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SANTOS, K.O. Membrana de celulose bacteriana implantada experimentalmente
no peritdnio de ratos Wistar — imunorreatividade inflamatdria e estresse oxidativo.
Botucatu, 2025. 57p. Dissertacdo (mestrado) — Faculdade de Medicina
Veterindria e Zootecnia, Campus de Botucatu, Universidade Estadual
Paulista — UNESP.

RESUMO

Celulose bacteriana (CB) tem sido usada para varias aplicacdes. Estudos que
investigam caracteristicas imuno-histoquimicas do componente inflamatério e
cicatricial em CB implantada no peritbnio in vivo ainda ndo foram totalmente
descritos. Este estudo avaliou a seguranca sistémica e organica da CB através de
estresse oxidativo, marcadores bioquimicos sanguineos e séricos, bem como a
resposta inflamatéria tardia em ratos, usando histopatologia e imuno-histoquimica.
43 ratos (26 machos; 17 fémeas) receberam CB no peritbnio (grupo implantado -
Gl), enquanto vinte e sete ratos (12 machos; 15 fémeas) serviram como controle
(grupo sham - GS). 60 dias ap6s a cirurgia, estresse oxidativo nos tecidos,
marcadores bioguimicos sanguineos e andlises histopatolégicas e imuno-
histoquimicas para linfécitos, macréfagos, colageno e resposta vascular ao redor
da CB foram avaliados. Apenas um marcador de estresse oxidativo, a glutationa
peroxidase, foi elevada no figado de ratos do Gl. Os niveis de creatina quinase
MB e lactato desidrogenase foram significativamente menores em animais do Gl.
A histopatologia mostrou inflamacgéo granulomatosa em 93% dos ratos do Gl, com
74% de intensidade leve. A imuno-histoquimica revelou presenca significativa de
macrofagos (F4/80), com marcadores CD3, CD20 e F4/80 indicando diferencas
favorecendo os macréfagos. Em concluséo, a implantacdo de CB no peritdnio
induz uma resposta granulomatosa do tipo corpo estranho com predominio de
macrofagos (F4/80). Colagenos tipo | e Il foram observados ao redor da
membrana, e a vascularizacao foi intensa 60 dias apos a implantacdo. De uma
perspectiva bioquimica e de estresse oxidativo, a CB parece ser um material

seguro para o uso peritoneal.
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SANTOS, K.O. Bacterial cellulose membrane experimentally implanted in the
peritoneum of Wistar rats — inflammatory immunoreactivity and oxidative stress.
Botucatu, 2025. 57p. Dissertation (master's degree) — School of Veterinary
Medicine and Animal Science, Botucatu Campus, Sao Paulo State University
— UNESP.

ABSTRACT

Bacterial cellulose (BC) has been used for several applications. Studies
investigating immunohistochemical characteristics of the inflammatory and
scarring component in BC implanted into the peritoneum in vivo have not yet been
fully described. This study evaluated the systemic and organ safety of BC through
oxidative stress, blood and serum biochemical markers, as well as the late
inflammatory response in rats, using histopathology and immunohistochemistry.
43 rats (26 males; 17 females) received BC in the peritoneum (implanted group -
Gl), while twenty-seven rats (12 males; 15 females) served as controls (sham
group - GS). 60 days after surgery, tissue oxidative stress, blood biochemical
markers, and histopathological and immunohistochemical analyses for
lymphocytes, macrophages, collagen, and vascular response around BC were
evaluated. Only one marker of oxidative stress, glutathione peroxidase, was
elevated in the liver of Gl rats. Creatine kinase MB and lactate dehydrogenase
levels were significantly lower in Gl animals. Histopathology showed
granulomatous inflammation in 93% of GI rats, with 74% of mild intensity.
Immunohistochemistry revealed a significant presence of macrophages (F4/80),
with CD3, CD20, and F4/80 markers indicating differences favoring macrophages.
In conclusion, implantation of BC into the peritoneum induces a foreign body-type
granulomatous response with a predominance of macrophages (F4/80). Collagen
types | and Il were observed around the membrane, and vascularization was
intense 60 days after implantation. From a biochemical and oxidative stress

perspective, BC appears to be a safe material for peritoneal use.
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CAPITULO 1
1. INTRODUCAO

A celulose é um polimero sintetizado principalmente pelas plantas e com
vasta utilizacdo no mundo, podendo também ser produzida por microrganismos,
como algas, fungos e bactérias. A celulose bacteriana (CB) é um tipo de celulose
especifica, a qual apresenta fibras com dimensfes nanométricas, sendo diferente
da celulose vegetal (SILVA et al., 2021). As nanofibrilas de CB apresentam maior
area superficial quando comparadas as fibrilas de celulose vegetal, o qual confere
a esse biopolimero uma maior capacidade de retencdo de agua, grande
elasticidade, alta resisténcia e flexibilidade (LIMA et al., 2015).

A descoberta da celulose bacteriana ocorreu em 1886 por AJ Brown,
através da extracdo de material gelatinoso extracelular de bactérias. Dentre os
microrganismos que produzem a celulose também conhecida como biocelulose
ou celulose microbiana, o0 mais estudado pertence ao género Glucanacetobacter,
um bacilo aerObio estrito, gram-negativo e nao patogénico, encontrado na
natureza em frutas, vegetais e produtos fermentados (SILVA, et al., 2021). A
espécie mais conhecida produtora da CB é a bactéria Acetobacter xylinum
(ZAHEDMANESH et al., 2011).

A CB é um polissacarideo extracelular produzido também por bactérias dos
géneros Agrobacter e Sarcina, na forma de membranas altamente hidratadas. As
membranas sao formadas por uma rede de polimeros com fibrilas de celulose
menores que 100 nm de largura e 2 a 4 nm de espessura. Apresenta
caracteristicas importantes como elevada pureza, alta cristalinidade, alto teor de
agua, boa estabilidade, aderéncia, permeabilidade seletiva, sendo capaz de
favorecer a passagem de vapor de &agua, porém, impedir a passagem de
microrganismos nocivos ao corpo (BRASSOLATTI, 2015).

