determine the best fitted
model [4], was used to confirm the results and confirmed that the pseudo-first-order was not
properly fitted for CHIMerc (R2 = 0.8531, > = 0.4050 << y = 38.6314 with significance
level of 0.05; degree of freedom=9).

Isotherms
Equation 3 is preferentially used in studies on adsorption in solution, where C. are the
adsorbate concentration in solution at equilibrium, K¢ is the Langmuir constant and gm is the

maximum adsorption capacity of the monolayer formed on the adsorbent [8].

qde = (K Ceqm)/(1 + K, Ce) (3)

The Langmuir constant (K}) is used to calculate R;, a dimensionless separation factor given
by Equation 4 [8].

R, = 1/(1 + K.Cp) (4)
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The R, values indicate whether the adsorption is unfavorable (R, > 1), linear (R, = 1),
favorable (0 < R, < 1), orirreversible (R, = 0) [8].

The Freundlich isotherm is an empirical equation and is one of the most widely used
isotherms for the description of multi-site adsorption. Mathematically, it is expressed by
Equation 5 [8], where Kz (mg.L?) is a constant relating the adsorption capacity and 1/n is
an empirical parameter relating the adsorption intensity.

q. = k:C,”" )

Linear form of isotherms
The linear form of the Langmuir isotherm, represented by Equation 6, is employed to
determine the gm and K values from the angular and linear coefficients obtained by plotting

Ce/qe as a function of Ce [9].

Ce/qe = 1/(Kpqm) + Co/qm (6)

The linear form of the Freundlich isotherm, represented by Equation 7, is employed to
determine the n and Kr, the Freundlich isotherm constants indicating the adsorption intensity

and adsorption capacity, respectively [9].

log(qe) = log(Kr) + (1/n)log(C.) ()

The average absolute percentage deviation (% D) (Equation 8) was tested to prove and the

same result were founded

D% = (1/N IX1 2 |(Geexp = Qecar)/eexp)| )x 100 (8)

Where N is the number of experimental points; and g .., and g, 4 are the experimental

data and calculated amounts adsorbed, respectively.
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Table S.1. Mass of 3D scaffolds discs

Samples Mass ()
CHI (0.007+0.002)
CHIMerc (0.004+0.001)

Table S.2. pseudo-first-order and pseudo second-order Kinetics parameters for sample
CHIMerc

Sample Pollutant pseudo-first-order pseudo-second-order

K1 (min') R2 K2 (g.mgt.min™) R2

CHIMerc Methyl orange 4.78 0.8531 0.015 0.9999

1.4 1

129 Abs=0.06645* MO___+0.00122
| R?=0.99998

1.0 4

0.8

0.6

0.4

Absorbance at 465 nm

0.2

0.0 4

5 ] 10 15 20
Concentration of Methyl Orange (mg.L™)

Figure S.1. Calibration curve of Methyl Orange (MO)
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Figure S.2. (A) Absorbance modification of sample CHIMerc function of time contact with
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Figure S.3. Raman spectra of (a) MO; (b) CHIMerc and (c) CHIMerc after the adsorption of
MO
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Capitulo 5. Conclusdes e Consideracdes Finais

5.1 Consideracdes Finais

O presente trabalho possibilitou a formagdo de estruturas tridimensionais de quitosana
modificada com diferentes precursores contendo o grupo tiol. A viabilidade de
funcionalizacdo da quitosana com o acido mercaptoundodecandico por uma rota quimica
mais sustentavel e eficiente possibilitou uma alta funcionalizagdo comparada com dados da
literatura, garantindo um material com uma morfologia tridimensional mais homogénea e

uma melhor estabilidade quimica comparada com a quitosana.

Essas modifica¢des com a incluséo do grupo tiol indicam a potencialidade desse material ser
aplicado em diferentes situacfes, como tratamento de agua sendo utilizado como um
adsorvente, regeneracdo do tecido, como por exemplo o tecido cartilaginoso em razéo da
semelhanca com a matriz extracelular pela presenca de grupos de acilacdo, no caso da
amostra CHIMerc, ou da incorporacdo com aminoacido, como na CHICys, porosidade e
tamanho de poros adequados para o crescimento celular e ndo toxicidade. Assim como
atividade antibacteriana contra a bactéria Pseudomona aeroginosa, uma bactéria bastante
resistente e presente em efluentes hospitalares e aguas residuais, mostrando entdo que o
presente material possui um leque de aplicagcdes que podem ser exploradas e a viabilidade de

multiplas acGes.

As incorporagdes mostraram um grau de funcionalizacéo diferente a depender do precursor,
também diferencas na lipofilicidade da cadeia e na estabilidade quimica. Por esse motivo, a
funcionalizacdo com o acido mercaptoundodecandico mostrou-se mais eficiente e um
material bastante promissor em razdo da sua multifuncionalidade, apresentando potencial
para ser aplicado desde engenharia de tecido, na aplicacdo de regeneracdo de tecidos, até
tratamento de agua contaminada com corantes e bactéria e também tendo potencial para
aplicacdo como biomaterial em feridas queimadas em razdo da atividade antibacteriana e
semelhanca com o tecido epitelial. Concomitantemente, a funcionalizacdo foi bastante

eficiente comparada com dados da literatura e mostrando um viés de aplicacdo amplo desses
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materiais, indicando que a incorporacgdo do grupo tiol na cadeia da quitosana é interessante e

bem promissora.

5.2 Conclusodes

Nesse estudo realizou-se o design de estruturas tridimensionais produzidas pelo processo do
frezee-drying a partir do polissacarideo quitosana modificado com a incorporacao de cadeias
contendo o grupo tiol (L-cistéina e o acido mercaptoundodecandico) por meio de uma rota
quimicamente sustentavel para aplicacGes na regeneracdo do tecido e em tratamento de guas
contaminadas com corantes, além de promover atividade antibacteriana contra uma bactéria

bastante resistente e presente nos efluentes aquosos, a Pseudomona aeroginosa.

Os resultados mostraram que ambas as incorporacdes possibilitaram a formacdo de uma
estrutura tridimensional com morfologia mais homogénea e estavel quimicamente
comparada com a quitosana, em razéo da presenca do grupo tiol (-SH), o qual forma ligacdes
covalentes por meio de dissulfetos. No entanto, o diferente grau de funcionalizacdo (CHICys
=5 % e CHIMerc = 26 %) afetou na estabilidade quimica dessa estrutura em razdo da maior

ou menor gquantidade de grupos tiol disponiveis e também na lipofilicidade da cadeia.

Ambos 0s materiais ndo apresentaram citotoxicidade celular avaliada pelo ensaio
colorimétrico de MTT em diferentes tipos celulares (HEK e SAQS), porosidade (> 80 %),
interconectividade (> 90 %) e diametros de poros (CHICys (223+72) um e CHIMerc
(225£95) um, por MEV) adequados para o crescimento celular indicando a possibilidade do

uso desses scaffolds na regeneracdo de tecido.

Concomitantemente, 0s ensaios bacterianos contra a bactéria Pseudomona aeroginosa
mostraram que a diferenca na funcionalizacdo e a maior lipofilicidade da amostra CHIMerc
viabilizou a atividade antibacteriana dessa amostra. Assim como, o potencial para aplicacdes
em adsorcao de corantes, como o laranja de metila, em razdo da maior estabilidade quimica

e a afinidade do grupo tiol por esse pigmento.



139

Os mecanismos de adsor¢do mostraram uma alta adsorgdo (400 — 450 mg.g™), predominio
da cinética de pseudo segunda ordem e sendo o modelo matematico de isoterma mais
apropriado para explicar o mecanismo, a isoterma de Freundlich, confirmando a
quimissorcdo como mecanismo predominante. Essas propriedades possibilitam a esse
scaffold a aplicagdo como adsorvente em tratamentos de aguas contaminadas, pois além da
alta adsorcdo, esse material tem atividade antibacteriana contra uma bactéria bastante

resistente e que esta presente nos meios aquosos, 0s mais diversos.

A avaliacdo da adsorcdo do corante e de dgua em diferentes pH, mostrou que o grupo tiol
apresenta comportamento dependente do pH, sendo que em meios basicos esse grupo sofre
oxidacdo, a qual influencia diretamente no processo de adsorcdo, evidenciado pela
espectroscopia no Raman. Além da viabilidade de reutilizacdo do adsorvente em razdo da

possivel dessorcéo.

