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Resumo

Nos ultimos anos a celulose bacteriana (CB) tem sido objeto de muitas pesquisas pelo alto potencial de
aplicacdo em dreas como biomedicina ou materiais, bem como, devido a sua biossintese ser
ambientalmente correta. A CB é caracterizada como um homopolimero e diferencia-se da celulose vegetal
por suas propriedades, destacando-se principalmente a biocompatibilidade e biodegradabilidade dos
materiais produzidos. A produgao de compdsitos de CB com diversos polimeros é um método efetivo para
melhorar suas propriedades fisicas, quimicas e estruturais. Dentro desse contexto, o objetivo deste
trabalho foi produzir CB e aplicar no desenvolvimento de biomateriais, caracterizando e avaliando suas
propriedades mecanicas, de barreira e morfoldgicas. Para a produgdo da CB foi utilizada a cepa de
Gluconacetobacter hansenii (ATCC 23769), onde optou-se pelo processo de fermentagdo estatica com
diferentes fontes de carbono (glicose, manitol, sacarose e xilose), variando entre duas concentragdes (25
e 50 g-L™%). Para a obtencdo das diferentes formulagdes foi adicionado montmorillonita (MMT), coldgeno,
amido e glicerol para avaliar as novas caracteristicas dos biomateriais a base de CB. Na produgdo
envolvendo a adigdo de MMT, as membranas de CB foram expostas as concentragdes de 0,5, 1 e 2% desse
composto. Quanto as adi¢cGes de colageno, amido e glicerol, foram produzidas nove formulagGes
utilizando a técnica de casting. As formulagdes foram caracterizadas em termos de propriedades fisicas e
de barreira, morfoldgicas e estabilidade térmica. Os resultados obtidos foram avaliados estatisticamente
para definir como a concentracdo de amido e/ou colageno que interferiu na obtencdo de um biomaterial
com caracteristicas adequadas para utilizagdo como biocurativo. Os resultados mostraram que a G.
hansenii apresentou melhor rendimento de CB com a utilizag3o de glicose na concentragdo de 50 g.L™%. A
incorporacdo de MMT melhorou significativamente as propriedades mecanicas e térmicas das
membranas, expondo temperatura de degradacdo estendida e uma diminuicdo da capacidade de
reten¢do de dgua e uma melhoria na taxa de perda de agua. Quanto a adigdo de coldgeno, amido e glicerol
nas formulagGes, a atividade de agua, solubilidade, umidade, espessura, permeabilidade ao vapor d’agua,
gramatura, opacidade, elongagdo e resisténcia a tracdo foram diretamente influenciadas pela sua
composicao, configurando o desempenho das formula¢des produzidas em diferentes potenciais de
aplicagcdo como biocurativos. Além disso, a microscopia eletronica de varredura demonstrou, para todos
os biomateriais produzidos, que a adicdo de biopolimeros a matriz de celulose tornou a superficie
compacta, o que também influenciou o aspecto visual. Sendo assim, os resultados obtidos demonstraram
que a CB modificada com os compostos avaliados apresentou dados interessantes para uma analise mais
aprofundada das suas propriedades, considerando suas aplicagdes potenciais em diferentes areas, a
exemplo da produgdo de novas tecnologias baseadas em biocurativos, favorecendo o crescimento da
industria biomédica nesta area.

Palavras-chave: celulose bacteriana; montmorillonita; amido; colageno; glicerol, polimeros
biodegradaveis; cicatrizagdo de feridas, biomateriais, biocurativo.
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Abstract

In recent years, bacterial cellulose (BC) has been the object of much research due to its high potential for
application in areas such as biomedicine or materials, as well as because its biosynthesis is
environmentally friendly. The BC is characterized as a homopolymer and is differentiated from vegetable
cellulose by its properties, highlighting mainly the biocompatibility and biodegradability of the materials
produced. The production of BC composites with various polymers is an effective method to improve their
physical, chemical and structural properties. Within this context, the objective of this work was to produce
BC and apply it in the development of biomaterials, characterizing and evaluating its mechanical, barrier
and morphological properties. For the production of BC, the Gluconacetobacter hansenii strain (ATCC
23769) was used, where we opted for the static fermentation process with different carbon sources
(glucose, mannitol, sucrose and xylose), varying between two concentrations (25 and 50 g-L%). To obtain
the different formulations, montmorillonite (MMT), collagen, starch and glycerol were added to evaluate
the new characteristics of the BC-based biomaterials. In the production involving the addition of MMT,
the BC membranes were exposed to concentrations of 0.5, 1 and 2% of this compound. As for the
additions of collagen, starch and glycerol, nine formulations were produced using the casting technique.
The formulations were characterized in terms of physical and barrier properties, morphology and thermal
stability. The results obtained were statistically evaluated to define how the concentration of starch
and/or collagen interfered in obtaining a biomaterial with characteristics suitable for use as a biocurative.
The results showed that G. hansenii presented better BC yield with the use of glucose in the concentration
of 50 g.L'Y. The incorporation of MMT significantly improved the mechanical and thermal properties of
the membranes, exposing extended degradation temperature and a decrease in water holding capacity
and an improvement in water loss rate. As for the addition of collagen, starch and glycerol in the
formulations, the water activity, solubility, moisture, thickness, water vapor permeability, weight, opacity,
elongation and tensile strength were directly influenced by their composition, configuring the
performance of the formulations produced in different potential applications as biocuratives.
Furthermore, the scanning electron microscopy demonstrated, for all the biomaterials produced, that the
addition of biopolymers to the cellulose matrix made the surface compact, which also influenced the
visual aspect. Thus, the results obtained showed that the BC modified with the evaluated compounds
presented interesting data for further analysis of their properties, considering their potential applications
in different areas, such as the production of new technologies based on biocuratives, favoring the growth
of the biomedical industry in this area.

Keywords: bacterial cellulose; montmorillonite; starch; collagen; glycerol, biodegradable polymers;
wound healing, biomaterials, biodressing.
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CAPITULO 1: INTRODUCAO

1. INTRODUCAO

A celulose bacteriana (CB) é um homopolimero e distingue-se da celulose de
origem vegetal por suas propriedades Unicas, como boa biocompatibilidade (UZYOL,;
SACAN, 2017), o que tem atraido grande atencdo devido ao seu alto grau de
polimerizacdo, boa biodegradabilidade e excelentes propriedades mecanicas, além de
ndo ser toxica e alergénica (REVIN et al., 2018). Além dessas propriedades, a CB
apresenta outras caracteristicas como a alta pureza, alta cristalinidade, elevada
capacidade de retencdo e absorcdo de agua (99% de sua massa) devido ao diametro
menor das microfibrilas (ORLANDO et al., 2020).

Sua fibra tem uma alta proporgdo, com um diametro de 20-100 nm. Essa
caracteristica implica em uma area de superficie muito alta por unidade de massa o que
a torna altamente hidrofilica. Portanto, CB é usada extensivamente em muitos campos,
incluindo o desenvolvimento de materiais biomédicos, para a entrega de
medicamentos, engenharia de tecidos, industria de alimentos, diafragma acustico, papel
funcional, displays épticos, biomateriais nanoestruturados (REVIN et al., 2018). Ressalta-
se ainda que a CB tem potencial uso na funcionalizacdo quimica e na preparacao de
biocompdsitos (DORAME-MIRANDA et al., 2019), podendo ser aplicada ainda em
diferentes setores.

Segundo Nobrega et al. (2019), a estrutura quimica de CB é composta por cadeias
de (1->4)-D-anidroglucopiranose delimitadas por ligagdes B-glicosidicas. A geometria da
CB é determinada pelas intera¢des entre ligacdes de hidrogénio intra-moleculares e
inter-moleculares, interacdes hidrofdobicas e de van der Waals, e forma cadeias
paralelas. Apesar das semelhancas com outros tipos de nanocelulose como nanofibras
de celulose (CNF) ou nanocristais de celulose (CNC), nanofibras de CB tem propriedades
Unicas, sendo propriciadas pela sua estrutura quimica que permite a formagdo de um
material em estrutura 3D, resultando em maior cristalinidade, conferindo a mesma uma
maior resisténcia mecanica.

Entre as bactérias produtoras de celulose, as espécies mais eficazes sdo do género

Gluconacetobacter (também denominado Acetobacter) (ULLAH et al., 2015; NUMATA et
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al., 2019a). Quando essas espécies sdao cultivadas em laboratério sob condigdes
estdticas, a celulose se forma como uma membrana inchada na interface ar-agua,
aumentando de espessura se o tempo de cultivo aumenta (NUMATA et al., 2019a). No
entanto, o baixo rendimento do processo de producdo estdtico e o alto custo de
producdo da CB restringiram a eficacia comercial da CB. Encontrar um meio de cultura
ideal e condicdes de crescimento adequadas que garantam niveis mais altos de celulose
ajudara na viabilidade dessa tecnologia em uma situacdo industrial (SAICHANA et al.,
2015).

Os meios de cultura comumente usados para a producdo de CB requerem
principalmente uma fonte de carbono e nitrogénio e sais para tamponar o pH
(SAICHANA et al., 2015). Os componentes que formam o meio de cultura sao
importantes porque influenciam na cinética de producdo da CB. Molina-Ramirez et al.
(2017) estudaram o uso de diferentes fontes de carbono para preparagdo do meio:
glicose, frutose e sacarose. Enquanto as fontes de carbono nao influenciaram nas
caracteristicas estruturais da CB, diferentes niveis de producdo foram obtidos. Esses
resultados sdo relevantes para melhorar a producdo industrial da CB, que poderd
implicar na viabilidade em diferentes aplica¢des.

Na drea médica, por exemplo, na aplicagao de curativos tradicionais existe o risco
de dor e trauma adicional ao trocar desses materiais devido ao crescimento do tecido
de granulacdo nas fibras desses materiais, o que poderia dificultar o processo de
cicatrizacdao (ANDERSON, 2010; TOON et al., 2015). O uso de gaze, fiapos, emplastros,
ataduras (naturais ou sintéticas) e algoddo tém limitacdo em danos epidérmicos ou na
pele ou queimaduras, pois ndo impedem o crescimento de infeccdes microbianas e
proporcionam um ambiente Umido para a cicatrizacdo (PORTELA et al., 2019). Um
curativo ideal ndo apenas cobre e protege a area afetada, mas também otimiza o
ambiente da ferida para facilitar a cicatrizacdo (PORTELA et al., 2019; YE et al., 2019b).

A CB constitui uma 6tima matriz para a sintese de compésitos funcionais devido a
sua enorme area nanoporosa e a presenga de d&tomos de oxigénio ricos em elétrons (FU;
ZHANG; YANG, 2013). Portanto, alguns pesquisadores investigaram compdsitos
poliméricos refor¢cados com CB e com diferentes materiais, incluindo materiais
condutores (YE et al., 2019a), 6xido de grafeno (LUO et al., 2016), nanotubos de carbono
(HOSSEINI; KOKABI; MOUSAVI, 2018), ceramica (DHARMALINGAM et al.,, 2019) e
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biopolimeros (LI et al., 2019b) para varias aplica¢ées biotecnoldgicas, ndo apenas no
setor médico, mas garantindo possibilidades de aplicacdo em outros setores como de
alimentos e cosméticos.

Dentro desse contexto é importante destacar que ha um crescente interesse no
desenvolvimento de novos materiais que possam ser aplicados aos diferentes setores
tecnoldgicos, garantindo melhorias no desenvolvimento de produtos baseados em
biomateriais. Dessa forma, novas tecnologias podem ser construidas ou aprimoradas
aproveitando do potencial da CB devido suas propriedades intrinsecas, a exemplo de
sua resisténcia mecanica significativa na hidratacdo, além de in situ, moldabilidade
adequada, biocompatibilidade e biodegradabilidade (WANG; TAVAKOLI; TANG, 2019a).
Dependendo das concentra¢gdes dos biomateriais pode-se verificar influéncia nas
caracteristicas dos biomateriais, como espessura, gramatura, permeabilidade ao vapor
d’agua, durabilidade, densidade, solubilidade, opacidade, indice de intumescimento,
resisténcia a tracao, elasticidade, entre outras (SAYED et al., 2020).

Dentre os polimeros utilizados na producdo de materiais com aplicacGes
biomédicas pode-se destacar as proteinas (como coldgeno, elastina e fibroina da seda)
e os polissacarideos (como quitosana, alginato, goma xantana, acido hialurénico e
pectina) (SELL et al., 2010; SIONKOWSKA, 2011). Além disso, diversos compostos sao
empregados como bons formadores de filmes biodegraddveis, tais como colageno,
amido e glicerol (BASIAK; LENART; DEBEAUFORT, 2018). O coldgeno é um importante
componente que faz parte do substrato natural das células e atua na orientacdo do
estimulo a formacdo tecidual. Suas caracteristicas de destague que permitem a
consideracdo de seu uso na confeccdo de biomateriais sdo a biocompatibilidade e
estabilidade (DE MELO et al., 2017). O amido é um dos carboidratos mais abundantes
encontrado em plantas. Sua utilizacdo na formacdo de biomateriais se baseia na sua
principal propriedade, a gelatinizacdo, que permite atribuir resisténcia mecéanica e
térmica aos polimeros (ABRAL et al., 2019). O glicerol, omposto organico pertencente a
funcdo alcool, possui uma importante propriedade plastificante, que permite a garantia
de boa qualidade dos produtos finais (CAZON; VAZQUEZ; VELAZQUEZ, 2019).

Outro material que vem sendo investigado para a confec¢do de biomateriais é a
Montmorillonita (MMT), um argilo mineral expansivel. Esse material tem atraido

inimeras pesquisas, devido intrinsecas caracteristicas que contribuem para a produgao
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de biomateriais, promovendo melhorias substanciais as propriedades nanocompésitas,
como baixo custo e alta capacidade de troca catidnica, entre outras (BOURAKADI et al.,
2019; LIU; CATCHMARK, 2019; SAJJAD et al., 2019).

Portanto, o objetivo deste estudo se baseia na utilizagdo da cepa
Gluconacetobacter hansenii para avaliacdo das melhores condi¢cdes de producdo de CB
para o desenvolvimento de biomateriais combinados com diferentes tipos de
compostos, a exemplo da MMT, glicerol, amido e coldgeno. Além disso, realizar a
caracterizacdo dos biomateriais produzidos em relacdo as propriedades barreira,
mecanica e morfoldgica; afim de caracterizar a CB para o desenvolvimento de novos

produtos com potencial aplicagdo industrial.

1.1 Objetivos

1.1.1 Objetivo Geral

O objetivo geral deste trabalho foi produzir celulose bacteriana (CB) a partir de
Gluconacetobacter hansenii e aplicar o bioproduto purificado no desenvolvimento de

diferentes formulagdes de biomateriais.
1.1.2  Objetivos Especificos

e Avaliar a concentracdo (25 e 50 g.L'!) e o tipo de fontes de carbono (glicose,
manitol, sacarose e xilose) na obtencdo de CB por fermentacdo estatica em
frasco a partir de Gluconacetobacter hansenii (ATCC 23769) para definicdo da
melhor condicdo de processo fermentativo e aplicar no desenvolvimento de
diferentes formula¢des de biocompdsitos;

e Produzir formulagdes de biocompdsitos utilizando CB como matriz polimérica
incorporadas com montmorillonita (MMT) em diferentes concentragées (0,5, 1
e 2%);

e Avaliar a influéncia da MMT nas propriedades da CB;

e Produzir formulagdes de biocompdsitos utilizando CB como matriz polimérica
incorporadas com amido e colageno em diferentes concentra¢ées (amido: 0, 1 e
2% / colageno: 0, 1,12 e 2,23%);

e Avaliar a influéncia do amido e colageno nas propriedades da CB.
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2. ORGANIZAGAO DO DOCUMENTO

Este trabalho foi organizado no formato de capitulos, a fim de promover um
melhor entendimento acerca da estruturacao do mesmo. No total, sdo 5 capitulos, onde
cada capitulo refere-se a um item especifico do trabalho, conforme descrito a seguir:

No Capitulo 1, é apresentada a Introdugao com informac¢des gerais sobre o
conceito, propriedades e processo de producdo de CB, com identificacdo de géneros
bacterianos responsaveis, bem como os melhores meios utilizados. Também é
apresentada uma prévia de possibilidades de aplicacdo da CB em diferentes setores
industriais. Neste Capitulo, também sdo denotados os objetivos geral e especificos deste
trabalho.

No Capitulo 2, consta a Revisdo de Literatura. Nela, sdo aprofundadas as
principais informacGes referentes ao tema deste trabalho, iniciando com uma
conceituacdo mais aprofundada sobre a CB, bactérias produtoras com énfase para a
producao por Gluconacetobacter hansenii, bactéria utilizada no desenvolvimento dos
experimentos deste estudo. Além disso, sdo abordadas as vias de biossintese da CB com
as principais vias de producdo pelo microrganismo. Em seguida, sdo apresentadas
informacdes acerca dos parametros que influenciam na producdo de CB relatando
formas de otimizac¢do de sua producdo. Também sdo apresentadas as possibilidades de
incorporacao de compostos a CB para a producdo de biomateriais. Alguns exemplos de
compostos sdo trazidos, mais especificamente os utilizados nas experimentacdes deste
trabalho (coldgeno, amido, glicerol e MMT), visando destacar a potencialidade de
producdo de biocompostos com incorporacdo de agentes que promovam melhorias as
propriedades da CB. Por fim, sdo apresentadas as potenciais aplicacdes da CB para o
desenvolvimento de biocompdsitos passiveis de serem aplicados em diversos setores
industriais. Abordagens de aplicagdo nos setores biomédico, de alimentos, eletronico e
de cosmeéticos sdo destacadas, bem como exemplos de investigacGes e aplicacOes
praticas destes biomateriais produzidos.

No Capitulo 3, tém-se o primeiro artigo publicado durante o desenvolvimento
desta tese. Intitulado Evaluation of Different Methods for Cultivating Gluconacetobacter
hansenii for Bacterial Cellulose and Montmorillonite Biocomposite Production: Wound-

Dressing Applications, esta publicacdo traz informagdes acerca das experimentacdes
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realizadas para a andlise das melhores condi¢cdes de produgao da CB por meio da
variacdo das concentracdes de diferentes fontes de carbono (glicose, manitol, sacarose
e xilose), bem como a caracterizacdo de um biocompdsito produzido pela adicdo de
MMT no preparo de formulagGes a base de CB, no intuito de avaliar melhorias as
propriedades fisico-quimicas dos biomateriais produzidos.