A transparéncia da CB ajuda a visualizar a evolucdo de processos
cicatriciais, sendo de grande interesse comercial para aplicagbes medicas,
indicada para uso em lesdes graves e de dificil cicatrizacdo (BRASSOLATTI,
2015).

A CB apresenta propriedades fisico-quimicas Unicas, como boa
biocompatibilidade, alta resisténcia a tracao, alta capacidade de absorver agua e

alta cristalinidade. Diante dessas caracteristicas tdo superiores em relacdo a
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celulose vegetal, a CB ganhou consideravel atencdo em uma ampla variedade de
campos biomédicos, sendo estudada para a fabricacdo de vasos sanguineos
artificiais para microcirurgia, como scaffolds para engenharia de tecidos, em
implantes dentarios e como sistemas de liberacdo de farmacos (KWAK et al.,
2014).

2. REVISAO DE LITERATURA

2.1. Membrana de celulose bacteriana

A producéo anual de celulose é de 10'* toneladas, o que a torna o biopoli-
mero mais abundante no mundo. Pode ser encontrada em plantas, fungos, proto-
zoarios e procariontes. Existem dois grupos para este biopolimero: o grupo da
celulose complexa e o grupo da celulose pura, onde se encontra a celulose bac-
teriana, obtida através de alguns géneros bacterianos como: Gluconacetobacter,
Rhizobium, Sarcina, Agrobacterium, Alcaligenes (DONINI et al., 2010).

A CB apresenta grande area superficial, capacidade de absorver liquidos
polares, alta porosidade, néao toxicidade, inércia quimica, biodegradabilidade, bio-
compatibilidade, capacidade de formar filmes e estabilizar emulsdes, sendo estas
excelentes propriedades mecéanicas e fisico-quimicas (AMORIM et al., 2022).

Varias bactérias ndo patogénicas sdo capazes de produzir celulose bacte-
riana, porém, a Komagataeibacter medellinensis, conhecida anteriormente como
Acetobacter xylinum é considerada a produtora mais eficiente. A producao de CB
é feita principalmente em meios de cultura ricos em nutrientes, 0s quais podem
ser estaticos ou agitados, os dois métodos resultam em estruturas com morfolo-
gias distintas. A cultura estatica da origem a peliculas, enquanto a cultura agitada
da origem a esferas, o método escolhido depende da aplicacdo final prevista
(CARVALHO et al., 2019).

Bactérias produtoras de nanocelulose, como a Komagataeibacter xylinus,
secretam celulose em forma de nano/microfibrilas de uma carreira de locais
sintéticos, por toda extenséo longitudinal da estrutura da célula, a quais entéo se
unem para formar fitas de celulose maiores. Em condi¢gdes de cultura estética,
essas fitas e células conectadas formam uma pelicula flutuante nanofibrilar 3D

gue permite que as bactérias ndo moveis e estritamente aerdbicas crescam na
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interface superior do meio de crescimento rico em oxigénio (DA GAMA e
DOURADO, 2018).

As propriedades da CB proporcionam uma ampla gama de aplicacdes es-
pecificas como na indastria alimenticia, cosméticos, eletrdnicos, papelaria, téxtil,
medicina e biomedicina (SINGHANIA et al., 2021).

Embora a estrutura quimica da CB seja semelhante a da celulose vegetal,
0 processo de purificacdo da CB é simples e ndo ha contaminacdo com moléculas
biogénicas como hemicelulose, lignina e pectina (HELENIUS et al., 2006). Além
disso, possui uma nanoestrutura semelhante ao colageno a nivel microscopico e
alta polimerizacdo (HONG et al, 2006).

Um dos principios essenciais na engenharia de tecidos é gerar um andaime
de tecido com propriedades semelhantes as da matriz extracelular, como um
tecido viavel para a aplicacdo médica, pois a matriz extracelular apresenta um
papel fundamental em diversas funcdes celulares, como a proliferacéo,
diferenciacdo, migracdo, adesdo e apoptose (KUSINDARTA e
WIHADMADYATAMI, 2018). Dessa forma, a escolha de um scaffold adequado
para simular a matriz extracelular € um dos desafios da engenharia de tecidos
(BOUHLOULI et al., 2021).

A biocompatibilidade da membrana foi testada por Lima et al. (2015) ao
implantarem a CB na bexiga de coelhos e comparar a resposta inflamatéria em
relagdo a aplicagdo de dextranémero, sendo possivel afirmar que a celulose se
manteve preservada no local de implante, expressou menor resposta inflamatéria
e se integrou melhor ao tecido hospedeiro, evidenciando, ainda, a presenca de
neovascularizagéo a longo prazo.

Fu et al. (2013), em um estudo experimental de lesdes profundas, compa-
raram os efeitos de diferentes tipos de tratamentos em feridas no dorso de ca-
mundongos. Foi relatado que os grupos que receberam tratamento com celulose
bacteriana apresentaram significativa regeneracao tecidual com formacéo de no-
vos capilares na area com lesdo quando comparados a tratamentos com gaze
comercial e enxertos, sugerindo que este biomaterial € realmente eficaz e vanta-
JOSO no processo de cicatrizagao.

De acordo com Takejima et al. (2021), uma das principais vantagens das

membranas bacterianas € a sua capacidade de aderéncia e adaptacéo ao leito de
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feridas, inclusive em locais de mobilidade. Além disso, afirmaram que a sua trans-
paréncia facilita a avaliacdo diaria das lesdes.

Choi e Chin (2020), acreditaram, no entanto, que a membrana de celulose
bacteriana carece de funcionalidades adequadas para inicio do processo de ade-
sao celular e de sua porosidade. Para superar esses problemas, pesquisadores
investem em modificacdes da CB, buscando melhorar suas caracteristicas fisicas,
guimicas, mecanicas e de superficie.