Dessa forma, o presente estudo possibilitou o conhecimento do mecanismo envolvido na
funcionalizacdo da quitosana com precursores contendo o grupo tiol, indicando uma grande
influéncia desse grupo nas caracteristicas fisico-quimicas dos scaffolds produzidos, assim
como a influéncia do grupo em diferentes aplicaces. Além disso, ambos os materiais estao
passiveis da aplicacdo em regeneracdo tecidual em razdo da sua morfologia, estrutura

quimica e compatibilidade com meio bioldgico.

5.3 Contribuicdes originais desse trabalho

e Producdo de estruturas tridimensionais com quitosana tiolizada, em especial com o
acido mercaptoundodecandico (MERC), o qual ndo havia relatos de sua
funcionalizacdo na quitosana, proporcionando um valor de funcionalizacdo entre 300
a 700 % maior do que os da literatura e apresentando multifuncionalidade;

e Sintese desses scaffolds por uma rota quimica mais amigavel, utilizando reagentes de
funcionalizagdo como o EDC e o sulfo-NHS que ndo permanecem na estrutura da

molécula e sdo retirados por dialise;
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Compreensdo das diferengas fisico-quimicas e morfolégicas proporcionadas pelos
diferentes precursores, em especial em relagdo a estrutura 3D, estabilidade quimica e
ao caréter de lipofilicidade da quitosana, o qual havia poucos relatos na literatura;
Avaliacdo de citoxicidade dos scaffolds com as células HEK e SAOS mostrando a
ndo toxicidade in vitro das estruturas tridimensionais viabilizando a sua aplicacédo na
regeneracdo de tecido;

Estudo da quitosana tiolizada pela espectroscopia Raman possibilitando a avaliacdo
dos scaffolds em diferentes pH e formagéo de 6xidos em meios basicos que diminuem
0 processo de adsorcao;

Scaffold proporcionando uma alta adsorcdo do pigmento laranja de metila, com
compreensdo dos mecanismos envolvidos na adsor¢do, a cinética da adsorcéo e
avaliacdo da influéncia do pH nesse processo, evidenciando uma afinidade quimica
entre a amostra CHIMerc e o pigmento. Assim como a sua reutilizacdo em razao da
possivel dessor¢do do mesmo;

Avaliacdo da atividade antibacteriana dos scaffolds com quitosana tiolizada
evidenciando a influéncia da tiolizacdo na atividade antibacteriana e propondo

mecanismos em relacdo a atividade em razdo da maior presenca do grupo tiol.
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Capitulo 7. Sugestdes para trabalhos futuros

Avaliar a aplicacdo da CHIMerc como tensoativo para aplica¢cbes minerais, como

flotagéo;

e Avaliar a adsorcao pela CHIMerc de agrotoxicos, compreender 0 mecanismo, avaliar
a influéncia do pH e a cinética dessas adsorcdes;

e Auvaliar aadsorcao pela CHIMerc dos metais arsénio, prata e cddmio, compreendendo
seu mecanismo, avaliando a adsorcdo em conjunto e afinidade por cada um dos ions
analisados, avaliar o pH nessa adsorc¢do e a cinética;

e Auvaliar a aplicagdo da CHIMerc como biomaterial na cicatrizacdo de feridas de

queimaduras.
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The CHICys showed a cumulative adsorption of MO dye up to approximately 480 minutes.

At longer times, it was not possible to measure the MO uptake due to the solubilization of

the sorbent in the aqueous medium. The investigation with CHICys sample did not proceed

due to the low stability of the material in aqueous solution.

Figure A.l. Methyl orange (MO) adsorption and absorbance profile as a function of time for CHICys
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Figure A.ll. (A) Change in absorbance of sample CHICys as a function of time of contact with MO
with the smallest concentration ((a) Reference, (b) CHICys_5, (¢) CHICys_15, (d) CHICys_30, (e)
CHICys_45, (f) CHICys 60, (g) CHICys 120, (h) CHICys 240, (i) CHICys 360 and (j)
CHICys_480); (B) Efficiency of absorption (%) of sample CHICys as a function of time of contact

with MO with the smallest concentration.
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Similar to antibacterial activity of CHICys did not proceed due to the absence of antibacterial
activity. The detrimental effect on antibacterial activity by the reaction of the thiol-moiety

with cysteine, because this group can serve as nutrients for the bacteria [19,22].
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PSR (N2 MR TN degradation behaviors, NMR, FTIR and Raman spectroscopy, SEM and X-ray microcomputed tomography. The re-
Keywords: sults demonstrated the synthesis of chitosan thiomers with distinct degree of thiol substitution (CHICys = 5%
Chitosan and CHIMerc = 26%), producing highly porous scaffolds {porosity >B0%) with hierarchical interconnected 3D
Thiolated chitosan pore structures, Additionally, their physicochemical properties and architectural features were significantly
Thiomers tuned by the thiol-modifier. evidenced by the sweiling degrees ranging from approximately 2300% (CHICys) to
3D scaffold 1800% (CHIMerc) and chemical stability against degradation. Moreover, they exhibited cyfocompatibility
Cytocompatibility based on in vitro bioassays, which hoid promise as suitable platform in soft tissue engineering applications.

Soft tissue biomaterial © 2018 Elsevier BV, All rights reserved.
1. introduction muiltidisciplinary approach such as materials science, materials chemis-

Orthopedic surgeons and researchers worldwide are continuously
faced with the challenge of regenerating articular cartilage defects.
The human body has a restricted ability to properly auto-regenerate
most of its major tissues if the original tissue integrity has been seriously
injured because of medical disorders involving an ever-increasing bur-
den of trauma, congenital abnormalities and degenerative diseases [1].
Although the field of tissue engineering has progressed since the land-
mark article published in Science in 1993 by Langer and Vacanti
(1993) [2], which listed key strategies for the development of biological
substitutes, including building matrices for cells to be seeded on, itis not
yet possible to entirely mimic the physicochemical, biochemical and bi-
ological properties of articular cartilage using available technology and
development strategies [2] Therefore, the development of mimetic bio-
materials with specific properties relevant to articular cartilage native
tissue will support the promotion of improved, functional, and novel
engineered smart materials for potential clinical application. Essentially,
articular cartilage is a connedtive tissue composed of an extracellular
matrix {(ECM) containing collagen, glycosaminoglycan (GAG), and
water. Due to its complexity, engineering an articular cartilage substi-
tute requires a combination of several fields of research with a
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try, biochemistry, molecular biology, and biomedical engineering [4-9].
Therefore, the biomaterial selection is crucial to the success of the can~
didate for potential cartilage repair applications, as a large variety of
natural and synthetic materials with distinct biological and physice-
chemical properties have been developed in recent years. Ideally, the
biomaterial scaffold should closely mimic the environment occurring
in the original articular cartilage tissue structure {10],

To this end, hydrogel scaffolds made from natural and synthetic
polymers have become increasingly important within the field of soft
tissue repair and restoration, where natural polymers possess more fa-
vorable biocompatibility and relative abundance. Among several alter-
natives of natural polymers, polysaccharides (e.g, chitosan, hyaluronic
acid, starch) have attracted the special attention of researchers for pro-
ducing three-dimensional (3D) scaffolds suitable as extracellular matrix
mimics for cell culture in tissue repair applications {11].

Chitosan, which is a partially de-acetylated derivative of chitin, usu-
ally extracted from exoskeletons of crustaceans, is an interesting alter~
native to polysaccharides for producing scaffolds. Chitosan is a linear
polysaccharide consisting of 5-(1-4) linked p-glucosamine residues
with randomly located N-acetyl-glucosamine groups, where its applica-
tions depend mostly on the degree of acetylation. In addition, chitosan
presents some characteristics similar to several GAGs and hyaluronic
acid, which are commonly found in articular cartilage {10]. The N-
acetylglucosamine moiety in chitosan is a structural feature present in
GAGs, which suggests that the analogous structure may also present
similar bicactivity. Moreover, one of the most promising features
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found in chitosan is related to the exceptional ability to be processed
into porous structures to be applied in tissue regeneration. Porous chito-
san structures can be shaped by distinct methods such as freezing and
lyophilizing slightly acid solutions of chitosan in appropriate molds
[10,12].