No Capitulo 4, é apresentado o segundo artigo publicado durante o
desenvolvimento desta tese. Intitulado Development of Bacterial Cellulose
Biocomposites Combined with Starch and Collagen and Evaluation of Their Properties,
esta publicacdo fez uso da melhor condicdo de producdo da CB (em relacdo as
concentracbes de fonte de carbono aplicadas, identificada nos ensaios anteriores,
publicados no artigo 1), para a producao de biocompdsitos compostos por CB, coldgeno
e amido. Este estudo teve por finalidade também avaliar melhorias promovidas as
propriedades fisico-quimicas dos biomateriais produzidos. Dessa forma, ambos estudos
se basearam na avaliacdo de potenciais biomateriais passiveis de aplicacdo em
atendimento aos setores industriais.

Por ultimo, no Capitulo 5 é apresentada a conclusdo deste trabalho, trazendo as
informacgdes-chave coletadas por meio do desenvolvimento experimental realizado.
Dentro desse contexto, também s3ao apontadas perspectivas futuras em relagdo ao
pontencial de aplicacdo destes biomateriais produzidos.

A Figura 1 apresenta o fluxograma da estratégia metodoldgica utilizada neste
estudo, o que justifica a apresentacao no formato de capitulos inter-relacionados, mais
especificamente em relacdo a producdo cientifica por meio dos dois artigos produzidos

no decorrer deste projeto de pesquisa.
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Figura 1. Fluxograma da estratégia metodoldgica deste estudo.

= Conceito; &
= Bactérias produtoras; o =
= Bjossintese; -y
= Parametros de otimizacdo da produgdo;
Celulose - ) Gluconacetobacter
. * |ncorporagdo de compostos; hansenii
Bacteriana = Aplicagdes dos biocompdsitos.
Artigo 1

Cultivo de Gluconacetobacter hansenii e producao de
biocompadsito CB-MMT

I Glicgse Produgdo de CB
Manitol 7
Sacarose
Xilose
P - Biocompdsitos de CB-MMT
i Definicdo da melhor condicdo
i de cultivo por andlise da Concentragdoes de MMT avaliadas: 0,5, 1,0 e
 variacdo de fontes de carbono 2%. Total de formulagBes: 3 + 1 (controle).
T Artigo 2

Produgao de biocompésitos CB-Colageno-Amido

Colageno Amido
Produciio de CB Biocompdsitos de CB-Colageno-Amido
Fonte de carbono: Diferentes concentracdes e combinag¢des entre
Glicose colageno e amido. Total de 9 formulagdes.

Caracterizagdo para avaliagdo das propriedades fisicas e de

barreira, mecanicas, morfologicas e térmicas
+
Potencial de aplicagido

Fonte: Criado pelo autor através da ferramenta BioRender.com.
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CAPITULO 2: REVISAO DE LITERATURA

1. CELULOSE BACTERIANA (CB): BACTERIAS PRODUTORAS E VIAS DE BIOSSINTESE

A CB é produzida por bactérias e por ser de origem nao vegetal, sua morfologia é
diferente. A CB possui a mesma formula quimica da celulose produzida por plantas
(CéH1005)n, com unidades de pB-D-glucopiranose interligadas por ligagOes
intermoleculares de hidrogénio. A celulose vegetal necessita de processos de
purificacdo complexos para a extracdo da lignina e da hemicelulose, enquanto o
processo de obtencdo e de purificacdo de CB é menos complexo, mais puro, além de
diminuir o custo final do produto (HODEL et al., 2020a).

A CB é um biopolimero obtido por processo fermentativo e quando em cultivo
estatico, apresenta-se sob a forma de uma pelicula. E produzida em meio contendo
sacarideos e nitrogénio organico, através de rotas de biossintese realizada por bactérias
de géneros como: Gluconacetobacter, Rhizobium, Sarcina, Agrobacterium, Alcaligenes
(CHAWLA et al., 2009). Em termos de estrutura, possui estrutura nanomeétrica, alto
indice de cristalinidade, alta porosidade, biocompatibilidade e elevado potencial
tecnolégico. Além disso, possui a vantagem de ser livre de lignina, hemicelulose e
pectina, tornando-a altamente pura e mais facilmente aproveitavel pelo fato de nao
haver a recalcitrancia presente na celulose vegetal. Essa caracteristica impacta
diretamente na redug¢do do custo dos processos por ndo necessitar de pré-tratamento
e de hidrdlise para o isolamento desses materiais (ABITBOL et al., 2016).

Quando comparada a celulose vegetal, a CB possui maior capacidade de retencao
de agua, resisténcia mecanica e a tracdo, possibilidade de insercGes de materiais para
obtencdo de compdsitos, maior adaptabilidade biolégica e grande capacidade de
modificacdo quimica (DYDAK et al., 2018; GOPI et al., 2019). Dentre as caracteristicas
mais relevantes destaca-se o alto grau de cristalinidade da estrutura, que se relaciona
com a propriedade de alta resisténcia mecanica apresentada pela CB (CHAWLA et al.,
2009). As propriedades intrinsecas da CB fazem com que ela seja considerada como um
biopolimero promissor, tornando-se um dos biomateriais mais propricios para utilizacao
em aplicacGes biomédicas, especialmente para serem aplicadas como materiais de

curativo (GOPI et al., 2019; YE et al., 2019c), visto que possui capacidade de formar
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barreira contra infec¢des aliada a baixa atividade celulolitica por parte dos tecidos
humanos (CZAJA et al., 2006).

A utilizacdo da CB na producdo de biomateriais tem sido feita principalmente
através da insercao de substancias como: prata, fosfato, pectina, amido e silica; e
insercao “in situ” de hidroxiapatita, colageno e polihidroxibutirato (PHB) (DONINI et al.,
2010; HUANG et al., 2010; NAKAGAITO; IWAMOTO; YANO, 2005; RUKA; SIMON; DEAN,
2013). As inserc¢Oes dessas substancias tém como objetivo adicionar novas propriedades
ao biopolimero ou melhorar as suas propriedades intrinsecas. A adicdo de componentes
visando aumentar as caracteristicas dos biomateriais de CB foram estudados por
Potivara; Phisalaphong (2019), onde a CB foi imersa em suspensdo de latex (NR) na
presenca de solu¢dao aquosa de etanol. Foi revelado que a combina¢ao de nanocelulose
fibrosa as redes e o polimero de NR forneceram um efeito sinérgico nas propriedades
mecanicas dos filmes NR-CB. Em comparagao com os filmes CB, a resisténcia a tra¢do e
o alongamento na ruptura dos filmes NR-CB foram consideravelmente melhorados em
~4 vezes. Os filmes NR-CB também exibiram melhor resisténcia a dgua e uma alta
resisténcia a solventes ndo polares, como o tolueno. Outra caracteristica importante do
filme NR-CB foi a biodegradabilidade, sendo degradado completamente dentro de 5a 6
semanas no solo.

Como citado anteriormente, diferentes géneros de bactérias podem ser
responsdaveis pela producdo de CB. A bactéria Gluconacetobacter hansenii é uma das
espécies mais utilizadas nessa producao devido a sua capacidade de produzir celulose
na presenca de diferentes fontes de carbono e nitrogénio (CASTRO et al., 2011). A
espécie apresenta morfologia de bastonetes retos ou ligeiramente curvos, podendo ser
ou ndo mdveis. S3o microorganismos gram-negativos, tolerantes as condi¢des acidas
(pH abaixo de 5), aerdbios, ndo fotossintéticos e crescem em temperaturas que variam
entre 15 e 34 °C. A bactéria G. hansenii pode ser encontrada na superficie de frutas e
vegetais em decomposicdo, no vinagre ou bebidas alcdolicas (DAYAL et al., 2013). Essa
bactéria possue a capacidade de sintetizar celulose a partir de uma variedade de
substratos como fonte de carbono (glicose, sacarose, glicerol, manitol, entre outros), e
nitrogénio complexos, proporcionando a capacidade de modificar e controlar as
propriedades fisicas e quimicas da celulose durante a sua sintese (HAIGLER et al., 1982);

(HAIGLER et al., 1982); (OGAWA; TOKURA, 1992).
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Em laboratdrio sob condi¢des estaticas, a bactéria G. hansenii quando cultivada
forma uma pelicula na interface ar/agua, sendo o aumento da espessura da pelicula
diretamente proporcional ao tempo de cultivo (NUMATA et al., 2019b). Essa pelicula
desempenha uma acao funcional para o microorganismo, pois funciona como um
mecanismo de flotacdo com a finalidade de obter oxigénio com mais facilidade. Por ser
um material opaco, a pelicula funciona como barreira a radiacdo UV, possui a capacidade
de adsorver metais pesados e, por permanecer na superficie do meio, melhora o
transporte de nutrientes pelo mecanismo de difusdo (KLEMM et al., 2006). E ainda,
previne a desidratacdo do substrato, uma vez que possui caradter altamente
higroscdpico, protegendo o substrato de microorganismos ndo produtores do polimero
(KLEMM et al., 2006).

A bactéria G. hansenii tem a capacidade de produzir celulose utilizando uma
variedade de substratos carbodnicos. A biossintese da CB tem como via bioquimica mais
compreendida a conversao da glicose como substrato exdgeno a celulose. As reacdes
bioquimicas sdo reguladas por enzimas e proteinas (DONINI et al., 2010). O consumo de
nutrientes deve ser suficiente para a multiplicacdo celular e paralela producdo de
celulose (HUANG et al.,, 2010). A Figura 1 mostra de forma simplificada as etapas

envolvidas na produg¢do de CB.

Figura 1. Principais principios e etapas envolvidas na produgdo de CB.
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Fonte: Criado pelo autor através da ferramenta BioRender.com.
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A bactéria G. hansenii pode metabolizar pelo ciclo de Krebs, que envolve a
oxidacdo de acidos organicos, ou pelo ciclo das pentoses fosfato, onde ocorre a oxidacdo
de carboidratos (LEE et al., 2014). Nessa via participam algumas enzimas que envolvem
varias reacgdes: glucoquinase: responsavel pela fosforilagdo do carbono 6 da glicose;
fosfoglucomutase: catalisa a reacdo de isomerizacdo da glicose-6-fosfato (Glc-6-P) para
glicose-1-fosfato (Glc-1-P); UDPG-pirofosforilase (UGPase): sintetiza a uridina-
disfosfoglucose (UDPGIc); celulose sintetase (CS): produz, de fato, a celulose a partir da
UDP-glicose (UDPGlIc).

O filme formado de CB é originado de cadeias que se agregam formando sub-
fibrilas que se agrupam originando uma fibrila elementar que juntam-se por meio de
pontes de hidrogénio formando as fibras de CB. Como a celulose formada possui
diversos grupos hidroxila dispostos em sua superficie, esse fato explica sua
biodegradabilidade, hidrofilicidade e sua alta capacidade de modificagdo quimica para

diversas aplicacdes industriais (CASTRO et al., 2011).

2. PARAMETROS QUE INFLUENCIAM A PRODUGAO DA CELULOSE BACTERIANA (CB)

A producdo de CB é influenciada por parametros relacionados a indug¢do ou
inibicdo da atividade proteica e mudancas na morfologia celular, destacam-se: pH,
composicao do meio de cultura, temperatura e oxigénio dissolvido. Sabe-se que esses

parametros sdo importantes para determinar as condi¢Ges 6timas da producdo de CB.

2.1 Potencial hidrogenionico (pH) e Temperatura

O consumo de acglcares do meio de cultivo pode oscilar de acordo com as
variacoes no pH durante a fermentacdo, devido as mudancas na atividade e sintese
enzimatica e formacdo de subprodutos, afetando o transporte de nutrientes para o
interior da célula, e, consequentemente, inibindo o crescimento celular (PANESAR et al.,
2012). O 4cido glucoénico, formado através da catablizacdo da glicose, é o principal
responsavel pela reducdo do pH durante a sintese das microfibrilas de celulose.
Diferentes alternativas tém sido propostas para mitigar os efeitos no pH na producdo da
CB, incluindo a criacdo de uma rede metabdlica para reduzir a produgdao de acido

gluconico através de alteragdes genéticas, otimizacao da estratégia de alimentagdo de
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glicose e/ou utilizar fontes alternativas de carbono que ndo acionem a produgdo de
subprodutos (JANG et al., 2017).

O pH 6timo para o crescimento da G. hansenii e da producado de CB normalmente
variade 4 e 7. Para aplica¢gOes na drea biomédica a producgdo industrial de CB varia entre
4 e 4,5, tendo como objetivo evitar a contaminacdo do meio durante o cultivo (PANESAR
et al., 2012). A influéncia da temperatura no rendimento de CB produzida em meio
Hestrin e Schram encontra-se na faixa de 20 a 40 °C (SON et al., 2003). A faixa de
temperatura mais utilizada atualmente varia entre 28 e 30 °C. Além do rendimento, a
variacdo da temperatura de fermentacdo influencia na estrutura morfoldgica e a
formagdo do cristal, caracteristicas importantes na produgdo de CB (ERBAS KIZILTAS;

KIZILTAS; GARDNER, 2015; ZENG; SMALL; WAN, 2011).

2.2 Composicdo do meio de cultura

A composicao do meio de cultura estd diretamente relacionada a capacidade das
bactérias do género Gluconacetobacter em metabolizar as mais variadas fontes de
carbono, o que pode impactar o rendimento na produgao de CB, pois a composi¢ao e a
guantidade de acucar presente no meio é de suma importancia para o metabolismo das
bactérias (MIKKELSEN et al., 2009). A glicose pode ser considerada como uma fonte de
carbono ideal por ser utilizada tanto como uma fonte de energia quanto como um
precursor para a obtencdo de células durante o processo de biossintese.

O meio de ativacdo e de cultivo utilizados para producdo de CB sdo baseados no
meio sugerido por Hestrin e Schramm (1954) (meio HS), tendo a glicose como principal
fonte de carbono e o extrato de levedura e peptona como fonte de nitrogénio e fésforo.
Além destes componentes, os meios precisam de outros elementos como Na*, K*, Ca?*,
Mg?*, Fe?* entre outros, que desempenham papel importante como cofatores
enzimaticos nas vias de producdo da celulose. A producdo de CB também pode ser
aumentada adicionando uma concentracdo inicial 6tima de aditivos, tais como 4acidos
organicos, etanol, nicotinamida, alginato de sédio (JANG et al., 2017).

Os meios de cultura comumente usados para a producdo de CB requerem
principalmente uma fonte de carbono e nitrogénio e sais para tamponar o pH
(SAICHANA et al., 2015). Apesar da sua ampla utilizagao, diferentes estudos publicados

na literatura técnica e cientifica trazem diferentes adaptacdes do meio HS ou novas
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alternativas de meio de cultivo, buscando o aumento da produtividade durante o
processo de producdo da celulose, visto que os componentes que formam o meio de
cultura sdo importantes porque influenciam na cinética de producdao da CB. Molina-
Ramirez et al., (2017) estudou o uso de diferentes fontes de carbono para preparagao
do meio: glicose, frutose e sacarose. Observou que as fontes de carbono ndo
influenciaram nas caracteristicas estruturais da CB, e diferentes niveis de producao
foram obtidos. Esses resultados sao relevantes para melhorar a producado industrial da
CB, que podera implicar na viabilidade em diferentes aplicacbes. Mohammadkazemi;
Azin; Ashori (2015) avaliaram os efeitos de diferentes fontes de carbono e meios de
cultura sobre a producdo e propriedades estruturais da celulose bacteriana. Os
resultados referentes a esse trabalho mostraram que o meio HS foi o que obteve o
melhor rendimento quando comparado aos outros dois meios de producdo aplicados
no processo, o Yamanaka (composto por glicose, extrato de levedura, sulfato de amonio,
fosfato de potassio monobasico e sulfato de magnésio) e o meio Zhou (composto por
glicose, licor de milho, sulfato de amonio, fosfato de potassio monobasico e sulfato de
magnésio).

Dessa forma, determinar um meio ideal e um conjunto adequado de condicdes de
crescimento que permitam altos niveis de produgao de celulose agrega caracteristicas
necessarias para ampliacdo desta tecnologia para uma escala industrial (RUKA; SIMON;

DEAN, 2013), tendo em vista principalmente o mercado potencial de aplicacao.

2.3 Oxigénio dissolvido e tipo de cultivo

A presenca de oxigéncio é diretamente relacionada ao metabolismo de respiragao
gue é essencial para o redimento e as propriedades do biomaterial. A quantidade de
oxigénio dissolvido pode estar relacionado ao tipo de cultivo que esta sendo aplicado
para a producdo da CB, que pode ser realizada através do modo estatico ou dinamico.
As condicbes do modo de cultivo sdo muito importantes e impactam as propriedades da
CB.

A cultura em meio estatico produz pelicula de celulose na superficie do meio de
cultivo que cresce em contato com o ar. Assim sendo, os nutrientes espalham-se pelas
camadas de celulose da superficie até as células, o que se apresenta como uma

vantagem quando comparado ao cultivo dindmico (ou agitado) (ERBAS KIZILTAS;

29



KIZILTAS; GARDNER, 2015). Além disso, as condi¢des estaticas sdo melhores para manter
uma forma regular e para manter uma boa morfologia. O uso de moldes sob condi¢bes
estaticas, por exemplo, pode produzir um produto liso e uniforme, que é adequado para
aplicagbes na area biomédica, como na produc¢do de curativos e vasos sanguineos
artificiais. Diferentemente do cultivo estatico, a CB produzida sob condi¢cdes dindmicas
(agitadas) pode apresentar formato de polpas, filamentos e esferas multiformes. Para
cada modo, o objetivo principal é atingir alta eficiéncia na produc¢ao de CB com uma
formaideal e propriedades apropriadas para sua aplicacdo. A propriedade de resisténcia
mecanica da CB pode sofrer influéncia pelo meio a qual foi produzida. No meio agitado
possui menor resisténcia se comparada a produzida em meio estatico (HUNGUND;
HUNGUND; GUPTA, 2010).

Atualmente, o cultivo estatico tem sido bastante utilizado pela simplicidade do
método, além de diminuir a propabilidade de mutacdes genéticas responsaveis pelo o
aparecimento de cepas nao produtivas, o que é comumente relatado quando se
utilizada o cultivo agitado, principalmente com o uso de biorreatores (CHOI; SHIN, 2020;
JANG et al., 2017). Além disso, a propriedade de resisténcia mecanica da CB pode sofrer
influéncia pelo meio a qual foi produzida, onde no meio agitado possui menor
resisténcia se comparada a produzida em meio estatico (HUNGUND; HUNGUND;

GUPTA, 2010).