Silva (2010) realizou um estudo analisando as alteragBes de superficie e
suas consequéncias em membrana de celulose enriquecida com plasma e os re-
sultados revelaram que o plasma ocasionou modificacdes benéficas na superficie
da CB, aumentando sua rugosidade, promovendo maior proliferacdo celular no
material, com alongamento das células, e constatou a ndo genotoxicidade da
membrana modificada. Ainda, concluiu afirmando a produ¢cé&o de um novo bioma-
terial viavel para possiveis testes futuros in vivo como implantes artificiais.

O material ideal deve ser: biocompativel (capacidade de realizar sua funcao
biolégica aceitavel sem estimular uma resposta imunoldgica local e sistémica apés
aplicacdo clinica) (ZAFAR et al, 2019), biodegradavel, apresentar boas
propriedades arquitetbnicas, como porosidade para permitir difusdo de nutrientes,
caracteristicas mecanicas adequadas, como por exemplo elasticidade e
compatibilidade com o tecido normal (DHANDAYUTHAPANI et al.,, 2011,
O’BRIEN, 2011).

2.2. Aplicacdes médicas da membrana de celulose bacteriana

Devido a sua alta biocompatibilidade in vivo, a capacidade de fornecer
substrato ideal para a fixacdo celular e uma estrutura microfibrilar que fornece
flexibilidade, alta capacidade de retencao de agua e troca gasosa, as membranas
de CB foram introduzidas como um material de curativo ideal, atuando ainda como
uma barreira fisica que reduz a dor, a infeccdo bacteriana e permite a
transferéncia de farmacos para a regiao da ferida. A principal utilizagcdo comercial
das membranas de CB é como dispositivos de curativos, comercializadas sob
diversas marcas, como Bionext® Membracell® e Xcell® que imitam a matriz
extracelular para aumentar a epitelizacdo. As membranas proporcionam taxas

rapidas de epitelizacdo e regeneracdo tecidual em diversos tratamentos de
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cicatrizacdo de feridas, como feridas de pés diabéticos, feridas cronicas e
gueimaduras (PICHETH et al., 2017).

A membrana de CB também foi testada como vaso sanguineo artificial por
Klemm et al. (2001), aproveitando de sua moldabilidade ela foi sintetizada em
formato de tubos, esse produto foi patenteado com o nome “BASYC”, podendo
ser armazenado por até seis semanas a 4° C. A rugosidade da superficie interna
era semelhante a de vasos sanguineos, o teste de tracdo de cortes transversais
de vasos sanguineos de CB e de ratos mostraram que as capacidades de carga
eram compativeis e os “BASYC” resistiram a uma pressdo sanguinea de 0,02
Mpa. Os estudos com implantacdo in vivo mostraram que apds quatro semanas
os tubos foram envolvidos por tecido conjuntivo e permeados por pequenos vasos,
apresentaram taxa de permeabilidade de 100%, ndo apresentaram sinais de
rejeicdo e estavam cobertos por células endégenas bem orientadas.

Coelho et al. (2019) fizeram um estudo em que adicionaram hidroxiapatita
e proteina morfogenética anti-6ssea 2 a membrana de celulose bacteriana e
concluiram que o compdsito obteve resisténcia mecanica necessaria para atuar
como material de preenchimento 6sseo. O material foi classificado como
hidrofilico, o qual permite adeséao e proliferacdo celular, ndo citotoxico, genotoxico
e mutagénico em células pré-osteoblaticas. O biomaterial aumentou a expressao
de genes relacionados ao reparo 6sseo e 0s nédulos de mineralizacao.

Reconstruir o tecido nervoso é algo desafiador e em um estudo de Pértile
et al. (2012) a CB foi avaliada como um andaime para a regeneracao do tecido
nervoso e as fibras de CB mantiveram um caminho continuo que promoveu a
infiltrac&o celular. O estudo mostrou que as células-tronco mesenquimais aderidas
a CB proliferaram e expressaram o fator de crescimento nervoso neurotrofina,
criando assim um microambiente que promove a regeneragao neuronal.

Telas de CB modificadas por quitosana foram projetadas para tratamento
de hérnia abdominal. Estudos in vivo mostraram que essas telas tém menor
resposta imunoldgica e maior grau de fibroplasia, sem sinais de sensibilizacéo e
reacoes alérgicas (PIASECKA-ZELGA et al., 2018).

Bodin et al. (2010) criaram um andaime de celulose bacteriana semeados
com células-tronco derivadas de urina humana para formar um conduto para uso
em desvios urinarios. O andaime era microporoso e foi produzido em formato

tubular, as células-tronco derivadas da urina foram semeadas no andaime sob


https://pubmed.ncbi.nlm.nih.gov/?term=Piasecka-Zelga+J&cauthor_id=29782983

19

condigfes estaticas e dinamicas, cultivadas por duas semanas e induzidas a se
diferenciar em células uroteliais e musculares lisas. As células uroteliais e
musculares lisas formaram multicamadas na superficie do andaime de celulose
bacteriana e algumas células se infiltraram no andaime. Além disso, andaimes de
celulose bacteriana contendo as ceélulas-tronco derivadas da urina foram
implantados em camundongos, e as células foram rastreadas usando coloracéo
imuno-histoquimica para antigeno nuclear humano. In vivo, as células pareceram
se diferenciar e expressar marcadores uroteliais e para células musculares lisas.
Concluiram o estudo dizendo que andaimes de celulose bacteriana semeados
com células sdo promissores para uso em condutos urinarios projetados através
da engenharia de tecidos para reconstrucao urinaria.