Despite the numerous advantages of chitosan (e.g, abundant natural
polysaccharide, biodegradable and non-toxic), it is soluble only under
an acidic aqueous medium, which can restrict some of ifs potential ap-
plications in the biomedical field at a physiological pH and with mildly
alkaline environmental conditions. Therefore, chemical derivatization
of chitosan provides a powerful means te promote new biclogical activ-
ities and specific properties. The versatility of chitosan functionalization
is essentially due to the presence of primary amino groups in the mac-
romolecule (ie., degree of deacetylation). These groups are reactive
and provide a mechanism for side group attachment using a variety of
mild reaction conditions. Moreover, by the proper selection of the na-
ture of the side group to be attached to the polymer chains, the physico-
chemical and biological properties can be tuned to provide specific
functionalities. Based on this approach, a myriad of groups (eg., carbox-
ylates, acyls, alkyls, thiols, guaternized amino, efc.} have been inserted
into chitosan providing additional characteristics such as improved
water solubility, anionic or cationic features, antifouling and antimicro-
bial activities, amphiphilic behavior and other characteristics [12-14].

Some studies have developed N-alkyl derivatives of chitosan
exhibiting reasonable water solubility, swelling behavior, and micellar
aggregation in solution for applications as drug carriers, nucleic acid
transfection in gene therapy and blood compatibility {13.15]. The N-
acylation of chitosan with fatty acids with different alkyl chain lengths
and degree of substitution can add adjustable hydrophobic interactions
for use as hydrogel matrices in tissue engineering [15,16].

Another innovative strategy for the derivatization of chitosan is as-
sociated with the introduction of amino acid meieties {ie., monomeric
units of proteins) with acidic, basic or hydrophobic characteristics, o
the backbone of the polymer chain. This strategy has been used to mod-
ify and improve the physicochemical properties of chitosan such as sol-
ubility and mucoadhesiveness and gives rise to some interesting
synergistic features for using in tissue engineering, as well as other po-
tentially useful biomedical properties, including anticoagulant, antimi-
crobial, and anti-cholesterol activities as well as the increasing interest
in the field of tissue engineering [17,18]. The conjugation reactions of
amino acids with chitosan have been conducted principally on the
free amino groups of chitosan, usually by direct coupling forming cova-
lent amide bonds [18]. An interesting phenomenon resulting from the
functionalization of chitosan with amine acids is the introduction of car-
boxylic groups and additional amino groups, which in combination, in-
crease the water-solubility of chitosan at neutral and up to alkaline pH
values. This characteristic is highly desirable considering the limited sol-
ubility of chitosan {ie., pH >6.0), which can compromise its application
in several biomedical areas [18].

Thiomers {or thiolated polymers] are produced by the immobiliza-
tion of thiol-bearing ligands onto the polymer backbone, which resuits
in a significant improvement in mucoadhesion. Thiolated chitosan has
a high level of cohesive-, mucoadhesive-, enzyme inhibitory-, and
permeation-enhancing properties. Thus, there is a vast field to be
exploited based on the combination of chemical functionalities with
the chitosan polysaccharide backbone producing a2 new dlass of
thiolated chitosan polymers such as N-acetyl cysteine-chitosan and N-
acetyi-chitosan for numerous biomedical applications [19]. The immo-
bilization of thiol groups to form chitosan derivatives (ie., thiolated chi-
tosan) can promote and enhance numerous biological and biochemical
properties due to the formation of disulfide bonds with cysteine-rich
subdomains of glycoproteins commonly encountered in biological sys-
tems (e.g, cells and tissues) [20-23]. Interestingly, although there is
an increasing interest in recent years in the development of thiolated
polymers and chitosan derivatives for biomedical applications such as
drug delivery carriers, nucleotide transfection for gene therapy,

mucoadhesive and antimicrobial activities, no report was found in the
published literature investigating the production of 3D porous scaffold
hydrogels made of cysteine-chitosan and N-acetyl-chitosan for poten-
tial applications in soft tissue repair [20,21,23],

Thus, in this study novel multifunctional thiolated polysaccharides
were designed and produced based on the chemical functionatization
of chitosan backbone with cysteine amine acid and N-acyl-thiol moiety
for producing 3D scaffolds aiming at potential soft tissue engineering
applications. The highly porous 3D scaffold hydrogels with complex in-
terconnected and hierarchical architecture demonstrated physicochem-
ical properties and in vitro biocompatibility suitable to be prospectively

applied as biomaterial support for cartilage repair in soft tissue
engineering.

2. Materials and methods
2.1. Materigls

All the reagents and precursors, sodium hydroxide (Sigma, USA,
299%, NaOH), hydrochioric acid (Sigma-Aldrich, USA, 36.5-38.0%, H(I),
11-Mercaptoundecanoic acid (Sigma-Aldrich, USA, >95%, MM =
21836 g-mwoi~", HSCH,(CH,)sCH,COOH), ethanol (Synth, Brazil,
99 8%, CH;CH,0H), 2-Propanol (Sigma-Aldrich, USA, anhydrous 99.5%,
(CH5),CHOH), Acetic acid (Synth, Brazil, 99.8%, MM = 60,05 g-mol—,
CH,3CO;H), 1-cysteine (Aldrich, USA, HSCH,CH(NH,)CO>H, MM =
121.16 g-mol™"), Ellman’s reagent {Sigma-Aldrich, USA, DTNB, 5,5'-
Dithiobis {2-nitrobenzoic acid), MM = 396,35 g-mol™?, [—SCsH;

{NO,)CO,HL)., EDC ({Sigma-Aldrich, USA, GgH,,N;-HC N-(3-
Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride, MM =
181.7 g-mol~"), Sulfo-NHS (N-hydroxysulfosuccinimide sodium salt,
Aldrich, USA, >98%, C.HNNaOgS, MM = 217.13 g-mol™?), sodium
plwsphatcdihasu: (Sigma-Aldrich, USA, 299.0%, MM = 141.86 g-mol™

! Na,HPO,), potassium phosphate monobasic {Sigma-Aldrich, USA,
299.0%, MM = 136.09 g-mol~’, KH,P0O,), potassium chloride (Sigma-
Aldrich, USA, 299.0%, MM = 7455 g-moi™?, KCi}, sodiuin chioride
{Sigma-Aldrich, USA, 299.0%, MM = 58.44 g-mol—’, NaCl) were used
as-received. High-molecular-mass chitosan powder (CHI, molar mass,
MM = 310.000 to >375.000 g-mol~’, deacetylation degree (DD)
> 75.0%, and viscosity 800-2000 cPoise, at 1% in 1% acetic acid, Aldrich,
USA) was used for polymer modification. Deionized water (Di-water)
(Millipore Simiplicity™) with a resistivity of 18 M()-cam was used to pre-
pare all solutions. All preparations and syntheses were performed at
room temperature (RT, 25 = 2) °C unless otherwise specified,

2.2. Synthesis of thiolated chitosan derivatives - Thiomers

2.2.1. Amine acid functionalization of chitosan with cysteine (CHICys)
The synthesis of chitosan (CHI} with cysteine (CYS) was performed

according to the molar ratio of reagents 1:2:2 (CHI:EDC:CYS) adapted
from the process reported in the literature [17]. Briefly, 0.5 mg of chito-
san powder was dissolved in 30 mL of 2% (v/v) acetic acid agueous so-
lution overnight for complete solubilization, The pH was adjusted to
45 + 05 (NaOH. 1.0 mol-L™*}. In the sequence, 0.7 g of cysteine pow-
der was dissolved in 20 mL of phosphate-buffered saline (PBS) solution,
1.2 g of EDC and 0.32 g of sulfo-NHS were added and maintained under
moderate stirring for 1 h af room temperature (referred to as CYS/EDC/
NHS solution}. Then, the CYS/EDC/NHS solution was added to the chito-
san/acetic acid solution {ie, total volume = 57 mL, molarratio of 1:2:2/
CHEEDC-CYS) and the pH was adjusted t6 5.0 + 0.5 (NaOH, 1.0 mol- L™
1). The coupling reaction vig the formation of amides was performed at
room temperature under moderate stirring for 5 h in the darkness. Next,
the mixture was dialyzed in the darkness against distilled water usinga
membrane {12~14 kDa, Sigma, USA) for 7 days at RT to remove
unreacted species and water-soluble contaminants for further prepar-
ing the hydrogels.
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2.22. N-Acylation of chitosan with 11-mercaptoundecancic acid
{CHIMerc)

Although not previously reported in the literature, the N-acylation of
chitosan with 11-mercaptoundecansic acid {MERC), a similar proce-
dure using the modification of chitosan with cysteine was adapted for
the synthesis of chitosan functionalized with the hydrophobic acyl
chain using MERC. Thus, based on the molar ratio of reagents 1:2:2
(CHI:EDC:MERC), 0.5 mg of chitosan powder was dissolved in 30 mL
of 2% (v/v} aqueous acetic acid solution overnight for complete solubili-
zation, and the pH was adjusted t04.5 + 0.5 (NaOH, 1.0mol-L™ ). Inthe
sequence, 1.36 g of MERC was dissolved in 60 mi of PBS buffer solution/
isopropanol {30/30) (v/v). Next, 1.2 g of EDC and 0.32 g of sulfo-NHS
were added to the solution and maintained under moderate stirring
for 1 h at room temperature {referred to as MERC/EDC/NHS solution).
The MERC/EDC/NHS solution was added to chitosan/acetic acid solution
(ie., total volume = 81 mL, molar ratio of 1:2:2/CHI:EDC:MERC), and
the pH was adjusted t0 5.0 + 0.5 (NaOH, 1.0 mol-L™"). The acylation re-
action was performed at room temperature under moderate stirving for
5 h in the darkness. In the sequence, the mixture was dialyzed in the
darkness against distilled water using a membrane (12-14 kD3,
Sigma, USA) for 7 days at RT to remove unreacted species and water-
soluble contaminants for further preparing the hydrogels.