3. INCORPORAGAO DE COMPOSTOS A CELULOSE BACTERIANA PARA PRODUGAO DE
BIOMATERIAIS

A combinacdo da CB com outros polimeros pode melhorar suas caracteristicas e
estrutura, proporcionando novas aplicacdes industriais. Os biomateriais sdo novos
materiais produzidos para serem utilizados em aplicacdes diversas, como médicas e de
engenharia de tecidos. As caracteristicas necessdrias para esses materias sao:
biocompatibilidade, biofuncionalidade, ser bioabsorvivel, biodegradavel, poroso,
permedvel para passagem de nutrientes e troca de gases, possuir tamanho de poros
adequado que possibilite a penetragdo celular e formagao de tecido (HODEL et al.,
2020a). Destes, a biocompatibilidade e biofuncionalidade sdo caracteristicas essenciais

para esses biomateriais desempenharem a fungdo desejada.
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Dependendo das concentragbes das formulagdes pode-se verificar influéncia nas
caracteristicas dos biomateriais, como espessura, gramatura, permeabilidade ao vapor
d’agua, durabilidade, densidade, solubilidade, opacidade, indice de intumescimento,
resisténcia a tracao, elasticidade, entre outras (SAYED et al., 2020).

Dentre os biopolimeros utilizados na producao de materiais, pode-se destacar as
proteinas (como colageno, elastina e fibroina da seda) e os polissacarideos (como
quitosana, alginato, goma xantana, acido hialurénico e pectina) (SELL et al., 2010;
SIONKOWSKA, 2011). Além disso, diversos compostos sdo empregados como bons
formadores de filme biodegraddveis, tais como colageno, amido e glicerol (BASIAK;

LENART; DEBEAUFORT, 2018).

3.1 Exemplos de compostos que contribuem para a melhoria das propriedades da

Celulose Bacteriana

Diferentes compostos podem ser aplicados no desenvolvimento de materiais a
base de CB. Dentre eles, é possivel destacar quatro compostos que possuem
importantes caracteristicas que justificam a escolha deles no desenvolvimento deste
estudo. A escolha por estes constuintes se baseou na revisdao de suas propriedades,
conforme melhor explanado nas sec8es a seguir. E valido ressaltar que, ndo apenas uma
caracteristica em especial foi tida como critério para escolha, mas um conjunto de

propriedades que ja sao muito bem caracterizadas na literatura.
3.1.1 Colageno

O colageno é a proteina mais abundante em vertebrados, e um produto de alto
valor e tem sido fonte de investigacdo para uso industrial devido a sua abundancia no
tecido animal, presente principalmente nos ossos, pele e cartilagem (DE MELO et al.,
2017). Seu uso industrial é de especial interesse devido a grande disponibilidade desta
matéria-prima no Brasil. Como biomaterial, o coldgeno apresenta caracteristicas
bastante significativas, tais como baixa irritabilidade, biodegrabilidade,
biocompatibilidade, interacdo com plaquetas, ativa o processo de coagulacdo
sanguinea, promove o crescimento celular e ainda sdo susceptiveis a modificacdes
quimicas, essas propriedades conferem a esse biomaterial inumeras aplicacdes

(ANTON-SALES et al., 2018). Apesar das propriedades do colageno serem favoraveis
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para sua utilizagdo como biomaterial, seu uso é limitado devido a sua baixa resisténcia
mecanica. Dessa forma, se faz necessario o estabelecimento de ligacbes cruzadas no
material, ou na incorporacdo de um outro polimero (PARENTEAU-BAREIL; GAUVIN;
BERTHOD, 2010).

O colageno é o principal componente da matriz extracelular, sendo um substrato
natural para as células, orientando e estimulando a formagdo tecidual. Estas
caracteristicas, somadas a biocompatibilidade e estabilidade do colageno, o tornam
atrativo para a confeccdo de biomateriais de diferentes formas e aplicacdes, como
membranas e esponjas para revestimento de queimaduras, géis para hemostasia e
suporte para o crescimento de células (DE MELO et al., 2017). Além disso, destaca-se
ainda que o biomaterial que utiliza como matéria prima proteinas como a elastina,
fibrina ou colageno pode oferecer uma vantagem adicional, uma vez que podem ser
capazes de interagir positivamente com as células (SORUSHANOVA et al., 2019). O
estudo de Fauzi et al., (2016) demonstrou a capacidade do coldgeno bovino de ser
utilizado em filme, espuma ou hidrogel, visto que ele apresentou propriedades
favordveis que melhoram a quantidade de fibroblasto dérmico humano e a fixacdo de
gueratindcitos epidérmicos, o que o torna interessante para aplicacdao no processo de

regeneragdo tecidual.
3.1.2 Amido

Os polimeros naturais mais utilizados na producdo de biomateriais. Entre esses, o
amido e a celulose. Um biomaterial pode ser desenvolvido a fim de melhorar as
propriedades mecanicas e térmicas e para reducdo do custo final de polimeros (ABRAL
et al.,, 2019). Nesse contexto, os polissacarideos também vém ganhando apreciavel
interesse para uso no ambito médico devido a varias de suas propriedades, tais como
renovabilidade, biodegradabilidade e por mimetizar os componentes da matriz
extracelular, o que os tornam elementos-chave em processos bioldgicos. Estes
biopolimeros também sdo muito importantes devido a sua solubilidade e propriedades
tecnolégicas, como gelificacdo, emulsificacdo e efeito hidratante, dentre outras
(RINAUDO, 2008). Os polissacarideos sdao obtidos a partir de fontes microbianas,
animais, vegetais ou de algas e, assim como as proteinas, podem ser processados como

géis, filmes, particulas e pés (PEREIRA et al., 1998).
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O amido é o carboidrato mais abundante encontrado em plantas, estando
presente nos tecidos na forma de granulo. As principais fonte de amido sdo o milho, a
mandioca, o trigo, a batata e o arroz. O amido é formado por dois tipos de polimeros de
glicose: amilose, que representa de 20 a 30% do amido; e a amilopectina, representando
de 70 a 80% do amido (LI et al., 2019a). A amilose é constituida por unidades de a-D-
glucopiranoses unidas entre si por ligacdes glicosidicas a(1 — 4) caracterizando a parte
linear. A amilopectina é formada de unidades a-D-glucopiranoses unidas por ligacdes do
tipo a(1 —4), parte linear e a(1 — 6), parte ndo linear (Y; Q; H, 2019).

Uma propriedade fisico-quimica importante do amido é gelatinizacdo. A
gelatinizagdo é o processo de transformagao do amido granular em pasta viscoelastica.
A geletificacdo ocorre com a adicdo de agua, na quantidade desejada, e subsequente
tratamento térmico, resultando em varias estruturas tais como espumas e filmes. Essa
versatilidade traduz a utilizagdo do amido como polimero termopldastico (ASHRAF et al.,
2019). Sendo assim, o amido constitui-se como fonte promissora para aplicacdes
biomédicas principalmente com a utilizacdo voltada a obtencdo de biomateriais devido
as suas cararcteristicas de biodegradabilidade, baixo custo de producdo e obtencdo a

partir de recursos renovaveis e versatilidade (DAS; UPPALURI; DAS, 2019).
3.1.3 Glicerol

O glicerol é um tri-alcool com trés carbonos em sua estrutura. E um liquido incolor
com gosto adocicado, sem cheiro e muito viscoso, derivado de fontes naturais ou
petroquimicas. A presenca de trés grupos hidroxila em sua estrutura é responsavel pela
solubilidade em &4gua e sua natureza higroscépica. E altamente flexivel, formando
ligacGes de hidrogénio tanto intra como intermoleculares (VALERIO et al., 2015).
Plastificantes como glicerol sdo capazes de garantir boa qualidade no pldstico
biodegraddvel a ser produzido. O plastificante é uma molécula pequena, de baixa
volatilidade e de natureza quimica similar a do polimero usado na constituicao do filme.
Quando adicionado a solucdo filmogénica modifica a organizacdo molecular da rede
amildcea aumentando o volume livre na molécula (CAZON; VAZQUEZ; VELAZQUEZ,
2019). Essa acdo do plastificante causa alteragGes no plastico biodegradavel como o
aumento de flexibilidade, extensibilidade e distensibilidade seguido por diminuicdo na

resisténcia mecanica, temperatura de transicdo vitrea e barreira a gases e vapor de
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agua, isso devido a higroscopicidade do plastificante e sua a¢do na quebra da rede
amildcea, aumentando assim as interacées amido-plastificante que diminuem a
densidade das interacbes e consequentemente, a coesdo da molécula

(CHIAOPRAKOBKIJ et al., 2019).
3.1.4 Montmorillonita (MMT)

A montmorillonita (MMT) é um argilo mineral expansivel amplamente utilizado
na fabricacdo de nanocompdsitos, pertencente ao grupo das esmectitas, que por sua
vez apresentam uma estrutura do tipo 2:11. Esta estrutura engloba duas folhas de
tetraedros de silica ligados por moléculas de oxigénio nos vértices e uma folha de
octaedros de aluminio ou magnésio ligados nas laterais (BEE et al., 2018). A camada
tetraédrica de silicia e a camada octaédrica estdo fortemente ligadas de forma covalente
e, portanto, sdo consideradas bastante estaveis. No ambiente interlamelar, é possivel
encontrar a presenca de dgua e cations livres, como Na*, Ca%*, K*, os quais sdo
responsaveis pelo empilhamento da estrutura lamelar e sdo passiveis a troca (UL-ISLAM;
KHAN; PARK, 2012).

A féormula quimica da estrutura uniaria da MMT é composta por AL4SisO20(OH)a.
nH>0, onde 66,70 % de SiO,; 28,30 % de Al,03 e 5,0 % de H,0 (BHATTACHARYYA; GUPTA,
2008). As camadas de MMT apresentam espessura inferior ao comprimento de onda de
luz visivel, com cerca de 1 nm e sdo transparentes, portanto ndo desviam a luz, sendo
resistentes a solventes e a altas temperaturas (LIU; LUO; NIU, 2010). Além disso,
possuem caracteristicas hidrofilicas da superficie, o que permite que a dgua e outras
moléculas polares se intercalem nas galerias dentro das camadas de argila promovendo
o inchamento e expansdo da superficie (SAJJAD et al., 2019).

Atualmente, utilizacdo de MMT tem atraido inUmeras pesquisas, devido a sua
alta capacidade de troca catibnica, capacidade de inchamento e expansao, alta drea de
superficie, facilidade de disponibilidade, baixo custo, alto grau de
intercalagdo/exfoliagdo contribuindo diretamente para a melhoria substancial das
propriedades nanocompdsitas (BOURAKADI et al., 2019; LIU; CATCHMARK, 2019;
SAJJIAD et al., 2019). Vale ressaltar que a capacidade de troca catidnica é uma
propriedade muito relevante das argilas, pois através da troca de cations é possivel

alterar quimicamente a MMT, o que interfere diretamente em suas propriedades fisico-
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quimicas. Ademais, as argilas geralmente possuem propriedades plasticas e coloidais e
esta caracteristica pode ser utilizada para diversas aplicacdes tecnoldgicas (BEE et al.,
2018; HE et al., 2013).

Dentro do contexto de produc¢do de CB, a MMT pode melhorar em até 10 vezes
as propriedades mecanicas dos biomateriais produzidos, podendo ser aplicada
principalmente para a producdo de biocurativos, com propriedades antimicrobianas, de
limpeza, protecdo da pele, adsorcdo de bactérias como Escherichia coli e Staphylococcus
aureus, imobilizacdo de toxinas celulares e aprimorar a capacidade de cicatrizagdo de
feridas, assim como coagulacdo do sangue (DE SOUZA et al., 2020; HORUE et al., 2020;
MENG et al.,, 2009). Além disso, associando suas caracteristicas ja citadas as
propriedades de regeneracao de tecidos da CB, a explora¢dao do desenvolvimento de
novos biomateriais para o tratamento de queimaduras, com a utilizacdo destes dois
compostos, se faz possivel (SAJJAD et al., 2019). Considerando seu potencial, estudos
avaliaram a sintetizacdo de compdsitos CB-MMT com propriedades antibacterianas e
desinfectantes, consolidando a possibilidade de exploracdo deste argilo mineral para
fins terapéuticos, associado a CB (HAYDEL; REMENIH; WILLIAMS, 2007; HODEL et al.,
2020b; RUEDA et al., 2011; UL-ISLAM; KHAN; PARK, 2012).

4. POTENCIAIS APLICAGOES DA CELULOSE BACTERIANA

Conforme mencionado, a CB é caracterizada como um biopolimero obtido por
fermentagdo a partir de meios ricos em sacarideos através de rotas de biossintese
realizadas por bactérias de alguns géneros como: Gluconacetobacter, Rhizobium,
Sarcina, Agrobacterium, Alcaligenes, sendo que a forma de obtencdo da CB, a torna livre
de impurezas (A S KESHK; A RAZEK; SAMESHIMA, 2006; VALERA et al., 2015). A CB é
composta por uma membrana gelatinosa extremamente hidratada (WANG; TAVAKOLI;
TANG, 2019b), que é formada na interface ar/meio de cultura, contendo uma pureza
maior que a celulose vegetal. Embora sua estrutura molecular seja idéntica a da celulose
vegetal, a CB possui maiores graus de pureza, polimerizacao, cristalinidade, resisténcia
a tracdo, absorcao de dgua, capacidade de retenc¢do de dgua e adaptabilidade bioldgica,
oferecendo biocompatibilidade, biodegradabilidade e renovabilidade (WANG;
TAVAKOLI; TANG, 2019b).
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A Figura 2 apresenta as propriedades da CB mais relevantes. Mesmo possuindo
importantes propriedades, a sua biossintese e desenvolvimento da producdo em grande
escala ainda sdo um grande desafio, e, conforme mencionado anteriormente, apenas
uma empresa no Brasil produz em escala industrial ainda incipiente. Contudo, as
propriedades da CB conferem a ela e seus derivados um grande potencial e
proporcionam um futuro promissor em varios campos, a exemplo do campo
biomédico/médico, de alimentos, eletrénico e de cosméticos, estimulando a sua

producdo em atendimento a estes e a outros setores passiveis de aplicagdo.

Figura 2. Principais propriedades da celulose bacteriana.

[ PROPRIEDADES DA CELULOSE BACTERIANA ]

MELHORADAS

INTRINSECAS ADICIONAIS
Pureza Antimicrobiana
Porosidade Nio toxicidade Regeneragdo tecidual
Biocompatibilidade Permeabilidade

liquido/gds Regulacdo de pH
Biodegradabilidade
Maleabilidade Anti-inflamatéria/anestésica

Adesao celular

Absorgédo de dgua

Fonte: Adaptado de Portela et al. (2019b).
4.1 Aplicagdo na area biomédica

Na area biomédica, o interesse no desenvolvimento de novos biomateriais
biodegraddveis e biocompativeis tem aumentado no campo da engenharia de tecidos,
principalmente se tratando da necessidade de promover melhorias aos processos de
regeneracdo tecidual, bem com suas func¢des. Dentro desse contexto, sistemas de
liberacdo de farmacos e scaffolds, por exemplo, tem sido foco de pesquisas cientificas
com a finalidade de promover melhorias aos processos de regeneracao de tecidos e
aumento da qualidade de vida das pessoas que necessitam deste tipo de tratamento
(BARUD et al., 2016). O desenvolvimento de biocurativos a base de CB permite a sua
utilizagdo no processo de cicatrizagao por conta da sua favoravel caracteristica de

possibilidade de incorporacdo de componentes ativos que auxiliam nesse processo,
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promovendo o controle de infec¢des e atuando ndo apenas como mecanismo de
protecdo, mas fornecendo um microambiente propicio para a cura (NOH et al., 2019).

No processo de bioestimulacdo, o uso de membranas bioativas (com base
biopolimérica impregnada com substancias ativas) como cobertura para feridas tem
mostrado efeitos satisfatérios no auxilio ao processo cicatricial quando produzidas a
partir de biomateriais que apresentam caracteristicas com cardter biodegradavel e
sustentavel (ADUSUMALI et al., 2006). A superficie das membranas de CB pode ser
modificada, formando conjugados de CB com biomoléculas distintas para finalidades
especificas, com funcionalidades adaptadas para melhorar a regeneracao tecidual ou
aumentar a adesdo celular. Qiu, Qiu, Cui, & Wei (2016), demonstraram em seu trabalho
que o tratamento de feridas cutaneas com membranas CB exibiu uma maior eficiéncia
em comparacao com a gaze de petrolatum convencional. Qutros estudos ja demonstram
a aplicagdo da CB como substituto temporario da pele no tratamento de queimaduras e
feridas de dificil cicatrizacdo (CACICEDO et al., 2016; DUGAN; GOUGH; EICHHORN, 2013;
PETERSEN; GATENHOLM, 2011). Além da aplicacdo como biocurativo, a CB pode ainda
ser infudida com células e fatores de crescimento, cultivada e implantada para induzir e
direcionar o crescimento de um tecido novo e sadio. Nestes casos, peptideos
incorporados ao biomaterial possuem uma sequéncia de reconhecimento Acido argino-
glicino-espartico (RGD), motivo peptidico mais comum responsdvel pela adesdo celular
a matriz extracelular. Esta sequéncia sera responsavel, além do desencadeamento da
adesdo de células, pelo direcionamento seletivo a respostas celulares especificas,
contribuindo para o processo de regeneracdo (ANDRADE et al., 2010).

As queimaduras se encontram entre as maiores causas de danificagcao cutanea,
ocupando o segundo lugar entre os acidentes que mais comumente ocorrem no mundo
(AKKAM et al., 2020; CHU; BEGAJ; PATEL, 2018; LAGUS et al.,, 2013). As lesdes por
gueimaduras ocorrem em todos os grupos etdrios e tém extensdo, profundidade e
etiologias variadas. De acordo com a Sociedade Brasileira de Queimaduras (SBQ), cerca
de 1 milhdo de pessoas sdao vitimas de queimaduras, todos os anos, no Brasil
(SOCIEDADE BRASILEIRA DE QUEIMADURAS, [s.d.]). Desses, 200 mil sdo por substancias
inflamaveis, o que inclui dlcool, e 40% das vitimas sdo criancas de até 10 anos. E previsto
ainda, por conta da pandemia da COVID-19 e aumento do uso de alcool pelas pessoas,

0 aumento de pacientes com lesdes de queimaduras em cerca de 25%, nos sistemas
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publico e privados de satde (FOLHA VITORIA, 2020). De acordo com o Comité Nacional
de Incorporacdo de Tecnologias no SUS (CONITEC), as queimaduras sdao consideradas
um importante problema de saude publica. Dados do Ministério da Saude indicam que
a cada ano o Sistema Unico de Satde (SUS) gasta cerca de 55 milhdes de reais para o
tratamento de vitimas de queimaduras (BRASIL. MINISTERIO DA SAUDE. SECRETARIA DE
CIENCIA, 2018a). Os pacientes que sofrem lesdes por queimadura podem requerer
autotratamento ou nenhum, até cuidados mais intensivos, cirurgicos, dependendo da
gravidade. O tratamento das lesGes por queimaduras continua sendo um grande desafio
aos profissionais da saude no que se refere ao elevado potencial para desenvolver
infecgdes, bem como pelo dificil controle da dor durante o procedimento de troca dos
curativos (MOREIRA et al., 2013).