A celulose bacteriana vem sendo estudada como um material promissor na
odontologia, Koike et al. (2019) fizeram um estudo em 12 coelhos brancos
japoneses criando um defeito 6sseo frontal e dividindo-os em trés grupos, um
grupo tratado apenas com enxerto de celulose bacteriana (CB), um grupo tratado
com proteina morfogenética 2 (BMP-2) e um grupo tratado com celulose
bacteriana carregada de proteina morfogenética 2 (BC + BMP-2). O volume 6sseo
recém-formado foi calculado por meio da avaliacdo de coloracdo de hematoxilina-
eosina. Os niveis de antigeno nuclear de células em proliferacéo e osteocalcina
foram determinados por imuno-histoquimica. Todos os indices medidos do grupo
BC+ BMP-2 foram significativamente superiores aos dos outros grupos. A celulose
bacteriana manteve o espaco do enxerto e liberou BMP-2 de forma sustentada,
promovendo a formacdo 6ssea ideal. A combinacdo BC+BMP-2 melhorou a
regeneracao 0ssea e se mostrou promissora como um meio Util de aumento 6sseo
pré-implante dentario clinico no seio maxilar.

A CB também foi estudada como dispositivo de liberacdo de farmacos,
Silva et al. (2014) realizaram um estudo em que membranas de celulose
bacteriana foram carregadas com sal de sodio de diclofenaco e glicerol como
plastificante, estudos de difusdo in vitro foram realizados usando membranas
epidérmicas humanas e mostraram que a incorporacdo de diclofenaco em
membranas de CB forneceu taxas de permeacdo semelhantes as obtidas com
adesivos comerciais. Este perfil de liberagéo, juntamente com a facilidade de

aplicagéo e a preparagdo e montagem simples das membranas carregadas com
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o farmaco, indicaram as enormes potencialidades do uso de membranas de CB
para administracdo transdérmica de diclofenaco.

Apesar de existirem estudos utilizando a CB, existem poucos a respeito da
avaliacdo de ceélulas inflamatérias envolvidas, como os tipos de linfocitos e a
presenca de macréfagos no processo de biointegragcdo e/ou rejeicdo dos
implantes. Neste cenario, o presente estudo investigou in vivo os tipos de linfocitos
e macroéfagos envolvidos na resposta inflamatoria gerada pela membrana de CB,
assim como a sua repercussao sistémica através de testes bioquimicos e de

estresse oxidativo.

3. OBJETIVOS

3.1. Geral

O objetivo desse trabalho foi avaliar a resposta inflamatéria gerada pela

membrana de CB (MCB) implantada intraperitonealmente em ratos Wistar.
3.2. Especificos

v' Verificar a viabilidade da MCB como bioimplante.

v' Verificar a toxicidade sisttmica da MCB por meio de analises
hematoldgicas, bioguimicas e de estresse oxidativo no sangue, soro,
plasma e 6rgaos dos animais experimentais.

v Verificar se a MCB € inerte ao local de implante ou néo.

<

Verificar a reacao inflamatéria ao redor do implante.

v' Determinar a expressao de VEGF no sitio de implante da MCB pela técnica
de imuno-histoquimica.

v" Verificar os tipos de linfécitos (T ou B) e macréfagos envolvidos no sitio de
implante por meio da técnica de imuno-histoquimica.

v Tipificar as fibras colagenas tipo I, Ill e IV envolvidas no processo de
implantacdo da MCB por métodos imuno-histoquimicos.

v' Determinar a expressdo de alfa-actina de musculo liso pelos

miofibroblastos presentes no processo pela técnica de imuno-histoquimica.
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Abstract

Bacterial cellulose (BC) has been used for various applications; however, studies
investigating the immunohistochemical characteristics of the inflammatory and
scarring component in BC implanted in the peritoneum in vivo have not yet been
fully described. This study aimed to evaluate the systemic and organic safety of
BC through oxidative stress, blood, and serum biochemical markers, as well as the
late  inflammatory response in rats, using histopathology and
immunohistochemistry. Forty-three rats (26 males; 17 females) received BC in the
peritoneal cavity (implanted group—IG), while twenty-seven rats (12 males; 15
females) served as the control (sham group—SG). Sixty days after surgery,
oxidative stress in tissues, blood biochemical markers, and histopathological and
immunohistochemical analyses for lymphocytes, macrophages, collagen, and
vascular response around the BC were assessed. Only one oxidative stress
marker, glutathione peroxidase, was elevated in the liver of IG rats. Creatine kinase
MB and lactate dehydrogenase levels were significantly lower in IG animals.
Histopathological analysis showed granulomatous inflammation in 93% of IG rats,
with 74% of mild intensity. Immunohistochemistry revealed a significant
macrophage presence (F4/80), with CD3, CD20, and F4/80 markers indicating
differences favoring macrophages. In conclusion, BC implantation in the
peritoneum induces a foreign body granulomatous response with prominent
macrophage presence (F4/80). Type | and Il collagen were observed around the
membrane, and vascularization was intense 60 days post-implantation. From a
biochemical and oxidative stress perspective, BC seems to be a safe material to

be used in the peritoneal cavity.

Keywords: bacterial cellulose; peritoneal; immunohistochemistry; oxidative

stress; rat
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1. Introduction

Bacterial cellulose (BC), also known as microbial cellulose or biocellulose,
Is produced by aerobic bacteria, Gluconacetobacter species, as a key component
of their biofilms [1]. Particularly, cultures of Gluconacetobacter xylinus produce
biofilms composed of pure, non-toxic cellulose [1,2]. These bacteria secrete
cellulose in the form of nano/microfibrils, which fuse into larger cellulose ribbons.
In static cultures, these ribbons and associated cells form a floating nanofibrillar
film that allows non-motile bacteria to thrive in the oxygen-rich surface layer of the
growth medium [2].

Unlike plant cellulose, BC is pure, free from lignin, hemicellulose, pectin,
and other plant compounds, and contains no animal-derived components. It also
exhibits superior mechanical properties compared to plant cellulose [3,4]. Studies
suggest that BC is non-toxic, does not provoke inflammation, and does not induce
oxidative stress at the cellular level [5,6].