2.3. Preparation of 3D porois scaffolds of chitosan thiomers

To obtain polymer matrices with porous three-dimensional struc-
tures, samples of the previously prepared solutions (CHICys and
CHIMerc) were poured into plastic tubes (1.5 mL in Eppendoifs) and fro-
zen at —4 = 2 °Cfor 72 h and freeze-dried (ModulyoD, Thermo Eleciron
Corporation, Wathan, Massachusetts, 1ISA) at —50 °C and 400 + 100
phar until the samples reached a constant mass (approximately 72 h),
The freeze-drying process was the same, and the parameters {tempera-
ture, pressure, time} were maintained unchanged for all the samples
produced. The thiolated-chitosan scaffolds were produced with a
foam-like aspect and stored at 4 + 2 °C until further use.

2.4. Characterization of chitosan thiomers and 3D porous scaffolds

2.4.1. Determination of thiol functionglization of chitosan by Eiliman’s re-
agent protocol

The determination of the total of the thiol groups in the CHICys chain
was performed using the Ellman’s reagent protocol as reported previ-
ously in the literature [24]. Briefly, 5 mg of CHICys polymer was dis-
solved in 2 mL of deionized water. Next, the test solution was
prepared by mixing 100 yd of the CHICys solution with 900 gl of 65 M
phosphate buffer (PBS, pH 8.0) and 1 mL of Elfman’s reagent {DTNB,
3 mg in 10 mL of 0.5 M PBS, pH 8.0). After incubation for 2 h at room
temperature with light protection, the polymer/PBS/DTNB solution
was cenirifuged at 4000 rpm for 10 min. The absorbance of the supermna-
tant was measured at a wavelength of A = 450 nm with a Lambda EZ-
2100 spectrophotometer {Perkin Elmer, USA) using a quartz cell with
an opfical path length of 10 mm. The amount of thiol groups was calcu-
lated from a calibration curve of cysteine in a concentration range of
1600-20 uM prepared exactly like the samples {Fig. 51a). Analogously,
a similar procedure was performed to determine the total munber of
thiol groups in the CHiMerc samples, but with the minor alteration of
dissolving the chitosan thiomers in ethanol instead of in DI water be-
cause of the relative hydrophobicity (ie., 5 mg of CHIMerc polymer
was dissolved in 2 ml of ethanol). Thus, the total amount of thiol
functionalization was calculated using the calibration curve of 11-
mercaptoundecanoic acid in a concentration range of 2400-90 uM and
made in the exactly same way as the samples {Fig. S1b). All experiments
were conducted in triplicate (n = 3) unless specifically noted. Statistical
analysis of the resulfs was performed using the mean and standard de-
viation, where necessary.

The degree of functionalization {DF} of chitosan with CYS and MERC
was estimated based on the total number of available reaction sites in
the chitosan chains before the functionalization reactions and on the re~
sults obtained by the Ellman’s method (Eq. (1}):

DF% = [{(Ngnga x 161} /{Wag x DD)} x 100 (N

where Ngjmgn is the number of thiol groups obtained by the Eliman’s
method (mol); Wy is the mass of chitosan used in the synthesis (g);
161 is the average molar mass of 2-amino-2-desoxi-D-glucose units of
chitosan (g-mol™"); DD is the degree of deacetylation of chitosan (DD
= 0.85, obtained by NMR in our previous study) [Z5].

2.4.2. Spectroscopic characterization of chitosan thiomers and 3D porous
scaffolds

Fourier transform infrared (FTIR) spectra were obtained using an at-
tenuated total reflectance method for all samples (ATR, ZnSe crystal
prism, 4000-650 cm ™ using 32 scans and a 4 an ™ resolution - Nicolet
6700, Thermo-Fischer). All of the experiments were conducted in tripli-
cate {n = 3) unless specifically noted,

Raman speciroscopy was performed with a LabRam-HR 800
{Horiba/jobin Yvon } equipped with an Olympus BX-41 microscope pro-
vided with lenses of 10x%, 50 and 100x% and an additional macro lens of
40 mm for all samples. A 632.8 nm excitation from a helium neon laser
was focused on a spot of 1-2 pm?” in the samples. The back-scattered
light collected was dispersed by a2 monochromator and detected by
the LN, (liquid nitrogen)-cooled CCD {charge-coupled device) system.
The spectra ranged from 200 cm™” to 3300 em™" with a step size of
1.1 em ™", Depending on the background fluorescence, the acquisition
time was set from approximately 60 s t0 300 s, wmummnmmnwnep-
licates to increase the signal-to-noise ratio.

'H NMR (proton nuclear magnetic resonance) specira of CHI, CHICys
and CHiMerc samples were recorded at 50 °Cin D,O/DCl using a Bruker-
400 MHz Varian spectrometer {90° pulse and 16 scans),

2.4.3. Characterization of swelling degree and gel-fraction behdvior of
thiolated-chitosan 3D porous scaffolds

The swelling degree (SD) of all samples was evaluated in deionized
water {pH = 5.5 + 0.5) as desaribed in the literature [12.26] Briefly,
the samples were weighed before (W, “dry state”) and after immersion
in DI water (W,, “swollen state”) for the specific time period. After the
immersion, any excess of solution was gently removed from the sample
surface with a cellulose filter paper and then weighed. in the sequence,
the sample was dried at 40 & 2 °C in an oven for 24 h (i.e, faster drying
process compared to room temperature, until mass stabilization) and
the final weight was recorded. This process was repeated for different
time intervals 1, 2, 3, 4 and 24 b to assess the swelling degree until
reaching the equilibrium for the chitosan-based hydrogels, which was
evaluated using Eq. (Z}:
SD (%) = [(Ws—W;)/W}] x 100 (2)
where W, is the weight of the swollen polymer, and W, is the initial
weight of the polymer.

The chemical stability in vitro in agueous solution (referred to as the
gel fraction, GF) of thiolated chitosan samples was assessed by measus-
ing the GF, according to Eq. 3 [27].

GF (%) = {1—[(W;—W ) /Wi]} x 100 (3

where W; is the initial mass of the polymer, and W/ is the mass of the
dried polymer after the swelling procedure.

These experiments were performed with 21 samples for each sys-
tem (n = 21, 7 samples of 3 different synthesis of each polymer, CHI,
CHICys, CHIMerc). The results were averaged and statistical analysis
was performed using ANOVA {one way included Tukey's test, p < 0.05,
software Origin v.8.1, Originlab Corporation, USA).
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2.4.4. Merphological analysis of thiolated-chitosan 3D porous scaffolds

The morphologies of the freeze-dried CHICys and CHIMerc scaffolds
were evaluated using a scanning electron microscope (SEM. FEI-FEG-
FIB-QUANTA 3D) coupled with energy dispersion X-ray spectroscopy
{EDX, EDAX Bruker, 0.8 nm). Before examination, the samples were
coated with a thin carbon film via sputtering using a low deposition
rate, cooling the substrate, and ensuring the maximum distance be-
tween the target and the sample to avoid sample damage; the film
formed was 30 nm. images of secondary electrons {SEs) were obtained
using an accelerating voltage of 15 kV for all samples on two different
planes (transversal and superficial). SEM images were collected and
the pore size was estimated based on at least 50 random measurements
using the open source image processing program (Imagej v.1.50+, Na-
tional Institutes of Health, NIH). The results were averaged, and stafisti-
cal analysis was performed using ANOVA (one way included Tukey’s
test, p < 0.05, software Origin v.8.1, OriginLab Corporation, USA}.