A Portaria n2 5, publicada no Didrio Oficial em 25 de janeiro de 2018 (BRASIL.
MINISTERIO DA SAUDE. SECRETARIA DE CIENCIA, 2018b), define o curativo de
biocelulose como uma tecnologia que pode ser utilizada em casos de queimaduras
superficiais e profundas, lesdo por pressdo, areas doadoras de enxertos e Ulceras
arteriais e venosas. E uma pelicula que funciona como um substituto temporario de pele
humana, absorvendo o fluido inflamatério, protegendo o ferimento em um tempo
menor e com menor custo quando comparada aos outros recursos oferecidos para esse
tipo de tratamento na rede publica. A Tabela de Procedimentos do SUS (SIGTAP) ja
permite que as unidades publicas de saude comprem essa tecnologia com recursos do
governo, a recomendac¢do da CONITEC, responsavel pela avaliagdo desse produto, é de
gue ndo é necessario se criar um procedimento especifico para o uso do curativo de
biocelulose, ou seja, a utilizacdo desse curativo ja é possivel dentro da gama de
procedimentos curativos disponiveis no SUS, o que demonstra a viabilidade desse
projeto (BRASIL. MINISTERIO DA SAUDE. SECRETARIA DE CIENCIA, 2018b). Dentro desse
contexto, pode-se citar a empresa Biofill Produtos Biotecnoldgicos, Curitiba-PR, que
realiza a comercializagdo de produtos a base de CB para o tratamento de queimaduras
por meio de biocurativos.

O tratamento da queimadura inclui cuidados locais e sistémicos, variando de
acordo com a profundidade, localiza¢do corporal e extensdo (ZWIERELLO et al., 2020).
O uso de curativos contendo substancias cicatrizantes e anti-infecciosas é a opgdo para

a terapia local. Os curativos tém por fungdo converter uma ferida aberta e
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potencialmente contaminada em uma ferida limpa, protegendo do risco de infecgao
sem destruir os tecidos vidveis adjacentes. Também permitem a drenagem e controle
da exsudacdo, oferecem a superficie lesada repouso, mantém discreta pressao para
ativar as drenagens venosa e linfatica. Desta forma, asseguram cicatrizacdo em menor
periodo de tempo com minima perda da funcdo (KARLSSON et al., 2020; PICCOLO et al.,
2020). A insuficiéncia venosa cronica é a causa mais comum das Ulceras de perna, e
ocorre devido a incompeténcia valvular do vaso, associada ou ndo a obstrucdo do fluxo
venoso, que pode ser de natureza congénita ou adquirida. Outras condi¢ées podem
levar a ocorréncia de Ulceras de perna, tais como: doenca arterial obstrutiva periférica,
neuropatia periférica, doencas infectocontagiosas, doengas reumatoldgicas, doencas
hematoldgicas e tumores.

Ainda de acordo com o relatério emitido pela CONITEC (BRASIL. MINISTERIO DA
SAUDE. SECRETARIA DE CIENCIA, 2018b) os custos e tempo de cicatriza¢do sdo menores
com o curativo de biocelulose quando comparado ao curativo padrao (sulfadiazina de
prata) para a cicatrizacdo completa das ulceras venosas de membros inferiores.
Mantendo-se o intervalo de troca estima-se, portanto, uma dominéancia da intervencao
de um curativo a base de biocelulose sobre o tratamento padriao. Dessa forma, o
impacto orcamentdrio foi estimado em uma economia de RS 56.640.466,46, ao longo
de 5 anos (para um Unico produto avaliado e sem a presenca de agentes ativos), com a
incorporacdo da tecnologia de curativo a base de celulose bacteriana para tratamento
de ulceras venosas de perna, com redugao no tempo de cicatrizacdo e menor nimero
de trocas.

Dessa forma, é importante destacar que o processo de cicatrizacdo torna o manejo
de feridas dérmicas um fator preocupante a saide uma vez que o tratamento destas
perturbacdes pode gerar altos custos financeiros, resisténcia a antibidticos, altas taxas
de septicemia, incapacidade de restaurar a pele como de inicio, além do impacto ao
bem-estar geral do paciente (LIMA; COLTRO; JUNIOR, 2017). A cicatrizacdo é um
fendbmeno complexo caracterizado por uma sequéncia de eventos biolégicos que
envolvem a organizagdo de células, sinais quimicos e matriz extracelular num processo
dindmico e harmonico com o objetivo de garantir a restauracdo tissular (LIMA; COLTRO;
JUNIOR, 2017). As lesdes dérmicas estdo entre os problemas mais decorrente com

relacdo a pele. Para que haja um tratamento adequado, é fundamental que se conhega
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a origem da lesdo e a fisiologia envolvida no processo de cicatrizagdo (LIMA; COLTRO;
JUNIOR, 2017).

Quando a perda tecidual é extensa, o processo de cicatrizacdo pode nao ser
suficiente para que ocorra a reestruturacdo da pele, devendo-se considerar, entao,
tratamento com enxertos e retalhos. Varias técnicas de substituicdo tecidual foram
introduzidas com o intuito de promover a bioestimulacdo, reduzindo a formacado de
cicatrizes e acelerando o tempo de cicatrizagdo (LIMA; COLTRO; JUNIOR, 2017), por
propiciar proliferacdo celular e recuperacdo da pele, sem causar efeitos danosos ao
organismo (JESCHKE et al., 2018; MELNIKOVA et al., 2020; SHPICHKA et al., 2019). Neste
processo de bioestimulacdo, o uso de membranas bioativas como cobertura para feridas
tem mostrado efeitos satisfatérios no auxilio ao processo cicatricial quando produzidas
a partir de biomateriais que apresentam caracteristicas com carater biodegradavel e
sustentavel (STOJKO et al., 2020).

A Tabela 1 apresenta as pesquisas cientificas e/ou producdo de CB por empresas

para utilizacdo em diferentes aplicagGes biomédicas.

Tabela 1. Aplicagbes na drea biomédica com uso de CB.

APLICACAO REFERENCIAS
Scaffolds para diagndstico de cancer de ovario (UL-ISLAM et al., 2019)
Curativo de ferida de queimadura (KWAK et al., 2015)
Scaffolds para regeneragado tecidual (KHAN et al., 2018)
Desenvolvimento de pele artificial (SALARI et al., 2018)

(CHAWLA et al., 2009)

Vasos sanguineos artificiais (KLEMM et al., 2001)

Tratamento de queimaduras, feridas e Ulceras através de curativos (LIN et al., 2013)
ou filmes antibacterianas (YANG et al., 1998)
(TORGBO; SUKYAI, 2018)
Matriz para liberagao contralada de antibidticos e farmacos (JIPA; STOICA-GUZUN;
STROESCU, 2012)
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Tratamento de nervos periféricos danificados (KOWALSKA-LUDWICKA et al.,

2013)
Membrana auxiliar em tratamento ortodontico (YOSHINO et al., 2013)
Implante meniscal (BODIN et al., 2007)
Cartilagem artificial (LOPES et al., 2011)

4.2 Aplicagdo na area de alimentos

Em relacdo a drea de alimentos, aplicagcdes sugerem o uso da CB em alimentos
processados como aditivos de baixa caloria, para utilizacdo como espessantes,
estabilizantes, modificadores de textura ou ainda como embalagens para alimentos (SHI
et al.,, 2014). As embalagens produzidas a partir de CB possuem caracteristicas
potenciais a esse tipo de aplicacdo. Além de serem resistentes a dgua e biodegradaveis,
podem atribuir propriedades antibacterianas e antioxidantes as embalagens
alimenticias (GOTTSCHALK, 2021). Dentro desta linha de pesquisa, em trabalho
desenvolvido pela Embrapa Agroindustria de Alimentos, nisina foi incorporada a CB com
a presenca de um antimicrobiano para o controle de Lysteria monocytogenses ATCC
19117 em uma embalagem para queijo minas frescal. Essa formulagdo reduziu a
multiplicagdo da bactéria avaliada em um ciclo logaritmico no queijo Minas Frescal apds
sete dias de armazenamento sob refrigeragdo (IBARRA-SANCHEZ et al., 2020).

A CB também ja foi utilizada para a producdao de embalagens comestiveis com
potencial antimicrobiano. Filmes de CB e lactoferrina foram produzidos para serem
utilizados em contato direto com alimentos altamente pereciveis, especificamente
embutidos frescos como modelo de produtos carneos. Apds caracterizacdo quanto a
permeabilidade ao vapor de agua, propriedades mecanicas e atividade antimicrobiana
com relacdo a Escherichia coli e Staphylococcus aureus, foi observado que os filmes
apresentaram boas propriedades mecéanicas e eficiéncia bactericida, pois, reduziram
significativamente a taxa de multiplicacdao as bactérias avaliadas. Além disso, os autores
avaliaram a citotoxicidade dos filmes produzidos em ensaio que utilizou fibroblastos de

embrido de camundongo 3T3, ndo encontrando citotoxicidade relevante contra as
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células antes e depois da digestao simulada (um modelo in vitro do trato gastrointestinal
foi utilizado para estudar as alteracdes que ocorrem nos filmes de CB durante a
passagem pelo trato gastrointestinal) (PADRAO et al., 2016).

Em relagdo a producdo de embalagens que fazem contato externo com o
ambiente, filmes termoplasticos a base de amido de milho foram produzidos a fim de
promover melhorias as propriedades de barreira da CB. Os autores realizaram a
incorporacdo de nanowhiskers (tipo de nanofibra de cristal com diametro inferior a 100
nm) de CB em nanocompdsitos termoplasticos de amido de milho e observaram que
estes nanowhiskers promoveram um aumento de até 95% na barreira de oxigénio
(FABRA et al., 2016).

Além desta aplicacdo, nas Filipinas, a CB ja é amplamente utilizada como
sobremesa, sendo obtido por meio de fermentacdo estatica em dgua de coco, sendo
chamado de “nata de coco”. Em outros paises asiaticos, a exemplo do Japao, Taiwan e
Indonésia, esta finalidade da CB vem ganhando popularidade entre os consumidores.
Em estudo no qual foi avaliada a influéncia de um gel complexo de nano CB e proteina
de soja como substitutos de gordura em modelo de sorvete, foi observado que o sorvete
produzido se manteve inalterado em sua forma pelo periodo de 60 minutos, apds a
retirada do congelador. Esse dado indica que a utilizagdo deste gel melhorou a
resisténcia do sorvete em relacdo a reducdo da gordura ao derretimento (GUO et al.,
2018).

Diante das possibilidades, é possivel afirmar que a aplicacdo de CB na area de
alimentos se caracteriza como promissora para a producdo de biomateriais capazes de
atuar na protecdo de alimentos ou como parte deles, bem como na producdo de
embalagens para seus armazenamentos ou transporte, contribuindo para a preservagao
e/ou aumento da vida de prateleira de produtos, bem como contribuindo para a
manutencdo de caracteristicas organolépticas dos alimentos.

Na Tabela 2, sdo apresentadas pesquisas cientificas sobre as principais aplicacdes

de CB na area de alimentos.

Tabela 2. Aplicagbes na drea de alimentos com uso de CB.

APLICACAO REFERENCIAS
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Sobremesa Nata de Coco: CB produzida a partir de dgua ou leite de

coco

Nanocelulose bacteriana/proteina de soja: substituto de gordura

em modelo de sorvete

Almoéndega contendo celulose bacteriana (Nata)

Embalagem alimenticia a base de CB e nisina com propriedade

antimicrobiana Listeria monocytogenes ATCC 19117

Bionanocompdsitos nanoceluldsicos de pectina bacteriana como

prebidtico contra condi¢Ges gastrointestinais

Uso de CB para imobilizagdo de enzimas uteis em aplicagbes

alimentares

Nanopapel de celulose bacteriana e pds-bidticos de bactérias acidas

lacticas para embalagem de carne

CB e goma de guar (BC-GG) a base de polivinil pirrolidona - pelicula
de hidrogel de carboximetilcelulose (PVP-CMC) como material

alternativo de embalagem de alimentos

(PHISALAPHONG;
CHIAOPRAKOBKIJ, 2012)

(GUO et al., 2018)

(LIN; LIN, 2006)

(IBARRA-SANCHEZ et al., 2020)

(KHORASANI;
2016)

SHOJAOSADATI,

(WU; WU; SU, 2017)
(CHEN; ZOU; HONG, 2015)

(BAYAZIDI; ALMASI; ASL, 2018)

(SHAFIPOUR YORDSHAH! et al.,
2020)

(BANDYOPADHYAY et al., 2019)

4.3 Aplicagdo na area eletronica

Nesta area de aplicacdo, a CB tem recebido devida atencdo por conta
principalmente do esgotamento de recursos ndo renovaveis (DE AMORIM et al., 2020).
Devido sua estrutura de rede de nanofibras porosas acarretando em uma matriz flexivel,
a CB pode ser utilizada no desenvolvimento de biomateriais com propriedades
desejadas, podendo ser aplicada na producdo de células de combustivel, membranas
eletricamente condutiveis (ecras para utilizacdo em e-newspapers, ebooks, tablets, LCD,
teleméveis, e etc.), membranas vibratérias de alto falantes/colunas/microfones e na

obtencdo de materiais mais suaves e flexiveis, devido as suas distintas caracteristicas,
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tais como: elevada reflexibilidade, flexibilidade, baixo peso, facilidade de transporte e
amplos angulos de visdao (FONTANA et al., 2017; MOHITE; PATIL, 2014).

Os materiais a base de BC podem ser desenvolvidos por meio da utilizacdo de
polimeros condutores, éxido de grafeno, nanofibras ou nanotubos de carbono (BAI et
al., 2019). Além destes, outros materiais como paladio e platina podem ser incorporados
a CB para producdo de células de combustivel e reatores cataliticos (PINEDA; MESA,;
RIASCOS, 2012). Alem disso, a caracterizacdo de biocompdsitos a base de CB com a
adicdo de compostos isolantes pode atribuir caracteristica de isolamento elétrico a
produtos ou equipamentos, trazendo seguranca para seu uso. Dessa forma, a CB pode
ser modificada e processada pela utilizagdo de materiais capazes de alterar as suas
propriedades em resposta a estimulos externos, tais como pressao, temperatura, e
alteracdes em humidade no ambiente (MICHALAK; KRUCINSKA, 2016).

Dentro da area eletronica, um campo amplamente promissor junto ao uso de CB
€ a nanotecnologia. Com os avanc¢os na tecnologia eletrdénica, a exemplo da producao
de equipamentos cada vez menores, consequentemente a quantidade de energia
necessdria para operacdo destes tipos de dispositivos nanotecnoldgicos também tende
a ser menor. Como resultado, o interesse por fontes de energia de pequena dimensao
tem vindo a crescer nas ultimas duas décadas. Dessa forma, a associacdo entre
processos biotecnolégicos e tecnologia de informacdo contribuem para os avancos de
aplicacdo da CB na drea de producdo de equipamentos e dispositivos eletrénicos
capazes de atuar nas mais diversas areas do conhecimento, a exemplo da drea médica
e energética (Zl et al., 2016).

Na Tabela 3, sdo apresentadas pesquisas envolvendo a incorporacdo de

compostos para a aplicacdo da CB na area eletroénica.

Tabela 3. Aplicacbes na drea eletrénica com uso de CB.

APLICACAO REFERENCIAS
Ecras electronicos de papel feitos de CB (SHAH; MALCOLM BROWN,
2005)
Biomaterial isolantes térmico a base de CB (COSTA et al., 2019)
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Células de combustivel e reatores cataliticos a base CB, paladio e (PINEDA; MESA; RIASCOS, 2012)

platina

Redes 3D de nanofibras de carbono expansiveis e condutoras, (KLEMM etal., 2018)
baseadas em nanotubos de carbono de parede multipla

incorporados em peliculas de CB

CB e 6xido de grafeno para produgdo de eletrodos em estrutura 3D, (GUAN et al., 2019)
candidatos promissores para uso em dispositivos eletronicos vidveis

e implantaveis para campos médicos e/ou elétricos

Nanogerador bio-triboeléctrico baseado em CB (KIM et al., 2017)

Condutores hibridos eletrénicos-i6nicos a base de CB para deteccdo  (XIE et al., 2018)

de sinais eletrofisiolégicos

4.4 Aplicagdo na area de cosméticos

A utilizacdo de CB neste setor vem demonstrando ser muito promissora devido as
vantagens ja explicitadas deste tipo de biomaterial, frente suas propriedades agregadas.
Na area de cosméticos, a aplicacdo de CB envolve a producao de mdscaras faciais, lentes
de contato, formulacdes de limpeza facial e esfoliantes faciais (ULLAH; SANTOS; KHAN,
2016). Estudos sensoriais indicam com sucesso a capacidade de utilizacdo de BC na
producdo de cosméticos, principalmente pela sua favoravel capacidade de incorporacao
de diferentes ativos cosméticos em sua formulacdo, mais particularmente voltados para
o tratamento da pele (PACHECO et al., 2018).

As fibras de celulose permitem a producdo de emulsdes estdveis sem a
necessidade de utilizacdo de surfactantes, compostos normalmente encontrados em
produtos cosméticos. Isso demonstra uma vantagem em relacdo aos produtos
convencionais, principalmente se tratando da aplicagdo em peles sensiveis, visto que as
fibras de CB possuem a vantagem de melhorar a compatibilidade de produtos a este tipo
de pele (MOHITE; PATIL, 2014). Além disso, por conta do tamanho nano de suas fibras,
CB possui alta capacidade de absorcao. Quando Umido, pode manter a presenca do
liquido cerca de dez vezes mais do que as mascaras nao-tecido e 100 vezes mais do que

seu peso seco (TROVATTI et al., 2012). Outra vantagem que pode ser destacada é a sua
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resisténcia a alteragdes de temperatura, adicao de sais e pH, resultando em formulagdes
com maior estabilidade. A sua utilizacdo na area cosmética também abrange a
possibilidade de sua aplicacdo como composto em pd, aumentando a capacidade de
espalhamento e adesdo quando em estado solto ou prensado (ULLAH; SANTOS; KHAN,
2016).

Uma das principais aplicacdes da CB nesta area é na producdo de mdscaras faciais.
As mascaras faciais sao formulacdes cosméticas muito promissoras, pois sdo eficazes,
faceis e rapidas de aplicar. Além disso, sdo acessiveis, sendo formuladas como gel,
creme, folha, ou pasta, e mostram efeitos instantaneos na pele (NILFOROUSHZADEH et
al., 2018). Apesar da possibilidade de utilizacdo de materiais sintéticos para sua
producdo, o uso de CB se sobressai por conta da alta capacidade hidratante, baixa
toxicidade e biodegradabilidade. Além disso, possui boas propriedades adesivas,
facilitando o processo de remogao da mascara, bem como permitindo maior adesao a
superficies irregulares da pele, alcancando todos os contornos devido a sua fina
espessura e nanofibras de cerca de 20 nm de diametro (LUDWICKA et al., 2016; WEI;
YANG; HONG, 2011). Vale ressaltar que, apesar de ndo possuir caracteristicas intrinsecas
de anti-envelhecimento, branqueamento ou de limpeza, a CB possui alta capacidade de
incorporacdao de ingredientes ativos que maximizam seu potencial na industria
cosmética, em associacdo a suas propriedades fisico-quimicas (MBITUYIMANA et al.,
2021), na formulacdo de produtos a exemplo de mascaras faciais de tratamento.