Bacterial cellulose (BC) has several key features, including biocompatibility,
bio functionality, lack of toxicity, and ease of sterilization [1]. Studies have shown
that BC retains humidity, preventing dehydration, traps carbon dioxide produced
during the tricarboxylic acid cycle, and aids in bacterial buoyancy. This allows
bacteria to survive in an aerobic environment [7].

Biocompatibility is defined as “the ability of a material to elicit an appropriate
host response in a specific application” [8]. The biocompatibility and
hemocompatibility of BC have been demonstrated in both in vitro/vivo studies.
Generally, BC is considered highly biocompatible, provoking at most a moderate
foreign body response, as observed in a dog study [8,9]. The BC membranes can
also promote autolytic debridement, reduce pain, and accelerate granulation,
facilitating effective wound healing [10,11]. Additionally, BC has high purity,
flexibility, crystallinity density, tensile strength, water retention capacity, and a
greater surface area compared to plant cellulose [2,11]. These properties make
BC valuable in various industries, including in artificial fur production, cosmetics,
and the food industry [12,13].

Several types of BC have been developed for diverse applications, such as
vascular grafts, drug delivery systems, tissue regeneration, and scaffolds for tissue

engineering in both in vitro/vivo settings [14,15,16]. Cellulose-based dressings
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have been explored in a variety of uses, such as artificial blood vessels, artificial
bone, artificial cartilage, cancer treatment, artificial cornea, artificial meninges,
wound treatment (including traumatic lesions, dehorning in bovines, diabetic
wounds and pressure ulcers, venous statis, and ischemic wounds)
[17,18,19,20,21,22,23,24,25,26,27].

Researchers are developing systems that replicate the complex,
hierarchical structures of native tissues using both synthetic polymers and natural
biopolymers, often at the nanoscale. The cellulosic nanofibril network in BC
provides a biomaterial with high mechanical strength and excellent water retention
[2].

Although BC has been extensively studied in vitro and in vivo, there is
limited research on the inflammatory process it induces, including the roles of
lymphocytes and macrophages in bio integration or implant rejection.

This study aimed to evaluate the systemic safety and potential toxicity of BC
membranes implanted intraperitoneally in Wistar rats. We assessed biochemical
and oxidative stress markers in blood and organs. The inflammatory response to
the implanted BC membrane was analysed using histopathology and
immunohistochemistry, focusing on the identification and quantification of
lymphocytes (CD3 and CD20) and macrophages at the implant site. We also
examined collagen types and measured vascularization (smooth muscle alpha-
actin) at the implant site to determine the viability of BC as bioimplant.

The inflammatory response to the implanted BC membrane was evaluated
using histopathology and immunohistochemistry techniques, including the
identification and quantification of lymphocytes (CD3 or CD20) and macrophages
at the implant site. Additionally, collagen fibers were typed, and vascularization
(smooth muscle alpha-actin) at the implant site was measured, thus verifying the

viability of BC as a bioimplant.

2. Materials and Methods

2.1. Bacterial Cellulose Membrane

Bacterial cellulose membranes were produced by

cultivating Gluconacetobacter xylinus ATCC 53582 in Hestrin & Schramm medium
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using 24-well cell culture plates. Each well was inoculated with 1 mL of a culture
containing approximately 10® CFU. Membranes with an approximate thickness of
2 mm were grown for 4 days at 30 °C in static culture. After cultivation, membranes
were washed overnight in 2% SDS, rinsed with distilled water until SDS removal,
and then immersed in 1 M NaOH, under agitation at 60 °C for 1.5 h. The
membranes were subsequently autoclaved in phosphate-buffered saline (PBS), at
121 °C for 15 min and stored at 4 °C [28].

2.2. Animals and Procedure

This study was approved by the Ethics Committee on Animal Use (CEUA)
of the School of Veterinary Medicine and Animal Science, Sdo Paulo State
University (UNESP) (protocol code 226/2021) and adhered to the National Council
for the Control of Animal Experimentation (CONCEA—-Brazil) guidelines. Seventy
Wistar rats (approx., 150 g, both sexes) were randomly divided into an implanted
group (IG, 43 rats) and a sham group (SG, 27 rats) (Supplementary Material). The
animals were housed individually with ad libitum access to water and food and
were maintained at 23 + 2 °C with a 12 h light/dark cycle.

Anesthesia was induced with a combination of xylazine hydrochloride
(Anasedan—Ceva®;, 7 mg/kg), ketamine hydrochloride (Dopalen—Ceva®; 80
mg/kg), and tramadol hydrochloride (Hipolabor®, 3 mg/kg) via intramuscular
injection.

The abdominal region was trichotomized and disinfected. A ventral median
celiotomy, with a retro-umbilical incision, was performed in order to access the
abdomen. After skin and subcutaneous incisions, a 1 cm incision was performed
along the linea alba. The abdominal wall was then pulled to expose the parietal
peritoneum, using rat tooth forceps. A membrane with 1 x 0.5 cm was fixed to the
middle third of the parietal peritoneum of the right abdominal wall with a simple
isolated suture, using a black monofilament 5-0 nylon thread and a 2.5 cm CTI 3/8
tri-faceted needle (Supermedy®). The suture involved the parietal peritoneum and
the rectus abdominis muscle, and did not involve the fascia of the muscle. The
distance from the incision line to the membrane implantation site was 1 cm, so that
the healing of the abdominal wall would not compromise the implanted region. The

abdominal muscles and skin were closed using simple interrupted sutures, with a
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black monofilament 5-0 nylon thread and a 2.5 cm CTI 3/8 tri-faceted needle
(Supermedy®), and the BC was surgically implanted at the right abdominal wall.
The abdominal wall and the skin were sutured with simple separated stitches. The
animals in the sham group received the same procedure detailed above, but
without implanting the BC. The harvest site for this group was the site where the

nylon thread was sutured to the peritoneum in the abdominal wall.