The three-dimensional structures of the scaffolds were investigated
using 3D microtomography {SkyScan 1174, Bruker micro-CT) at a reso-
lution of 12.18 pm, at 40 kV voltage, 100 pA current, 0.7° rotation step,
and no filter. images were reconstructed using NRecon Reconstruction
software (v.1.6.1.18, Bruker micro-CT). CTAn software (v.1.1540,
Bruker micro-CT) was used to analyze the micro-CT datasets in 2D
and 3D for morphometsy and densitometry, and CIVol software (v.
2.3.1.0, Bruker micro-CT) was used for 3D visualization of the scaffoids.

Additionally, the mass of the dry, wet and submerged scaffolds was
measured using the accessory SMK-301/400 {Shimadzu) coupled to a
balance (+0,0001 g) and the densities (p,, Eq. {4}) were calculated ac-
cording to the equipment manual. The porosities {£) were calculated ac-
cording to the Archimedes’s Method [28] (Eg. {5}). The surface areas (S,)
were estimated by a method used to determine the surface area of pow-
der materials (Eqg. {6}) [29].

= Wi/ (Wa + W) x pg 4
£ (%) = [(Won ~Wig )/ (Wem-Wy, )] < 100 5)
Sa = 3/{py-(dn/2}) 6

where W_g; is the mass of sample dry (g}, W,..) is the mass of sample in
water or alcohol (g), Wi, is the mass of the sample submerged, g, is the
density of water or alcohol at the temperature of experimental analysis
(19°C; 09984am1079g~ om™ to water and alcohol, respectively), S, is
thesurfacearea(m2 -g7 '), p, is the bulk density, and d,, is the average
diameter (m) obtained by micro-CT or by SEM analysis.

244.1. Surface Contact Angle (SCA). The effect of thiolation of chitosan
with CYS and MERC moieties on the hydrophilic/hydrophobic behavior
was evaluated via contact angle measurements. The tests were per-
formed by pouring DI water droplets using a microsyringe (50 pl)
onto CHI, CHICys and CHIMerc films and capturing the images for con-
tact angle calculations {Lumix FZ-47 digital camera, Panasonic, Tokyo,
Japan and open source image processing program, Image] Fijji, NIH).

2.5. Biological assays of thiolated-chitosan 3D porous scaffolds

2.5.1. Cell viability assay by MTT {3-(4,5-dimethylthinzol-2yl) 2.5-dipheny!
tetrazolium bromide)

Human osteosarcoma cells (SAOS) and the kidney cell line of human
embryos (HEK 293 T) were kindly provided by Prof. A. Goes of the De-
partment of Immunology and Biochemistry, UFMG. The cells were cul-
tured in Dulbecco’s modified eagle medium {DMEM} with 10% fetal
bovine serum (FBS), penicillin G sodiun {10 units-mL™"), streptomycin
sulfate (10 mg-mL—?), and 25 pig-mlL~* amphetericin-b (all from Gibco
BRL, NY, USA) in a humidified atmosphere of 5% €O, at 37 °C. The cells
were used for the experiments at passage twelve. All of the biological
tests were conducted according to 1SO standards (IS0 10993-5:2009/

{R)2014 (Biological evalnation of medical devices: Tests for in vitro cy-
totoxicity)). SAOS and HEK 293 T celis were plated (3 x 10% cells) on
each sample material. The plates were subjected to UV radiation for
60 min in a sterile flow and washed quickly in ice-cold PBS. The samples
were sterilized by UV radiation for 60 min in a sterile flow. Controls
were created using cells and the DMEM medium (10%); Triton x-100
{1%: Sigma-Aldrich, St. Louis, MO, USA) was used as a positive control,
and chips of sterile polypropylene (1 mg-mL™"; Eppendorf, Hamburg,
Germany) were used as a negative contyol. After 24 h, ali media were as-
pirated and replaced with 210 pi of culture medium with serum, MTT
(170 4L, 5 mg-mL™"; Sigma-Aldrich, St. Louis, MO, USA) was added to
each well and incubated for 4 h followed by incubation 16 h with SDS/
4% HCL. Subsequently, 100 pl was removed from each well and trans-
ferred to a 96-well plane, and the absorbance was quantified using a
Varioskan Reader {Thermo Scientific) with a 595-nm filter. The values
obtained were expressed as the percentage of viable cells according to
Eg {7}

Absorbance of samples and SAOS cells x 100

Cell viability (%) = Absorbance {control) 4

All of the experiments were performed in triplicate (n = 3), The re-
sults were averaged, and statistical analysis was performed using
ANOVA {one way induded Tukey’s test, p < 0.05, software Origin v.8.1,
OriginLab Corporation, USA}.

2.5.2. Cell viability assay by LIVE/DEAD®

SAOS and HEK 293 T cells on passage 13 and 8, respectively, were
synchronized in a serum-free medium for 24 h, After this period, cells
were trypsinized and seeded (3 x 10° cells/well) on hydrogel foams
(1 mg hydrogel and 200 yl medium, w/v) and placed in a 96-well
plate. The reference controls were cells cultured in the DMEM meditum
with 10% FBS. After 24 h. all of the media were aspirated, and the ceils
were washed two times with 10 mL of phosphate buffered saline
(PBS, Gibco BRL, NY, USA). Cells were treated with the LIVE/DEAD® Vi-
ability/Cytotoxicity kit {Life Technologies of Brazil Ltd,, S3o Paulo, Brazil)
for 30 min, according to the manufacturer’s specifications. Images of
fluorescent emissions were separately acquired, calcein at 530 +
12 nm, and EthD-1 {ethidium homodimer-1) at 645 + 20 nm, with an
inverted optical microscope {Leica DMIL LED, Germany).

3. Results and discussion
3.1. Characterization of chitosan thiomers and 3D porous sceffolds

3.1.1. Characterization of degree of substitution via Ellman’s reagent
method
The primary amino group at the 2-position of the glucosamine sub-
units of chitosan is the main target for the immeobilization of thiol
groups. The sulfhydryl-bearing reagents can be atfached to this primary
amino group via the formation of covalent amide bonds, using the car-
boxylic acid groups of the CYS and MERC molecules reacting with the
primary amino group of chitosan mediated by a water seluble
carbodiimide as schematically depicted in Fig. 1A. The number of thiol
groups on the chitosan-based thiomers was determined vig Ellman’s re-
agent [20]. Fiz 1B shows the chemical structure of the chitosan
thiomers of CHICys (a) and CHIMerc {b), respectively. Fig. 1C presents
the results of the concentration of thiol groups of CHICys (409 3 27)
pmol-g—* and CHIMerc (2218 + 100) pmol-g~" obtained by Elfman’s
method. Thcdegrceofwbstmmonomuolgmupsmﬂmsnnywasrel-
atively higher than others found in the literature [20,24,30,31 ], although
the N-acylation of chitosan using 11-mercaptoundecanoic acid has not
been reported before. This more effective thiolation process can be
assigned to distinct optimized experimental conditions such as the
buffer solution and solvent {i.e., PBS in water), the use of sulfo-NHS
combined with EDC as a zero-length coupling agent (stabilization of
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intermediates formed), temperature, pH, concentration of reagents, and others. In addition, a much higher concentration (over 400%} of
time of reaction, degree of deacetylation and molar mass of chitosan thiol groups was verified in the CHIMerc compared to CHICys, which
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intermediates formed), temperature, pH, concentration of reagents, and others. In addition, a much higher concentration (over 400%} of
time of reaction, degree of deacetylation and molar mass of chitosan thiol groups was verified in the CHIMerc compared to CHICys, which
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was suggested to be mostly caused by the orientation of the reacting
molecule MERC as an amphiphilic molecule {ie., “polar carboxylic
head” and “hydrophobic thiol-acyl tail”} favoring the formation of
amide bonds with amino groups of chitosan. However, as cysteine is a
polarizable amino acid. it can be repelled by electrostatic forces with
charged groups of chitosan {amino) leading to a reduction of the degree
of substitution [32,33].

Nonetheless, the high concentration of thiol groups found in this
study {degree of substitution of 5 + 1% and 26 + 2%, CHICys and
CHIMerc, respectively) possesses advantages for improving the proper-
ties of pristine chitosan in potential biemedical applications such as
water solubility, cytocompatibility and mucoadhesion [24,31].