Pesquisas e produtos podem ser destacados em rela¢do a exploragdo do uso de

CB na area de cosméticos, conforme apresentado na Tabela 4.

Tabela 4. Aplicagbes na drea cosmética com uso de CB.

APLICACAO REFERENCIAS

Substrato composto por biocelulose e ingredientes cosméticos para  (JEAN-YVES LEGENDRE, 2008)
producdo de madscaras faciais com propriedades anti-rugas,

esfoliante e de tratamento

Mascara facial a base de CB e extratos vegetais para o tratamento (PACHECO et al., 2018)

de pele
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Madscara facial a base de CB e extrato de prépolis para o tratamento

de pele acnéica

Mascara facial a base de CB, p6 de arroz, aloe vera, vitamina C e

azeite de oliva para esfoliagdo da pele

Madscara facial a base de CB e glicerina para hidratagdo da pele

Base de maquiagem a base de fragmentos de CB

Lentes de contato de hidrogel a base de CB

(DIDIER PEDROSA DE AMORIM
et al., 2020)

(HASAN; BIAK; KAMARUDIN,
2012)

(ALMEIDA et al., 2014)

(LIN et al., 2015)

(LI; WAN; PANCHAL, 2015)
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Abstract: Bacterial cellulose (BC) has received considerable attention due to its unique properties,
including an ultrafine network structure with high purity, mechanical strength, inherent
biodegradability, biocompatibility, high water-holding capacity and high crystallinity. These properties
allow BC to be used in biomedical and industrial applications, such as medical product. This research
investigated the production of BC by Gluconacetobacter hansenii ATCC 23769 using different carbon
sources (glucose, mannitol, sucrose and xylose) at two different concentrations (25 and 50 gL
The BC produced was used to develop a biocomposite with montmorillonite (MMT), a clay mineral
that possesses interesting characteristics for enhancing BC physical-chemical properties, at 0.5, 1, 2
and 3% concentrations. The resulting biocomposites were characterized in terms of their physical
and barrier properties, morphologies, water-uptake capacities, and thermal stabilities. Our results
show that bacteria presented higher BC yields in media with higher glucose concentrations (50 g-L™!)
after a 14-day incubation period. Additionally, the incorporation of MMT significantly improved
the mechanical and thermal properties of the BC membranes. The degradation temperature of the
composites was extended, and a decrease in the water holding capacity (WHC) and an improvement
in the water release rate (WRR) were noted. Determining a cost-effective medium for the production
of BC and the characterization of the produced composites are extremely important for the biomedical
applications of BC, such as in wound dressing materials.

Keywords: bacterial cellulose; biocomposites; montmorillonite; wound dressing; ex situ production;
carbon sources; Gluconacetobacter hansenii

1. Introduction

Bacterial cellulose (BC) is a natural biopolymer that is achieving worldwide attention because
of its simple and feasible production technology. BC has the same chemical formula of plant
cellulose (C¢Hj9Os)n with 3-D-glucopyranose units interlinked by intermolecular hydrogen bonds [1,2].
However, unlike plant cellulose, BC has an ultrafine network structure with high porosity and thinner

Polymers 2020, 12, 267; d0i:10.3390/polym12020267 www.mdpi.comfjournal/polymers

49



Polymers 2020, 12, 267 20f 17

fibrils (nanometers sized). Moreover, BC possesses distinguished features, such as high purity (free of
lignin, hemicellulose, and pectin), high degree of polymerization, high crystallinity, high water content,
high mechanical stability and great chemical modifying ability [3-6]. These unique characteristics
make BC a promising alternative to plant-derived cellulose for several biomedical applications being
widely studied, including wound dressing materials [7-9].

Development and application of natural polymer-based wound dressing has been described in
various studies and patents in recent years [10-14]. Traditional dressings, such as gauze, lint, plasters,
bandages (natural or synthetic) and cotton wool, have limitations in epidermal or skin damage or
burns, as they fail to prevent the growth of microbial infections and provide a moist environment
for healing [15]. An ideal dressing not only covers and protects the affected area but also optimizes
the wound environment to facilitate healing [9,15]. Biomedical applications of BC have received
considerable attention, for example, in wound dressing [16,17], scaffold implants [6] skin and bone
tissue engineering [18] and delivery systems of drug [19,20].

The moisture retaining property of BC helps to maintain homeostasis, aid healing, reduce
pain, minimize scar formation and increase the epithelialization rate; thus, BC represents a great
alternative to traditional dressings [9,15]. Additionally, BC constitutes a great matrix for the synthesis
of functional composites due to its huge nanoporous area and the presence of oxygen atoms rich in
electrons [15,21-23]. Therefore, some researchers have investigated BC-reinforced polymer composites
with different materials, including conducting materials [24], graphene oxide [20], carbon nanotubes [25],
ceramics [26], and biopolymers [27], for various biotechnological applications.

In the past few years, polymer nanocomposites with numerous clays have been extensively
investigated mainly due to their cost effectiveness and possible applicability in various areas, including
structural, electronics, and biomedical industries [28-30]. Montmorillonite (MMT) is a surface-reactive
hydroxyl-layered aluminum silicate clay mineral that forms microscopic platinum crystals [31]. MMT
is one of the most widely used medicinal clays and has interesting properties for wound dressing
applications, such as wound healing and antimicrobial properties, cleansing, skin protection, blood
clotting and hemorrhage control in trauma patients [21,32,33]. As dressing material, MMT has been
demonstrated by previous studies to be able to enhance the BC wound healing properties by adding to
its antibacterial properties and improving its physical-mechanical and thermal properties [21,32,34,35].

Among cellulose producing bacteria, the most effective species are from the Gluconacetobacter
genus (also named as Acetobacter) [36,37]. When these species are grown in a laboratory under static
conditions, cellulose forms as a swollen membrane in the air-water interface, which increases in
thickness if cultivation time increases [37]. There are several reports of the use of different media and
carbon sources in the literature [38—41]. However, the low yield of the static production process and the
high production cost of BC have restricted the commercial efficacy of BC. Finding an optimal culture
medium and appropriate growth conditions that facilitate higher yields of cellulose would aid in the
viability of this technology in an industrial situation.

Therefore, in this study, we evaluated BC membrane production by Gluconacetobacter hansenii
ATCC 23769 under static conditions using different carbon sources (glucose, sucrose, maltose, and
xylitol) at different concentrations. The BC produced was used to synthesize BC-MMT biocomposites
with 0.5, 1, and 2% MMT to produce a biomaterial with enhanced physical-mechanical properties
for biomedical field applications as a dressing material. The properties of the BC-MMT composites,
including mechanical strength, thermal stability, water holding capacity (WHC), and water release
rate (WRR), were investigated to determine their suitability for applications in various fields. The
results demonstrated that the use of a clay mineral such as MMT improves the physical-mechanical
properties of BC, making it able to be used as wound dressing. These findings elucidate BC-MMT
composites as a promising alternative for various medical treatments such as wound healing and
repair of damaged tissue.
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2. Materials and Methods

Figure 1 illustrates the complete methodology used in the production of the BC and BC-MMT
biocomposites. BC was produced by inoculating G. hansenii ATCC 23769 in modified HS-media until
BC membrane production was observed (14 days). The BC membrane was submitted to purification
processes and dried for 24 h, then the pure and dried BC membrane was exposed to Closite 20A (MMT)
to form the BC-MMT biocomposite moisture. The BC-MMT moisture was dried at room temperature
for 5 days and characterized in terms of their physical and barrier properties, morphologies, and
thermal stabilities.
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Figure 1.  Complete methodology used for BC and BC-MMT biocomposite production
and characterization.

2.1. Bacterial Strain, Culture Media and Production Kinetics

The G. hansenii strain (ATCC 23769), obtained from the Tropical Culture Collection (CCT)—André
Tosello Foundation, was used in the static fermentation process to obtain BC. The culture was grown in
modified Hestrin-Schramm (HS) media containing 25 or 50 g-L ™! carbon source (glucose, mannitol,
sucrose, and xylose), 5 g-'L. ™! yeast extract, 3 g-L ™! peptone, and 2 g-L.~! KH,POj4 (Table 1). All the
culture media were sterilized (121 °C, 15 min) and incubated at 30 °C for 14 days. BC production
kinetics were evaluated (ODggp) until BC production was observed.

2.2. BC Purification, Yield Calculation and Dry Film Formation

BC membranes were purified by alkaline treatment with potassium carbonate (K,CO3). The
membranes were washed twice with distilled water at 80 °C for 1 h to remove impurities from the
culture medium. Then, the membranes were treated with 0.3 mol-L~! K,CO3 aqueous solution at 80 °C
for 1 h and washed with distilled water until a neutral pH was obtained. The purified BC membranes
were dried at 50 °C for 24 h and weighed before and after drying.
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Table 1. Media components and concentration.

Medium Culture Medium (%, w/v)
Components 1 2 3 4 5 6 7 3
Glucose 25.0 50.0 - - - - - -
Mannitol - - 25.0 50.0 - - - -
Sucrose - - - - 250 50.0 - -
Xylose - - - - - - 25.0 50.0
Peptone 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0
Yeast extract 5.0 5.0 5.0 50 5.0 5.0 5.0 5.0
KH,POy 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0

Legend Table 1: (-) Notadded.

2.3. Preparation of the BC-MMT Biocomposites

The BC-MMT biocomposites were produced as previously described by Perotti et al. [19].

MMT (Cloisite 20A) was vigorously crushed in a crusher (Turratec TE-102) for 10 min to produce a
homogeneous suspension with smaller particles. The BC-MMT nanocomposites were prepared by
mixing BC and MMT suspensions in a mechanical shaker at 150 rpm for 72 h. The biocomposites were

removed from the beakers, washed with deionized water and dried at room temperature for 5 days.

The MMT proportions in the BC-MMT composites were 0.5, 1.0 and 2.0%; the samples were labeled as
bacterial cellulose BC (sample without MMT), BC-MMT0.5, BC-MMT1, and BC-MMT2, respectively
(Table 2).

Table 2. Sample name and montmorillonite (MMT) concentration of biocomposites.

Sample Name MMT Concentration (%)
BC 0.0
BC-MMTO0.5 0.5
BC-MMT1 1.0
BC-MMT2 2.0

2.4. BC and BC-MMT Biocomposite Characterization

2.4.1. Water Activity and Water Absorption Capacity

The measurements of water activity (a,) were performed using a Decagon (Novasina, Lab Master
aw, Switzerland) at a temperature of 25 °C. The equipment software applied an equation to evaluate
the “actual balance” [a,, = moisture in the balance sheet = actual balance (%)/100] [42]. The analyses
were performed in triplicate.

The water absorption capacity (WAC) of the membranes (biocomposites) was assessed using
1.5-cm-diameter samples. The initial dry mass was obtained after drying at 50 °C + 2 °C for 2 h. The
specimens were immersed in 50 mL of distilled water for 2,24, 48,66 and 72 h. After the predetermined
intervals, the specimens were removed, and the excess water was absorbed on filter paper for 1 min.
The hydrated films were reassessed. The rehydration rate was calculated according to Equation (1):

WAC = (water mass removed along drying (g))/(dried mass of the sample (g)) (1)

2.4.2. Grammage and Thickness

Grammage was determined according to Almeida et al. [43]. A 2-cm? area of each film was
weighed on an analytical balance to determine sample mass. The weight was calculated as the ratio
between the mass found and the area. The analyses were performed in triplicate. The thickness of the
films was evaluated by analyzing the mean thickness of ten measurements at random positions of
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each respective formulation using a flat point digital micrometer (Digimess; Ip40, Sao Paulo, Brazil;
0.001-mm resolution).

2.4.3. Water Holding Capacity and Water Release Rate

The ability of the films to conserve water was evaluated by the water holding capacity (WHC)
according to Schrecker and Gostomski with adaptations [44]. The membranes were cut into circular
specimens (2 cm? in diameter), and their initial dry weight (Pd) was measured. Then, the membranes
were immersed in deionized water for 48 h. The swollen membranes were then rapidly dried with
filter paper to remove excess surface water and placed in open Petri dishes at room temperature. The
membranes were removed from the plates every 24 h to be weighed (Pm) with a total analysis time of
96 h. The WHC was defined by Pm divided by Pd. To determine the water release rate (WRR), the wet
masses of the samples were measured following continuous weighing of the samples stored under
ambient conditions at different time intervals until a constant mass was obtained. The mass obtained
at different time intervals was expressed as a function of time [21]. The WHC and WRR analyses were
performed in triplicate.

2.4.4. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was carried out on a Q50 thermogravimetric analyzer (TA
instruments, Bavaria, Germany). For this analysis, approximately 8 mg of each sample was placed in a
platinum crucible at a heating rate of 10 °C min~! from 25 °C to 1000 °C under a nitrogen flow (30 mL
min~1), according to Machado et al. [45]. Differential thermogravimetry (DTG) curves were calculated
from the TGA results.

2.4.5. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) (BX-51; Olympus, Tokyo, Japan) was used to study the
surface morphology and elements of the nanocomposites. The samples were manually fixed using
tweezers (PELCO1 Tweezers) with aluminum metal surfaces covered with carbon double-sided tape,
called stubs, according to that previously described by Machado et al. [46]. Due to the need for
interaction of the electron beam with the samples, the method was performed by coating deposition of
metallic gold ions (sputtering). The samples were metalized in gold in a “Sputter oater” from Balzers
(SCD 50; BAL-TEC, Grand Island, NY, USA). Then, the stubs containing the metallic samples were
stored in plastic boxes (storage boxes) and double sealed with Parafilm (PARAFILM1 M) to prevent
moisture absorption. The samples were analyzed at different magnifications (Voltage 12 kV, Working
Distance 12 mm, Spot size 44, Vacuum Mode HV).

2.5. Statistical Analysis

The results are expressed as the mean + standard deviation (n = 3). For the statistical analysis, the
program Statistica 6.0 from StatSoft (Tulsa, OK, USA) was used. Analysis of variance and Tukey’s test
were used to identify significant differences between the means (p < 0.05) of the investigated parameters.

2.6. Experimental Program

Table 3 shows the experimental program of the study, with the analyzed specimens, the tests
performed and their respective parameters.
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Table 3. Experimental program of pure BC and BC-MMT biocomposite analysis.

Specimen MMT . Test Types
Concentration (%) Physical/Barriers Morphological Thermal
BC 0.0 Water Activity Water Absorption Capacity
BC-MMTO0.5 0.5 Grammage Thickness Scanning Electron ~ Thermogravimetric
BC-MMT1 1.0 Water Holding Capacity Microscopy Analysis
BC-MMT2 20 Water Release Rate

3. Results and Discussion

3.1. Effect of Different Carbon Sources on Cellulose Yields

Due to its unique properties, BC has drawn attention from industries exploring novel strategies
for improving BC production. Unfortunately, large-scale production and industrialization of BC are
limited due to the low-cost effectiveness of cultivation in traditional synthetic media and static cultures.
As a result, numerous efforts have been made to develop new methods for BC production. As described
in different studies, BC production can be greatly influenced by a range of variants, such as bacterial
strain, reactor type, pH, temperature, aerobic conditions, and nutrient concentration in the culture
media [39,40,47-50]. Among these nutrients, the influence of the carbon sources has been the object
of continuous studies [49,50]. The present study highlights the ability of G. hansenii ATCC 23769 to
metabolize several carbon sources in modified HS media and the effects on cellulose production. The
bacteria were incubated for 14 days, which is the time until the first BC production was observed, and
cellulose was extracted to examine the yields. Figure 2 shows the bacterial growth over time.
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Figure 2. Effect of different carbon sources at 25 g-L~! (a) and 50 g-L~! (b) concentrations on bacterial
growth over time. BC was fermented by static culture for a 14-day period.

Bacterial growth was observed in all media as expected, since G. hansenii is able to assimilate
various sugars [37,47,51]. However, better growth (optical density, ODg() was observed in media
with higher carbon concentrations, especially glucose-containing media (Figure 2b). The results are
in agreement with other findings demonstrating that G. hansenii exhibits better growth than other
Gluconacetobacter species in glucose-containing media due to its ability to direct its energy towards cell
growth instead of polysaccharide production [52,53].

Regarding BC production, BC yields were observed starting on day 14 only in media with glucose
in 50 g-L‘1 concentration (14.72 g of purified BC) (Figure 3). Media containing mannitol at the same
concentration produced BC yields only after 20 days of incubation. BC yields were not observed in
media containing sucrose and xylitol as carbon sources at the pre-established concentrations. BC is a
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biopolymer produced from hexose phosphate generated by phosphorylated exogenous hexoses or

indirectly via the pentose cycle and gluconeogenic pathway [54].

(b)

Figure 3. BC produced by G. hansenii: (a) BC produced in glucose-containing media after a 14-day
incubation period; (b) pure BC membrane after purification process.

Four sugars were used in this study: glucose, mannitol, sucrose, and xylose. Only glucose
and mannitol are hexose sugars and produced cellulose yields. The results are consistent with the
observations by Rani et al., Molina-Ramirez, and others [41,55,56], who indicated that BC production
is affected by carbon source type and concentration (Table 4).

Table 4. Comparison of reports of BC production by G. hansenii in various media.