2.3. Biochemicals Tests and Oxidative Stress

Whole blood samples were collected in heparinized syringes and stored in
tubes containing EDTA (for oxidative stress analysis), and in tubes without
anticoagulants for biochemical examination (serum). Serum biochemical analyses
were conducted using commercial kits from Roche Diagnéstica® and Bioclin® to
measure albumin, ALT, AST, urea, creatinine, creatubeOjubase MB (CK-MB),
lactate, and lactate dehydrogenase (LDH), following the manufacturer’s protocols.

Oxidative stress was evaluated in blood, plasma, and tissues (liver and
kidney). The tissues were segmented, and 250 mg of tissue was mixed with 1.5
mL of 1.15% KCI solution. The tissue was then sonicated using a Sonics Vibra-
Cell® Ultrasonic Atomizer for two cycles of 30 s at 35% intensity, forming the
homogenate sample, being stored at =80 °C until analysis.

Reduced glutathione (GSH) determination was performed by quantifying
total thiols based on the Ellman method (1959) [29]. For this, 150 pL of whole blood
was hemolyzed with 100 pL of Triton X-100 and precipitated with 100 uL of 30%
trichloroacetic acid. The samples were centrifuged, and the supernatants were
diluted in 1 M potassium phosphate buffer pH 7.4 and reacted with 10 mM 5,5'-
dithiobis-2-nitrobenzoic acid (DTNB), forming a yellow complex, which was
evaluated in a spectrophotometer at 412 nm. A calibration curve with GSH was
generated to calculate the GSH concentration. The results were expressed in
mM/mL blood. For the homogenate, the method followed the same steps, except
for hemolysis. The results are expressed in mM/g tissue.

The activity of the antioxidant enzyme GPx was determined in whole blood
and homogenate, based on NADPH oxidation. The blood (or homogenate) was
diluted in a solution containing reduced glutathione, glutathione reductase,
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NADPH, sodium azide, and 70 pL of H202 [30]. GPx activity was monitored for two
minutes at 340 nm. By measuring the decay of NADPH absorbance, GPx activity
was determined, proportional to NADPH consumption. The data were expressed
in umol NADPH/min or umol NADPH/min/g tissue.

The method for evaluating catalase (CAT) activity was based on the
decomposition of H202 by the enzyme over three minutes, monitored at 240 nm
[31]. A 20 uL aliquot of whole blood or homogenate was diluted in 50 mM
potassium phosphate buffer pH 7.0, and 70 pL of H202 were added to start the
reaction. A variation constant (k) was used to express the activity values in blood
(k/min or k/min/g tissue).

Lipid peroxidation in plasma or homogenate was evaluated using
thiobarbituric acid reactive substances (TBARS), adapted from the methodology
of Ohkawa, Ohishi, Yagi (1979) [32]. For this, 150 uL of the sample was mixed with
50 pL of 3 M NaOH and incubated at 60 °C for thirty minutes. Subsequently, 500
pL of 6% HsPOa4, 500 pL of 0.8% thiobarbituric acid (TBA), and 100 pL of 10%
sodium dodecyl sulfate (SDS) were added, and the samples were incubated at 80
°C for one hour. Peroxidized lipids reacted with TBA to form a pink compound,
which was measured using a spectrophotometer at 532 nm. A calibration curve
was generated using malondialdehyde as the standard to calculate TBARS
concentration. The results were expressed in pmol/mL of plasma or pumol/g of

tissue.

2.4. Histopathology and Immunohistochemistry (IHC)

Sixty days after surgery, samples of BC, heart, liver, and kidneys were
evaluated using histopathological techniques. The tissue slices were stained with
hematoxylin and eosin staining (HE) and examined under light microscopy.

The samples were evaluated in normal or altered tissue and classified as
degenerative, necrotic, or inflammatory in four categories: absent (normal tissue),
mild (until 15% of the tissue was compromised), moderate (until 50% was
compromised tissue), or severe/intense (up to 75% of the sample compromised).
In the inflammatory case, foreign body giant cells, fibrosis, and vascularization

were compiled as explained above.
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The inflammatory process was classified as: neutrophilic, with a
predominance of neutrophils without signs of infection; mononuclear, with a
predominance of lymphocytes, plasmocytes, monocytes, and macrophages;
granulomatous, with the presence of foreign body giant cells granuloma;
pyogranulomatous, with the presence of neutrophils, macrophages, and giant cells
in the same sample; and eosinophilic, with a predominance of eosinophils at the
inflammatory site.

The antigen retrieval for CD3, CD20, and F4/80 antibodies was made with
TRIS EDTA pH 9.0 in Pascal (Dako Denmark A/S), and collagen I (Cl), collagen 1lI
(CIll), collagen IV (CIV), alpha smooth muscle actin (a-SMA) with citrate pH 6.0 in
Pascal (Dako Denmark A/S). The next reactions used Envision Flex High pH Link
K 800021-2 (Dako), following the data sheet instructions. The slices were
counterstained with Harris hematoxylin and evaluated under light microscopy.

The negative control was performed by replacing the primary antibody with
the antibody diluent, while the positive control used 4 um sections of rat lymph
node subjected to the same procedures.

Lymphocytes CD3 type were detected with Dako polyclonal antibody
(A0452), 1:500 dilution; CD20 lymphocytes were marked with SpringBioscience
polyclonal antibody, 1:200 dilution; and for F4/80 antibodies, the Abcam
monoclonal antibody (ab300421), 1:5000 dilution, was used.

Collagens |, lll, and IV were marked with Abcam polyclonal antibody
(ab254113), 1:200 dilution; Abcam polyclonal antibody (ab7778), 1:300 dilution;
and Abcam polyclonal antibody (ab6586), 1:300 dilution, respectively. Finally,
alpha smooth muscle actin (a-SMA) was detected with Dako monoclonal antibody
(M0851), 1:1000 dilution.

The reactions were evaluated as positive or negative accordingly the
specifications of the manufacturers.

For lymphocytes CD3, CD20, and macrophages F4/80, all the cells with
positive reactions were counted for each kind of cell. For the analysis of collagens,
[, I, IV, and a-SMA, the staining reactions around the BC tissue were evaluated.