3.1.2. Spectroscopic characterization of chitosan thiomers

Chitosan is a copolymer composed of N-acetyl-p-glucosamine and p-
glucosamine repeating units with several chemical groups, which can
be extensively characterized by FTIR spectroscopy. As a general analysis
of the FTIR spectra {Fig. 2A), the typical chitosan bands can be identified
in all samples: The amide I bands at ~1655 cm™’; the amide Il band at
1560 cm™"; the amide Jll band at 1315-1320 cm™; the broad OH and
NH stretching bands at 3450 cm™*; C—H stretching bands between
2800 and 2900 cm™’; the —CH, bending at 1420 cm™'; the bands
assigned to C—O stretching at 1030 cm ™" and 1075 em™*; and the
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band at 887 cm™’, related to C—0—C glycosidic linkage [12,13]. The
differences observed by comparing the IR spectra can be associated
with the functionalization by the thiol precursors (ie., CYS and MERC)
with the primary amine in chifosan glucosamine units {Fig. 2B In
CHIMerc (b), and CHICys {c) spectra, the C—N (1250-1320 cm™’)
and NH (~1550 am™') bands shifted towards lower frequencies,
which can be attributed to the addition of a heavier group after the
amide bond formation [13,16]. In addition, the formation of amide
groups also increases the amide | band due to the augmentation of
C=0 stretching vibrations. Moreover, for both functionalization moie-
ties, Le., CYS and MERC, there is an insertion of CH; groups in the chito-
san polymer structure, especially for CHIMerc, which possess an alkyl
chain with 10 carbons. Therefore, the thiolation of chitesan in this
study was qualitatively confirmed by the increase in bands related to
CH, vibrations at approximately 2900 cn ™" and 1420 em ™. Moreover,
the FTIR spectra indicated the presence of weak signals of sulfur-based
groups at approximately 770-730 om™' (—S—C) and
2560-2500 cm™* (—SH) in thiol-containing chitosan samples (CHICys
and CHiMerc).

Considering the glycoside linkage band {897 om ™) of chitosan as
the reference, which is not expected to be significantly affected by the
chemical reaction at the primary amino group {12}, and comparing the
relative changes in amide Ill band {C—N bond) associated with the
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amide bond formation, it was possible to estimate the extension of the
functionalization process. Changes in amide I region {~1640 cm ™)
can also be used to estimate the degree of functionalization. Compared
with the CHI spectrum (Fig. ZB (a)), the changes in CHIMerc spectrum
(Fig. 2B (b)) are more remarkable than those in the CHICys spectrum
(Fig. 2B (c)), attributed to the length of the alkyl chain and the higher
degree of functionalization, as verified by Ellman’s reagent in the previ-
ous section. The chemical representations of the changes in chitosan
chains with the thiol functionalization, according to the FTIR analysis,
are shown in F-?g, 2C. The ratio between reference (897 cm™*) and
amide (1640 ™" and 1250 cm™ ' ) bands (related to both areas and in-
tensities of these selected bands) are shown in Fig. 2D [30,34-36].

As thiol bands are weakly detectable in FTIR, Raman spectroscopy
was used as a complementary technique for further characterization
of the chitosan thiomers. The results are shown in the Raman spectra
in Fig. 3A highlighting the bands related to sulfur groups of thiol chito-
san samples (CHICys and CHIMerc) at 2800-2700 cm™’
(—S—CH,—CH,), 610 cm™*, 530 em™ (5—S), 770-730 c¢m™’
{(—S—C), and 2560-2500 cm—’ (—SH) [37,28]. However, the major
band related to thiol groups (—SH) at 2560-2500 cm™" appeared
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only in the CHIMerc (Fig. 2B), most likely due to the much higher degree
of substitution compared to (HICys evaluated by Ellman’s method in the
previous section [37,38]. Moreover, the bands associated with
stretching and bending vibrations of the CH, species at 2800-3000
and 1400-1200 cm ™" were stronger in the CHIMerc sample than in
the CHICys and CHI samiples, which were assigned to the contributions
of N-acylation of the chitosan polymer with the MERC alkyl chain (ie.,
inserting 10 CH, groups) [37,38]. Minor signals were detected at
530 am ' in the CHICys and the CHIMerc samples, which indicated
the formation of disulfide bonds (S—S5) by adjacent thiol groups [37 38}

Nuclear magnetic resonance spectroscopy {NMR) has been widely
used as a characterization tool for evaluating polysaccharides such as
chitosan and its functionalized derivatives, Thus, in this study, 'H NMR
spectroscopy was used as a supporting technigue for further investigat-
ing the functionalization of the chitosan backbone by thiol modifiers
(ie., cysteine and MERC). Principally, both samples (CHICys, Fig. 52
and CHIMerg, Fig. 3C) showed the peak at approximately 2.0 ppm indi-
cating the three N-acetyl protons of the N-acetyl giucosamine residue
{(NHCOCH;) due to the incomplete deacetylation of chitosan. In addi-
tion, the saccharide ring protons of chitosan usually resonating at
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approximately 3.4-5.0 ppm were detected [12,24 25 36 39]. Regarding
the functionalization of chitosan, the protons in thiol groups can easily
be replaced by D in D,0 used for NMR samiple preparation, making it un-
detectable in the NMR spectrum. Nonetheless, the signal at &
2.7-2.9 ppm is commonly assigned to methylene protons adjacent to
thiol groups {—S—CH,, ), which can be perceived as evidence for the ex-
istence of thiol groups immobilized on chitosan backbones
[24,36,39,40]. Moreover, the "H NMR spectrum of CHIMerc indicated
the incorporation of aliphatic chain residues due to the appearance of
signals corresponding to acyl chain protons at 3.1-33 ppm,
1.9-1.4 ppm and 1.3-1.0 ppm (greater s related to @ —CH,— and 3
—CH,— and smaller & for —(CH,)q;—) as indicated in Fig. 3C [13].
These resulfs confirmed that CYS and MERC were successfully grafted
onto the chitosan backbone forming thiomer-funciionalized structures.

3.1.3. Swelling and degradation properties of thiolated-chitosan scaffolds
The results of swelling degree of chitosan and chitosan-thiolated
scaffolds are presented in Fig. 4A. A significant decrease of the swelling
degree (SD) at equilibrium of chitosan from 2600% to 2280% and 1810%
for the thiomers, CHICys and CHiMerc, respectively, was observed after
24 h of immersion in deionized water (pH = 5.5 + 0.5, atroom temper-
ature, 26 4 2 °C). Although several methods are reported in the litera-
ture for evaluating the swelling degree of hydrogels, most of them
present well-correlated results with no relevant difference for the over-
all tendency analyzed. These results are consistent with the FIIR

A
) N CH
3000+ 2608:330) B CHICys
g S CHIMerc
2500
(1818:379)
T
3 2000- {
£ !
-3
=
= 1500
:
1000
5004
[i
CHICys CHiMere
®B)
. CHI
100 N CHICys
B CHIMerc
— 20
é’ -
=
é 60
=l
-
i
53 40
20

CHI CHICys CHIMerc

Fig 4. (A) Swelling degree in deionized water (pH = 5.5 + 0.5] for ali samples 2t 24 b (n
= 21) and (B) Gel fraction in deionized water {pH = 5.5 + 0.5} at 24 h for ail samples {n
— 51§ 4

findings and the degree of functionalization discussed in the previous
sections, where the thiolation of chitosan occurred via the formation
of amide bonds (i.e., replacing —NH, groups by —SH groups), which
led to a less chemically hydrophilic {or more hydrophobic) polymer ma-
trix for water swelling. In addition, the introduction of thiol groups to
the chitosan backbone favored further crosslinking of the polymer net-
work by the formation of disulfide bonds between adjacent groups (ie.,
—SH/—SH) [17,24,30]. Therefore, this effect contributed to the reduc-
tion of the swelling capacity of the chitosan-thiolated scaffolds pro-
duced. To this end, the reduction of swelling degree was more
prominent in CHIMerc scaffolds due to the grafting of the hydrophobic
acyl chain with terminal sulfhydryl group to the chitosan backbone, as-
sociated with a higher degree of functionalization compared to CHICys.