Culture Time

Culture

Microorganism Carbon Source Supplementary Materials (Days) Method Reference
G. hansenii ATCC 23769 Fructose Glacial acetic acid 7 Static [57]
G. hansenit ATCC 23769 Glucose - 10 Static 58]
G. hansenii ATCC 23769 Glucose Galactose 7 _ [59]
Cellulose nanofibril
G. hansenii ATCC 23769 Glucose Nanoclay 9 Static/Agitated [60]
xGnP
& A D-(+)-glucose 7
G. hansenii ATCC 23769 Mannitol Déxtain 7 Static [61]
G. hansenii ATCC 23769 Glucose - 5 Static [62]
G. hansenii ATCC 23769 Mannitol - 14 Agitated [63]
G. hansenii NCIM 2529 Sucrose CaCly 5 Agitated [64]
Glucose
7 Acetylated i 5
G. hansenii UCP 1619 glucose Corn steep liquor 10 Static [65]
Molasses
G. hansenii CGMCC 3917 Glucose Hyd“’l)’sa;ee::tw“ste hees 10 Static [66]

Hutchens et al. [67] evaluated the effects of glucose and mannitol on BC production by G. hansenii.
In that work, the BC membranes started to appear after 22 days of fermentation. However, these
findings show that bacteria produced higher BC yields in mannitol-containing media. Rukka et al. [47]
reported similar results comparing media containing glucose, mannitol, and fructose for BC production.
In a 7-day G. xylinus fermentation period, those findings reveal glucose and mannitol as better carbon
sources; however, bacteria produced more BC in mannitol-containing media with 13.5 and 16 mg of
cellulose mass production. In a comparative study, Kawano et al. [52] demonstrated that G. hansenii
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presented a twice the growth of G. xylinum, while the cellulose synthesis by G. xylinum was higher in
glucose-containing media; these findings suggest that G. hansenii directs its energy towards cell growth,
while G. xylinum spends its energy on BC production. The difference in BC production using different
carbon sources by Gluconacetobacter strains is probably because these species have a major number of
glucose metabolic pathways to transform glucose into energy for general activities through oxidative
metabolism [54]. It is important to mention that there are other factors in addition to carbon sources
that influence BC production, such as media pH, nitrogen source, temperature and static or shacking
conditions, which are crucial for process optimization [50,55,68].

Our work demonstrates that in modified HS media, G. hansenii ATCC 23769 produces higher
BC yields in glucose-containing media. An interesting fact is that sucrose and xylose did not lead
to any BC production. Since sucrose is a disaccharide composed of two hexose sugars (glucose and
fructose), BC synthesis using this sugar requires an additional metabolic step to catalyze the sucrose
into glucose and fructose to achieve cellulose production, but greater than 14 days of incubation are
required to start producing BC [68]. Molina-Ramirez et al. and Ruka et al. [47,56] have reported low
levels of cellulose after an initial incubation period followed by high levels after some days, indicating
an increased lag period for cellulose production. In contrast to hexoses, xylose is a poor carbon source
for cellulose production by Gluconacetobacter species. Ishihara et al. [69] have reported that G. xylinus
oxides d-xylose to d-xylonic acid, which causes very low pH conditions that are unfavorable for
bacterial growth and cellulose production. In this work, xylose would become a utilizable substrate for
bacterial strains if xylose-isomerase was added to the medium.

3.2. Effect of Different MMT Concentrations on BC Properties

As previously described, the BC produced was used to develop BC-MMT biocomposites. Flexible
membrane formulations of BC-MMT biocomposites were evaluated based on the following features:
physical properties (grammage, thickness, a,, and water absorption), barrier properties (WHC and
WRR), TGA, and morphological properties (SEM) (Table 5, Figures 4-6).

Pure BC exhibited an a,, value of 0.479 with significant differences (p < 0.05) compared with
the BC-MMT formulations, which presented higher values ranging from 0.516 to 0.529 (Figure 4a).
Moreover, a slight decrease in the a,, values was noted in the samples with higher MMT concentrations.
The interactions formed in the BC-MMT composite caused an increase in the free water content. In
this case, the presence of MMT potentially significantly contributed to this finding. This notion can be
justified because if clay is lacking in the formulation, the bonds between the polymers are stronger.
Therefore, there is less water available. This fact directly influences the mechanical properties of the
materials, since the main functional properties (mechanical and barrier properties) of these hydrophilic
materials depend on their water content, as previously described in other studies [42,70]. Several
studies have demonstrated that MMT influences the a,, in films [71-73]; however, Azevedo et al. [73]
reported that the free water in whey protein isolate films decreased when MMT is incorporated, and
only one sample presented higher a,, values compared with other samples.

Table 5. Physical and barrier properties of flexible formulations of pure BC and BC-MMT composites.
No significant difference between values with the same superscript letter @9 in a column (p > 0.05),
according to Tukey’s test with 95% confidence.

2 Water Holding
Sample Water activity Gramn_123 i Thickness Capacity

(gm=2) (mm) 1
(gwaher 8sample )

BC 0.479° + 0.002 0.047¢ + 0.005 81.250° + 11.242 87.729% + 4.032
BC-MMT0.5 0.529% + 0.002 0.113° +0.016 133.667° + 15462 46.023° +3.497
BC-MMT1 0.519% + 0.006 0.1532P + 0.045 145.667° + 8.221 34.550b¢ + 3.930
BC-MMT2 0.516® + 0.002 02097 + 0.054 162.333% + 2,571 29514 + 7.165
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Figure 4. Physical and barrier properties: (a) Water activity (aw) content; (b) Water absorption; (c)
Water holding capacity (WHC); (d) Water release test (WRR); (e) Grammage; and (f) Thickness of pure
BC and BC-MMT biocomposites. No significant difference between values with the same superscript
numbers (% 3) ina bar (p > 0.05), according to Tukey’s test with 95% confidence.
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Figure 5. Thermogravimetric analysis (TGA) curves for BC and BC-MMT composites. The composites
(BC-MMT1, BC-MMT2 and BC-MMT3) were prepared by impregnation of BC sheets in respective
concentrations (0.5, 1 and 2%) of MMT suspensions.

Figure 6. Scanning electron microscopy (SEM) micrographs of the surface and cross-section morphology
of pure BC: (a) 3300x; (b) 5000x.

Currently, advanced approaches to wound healing have attracted great attention for the use
of novel types of dressing that provide a moist environment to the wound area [74]. This property
encourages fast and effective healing, which is particularly important when dealing with chronic
wounds [8,23]. Moreover, a moist environment facilitates the penetration of active substances and
potentially allows for an easy and painless dressing change, protecting the newly formed skin from
damage. Due to its physical and barrier properties, such as a high WHC and slow WRR, BC has
been extensively studied for use as a wound dressing material [15,21,28]. Therefore, in this study, we
investigated the WAC, WHC, and WRR of the pure BC and the BC-MMT composites for use in wound
dressing applications.

Our results show that the WAC of pure BC increased compared with that of the BC-MMT
composites (Figure 4b). The samples of pure BC recovered approximately 90% of their dry mass in
72 h of water immersion, while the hybrid materials recovered approximately 80%. The deposition
of MMT particles on the surface and in the matrix of the BC sheets reduces the empty spaces in the
BC-MMT composites, which ultimately results in the lower water absorption and lower WHC of
the composites. The MMT absorption and penetration inside the BC matrix increases with the MMT
concentration, which subsequently results in decreased WHC in the following order, BC > BC-MMTO0.5
> BC-MMT1 > BC-MMT?2, as shown in Table 5 and Figure 4c. This finding may be explained by the
fact that the clay affects the swelling capacity of the material [31]. Any coefficient that reduces the
empty spaces between the layers or pores will directly affect this mechanism. Similar results were
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obtained by other authors who observed a diminution in the water absorbed by nanocomposites made
with MMT [48,75-78]. Taghizadeh et al. [78] investigated the WAC of sodium montmorillonite clay
(MMT-Na) content within cellulose blends. In their work, the blends with MMT-Na content exhibited
a significantly reduced WAC rate.

In the present study, the WHC of pure BC was 87.729, which decreased to 46.023, 34.550 and 29.514
for BC-MMTO0.5, BC-MMT1, and BC-MMT?2, respectively (Table 5). Since the hydroxyl groups of MMT
can form strong hydrogen bonds with the hydroxyl groups on cellulose, the interactions between the
molecules and the cohesiveness of biopolymer matrix are improved. In addition, the water sensitivity
is reduced. The clay produces a tortuous pathway, and the length of the path for water uptake is
reduced [78]. The presence of MMT particles in the matrix of the BC sheets reduces the empty spaces

in the BC-MMT composites, thus reducing water absorption and the WHC of the composites [21].

Moreover, Majeed etal. and Bakar etal. [79,80] have demonstrated that composites with MMT possesses
improved mechanical properties tensile and flexural strength, important indicators to manufacture
qualified wound-dressing material.

Figure 4d depicts the WRR values through the variation of sample mass stored under ambient
conditions over time. Although the initial content of pure BC is much higher than that found in the
BC-MMT biocomposites, there was a drastic reduction, resulting in greater than 80% water loss in
48 h. The water content in the pure BC was insignificant after 60 h. However, while the initial water
content in all the BC-MMT biocomposites was inferior, demonstrating a low WHC, the WRR is gradual
and uniform compared to that of the pure BC. The presence of the MMT particles helps to protect the
absorbed water molecules from evaporation, leading to its retention for a longer period inside the BC
sheets. Ul-Islam et al. [81] reported similar results by evaluating the WHC and WRR of BC obtained
by ex situ modification. In that report, it took approximately 90 h for the complete evaporation of
water from the surfaces of composites made with MMT and chitosan. Since the pore size is smaller in
these composites (Figure 6), the penetrated water molecules are more tightly sandwiched between
the microfibrils.

Figure 4e shows grammage levels of the pure BC and BC-MMT composites. The pure BC presented
grammage of 81.250 g cm 2, while the BC-MMT composites presented levels between 0.113 and 0.209

g cm™2 in BC-MMT0.5, BC-MMT1, and BC-MMT2 with increases of 39, 44 and 49%, respectively.

The increase in the MMT concentration influenced the grammage property due to increased clay
deposits in the polymer matrix. Grammage is directly related to a film’s mechanical resistance and
barrier properties given that higher grammage levels offer higher mechanical resistance [43]. The
mean thickness is another important parameter that must be monitored in films for the maintenance of
uniformity, and this parameter allows for the validation of the comparisons of their properties. In this
work, the pure BC films presented a thickness of 0.047 mm, while the biocomposites presented higher

values of 133.667, 145.667 and 162.333 mm for BC-MMT0.5, BC-MMT1, and BC-MMT?2, respectively.

The influence of the nanoclay particles impregnated in BC grammage and the thickness properties have
also been reported by Tung et al. [77]. That work shows that an increase in the MMT concentration
caused an increase in the film thickness and opacity values of methylcellulose films, whereas the
increase in the MMT concentration led to a decrease in water adsorption and water solubility.

TGA is a thermal analysis method in which the mass variation of the sample (loss or gain) is
determined as a function of temperature and/or time. TGA allows for monitoring the occurrence of
various reactions, such as dehydration, oxidation, and degradation. Figure 5 shows the TGA curves

(25-1000 °C) of the pure BC and BC-MMT composites. The graphs show two major weight loss zones.
Approximately 9% of the mass loss of the pure BC occurs in temperatures between 80 and 120 °C.

This finding is in contrast to the BC-MMT materials that presented a mass reduction of only 5%. The
weight loss occurring at 80-120 °C is due to the loss of moisture content and interlayer coordinated
water molecules [82]. The relatively higher weight loss for the pure BC at this temperature range
may be due to its higher WHC compared with the BC-MMT composites as shown in Table 5. In the

second phase, degradation of the main cellulose skeleton is initiated at 225 °C in all samples [82].
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The maximum weight loss was recorded for all samples during this phase. The weight loss for the
pure BC is approximately 45% during this phase (Figure 5). In this phase, the weight of all the
BC-MMT composites was lower than that for pure BC. Additionally, with the increased concentration
of MMT, the weight loss decreased by approximately 48, 51 and 53% for BC-MMTO0.5, BC-MMT1, and
BC-MMT2, respectively. Additionally, Figure 5 shows a difference between the degradation of pure
BC and BC-MMT composites along this phase. The first difference is noted at 151 °C and was extended
to 177 °C for all the formulations.

3.3. Effect of Different of MMT on Surface Morphology of BC

Figure 6 shows the SEM images of pure BC and BC-MMT biocomposites. Figure 6a presents
a proper fibrous structure of the cellulose produced by G. hansenii and its high porosity [59]. The
alkaline treatment performed for BC purification influenced in the porous membrane as evidenced by
Sulaeva et al. [8]. The membrane sagittal cut (Figure 6b) presents a porous network interconnected
via lamellar formation. Porosity is a characteristic that directly influences the adhesion and cellular
growth in the dressing material matrix [83].

From the morphological study of the BC samples immersed in the MMT, it was possible to
confirm the syntheses of the BC-MMT biocomposites (Figure 7). BC nanofibrils create an expanded
superficial area and a high porous matrix that enables the syntheses of a various composites with
nanoparticles [60]. The biocomposites SEM micrographs illustrate the three-dimensional arrangement
of microfibrils and MMT penetration in BC layers through its porous structure (Figure 7). MMT is
impregnated in the BC superficies, and the level of impregnation increases as the MMT concentration
increases. The empty spaces between the fibrils in BC-MMTO0.5 (Figure 6a) were almost all filled in
BC-MMT2 (Figure 7c) due to the increase in particle accumulation. Moreover, the MMT particle size
seems to be higher in BC-MMT?2. This result could be explained by the particle’s agglomeration in
the matrix.

Figure 7. Scanning electron microscopy (SEM) micrographs of the surface and cross section morphology
of: (a) x3000 and (b) X160 BC-MMTO0.5; (c) x3000 and (d) x230 BC-MMT2.
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4. Conclusions

In this work, BC production by G. hansenii ATCC 23769 was evaluated using four different carbon
sources at two different concentrations (25 g'L. ™! and 50 g-L.™!). The BC produced was used to synthesize
BC-MMT biocomposites for wound dressing applications. The only production yield was obtained
in medium with glucose as a carbon source at 50 g-L. ™! concentrations. The BC-MMT composites
were prepared through a simple particle impregnation strategy to enhance the physico-mechanical
properties of BC. Various analytical techniques, including a,,, WAC, WHC, WRR, grammage, thickness
and TGA, were used to characterize the composites. It was observed a slight increase in the ay
values in the samples with higher MMT concentrations, from 0.529 to 0.516. The WAC of pure BC
increased compared with that of the BC-MMT composites while the WHC decreased with higher MMT
concentrations from 46.023 to 29.514 gy ater gsample_l. Regarding grammage, the pure BC presented
81.250 g cm ™2, while the BC-MMT composites presented levels between 0.113 and 0.209 g cm™2. The
pure BC films presented a thickness of 0.047 mm, while the biocomposites presented higher values
of 133.667, 145.667, and 162.333 mm in higher MMT concentrations. These results show that the
physical-mechanical and thermal properties of the composites were significantly improved compared
to those of pure BC. Additionally, the BC-MMT composite exhibited improvements in the WRR
compared with that of the pure BC. This is an important feature of BC in wound dressing applications.
For industrial applications of BC, it is important to find cost-effectiveness conditions. Additionally, the
addition of materials, such as MMT, enhances BC properties for biomedical applications. The results
reported in this study support the production of BC with good yield while using glucose as carbon
source and the composites produced from this polymer with MMT showed interesting results for
further analysis of their properties, aiming at their application as wound dressing.
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Abstract: One of the major benefits of biomedicine is the use of biocomposites as wound dress-
ings to help improve the treatment of injuries. Therefore, the main objective of this study was to
develop and characterize biocomposites based on bacterial cellulose (BC) with different concentra-
tions of collagen and starch and characterize their thermal, morphological, mechanical, physical,
and barrier properties. In total, nine samples were produced with fixed amounts of glycerol and
BC and variations in the amount of collagen and starch. The water activity (0.400-0.480), water
solubility (12.94-69.7%), moisture (10.75-20.60%), thickness (0.04-0.11 mm), water vapor perme-
ability (5.59-14.06 x 10-8 g-mm/m?-h-Pa), grammage (8.91-39.58 g-cm~2), opacity (8.37-36.67 Abs
600 nm-mm~1), elongation (4.81-169.54%), and tensile strength (0.99-16.32 MPa) were evaluated
and defined. In addition, scanning electron microscopy showed that adding biopolymers in the
cellulose matrix made the surface compact, which also influenced the visual appearance. Thus, the
performance of the biocomposites was directly influenced by their composition. The performance of
the different samples obtained resulted in them having different potentials for application considering
the injury type. This provides a solution for the ineffectiveness of traditional dressings, which is one
of the great problems of the biomedical sector.

Keywords: bacterial cellulose; starch; collagen; biopolymers; wound dressing

1. Introduction

The last five decades have witnessed tremendous growth in the field of biomaterial
science and engineering because of vast investments in the development of new products,
including wound dressings [1]. Different materials have been analyzed to replace the
traditional dressings for an effective treatment since most of the available dressings are
used inappropriately (without considering the needs of each type of lesion), which can
impair the wound healing process [2,3], especially in cases where the adhesive dressings
damage the skin when removed, generating focal points of contamination [4]. In addition,
the dressings directed to the treatment of specific lesions such as bedsores and burns have
a high commercial cost [5,6]. Wound healing refers to the intrinsic and complex process
because it involves cellular and biochemical phenomena, which is initiated from the rupture
of the anatomical structure of the skin as well as the loss of its function, and aims to restore
the integrity of skin tissue [2,7]. To recover its integrity, it is important that the place where
the injury occurred be covered by a wound dressing to minimize the loss of its functions
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and assisting the process of tissue regeneration [8,9]. It is also known that a satisfactory
material that covers the wound to prevent microbiological contamination and promotes a
suitable environment for tissue regeneration is required for effective wound healing [10].
Hence, biomaterials such as polysaccharides (glycans) [11-14] and proteins [15,16] present
an interesting alternative for this application due to their intrinsic properties that are
considered essential for a dressing such as biocompatibility, non-toxicity, ability to adsorb
bioactive molecules, and biodegradability [17].

As a result of this strong research, several materials have been suggested as potential
candidates for biomedical application. Among the materials reported so far, bacterial cel-
lulose (BC) has the possibility of use in different sectors of industry and has been widely
studied in the health area because of its biocompatibility [18]. The obtaining of the BC
is accomplished through the cultivation of different Gram-negative bacteria such as Glu-
conacetobacter, the most efficient BC producer [19-21], Agrobacterium, Aerobacter, Azobacter,
besides other genera less used for this purpose such as Rhizobium, Pseudomonas, Alcaligenes,
and Enterobacter [22,23]. These biopolymers consist of linear chains of covalent bonding
chains 3(1,4) between D-glucose subunits (3-1,4-glucan chains), forming bundles in the
form of ribbons (microfibrils), which have various sizes and are arranged randomly, creat-
ing a porous structure [21,24]. The absence of lignin and hemicellulose (high purity) and
organized physical structure provides BC with unique properties such as high crystallinity,
thermal stability, and mechanical strength, which results in a performance superior to
cellulose of plant origin [25]. In addition, other important properties of the BC are its
high water-absorbing capabilities, being able to form hydrogels, biocompatibility (non-
genotoxic and non-cytotoxic), besides having a slow degradation [21,26]. Several studies
have proposed the use of BC with other polymers or molecules, resulting in the develop-
ment of a new material with optimized properties aimed at its application as a wound
dressing, through the addition of silver nanoparticles [27], chitosan [28], zinc oxide [29],
titanium dioxide [30], collagen [31], and starch [32]. Recent studies have shown that the
changes in the physical structure of BC using chemical modifiers improve the biological
properties of the biomaterial, confirming its potential as an alternative material to de-
velop an environmentally-friendly and biocompatible wound dressing, which promotes
tissue regeneration [33,34].