The data were recorded in a Microsoft Excel spreadsheet.
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2.5. Statistical Analysis

For the biochemical and oxidative stress markers, student’s t-test was applied to
verify differences between the groups. Values of p< 0.05 were considered
significant. The results were analysed using Statistica® 8.0 and GraphPad
Prism® 5 software.

Histopathological evaluations used descriptive analysis for all assessed
parameters. Results were expressed as percentages, frequencies, and means for
each variable, and presented in tables and/or graphs.

For immunohistochemistry of antibodies CD3, CD20, and F4/80, due to the
variation in the number of histological field readings per animal, the data were
normalized and compared considering the total number of cells in each
comparison. The following equation was used to standardize the data:

relative % of cells per animal= (cell n° per animalx100)

total n® of cells

Data underwent logarithmic transformation and were assessed for normal
distribution using the Shapiro—Wilk test and quantile-quantile (Q-Q) plots (of the
residuals) [33].

Comparisons between the means of the implant (IG) and sham (SG) groups
for CD3 and F4/80 cell types were conducted using an unpaired t-test. For CD20
lymphocytes, the Mann—Whitney test was used [33].

Comparisons of means between IG and SG for all three cell types (CD3,
CD20, and F4/80) were performed using conventional ANOVA with Tukey’s
adjustment and Welch’s ANOVA with Games—Howell adjustment, respectively.
Statistical significance was set at p < 0.05. All analyses were conducted using
GraphPad Prism (version 8.0.1).
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3. Results and Discussion

The animals tolerated the surgical procedures well, and the analgesic
protocol was effective. Over the 60-day postoperative observation period, no
complications were noted. Macroscopically, there were no visible changes
indicating any adverse reaction to the BC and/or the nylon thread (Figure 1).

Figure 1.(A). Bacterial membrane implantation. The arrow indicates the

membrane sutured to the animal’s peritoneum, 60 days after surgery. (B). The
arrow indicates the nylon thread sutured in the peritoneum (sham), 60 days after

surgery.

3.1. Oxidative Stress

The results of TBARS and GSH are reported in Figure 2A,B, respectively.
No statistically significant differences were observed between the implanted and
sham groups in either blood or tissue samples (liver and kidney). This finding
suggests that the use of the BC membrane did not induce lipid peroxidation, as
indicated by TBARS, or a decrease in the antioxidant GSH.
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Figure 2. Concentration of (A) thiobarbituric acid reactive substances (TBARS)
and (B) reduced glutathione (GSH) in liver, kidney, and plasma or blood,

considering the sham group and the implanted group with the bacterial cellulose

membrane. Data are expressed as mean + standard deviation.

Regarding the antioxidant enzymes, the activities of catalase (CAT) and

glutathione peroxidase (GPx) are reported in Figure 3A,B, respectively. An

increase in GPx activity was observed in the liver of rats implanted with the BC

membrane compared to the sham group (p < 0.05). On the other hand, GPx activity

in the implanted group remained similar to the sham group in the kidney and blood,

as did CAT activity in both tissues and in the blood.
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Figure 3. Activity of (A) catalase (CAT) and (B) glutathione peroxidase (GPx)
in liver, kidney, and blood, considering the sham group and the implanted
group with BC. The data are expressed as mean + standard deviation. Note:
* p < 0.05 compared to the sham group.

The excessive production of free radicals and reactive oxygen and nitrogen
species (ROS and RNS) results in a condition known as oxidative stress, which
can cause damage to lipids, proteins, and DNA [34]. In this study, based on the
evaluated markers, no lipid damage was observed, as TBARS concentrations
remained similar in both groups. However, there was a change in the activity of
one of the evaluated enzymes. Given that only one parameter was altered in a
specific organ, we suggest the possibility of hepatic toxicity via an oxidative stress
mechanism, but at a molecular level. The bacterial cellulose membrane, being a
foreign material to the organism, may have induced an increase in the production
of ROS and RNS. Another possibility is that these reactive species may have been
produced in response to chronic inflammation [35].

Chronic oxidative stress can result from long-term exposure to factors such
as radiation, pollution, inappropriate diet, or exposure to xenobiotics, which can
damage and alter hepatic cells. The observed increase in GPx activity may
represent an adaptive cellular response to continuous oxidative stress. Another

plausible explanation for the elevated GPx activity in the implanted group could be
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the extended duration of anesthesia required for the surgery, given that the drugs

used are metabolized hepatically.

3.2. Biochemical Tests

The results of liver and kidney functions are presented at Figure 4. The
results demonstrate the proximity between the absolute mean values of the
implanted and sham groups in the measured parameters (ALT, AST, creatinine,
and urea). Similarly, the statistical test (Student’s t-test) showed p-values > 0.05 in
all analyses between the groups, indicating no statistical differences, with similarity
in means, underscoring the safety of using BC as a biomaterial. Comparatively,
Jeong et al. (2010) evaluated male mice that received an intraperitoneal injection
of BC nanofibers, with subsequent biochemical analyses of ALT, AST, and
creatinine showing no significant alterations between the animal groups,

corroborating our findings. These facts highlight the non-toxicity of BC [36].
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aminotransferase) and AST (aspartate aminotransferase) and
kidney markers creatinine and urea. Data are expressed as

mean + standard deviation.