Analogously, the in vifro chemical stability of these scaffolds was
assessed by a gravimetric method after 24 h of immersion in deionized
water {pH = 55 = 0.5), at room temperature {26 + 2 °C), which was
applied to estimate the gel fraction (or degradation by soivation), and
the results are presented in Fig, 4B, As expected, the opposite trend for
the GF compared to the swelling degree was verified. The swelling de-
gree was increased by grafting thiol moieties to the chitosan backbone.
The results of GF indicated a higher chemical stability of the scaffolds
produced with chitosan derivatives, ie., GF = 100% and 36% for CHIMerc
and CHICys, respectively, and 18% for chitosan. These results endorsed
the previous findings, demonstrating the more hydrophobic behavior
of thiolated chitosan derivatives due to the substitution of primary
amino groups by thiol groups in the polymer chain and the incorpora-
tion of the acyl groups by coupling with MERC. Similar trends were re~
ported in the literature for thiclated chitosan derivatives [17,3641],

Thus, the results of swelling degree and gel fraction measurements
demonstrated that these thiomer-based scaffolds made of chitosan de-
rivatives showed physicochemical properties suitable for biomedical
applications in soft tissue engineering where hydrophilic networks are
highly needed associated with chemical stability in aqueous media.
Moreover, the grafting of thiol groups onto the chitosan backbone
tuned these properties, which may promete chemical interactions
with more hydrophebic molecules (peptides, antibodies, proteins, en~
zymes, drugs, efc.) present in the biological microenvironment {(e.g.,
cells and tissues) [42-45].

3.1.4. Morphological analysis by SEM, micro-CT and Archimedes’ Method

The presence of thiol groups is a very interesting characteristic be-
cause the thiol groups can give the system bios-adhesive characteristics,
permeation enhancement and anti-protease properties, and these char-
acteristics are important because they influence the capacity of cells to
adhere and proliferate {42]. In addition, if the tissue engineering appli-
cations are envisioned, cell adhesion to biomaterials is 2 crucial prereg-
uisite for tissue repair and regeneration, and in this case, the
morphology and structure of the surface of biomaterials are considered
key features affecting the capacity of cells to adhere and proliferate
[12,46]. Therefore, it is very important to understand the morphology
of the scaffold, in particular porosity, because this parameter strongly af-
fects the mechanical and biological performance of the developed struc-
tures [12,46]. Among many alternatives, appropriate techniques for this
purpose misst be selected, because each technique has limitations, and a
combination of different techniques is often required to achieve an in-
depth study of the morphological properties of the scaffold. Then, for
that propesal, scanning electron microscopy (SEM) analysis associated
with micro-computed tomography (micro-CT) as nondestructive tech-
niques can provide a comprehensive set of data and fulfill this role. In
addition, the surface areas of the scaffolds were estimated based on
the results obtained by the Archimedes’ Method,

SEM is considered a traditional technique to characterize the mate-
rial surface. This technigue presents excellent resolution at the sub-
micrometer range and is available in research centers and universities
worldwide, However, the micro-CT, which was used initially to charac-
terize the 3D trabecular microarchitecture of bone, has been exploited
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for several research studies for the morphological porous biomate-
rial characterization, and this technique enables a full assessment
of porous structures, both in terms of pore size and interconnected
porosity for the development of scaffold-based tissue engineering
applications [12]. In that sense, the SEM analysis was performed,
and all samples have presented highly tridimensional porous struc-
ture at the micrometer range (Fig. 5). However, although all scaffolds
presented sponge-like structures with pore size typically ranging
from 100 and 350 pm, they clearly showed distinct morphological as-
pects. Chitosan scaffolds presented relatively larger average pore
size of 389 + 188 um than CHICys and CHIMerc thiomer derivatives
of 223 + 72 and 225 = 95 pm, respectively. Moreover, CHICys scaf-
folds (Fig. 5B) presented a more uniform pore size distribution
than the CHIMerc sample despite similar average pore size values
{Fig. 5C), assigned to the possible interactions of the hydrophobic
acyl chain of MERC with the water solvent during the freeze-drying
process. Nonetheless, as far as biomedical application is concerned,
these features of highly porous structures are very important to facil-
itate the diffusion of nutrients, biomolecules and cell metabolic by-
products. In addition, pore sizes ranging from 100 o 350 ym are
ideal for cell proliferation and the formation of new tissue
[12,47~52).

The X-ray microtomography analysis {micro-CT) showed that the
average porosity was higher than 80% in all samples, and the average
pore size was 204 = 6 and 214 = 3 pm for CHICys and CHiMerc, similar
to the values estimated by SEM. The interconnectivity of CHICys and
CHIMerc was >90% (Table 1), which is suitable for better cell prolifera-
tion aiming at potential biomedical applications in tissue repair
[49.52,53] as it allows the flow transport of nutrients and metabolic
waste and cell functions pertinent to the new tissue formation and tis-
sue ingrowth.

The Archimedes” Method was also used to assess the surface area and
the porosity of the scaffolds [54.55]. The results indicated that all
chitosan-based thiomer scaffolds presented porosity higher than 90%
{like the micro-CT method) but CHIMerc showed the largest surface
area and lowest density (Table S1). These results were interpreted as
the contribution of the hydrophobic chain inserted in the 3D scaffold
of CHIMerc, which caused repulsion to water molecules during the syn-
thesis of the 3D porous structure. In addition to the pores with size rang-
ing from 100 to 350 pum, this has led also to the formation of ultra-smaii
pores in the scaffolds causing 2 much higher surface area and lower den-
sity, which was detected at the higher magnification of the SEM analysis
{Fig. S3). Therefore, the contact angles of these systems were evaluated
using water droplets spread onto polymer films as a gualitative method
for assessing the relative variation of hydrophobic/hydrophilic behavior
of the chitosan and thiolated chitosan samples. The results of the contact
angle (Fig. 6) were 60 £ 1° for chitosan and 64 -+ 1° and 84 + 2° for
CHICys and CHIMerc, respectively. The thiolation of chitosan has signif-
icantly increased the average value of the contact angle of almost 40%
for CHIMerc, which demonstrated the hydrophobic interactions of the
acyl groups inserted into the polymer backbone. To this end, such a
large specific surface area, high porosity and tunable hydrophilic/hydro-
phobic characteristics may promote cell adhesion and proliferation re-
garding to the potential biomedical applications of these systems
[41,51,56]).

Table 1
Morphological aspects obtained by micro-CT analysis for 3D porous scaffolds of thiolated~

Morphological aspects CHiCys CHiMerc
Average pore size {jumn} {204 £ 6} {214 £ 3)
Porosity (%) {86+ 4) 82 +3)

SNV (pm™") {D026 + 0003) {6085 3 0001}
Interconnectivity (%} >80 >80

Contact angle (°)

CHI CHICys

CHIMerc

Fig. 6. Contact angle measurements of {a} CHI (b} CHICys and (¢} CHIMerc films.

3.2. Biological characterization of thiolated-chitosan 3D porous scaffolds

3.2.1. Cell viability assay by MTT

The cytocompatibility of the 3D hydrogel scaffolds was characterized
through MTT in vitro assays to further validate the potential of these
hydrogels to be applied in the biomedical field for cartilage repair
[12,26]. HEK 283 T and SAOS were used as models, since they share sim-
ilarities with cells that are involved in the production of ECM compo-
nents essential for the repair of soft and hard tissues [4-9]. Therefore,
in this study, the toxicity of the CHI, CHICys and CHiMerc biopolymeric
scaffolds was preliminary evaluated based on analysis of the cell viabil-
ity using the direct contact method of the MTT assay. This test was spe~
cifically used to evaluate mitochondrial function and cell viability and is
widely accepted fo access the cytotoxicity of novel biomaterials accord-
ing to the international standard {ISO 10993-5:2009/(R)2014, Biological
evaluation of medical devices: Tests for in vitro cytotoxicity). Fig. 7A
shows the results towards HEK 293 T where no cytotexic effects were
observed for all systems, as there were cell viability responses of over
90%, like the reference control condition {100%, within statistical varia-
tion). Despite differences in the morphological and architectural fea-
tures of CHI, CHICys and CHIMerc scaffolds and their physicochemical
properties characterized in the previous sections, they demonstrated
equivalent cytocompatibility to HEK 293 T cells, which was attributed
to the high biocompatibility of the chitesan biopolymer favoring cell
metabolic mitochondrial activity. For the confluence of these cells
(Fig. 7B), no significant difference was observed for the polymeric sam-
ples compared with the control group with nearly 100% surface cover-
age after 24 h of incubation in the direct contact methed. Analogously,
equivalent results were observed for SAOS cells where no cytotoxicity
was verified towards all scaffolds tested (Fig. $4).