Collagen is the major protein present in the extracellular matrix (ECM) and, as one
of its main functions, acts as a support for connective tissues, being then responsible for
maintaining the structure of the skin, blood vessels, bones, cartilage, tendons, and liga-
ments [35,36]. Collagen performs its functions through its interaction with the cells of the
connective tissue and, from this interaction, acts to regulate different cellular events such
as migration, anchoring, differentiation, proliferation, and survival [36]. Thus, collagen
is an ECM component that can promote wound healing by stimulating myofibroblastic
differentiation (cells capable of promoting and maintaining the inflammatory response
to injury) and fibroblastic proliferation [8]. Collagen-based wound dressings have advan-
tages when compared to other products because they are practical, since their physical
structure is simple, homogeneous, and of abundant availability [36]. Considering the area
of tissue engineering, BC-collagen composites have been synthesized mainly through
in situ production strategies [37]. These composites exhibit better properties than pure
BC such as improved mechanical properties and biocompatibility [38,39]. In addition to
collagen, adding starch to the cellulose matrix also improves the mechanical properties
and biocompatibility of the composite [32]. Starch is the second largest source of biomass
worldwide, staying behind only cellulose (vegetal and bacterial), and a very important
renewable resource in sustainable societies [40]. The pharmaceutical and biomedical sector
has increased the use of starch in the last few decades due to different advantages including
its natural and renewable source of obtaining and easy access due to the high abundance
of raw material, which impacts the reduction of obtaining costs, besides its biodegradable
and biocompatible nature [41].
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Wound dressings are an important segment of the wound management market [42].
The global market for wound dressing is estimated to exceed $11 billion by 2025 from
$7.0 billion in 2020, particularly due to the rising aging population and, consequently,
the increased probability of chronic and surgical wound treatment as well as injuries of
sudden onset. [43]. Thus, the range of available wound dressings based on biomaterials is
expanding rapidly [44]. Different companies around the world produce biopolymer-based
dressings in the form of hydrogels, hydrocolloids, alginates, foams, and films [45,46]. For
example, a Brazilian company, BioFill Produtos Bioetecnologicos (Curitiba, Brazil) has
developed Biofill, a BC-based wound dressing to be used for treating burns and ulcers as
temporary artificial skin [47]. Another Brazilian company, Bionext, produces a BC product
that regulates water moisture, promotes cell metabolism, and protects wounds from ex-
ternal microorganisms on a large scale. The European companies Coloplast (Humlebaek,
Denmark) and Les Laboratoires Brothier (Nanterre, France) have developed alginate-based
dressings Biatain and Algosteril, respectively, for the treatment of diabetic foot ulcers [46].
It is important to highlight that one of the great challenges associated with the development
of modern wound dressings is the determination of an economic and scalable productive
cycle, since the traditional dressings available in the market are inexpensive [48]. There-
fore, it is important that inexpensive new products are developed using easily available
biopolymers with optimized properties.

Based on the intrinsic properties of BC, collagen, and starch as well as the potential
for application of biocomposites resulting from the combination of these biomaterials,
this study aimed to develop and characterize biocomposites based on BC with different
concentrations of collagen and starch and characterize them with respect to their thermal,
mechanical, morphological, and physical and barrier properties, with the aim of their
potential application as wound dressings.

2. Materials and Methods

Figure 1 illustrates the main steps of the methodology used to produce and obtain the
BC membranes and BC—collagen—starch biocomposites as well as the characterization tests
that have been applied.

p? E 1ad B
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Physical and barrier properties Preparation of biocomposites

Mechanical properties Statistical properties

Figure 1. The main steps of the methodology used for bacterial cellulose (BC) and BC—collagen—starch biocomposite

production and characterization. Created via BioRender.com.
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2.1. Bacterial Cellulose (BC) Production and Purification

The Glucanoacetobacter hansenii ATCC23769 strain, obtained from the Tropical Cultures
Collection (CCT)-André Tosello Foundation (Sao Paulo, SP, Brazil), was used to obtain
BC by static fermentation. The culture medium for inoculum preparation and BC mem-
brane formation had the following composition: 50 g-L’1 glucose, 5 g'L’1 yeast extract,
3 g~L‘1 peptone, and 2 g~L—1 potassium phosphate (KH2POy) [49]. The culture media were
sterilized (121 °C, 15 min) by steam sterilization and incubated at 30 & 2 °C. Fourteen
days after strain inoculation, the BC membrane produced at the air-medium interface was
obtained. Then, the BC membranes underwent the purification process through alkaline
treatment with potassium carbonate (K,COj3). For this purpose, the membranes were
washed twice with distilled water at 80 °C for 1 h to remove impurities from the culture
medium and then were treated with 0.3 mol-L~! K,COj3 aqueous solution at 80 °C for
1 h. After alkaline treatment, the BC membranes were washed with distilled water until a
neutral pH (between 6.8 and 7) was obtained [49]. The purified membranes were stored at
4 °C in deionized water until further use.

2.2. Preparation of the Biocomposites

The purified BC was crushed in a multiprocessor and homogenized until a gel was
obtained, and later used in the production of the biocomposites. Nine formulations (Table 1)
were prepared using different cassava starch (16.40% amylose and 83.60% amylopectin;
Amafil; Parana, Brazil) and hydrolyzed collagen (Flora 7 Ervas; Sao Paulo, Brazil) contents,
with a fixed value of BC (50% m-v~!) and glycerol (Synth; Sao Paulo, Brazil; 0.6% m-vh.
The biocomposites were produced by the casting technique [50] with gradual heating of
the formulations up to 70 °C/60 rpm (C-MAG HS7; IKA; Staufen, Germany) for 20 min.
Then, 45 g of each mixture was weighed in polystyrene Petri dishes and dehydrated in a
drying oven at 40 & 2 °C under airflow (Q314M222; Quimis; Diadema, Brazil) for 20-24 h.
Figure S1 shows the steps involved in obtaining F1-F9 samples with real images. Before
their characterization, pure BC and BC—collagen—starch biocomposites were stored in a
desiccator containing a saturated solution of sodium chloride under ambient conditions of
23 4 2 °C and relative humidity of 60% for 10 days.

Table 1. Sample name and composition of biocomposites based on bacterial cellulose and combined
with starch and collagen.

Formulation Biocomposite Composition (%, m-v—1)
(Sample Name) Bacterial Cellulose Collagen Starch Glycerol

F1 50.00 - - -

F2 50.00 - 2.23 0.60
F3 50.00 - 112 0.60
F4 50.00 1.00 2.23 0.60
F5 50.00 1.00 1.12 0.60
F6 50.00 1.00 - 0.60
F7 50.00 2.00 - 0.60
F8 50.00 2.00 223 0.60
F9 50.00 2.00 112 0.60

2.3. Biocomposite Characterization
2.3.1. Moisture, Total Solids (TS), and Water Activity (aw)

The total moisture and solid content of the pure BC and BC—collagen-starch biocom-
posites were determined using an infrared scale (Shimadzu, MOC-120H, Kyoto, Japan),
which allowed the sample temperature to reach 105 °C through the emission of radiation.
The weight loss (%) was evaluated as a function of the initial weight of the sample using the
equipment software equation, determining the moisture and TS contents [51]. The a,, of the
pure BC and biocomposites was analyzed in Decagon (Lab Master aw; Novasina; Lachen,
Switzerland) at 25 °C using electrolytic cell CM-2. The “actual balance” [a,, = moisture in
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the balance sheet = actual balance (%)/100] was evaluated using the equipment software
equation [52]. All analyses were performed in triplicate.

2.3.2. Water Solubility (WS) and Water Vapor Permeability (WVP)

The WS of pure BC and BC—collagen—starch biocomposites was determined according
to the assay presented by Moura et al. [53], where circular biocomposite specimens (2-cm
in diameter) were weighed and then placed in a flask with 50 mL distilled water. The
flask with the specimens were shaken for 24 h in an incubator with orbital shaker (MA420;
Marconi; Piracicaba, Brazil) at room temperature (25 °C) and under agitation of 130 rpm.
After this period, the specimens were dried at 105 °C for 24 h in a drying oven with forced
air circulation (Q314M222; Quimis; Diadema, Brazil) to determine their final mass. The WS
was determined in percentage according to Equation (1).

WS = ((mp — my))/my x 100 (€

where WS is the solubility in water (%); my is the initial mass (g) of the specimens; and m;
is the dry mass (g) of the specimens after of contact with distilled water (solubilization).
The WVP was determined by the gravimetric method proposed by ASTM 96-00x with
some modifications [54]. Circular specimens of pure BC and biocomposites (5 cm) were
placed in permeation capsules containing silica gel (approximately 15 g, 0% relative humid-
ity) and maintained in desiccators containing a saturated sodium chloride solution (75%
relative humidity, 25 °C) for seven days. Every 24 h, the capsules containing the specimens
were weighed to monitor the weight variation and the values obtained were plotted as a
function of time. Thus, WVP was calculated by means of linear regression between the
points of mass loss, according to Equation (2). All analyses were performed in triplicate.

WVP = (g x x)/(t X A x AP) @

where WVP is the water vapor permeability (g:mm~!-m~2.d~!-kPa~!); g is the pure BC or
BC—collagen-starch biocomposite mass gain; x is the mean pure BC or BC-collagen-starch
biocomposite thickness (mm); t is the total time (h); AP is the vapor pressure difference of
the environment containing the silica gel (kPa at 25 °C) and pure water (3167 kPa at 25 °C)
(g~t‘1); and A is the permeation area (m?).

2.3.3. Opacity and Grammage

The apparent opacity of the pure BC and BC—collagen-starch biocomposites was
determined using a UV-Vis spectrophotometer (700 PLUS; FEMTO; Sao Paulo, Brazil),
where the specimens were cut at rectangles and adhered to the internal wall of the quartz
bucket, avoiding the trapping of air bubbles. Under these conditions, the opacity was
measured at 500 nm [55]. The study by Almeida et al. was also used for grammage
determination [56], where the grammage was calculated by the ratio between the mass
of pure BC and biocomposites, determined from analytical balance weighing, and the
specimen area (2 cm?). The opacity and grammage analyses were performed in triplicate.

2.3.4. Thickness and Mechanical Properties

A flat-tip digital micrometer (Ip40; Digimess; Sao Paulo, Brazil) at a resolution of
0.001 mm was used to determine the thickness of the pure BC and BC—collagen—starch
biocomposites. Thus, the thickness was evaluated by determining the average thickness
of 10 quantifications in random positions of each respective specimen. The mechanical
properties were analyzed using a texture analyzer (CT310k; Brookfield; Phoenix, AZ, USA)
according to ASTM D-882, with adaptations [57]. Seven specimens (100 mm X 25 mm)
were analyzed and conditioned under 58% relative humidity (RH) for 48 h at 25 °C. The
samples were adjusted to the test points of the equipment (TA3/100 and TA /TPB) at an
initial distance of 50 mm and pulled at a speed of 0.8 mm-s~!. The properties determined
were maximum tensile strength at break (MPa) and elongation at break (%).
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2.3.5. Swelling Rate (SR) and Water Release Rate (WRR)

For determining the swelling rate, three specimens (triplicate) of each biocomposite
were made in the form of square membranes (15 mm side), weighed, and immersed
separately in deionized water at room temperature (25 °C) for 6 h. Then, the samples were
weighed after gently cleaning the surface using paper towels at certain intervals (1, 5, 10, 30,
60, 90, 120, 150, and 180 min) until constant weight was achieved. The degree of swelling
was measured as the percentage of the initial increase in pure BC and BC—collagen-starch
composite weight that occurred after swelling in water [58].

The capacity to release water from pure BC and BC—collagen—starch biocomposites
was evaluated according to Ul-Islam et al. [59], with adaptations. The samples F1-F9 were
cut into circular specimens (2 cm in diameter) to determine their initial dry weight (W,).
The specimens were then placed in flasks containing deionized water and were maintained
for 48 h. After this period, the swollen specimens were then rapidly dried with cellulose
filter paper to remove excess water from the surface and placed on open petri dishes
at 25 °C. The specimens were removed from the plates every 24 h to be weighed (Wy,),
totaling four points of analysis or 96 h. The WRR was calculated by Equation (3). The
analyses were performed in triplicate.

WRR (%) = (Wo — Wy)/(Wo) x 100 ®)

where WRR is the water retention rate in percent; W, is the weight after immersion in
deionized water and during the drying period at room temperature; and W, is the initial
weight of the dry membrane.

2.3.6. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM, BX-51; Olympus; Tokyo, Japan) was used to
evaluate the surface morphology and elements of the pure BC and BC—collagen-starch
biocomposites. The preparation of the samples for this morphological analysis was per-
formed as proposed in the study of Machado et al. [60], where the samples were manually
fixed with tweezers (PELCO1 Tweezers) on an aluminum metallic structure using a carbon
double-sided tape, known as stubs. Then, the metallization stage of the sample with gold
was performed in a Balzers Sputter coater (SCD 50; BAL-TEC; Grand Island, NE, USA). The
stubs containing the metallic samples were stored in storage boxes and double sealed with
Parafilm (PARAFILM1 M) for moisture control. The samples were analyzed at 250 magnifi-
cation (voltage, 15 kV; working distance, 30 mm; point size 50; HV vacuum mode).

2.3.7. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) of pure BC and BC—collagen-starch biocomposites
was performed on a Q50 thermogravimetric analyzer (TA Instruments; New Castle, DE,
USA). TGA analysis was performed using about 6 mg of each sample that was subsequently
placed in a platinum crucible. The sample recipient was placed in the thermogravimetric
analyzer and subjected at a heating rate of 10 °C-min~! from 25 to 900 °C under a nitrogen
flow (30 mL-min~1). [61]. The results of the TGA were expressed as a percentage of mass
loss (%) /temperature (°C) and differential thermogravimetry (DTG) curves were prepared
from the TGA data.

2.4. Statistical Analysis

The results obtained related to the characterization of biocuratives were analyzed for
variance (ANOVA) at 95% significance, and the results that present significant differences
between treatments were differentiated by Tukey’s test. Assistat software (Version 7.7 beta)
was used to analyze the results [62]. Principal component analysis (PCA) was performed
using PAST (Paleontological Statistics; Oslo, Norway) version 3.26, developed by @yvind
Hammer, with the means of the characterization analyses [moisture (M), TS, a,,, water
solubility (WS), WVP, opacity (O), grammage (G), thickness (T), elongation at break (E),
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and tensile strength (MT)] to obtain the correlation between the produced samples and
their properties. As they presented different units of measurement, the data concerning the
characterization tests cited were normalized in the range of 0 to 1, and after standardization,
the PCA was carried out.

3. Results
3.1. Visual Appearance of Pure BC and BC—Collagen—Starch Biocomposites

In total, eight different biocomposites based on BC, collagen, and starch and the control
(pure BC-F1 sample) were produced according to Table 1. Figure 2 shows the physical
appearance of the control (F1) and biocomposites (F2-F9) after complete evaporation of
the solvent (water in this case). The formed biomaterials (pure BC and BC—collagen—starch
biocomposites) were easily removed from the surface of the Petri dish, without rupturing
its structure. Thus, all nine formulations were easy to handle and removal from the Petri
dish did not compromise the specimens for the characterization analyses. The addition of
other polymers in the cellulose matrix altered the physical appearance, since F1, which only
had cellulose in its composition, was opaque with prominent cellulose fibers (Figure 1a).
After adding collagen and starch, regardless of the biocomposite composition, the samples
were transparent in appearance (Figure 1b-h).

Figure 2. Visual appearance of the pure bacterial cellulose (BC; control) and BC—collagen—starch
biocomposites. (a) F1, (b) F2, (c) F3, (d) F4, (e) F5, (f) F6, (g) F7, (h) F8, and (i) F9.
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3.2. Physical and Barrier Properties of Pure BC and BC—Collagen—Starch Biocomposites

Figure 3 and Table 2 show the results related to the physical and barrier properties
of pure BC and the BC—collagen-starch biocomposites. The a,, of the nine samples varied
between 0.400 & 0.01 (F5) and 0.480 & 0.01 (F1, F6, and F7), with significant differences
between them (p > 0.05) (Figure 3a and Table 2). It is important to note that F1, F5, and F6,
which had the highest a,,, did not have starch, indicating that starch can influence a,. After
adding collagen and/or starch in the cellulose matrix, the WS increased with significant
difference between the samples, with the lowest in F1 (12.94 + 2.58%) and the highest in
F9 (69.76 £ 1.43%), which had collagen and starch besides BC (Figure 3b and Table 2). F7,
F8, and F9, with the highest collagen content (2.00 g), had the highest WS (69.67 &= 12.7%,
54.12 £ 2.21%, and 69.76 £ 1.43%, respectively). However, F8, F9, and F1 had the lowest
moisture (11.19 =+ 0.81%, 10.75 =+ 0.89%, and 10.88 =+ 0.64%, respectively), while F6 had the
highest moisture (20.60 + 0.69%) (Figure 3c and Table 2). The TS content varied between
79.4 + 0.69% (F6) and 89.25 + 0.89% (F9), with a significant difference (p > 0.05) (Figure 3d
and Table 2). The TS content was inversely proportional to the moisture content.

The thickness of the pure BC and biocomposites is shown in Figure 3e and Table 2.
The results showed that polymer concentration influenced the thickness, since F1 (which
has only BC) had the lowest thickness (0.04 £ 0.10 mm), while F8 (which had the highest
collagen and starch concentration) had the highest thickness (0.11 £ 0.03 mm). Thick-
ness influenced the WVP, which ranged from 5.59 £ 0.44 x 108 g-mm/mz-h-l’a (F1) to
14.06 +£0.71 x 1078 g-mm/mz-h-Pa (F9), with a significant difference (p > 0.05) (Figure 3f
and Table 2). It is important to highlight that the samples with the highest thickness (F7, F8,
and F9) had the highest WVP. Moreover, these samples had the highest collagen concentra-
tion (2.00%), indicating that the presence of collagen in the biocomposite formulation can
increase not only the WS, as previously mentioned, but also the thickness and WVP.

The grammage of BC—collagen-starch biocomposites was 15.03-338.83% more than
that of pure BC (Figure 3g and Table 2). F4 and F8, with 2.23% starch concentration and 1%
and 2% collagen concentration, respectively, had the highest grammage (39.58 4 0.87 and
39.10 + 0.73 g-ecm 2, respectively). In addition, the behavior of the samples in relation to
the thickness was similar, indicating a correlation between these two properties. However,
unlike these properties, the opacity of pure BC (36.67 + 0.37 Abs 600 nm-mm ') was
greater than that of BC—collagen-starch biocomposites (31.85 £ 1.98-8.37 £ 0.08 Abs
600 nm-mm 1) (Figure 3h and Table 2). These results are similar to those reported by the
visual appearance of the samples (Figure 2), where, after the addition of the biopolymers,
the samples obtained showed transparency.