322 LIVE/DEAD® assay

Essentially, the LIVE/DEAD® viability/cytotoxicity assay provides a
two-color fluorescence cell viability test, based on the simultaneous de-
termination of live {stained in green, Ao 495 nm, Aoy, 515 nm) and dead
cells (stained in red, Aox 495 nm, M., 635 nin) with two probes, Calcein
AM {(acetoxymethyl ester of calcein) and EthD-1 {ethidium homodi-
mer), that measure known parameters of cell viability, the intracellular
esterase activity and plasma membrane integrity [57,58]. Therefore, the
LIVE/DEAD® cytotoxicity assay was performed to confirm the results of
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the MTT tests using the kidney cell line of 2 human embryo (HEK293T)
with chitosan and thiolated derivatives {CHICys and CHIMerc). Fig. 7C
shows that the cells tested with the samples CHI, CHICys and CHiMerc
had a fluorescence pattern similar to the control group, i.e, high green
fluorescence {viable cells) and little or no red fluorescence (dead
cells). Thus, as expected, the LIVE/DEAD test validated the previous re-
sults shown in the cell viability assays by MTT. In that sense, it may be
suggested that the CHICys and CHIMerc scaffolds have shown promising
potential to find applications as biomaterials for tissue engineering.

4. Conclusions

In this study, we focused on the synthesis and comprehensive char-
acterization of new 3D hydrogel scaffolds based on thiol-functionalized
high molecular mass chitosan. The hvdrogels were produced by the
freeze-drying method for obtaining porous scaffolds. The FTIR, Raman
and NMR spectroscopy results evidenced the mechanisms invelved in
the conjugation process via the fonmation of amide bonds between car-
boxyl groups from thiol precursors {ie, cysteine and MERC) with amino
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groups of the chitosan backbone. Moreover, the resuits demonsirated
that the chitosan and chitosan-thiolated hydrogels were produced
with different degree of functienalization and swelling degree depend-
ing on the thiol-medifier precursors used in the synthesis. Analogously,
degradation behavior was reduced by increasing the hydrophobicity of
the thiol precursor and the crosslinking of the network by the formation
of disuifide bonds. SEM analysis associated with micro-CT X-ray imag-
ing of the hydrogel scaffolds presented highly porous and intercon-
nected 3D structures, with distinct morphological features such as
porosity, surface area and density significantly affected by the thiol moi-
eties inserted in the chitosan polymeric network These three-
dimensional hydrogel scaffolds were cytocompatible, based on the
in vitro MTT assay with over 90% of the cell viability responses of HEK
253 T and SAOS cells and LIVE/DEAD cell viability results. Therefore,
novel biocompatible chitosan-derived thiomer scaffolds were designed
and produced with properties that are modified by the selection of sulf-
hydryl precursors, with the ability to absorb large amounts of water
while maintaining their architectural features and three-dimensional
stability. The scaffolds are promising for potential use in cartilage tissue
repair applications.
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Abstract

Unfortunately, the presence of organic dyes in industrial effluents has been continuously
polluting waters leading to the formation of toxic sludge and/or carcinogenic compounds. To
worsen this scenario, the proliferation of multidrug-resistant microorganisms in waters caused by
anthropogenic activities and natural disasters has become major global concern because of serious
health and environmental harms. Herein we designed and developed novel three-dimensional
(3D) porous scaffolds made of N-acyl thiolated chitosan using 11-mercaptoundecanoic acid. These
hydrogels exhibited 3D hierarchical pore structure (porosity > 82%) and high surface area (~ 420
m’.g™"), which demonstrated high adsorption capacity for methyl orange anionic dye pollutant (~
450 mg.g™') in water. The adsorption data were well-fitted to a pseudo-second-order kinetics and
Freundlich’s isotherm. Moreover, the thiolated-chitosan proved antibacterial activity against
Pseudomonas aeruginosa regularly found in hospital discharges. Thus, for the first time, bi-
functional thiolated-chitosan 3D-scaffolds were produced combining green biosorbent behavior
for organic dyes and antimicrobial activity against pathogenic bacteria, which offer innovative
strategy for the treatment of multi-polluted and contaminated water bodies.
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1. Introduction

Water availability for economic development and conservation of life is a theme of great concern
given the increasing occurrence of extreme events related to climate changes combined with the
deterioration of water quality due to anthropogenic contamination [1]. Among these pollutants,
dyes, phenolics, pharmaceutics, and pesticides have recently become of great concern because of
their extreme toxicity and persistence in the environment. Although chemical and biological
treatments are available for the removal of organic compounds, the by-products of their degradation
can also be harmful and non-degradable [2-4]. Industrial effluents and hospital wastewater are some
sources of water pollution. Industrial effluents runoffs may comprise colored substances that are
released from textile, paint, paper, vamnishes, ink, plastics, pulp, cosmetics, tannery and plastic [5,6].
The presence of dyes in industrial effluents are a significant cause of pollution due to their
recalcitrance nature, giving undesirable color to the water and reducing sunlight penetration,
associated with the fact that their degradation products may be toxic or even mutagenic and
carcinogenic [5]. Approximately 10,000 different types of pigments and over 700,000 tons are
produced worldwide annually, being 10 to 15 % lost in the effluent during the dyeing process
[4.6,7]. To aggravate this scenario, many types of drugs, including antibiotics usually from
inappropriate discard of medical, veterinary, and agricultural applications, heavy metals, and
disinfectants are found in wastewater, thus contributing for increasing bacterial resistance [5,6,8,9].
Studies have shown that hospital effluents, in special, contain levels of bacteria with antibiotic
resistance higher than effluent derived from other sources [8-10].

Effluents are usually treated by chemical precipitation, membrane separation, evaporation,
electrolysis, among other processes. However, some of these methods may be ineffective for the
removal of trace amounts from large volumes of wastewater and present shortcomings, such as high
maintenance costs, generation of toxic sludge and complicated procedure involved in the treatment
[11-14]. For this reason, selective wastewater treatment processes for the capture/immobilization of
specific dyes, in addition to the reuse of waste is highly needed. In addition to the adopted
adsorbents (e.g., activated carbon) investigations on selective biosorbents based on natural polymers
and derivatives have significantly increased under the concept of economic and environmentally
friendly materials [15]. The natural polymers such as starch, cellulose, chitosan, and lignin are
scientifically and industrially attractive because they present hydrophilic networks with functional
groups for developing chemical interactions with metallic ions and organic compounds [16, 17].
Moreover, the presence of pH-sensitive functional groups in the polymer backbone offers an
attractive possibility for developing novel soft materials forming polyelectrolyte hydrogel

platforms. These hydrogel networks can swell in aqueous medium instead of dissolving in it and
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interaction of sulfur-containing groups with MO during adsorption. Based on the results, it is
possible to conclude that only a special type of S—S bonds is involved in MO adsorption. In fact, the
atoms involved in the disulfide bonds (C—C—S—S—C—C) of adsorbent structure may assume different
spatial orientations, causing three different conformations for the chemical bonds: trans—gauche—
trans, gauche—gauche—trans, and gauche—gauche—gauche [34]. For the trans-gauche—trans and
gauche—gauche—trans conformations, the expected wavenumbers for the S-S stretching vibration is
540 and 525 cm™', respectively, while for the gauche—gauche—gauche it is 510 cm™ [34]. The
results indicated that the frans-gauche—trans disulfide bridges prevail in the CHIMerc and were
preferably consumed during MO adsorption. Moreover, the sharp band at 2550 cm™ (W(S—H)
vibrational mode) shown in the CHIMerc spectrum disappears after reaction with MO, which
confirms that the higher concentration of thiol group (2218+100) pmol.g” resulted in the formation
of a MO-thiolated chitosan complex on the scaffold surface.

4. Conclusions

The application of 3D scaffolds with antibacterial activity, was evaluated for wastewater treatment.
These thiolated chitosan derivatives showed a significant high thiolation degree (up to 700%
compare to other studies). The antibacterial activity was demonstrated against P. aeruginosa, a
bacterium highly drug-resistant and an opportunistic pathogen. This feature was related to the
presence of sulfhydryl groups, the lmgh DF (26+2) %, the long alkyl-chain, with probable thiol
interaction with the alginate biofilm, and the interaction with quorum signals (QS). The maximum
adsorption capacity, in a range of 400 — 450 mg.g', is higher than similar studies with other
chitosan derivatives. The removal of dyes by thiolated chitosans were not previously reported, to
the best of the authors’ knowledge. Raman spectroscopy showed that the sulthydryl groups at the
3D scaffolds are the active groups involved in MO biosorption. The adsorption data were well-fitted
to a pseudo-second-order- kinetics and Freundlich’s isotherm. The desorption showed recoveries
over 80 %. Finally, the scaffolds showed MO dye recovery over 80 %. the 3D scaffolds are

envisioned as promising bio-sorbents for potential wastewater treatment.
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