The hydrophilic properties of pure BC and the BC—collagen-starch biocomposites
over time were analyzed through the swelling assay and WRR, as shown in Figure 4. The
swelling rate of the samples ranged between 47.61% and 65.75% after the first minute of
analysis (Figure 4a). This increase in the swelling rate was attributed to the effect generated
by hydrating the material. In general, the swelling rate was maintained without major
oscillations, except for F2 and F7. The swelling rate of F2 (a BC-starch biocomposite)
after 1 min was 137.04% (one with the greatest hydrophilic character) and, after 10 min,
it decreased to 109.04% until the 180t minute. Similarly, the swelling rate of F7 (a BC-
collagen biocomposite) decreased from 51.31% after 1 min to 22.52% after 180 min, a greater
loss than that found for the other samples (F1, F3, F4, F5, F6, F8, and F9). The water release
capacity reduced in all samples, regardless of the analysis time (Figure 4b). These results
indicate that the samples degraded after the period of immersion in water, which can be
justified by the biodegradable character of the biopolymers present. In general, the capacity
to release water over time was maintained, except in F3, which showed a sharp reduction
of approximately 109% compared to the analysis times of 24 and 48 h.
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Figure 3. Physical and barrier properties of pure bacterial cellulose (BC, F1) and BC—collagen—starch biocomposites (F2-F9).
(a) Water activity (a) content; (b) Water solubility; (c) Moisture content; (d) Total solids content; (e) Thickness; (f) Water
vapor permeability; (g) Grammage and (h) Opacity. Bars followed by the same letters were not significantly different at
p < 0.05 according to Tukey’s test with 95% confidence.
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Figure 4. Characterization of pure bacterial cellulose (BC,F1) and BC—collagen—starch biocomposites (F2-F9). (a) Swelling
rate and (b) water retention rate.

3.3. Mechanical Properties of Pure BC and BC—Collagen—Starch Biocomposites

Figure 5 and Table 2 show the results concerning the elongation at break (Figure 5a)
and tensile strength (Figure 5b) of pure BC and BC-collagen-starch biocomposites. F1
(pure BC) had the highest elongation (197.94 £ 82.13%), while after the addition of the
other biopolymers, these values decreased by up to 40%, varying between 4.81% and
21.39% for F5 and F3, respectively. However, the tensile strength increased more than
189% after the addition of biopolymers in the cellulose matrix, and ranged from 0.98 £ 0.23
to 16.32 &= 1.04 MPa for F1 and F8, respectively. These results indicate that although a
plasticizer (glycerol) was used during sample production, the presence of biopolymers,
regardless of their concentration, reduced the elasticity of the biocomposites. Therefore,
BC—collagen-starch biocomposites, particularly F8, which had the highest concentration of
polymers in its constitution, showed greater rigidity than pure BC.
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Figure 5. Mechanical properties of pure bacterial cellulose (BC,F1) and BC—collagen—starch biocomposites (F2-F9). (a) Elon-
gation (%) and (b) tensile strength (MPa).
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3.4. Morphological Property of Pure BC and BC—Collagen—Starch Biocomposites

Figure 6 shows the micrographs of the nine samples produced, highlighting the
structural details. Figure 6a, referring to the pure BC (F1), shows that the porous structure
formed by the cellulose fibers, a fundamental characteristics of BC, could be observed on
the surface; however, the thickness of individual fibers could not be determined at this
magnitude. Due to the addition of the biopolymers, and consequently the formation of
biocomposites, the characteristic fibrous network of BC is not apparent (Figure 6b—i). This
behavior indicates that there is a structural interaction between the BC matrix, collagen, and
starch, which may have changed the visual appearance of the samples from opaque in pure
BC to transparent in biocomposites (Figure 1). Thus, the micrographs obtained indicate
that the formation of biocomposites may promote surface compaction. Nevertheless, this
compaction caused micro-fractures in biocomposites with increased concentrations of
polymers, as shown in the micrographs of F8 and F9 (Figure 6h,i, respectively). In addition,
it is noted that air microbubbles were present in the biocomposite structure (Figure 6b-g,i),
which must have been derived during the casting process.

Figure 6. Scanning electron microscopy (SEM) surface micrographs of the surfaces of the pure bacterial cellulose (BC, F1)
and BC—collagen-starch biocomposite (F2-F9). (a) F1, (b) F2, (c) F3, (d) F4, (e) F5, (f) F6, (g) F7, (h) F8, and (i) F9.
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3.5. Thermal Property of Pure BC and BC—Collagen—Starch Biocomposites

To determine the stability and thermal behavior of pure BC and the BC—collagen-—
starch biocomposites, the TGA (Table S1) and DTG curves were determined as shown in
Figure 7ab, respectively (Figure 7). In general, the thermal decomposition of the nine
samples showed three stages of mass loss. The first stage refers to water evaporation,
that is, moisture loss, which occurred between 25 and 250 °C, where the loss in mass
varied between 5 and 20% for F1 and F6, respectively. However, pure BC showed a higher
temperature range in this stage than the BC—collagen-starch biocomposites. The second
stage of thermal degradation occurred between 200 and 350 °C and may be associated
with the degradation of proteins and polyhydroxylated compounds (cellulose fibers). The
loss in mass of the samples at this stage was approximately 59%, with F8 and F9, which
had the highest polymer concentration in their composition, showing the greatest losses
of approximately 62%. Therefore, this stage was the one with the highest mass loss rate,
since it corresponded to the degradation of BC, collagen, starch, and glycerol. In addition,
it is responsible for the peaks observed in the DTG curve between the temperatures of 300
and 350 °C. The third stage initiated between 300 and 350 °C and extended up to 800 °C
in association with a loss in mass between 78% for F1 and 84% for F8 and F9. Normally,
this stage is associated with the subsequent decomposition of the residua, leading to the
formation of inorganic matter and carbonaceous char.
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Figure 7. Thermal analysis of pure bacterial cellulose (BC,F1) and BC—collagen—starch biocomposites (F2-F9). (a) Thermo-
gravimetric analysis (TGA) and (b) differential thermogravimetry (DTG).

3.6. Effect of the Presence of Components on the Properties of BC—Collagen—Starch Biocomposites:
Principal Component Analysis

To assess the effect of the presence and concentration of biopolymers on the produced
biocomposites, PCA was performed with physical and barrier properties data, except
SR and WRR, and the elongation and tensile strength assays (Figure 8). PC1 explained
49.54% of the total variance of the data, while PC2 explained 27.07%, thus explaining
76.61% of the cumulative variance. The highest loadings for PC1 were grammage and
tensile strength, while those for PC2 were moisture and WVP. In general, Figure 8 shows
that the BC—collagen—starch biocomposites showed a tendency to group according to the
presence and concentration of their constituents, whereas pure BC (F1) did not form a
cluster with any other sample analyzed. However, it is important to highlight that the BC-
starch (F2 and F3) and BC—collagen (F6 and F7) biocomposites were allocated in different
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quadrants, indicating that the biopolymer concentration results in a biocomposite with
different properties. In addition, it was noted that some variables such as moisture content
and TS content were negatively correlated to each other. The graph of scores obtained
through PCA analysis also showed that the presence and concentration of the biopolymers
analyzed in the BC matrix influenced their properties.
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Figure 8. Scores scatter plot by principal component analysis of pure bacterial cellulose (BC,F1) and BC—collagen-starch

biocomposites (F2-F9).

4. Discussion

Wound care has historically been one of the most basic and essential practices of
human civilization [4]. Currently, an increasing amount of information about the effec-
tiveness of traditional and technologically advanced practices is available [63-65]. Many
strategies are being developed to increase the efficiency of the healing process by consider-
ing the different phases of the tissue repair process and the particularities of each injury
type [66—69]. The nine samples analyzed showed different behaviors in relation to the type
of test performed, and this variation occurred according to their polymeric constitution.

One of the differences observed was in relation to the visual appearance, where F1
(pure BC) was primarily opaque, while the BC—collagen—starch biocomposites (F2-F9) were
comparatively more transparent. The opacity of F1 was 22.85% higher than that of F8,
which had the lowest opacity. The opacity of BC has already been demonstrated to be
related to the presence of an ultrafine nanofibrous network [56,70], which forms a dense
crosslinked structure stabilized by hydrogen bonds and is highly crystalline (between 60
and 90%) [71,72]. Within this context, BC nanofibers have low transparency and reflect light.
Furthermore, the high crystallinity of BC may have influenced opacity, since the crystalline
regions may act by reflecting or diverting the incident light beam, which may compromise
its transmission, resulting in increased opacity [56]. Thus, the addition of collagen and/or
starch and the interaction between these biomaterials and cellulose nanofibers may have
altered the crystallinity, resulting in a less opaque and more transparent biocomposite.
Abral et al. [73] showed that the opacity of biocomposites formed by cassava starch,
polyvinyl alcohol (PVA), and BC increased according to the BC fiber concentration in the
polymeric blend. Wilpiszewska et al. [74] observed that films based on carboxymethylated
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derivatives of starch and cellulose were transparent and elastic; however, Santos et al. [75]
demonstrated that biocomposites of thermoplastic corn starch and BC showed a lower
transparency than pure BC, different results from those found in our study. It is important
to highlight that using a transparent wound dressing allows the patient to assess the
wound healing process continuously without stimulating the injured area, thus reducing
the probability of secondary injuries, particularly in cases of dermal lesions [76]. Thus, the
application of samples F2-F9 in clinical practice is highly relevant.

Aiming at the application as a wound dressing, it is fundamental to understand
whether the material formed has a hydrophobic or hydrophilic character as well as to
know the a,, in its structure. The a,, of the nine samples analyzed ranged from 0.400
to 0.480, which is within the ideal range (0.2-0.6) proposed by Cazon et al. [77], since
the results of their study showed that biocomposites of BC, PVA, and chitosan did not
decrease the WPV, one of the main properties that an ideal wound dressing should exhibit.
In addition, the study demonstrated that a,, varied according to the composition of the
biocomposite, similar to the results found in that study [77]. Based on the results, it
was also observed that starch and collagen incorporation in BC altered the properties
related to WS as well as to moisture and TS. WS is directly related to the increase in the
hydroxyl group in polar polymeric matrices, which enhances hydrogen bond formation
with water, thus forming soluble materials that facilitates its biodegradability [78]. The
use of biodegradable materials in biomedicine is necessary, as it traditionally uses non-
biodegradable polymer-based materials such as petrolatum gauze as wound dressings,
which can affect the environment. Thus, the use of biocomposites based on BC, collagen,
and starch can be considered as an environment friendly alternative. With regard to
moisture, F6 (BC-collagen biocomposite) had the highest moisture, which differed from the
results reported by Pasaribu et al. [79], which pointed to the decrease in moisture content
in BC after collagen incorporation.

Saska et al. [80] showed that although the incorporation of collagen in the BC mem-
brane slightly increased the swelling rate compared to that of pure BC, the study by
Noh etal. [81] showed that increasing the concentration of BC in biocomposites of BC-
collagen enhanced the water uptake capacity. Priya et al. [82] observed that the incorpora-
tion of cellulose fibers in the starch-PVA matrix decreased the swelling rate. The results
reported in the studies by Saska et al. [80] and Priya et al. [$2] were similar to those found
in our study, where the presence of collagen did not significantly alter the swelling rate,
while F2 (with the highest starch concentration without collagen) had the highest swelling
rate. The swelling rate assesses the absorption of water or aqueous fluids by the analyzed
material without dissolving, and this swelling continues until there is a balance between
the water and the material [83]. Due to its swelling rate, F2 has the potential to be applied
to lesions caused by burns, since the main consequences of its healing physiology are the
high release of exudates [84]. The stability of the water release capacity of pure BC and the
biocomposites based on collagen and starch, with the exception of F3, indicates that they
can contribute to the maintenance of adequate moisture in the lesion microenvironment,
favoring tissue regeneration and preventing bacterial proliferation [18,85].

Vapor exchange through a material is a critical property directly related to the effec-
tiveness of wound dressing. Our results showed that increasing collagen concentration
(2.00%) increased the WPV; however, it is important to note that the presence of starch
also contributed to the high permeability of F8 and F9. This behavior was similar to that
reported by Zhuang et al. [86], who observed that starch composites and tilapia skin colla-
gen had a higher WPV than that in the film composed only of collagen. Nevertheless, the
study by Tibolla et al. [87] showed that the starch—cellulose nanocomposites with a higher
concentration of cellulose fibers had lower values for WPV. High WVP promotes wound
dehydration and helps in inducing scar formation, while low WVP can slow down the
wound healing process due to the deposition of the high amount of exudates. Therefore, a
suitable dressing should display an optimal WVP value [88].
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Grammage is a property that is directly related to the mechanical resistance and
barrier properties of the material, since they are influenced by the thickness and mechanical
properties [56]. F8, with the highest polymer concentration in its constitution, had the
highest grammage, thickness, and consequently, tensile strength, while F1, with only BC
in its composition, had the lowest grammage, thickness, and consequently, the highest
elongation at break. It is important to note that the SEM micrographs of F1 and F8
(Figure 6a,h) did not show air microbubbles, which may have impacted their mechanical
performance. The thickness found in this study was similar to those of films based on
BC, glycerol, and PVA as reported by Cazon et al. [89] The authors also reported that the
thickness varied between 0.02 and 0.105 mm, being directly proportional to the amount of
polymer present in the film produced. Cazén et al. [89] further reported that the tensile
strength increased according to the increase in thickness, as reported in this study. Another
study showed that tensile strength as well as the Young’s modulus of nanocomposites
based on starch and cellulose from banana increased, according to the concentration of
cellulose nanofibers in the composition [87]. Qin et al. [90] demonstrated that the tensile
strength of collagen-cellulose nanocrystals films increased as the cellulose content increased,
where films with 7% and 10% of cellulose nanocrystals presented 1.22 & 0.36 MPa and
1.57 £ 0.19 MPa, respectively, while the tensile strength of the control sample (only with
collagen in its composition) was 0.45 £ 0.19 MPa. The results reported by Antosik et al. [91]
showed a different behavior from those found in our study, where the increase in starch
concentration resulted in a greater elongation at break and, consequently, a lower tensile
strength. The difference between the two studies may be associated with the type of
cellulose used, since the study by Antosik et al. [91] used carboxymethyl cellulose of plant
origin. An ideal material for wound dressing should preferably have a high elongation at
break, since the mechanical stretching of the material may induce tissue regeneration [92,93].
This study showed that F1 (pure BC) had a high elongation (169.54%), while F2 and F3 (BC-
starch biocomposite) had the highest elongation (20.29 and 21.39%, respectively) among the
biocomposites produced. It should also be noted that F1 was the only biocomposite without
a plasticizer (glycerol) in its constitution, which could have resulted in less elongation.
However, this result indicates that the compatibility between the biopolymers present
in the biocomposite was high, which facilitated their interaction and, consequently, the
formation of strong chemical bonds. The elongation of the BC membrane was also superior
in the study of Lee et al. [94] compared to that of the membrane consisting only of collagen.

As shown in Figure 7, the thermal stability of the samples also varied according
to their constitution. The results showed that F1 had the highest thermal stability. The
thermal stability of BC is mainly associated with high crystallinity, high water content, and
high purity [95]. Martins et al. [96] reported an increased thermal stability in starch films
with the addition of BC, and attributed this increase to not only the high thermal stability
of cellulose, but also the excellent polymeric compatibility between starch and cellulose.
However, Zhijiang and Guang [38] reported that the thermal stability of the composite
improved and the temperature of thermal degradation increased with the incorporation
of collagen compared to that of pure BC. Moraes et al. [97] observed that the thermal
stability of the BC in the presence of collagen decreased by 30 °C. Nevertheless, the authors
considered that BC—collagen hydrogels showed excellent thermal stability. This difference
between the studies may be related to the acetylation effect reported by the authors [38],
since acetic acid was used as a solvent for collagen, which may have resulted in cellulose
acetylation, a process that may increase thermal stability.

5. Conclusions

In the present study, nine different samples were produced based on BC, collagen,
starch, and glycerol as the plasticizing agents, with fixed masses of BC and glycerol. All
samples were characterized based on their physical, barrier, morphological, mechanical,
and thermal properties. The results obtained showed that the performance of a sample
was directly related to the presence and the concentration of its constituent components.
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The different performances indicate that pure cellulose as well as biocomposites may have
different application potentials, mainly depending on the injury type and stage of healing.
Thus, the results of this study can contribute to a new perspective in biomedicine (i.e., the
treatment of injuries with high-performance biomaterials) positively impacting the quality
of life of patients.

Supplementary Materials: The following are available online at https://www.mdpi.com/1996-19
44/14/2/458 /s1, Figure S1: Real images of bacterial cellulose production and biocomposites, Table
S1: Main values related to the thermogravimetric analysis of pure bacterial cellulose (sample F1) and
bacterial cellulose—ollagen-starch biocomposites (samples F2-F9).
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CAPITULO 5: CONCLUSAO GERAL

Diante dos resultados encontrados neste estudo e em atendimento aos objetivos

propostos, as seguintes conclusdes podem ser observadas:

Para a avaliacdo das melhores condicbes de cultivo do microrganismo (G.
hansenii ATCC 23769), dentre as fontes de carbono testadas, a glicose em sua
maior concentra¢do (50 g-L-1) foi a que melhor contribuiu para o processo
fermentativo, melhorando o rendimento e producdo da CB;

Quanto a producdo de biocompdsitos CB-MMT, foi possivel observar que a
presenca da argila mineral modificou significativamente as propriedades fisicas
e de barreiras, assim como as propriedades térmicas e morfoldgicas em relacao
a amostra controle, até mesmo em sua menor concentragao (0,5%, encontrado
na amostra F2);

Quanto a utilizacdo de colageno e amido na matriz celuldsica para formacgao das
blendas poliméricas, os resultados indicaram a possibilidade de aplicacdo das
diferentes amostras produzidas de acordo com o tipo de lesdo, bem como em
diferentes estdgios de processos de cicatrizacdo. Destaca-se a possibilidade de
aplicacdo da amostra F2 para o tratamento de lesGes que liberem uma maior
guantidade de exsudatos, bem como das amostras F2-F9 como curativos
transparentes, uma das principais necessidades desse setor. Além disso, os
resultados indicaram melhorias a performance da CB associada as principais
caracteristicas das amostras, dentre elas a acdo plastificante do colageno e a
acao gelificante do amido.

Sendo assim, esses resultados contribuem para uma nova perspectiva a esta area

com a producdo de biomateriais de alta performance, ndo restringindo, a aplicacdo dos

destes em outras areas do conhecimento.
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