Serum results for cardiac and inflammatory markers can be observed
at Figure 5. The results of albumin and lactate denote similarity in the mean values
between the implanted and sham groups. On the other hand, CK-MB and LDH
show statistical significance, with 1G exhibiting reduced serum mean compared to
SG (p < 0.05). The sham group did not receive the peritoneal bioimplant but
underwent the entire surgical procedure. This group exhibited higher serum mean
compared to the implanted group, which received the BC membrane implant. The
data support the safety of using BC as a biomaterial since the 1G showed lower
serum means in cardiac and inflammatory assessment parameters, even though
both groups were subjected to the same surgical procedure. The analytes CK-MB
and LDH revealed elevated serum means in both groups; however, SG exhibited

an even higher serum mean than I1G.
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Figure 5. Box-plot of biochemical parameters between sham and implanted
groups, considering albumin, creatine kinase MB (CK-MB), lactate, and lactate
dehydrogenase (LDH). Data are expressed as mean + standard deviation. Note:

* p < 0.05 compared to the sham group.
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Expanding on the application of BC in veterinary medicine, Zharikov et al.
(2018) conducted tests by implanting a bacterial nanocellulose membrane in five
dogs, aiming to repair inguinal hernias. The study was divided into two phases.
The first phase involved analysing results at 14 days after the anterior abdominal
wall received the fixed bacterial nanocellulose membrane. The second phase
involved a comparative analysis at 60 days following the simulation of the hernia
defect, where the midline of the abdomen was incised, and grafts of bacterial
nanocellulose and polypropylene mesh were applied. Subsequent visual and
histological analyses showed that the grafts demonstrated biointegration with the
tissue, and no infection related to the use of bacterial nanocellulose was found.
These findings, combined with the results of this research, support the use of BC

as a new biomaterial to be used within the peritoneal cavity [9].

3.3. Histopathology

Heart, liver, and kidneys did not present significant anatomopathological
changes, corroborating the results found in biochemical and oxidative stress tests.

The predominant type of inflammation in the implanted group was a
granulomatous, foreign body type, occurring in 40 (93%) animals, followed by
pyogranulomatous in two (5%) animals and chronic mononuclear inflammation in
one (2%) of the rats. In the sham group, 19 (70.5%) individuals presented chronic
inflammation of the mononuclear type, and six (22%) of the granulomatous type,
whereas two (7.5%) animals did not present signs of an inflammatory process

(Figure 6 and Figure 7) (Supplementary Material).
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Figure 6. Type of inflammatory infiltrate observed in the implanted and
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Figure 7. Histopathological grades of inflammation observed in animals in

the sham group. (A). Grade 1 (mild) inflammatory process at 40x
magnification. HE, 4x objective. (B). Detail of the inflamed region at 400x
magnification. HE, 40x objective. (C). Grade 2 (moderate) inflammation at
40x magnification. HE, 4x objective. (D). Detail of the inflamed region at
400x magnification. HE, 40x objective.
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The inflammatory cells observed in both groups were lymphocytes,
macrophages, and foreign body giant cells. Two pyogranulomatous processes
were observed in the IG, probably due to some individual predisposition or some
intra-operative factor.

Figure 7 illustrates the main inflammatory alterations observed in the sham
group.

Regarding the intensity (degree) of inflammation, in the implanted group, 32
(74%), 8 (19%), and 3 (7%) were classified as mild, moderate, and intense,
respectively. In the sham group, 2 (7.4%) animals were classified as having zero
(absence) inflammation, 20 (74%) as having a slight degree, 4 (15%) as having a
moderate degree, and 1 (3.6%) as having an intense degree of inflammation

(Figure 7 and Figure 8).

Inflammation grade of each group
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Figure 8. Degree of inflammatory infiltration observed in the implanted

groups and sham groups.

In the implanted group, 75% and 19% of the animals had discrete (degree
I) and moderate (degree Il) inflammatory reactions, respectively. This differed from
a previous study in which even at 90 days post-operation, there was a
predominance of moderate inflammatory reactions. One hypothesis for this
difference may be due to location of implantation and the animal species, since
BCs were implanted in the subcutaneous tissue of mice in the previous study,
instead of in the peritoneum of rats, as in this case [37].

Our findings are consistent with the results of Zharikov et al. (2018), who

also evaluated inflammatory responses in a similar context. In their study,
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conducted with dogs, they reported the presence of mononuclear cells, including
lymphocytes, macrophages, and giant cells, 60 days post operatively [9]. This
observation aligns with our study’s results where similar inflammatory cell types
were detected in response to BC membrane implantation. These similarities
suggest that the inflammatory response to BC membranes may be consistent
across different animal models

Regarding the presence of foreign body giant cells, in the sham group, giant
cells were observed in six (22%) cases, since granulomatous inflammations were
present in this group. In the implanted group, 42 (98%) had giant cells. It is worth
mentioning that foreign body giant cells are part of foreign body granulomatous
inflammation, and this result is expected for this pattern of inflammation (Figure
7).

This same cell type has also been found in other studies, such as in Maia
etal., (2018) and Zharikov et al. (2018), even though these studies were conducted
with different animal species and tissues. In this sense, these findings reinforce
our results from the point of view of inflammatory reaction and the biocompatibility
of the BC [9,38].

The vascularization in the individuals of the sham group was as follows: 2
(7,0%) animals of grade zero (absent), 17 (63%) mild, 4 (15%) moderate, and 4
(15%) intense. Regarding the IG, the numbers were: zero (0%), 23 (53.5%), 11
(25.5%), and 9 (21%), for grades zero to three, respectively (Figure 7).

The degrees of fibrosis for the animals of the sham group were: zero (0%),
18 (66.5%), 7 (26%), and 2 (7.5%), of degrees zero to three, respectively. In
comparison, in the IG group, it was observed: zero (0%), 37 (86%), 4 (9%), and 2
(5%) animals for grades zero to three, respectively (Figure 7 and Figure 9).
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Figure 9. Degree of fibrosis observed in implanted groups and sham

groups.

The degrees of inflammation observed in the histopathological analyses of the
animals in the group experimentally implanted with bacterial membranes are

detailed in Figure 10.

Figure 10. Histopathological grades of the inflammations observed in
animals in the group implanted with the bacterial cellulose membrane (*).
(A). Grade 1 inflammatory process at 40x magnification. HE, 4x
objective. (B). Detail of the inflamed region at 400x magnification (b). HE,
40x objective. (C). Grade 2 inflammation, that should be observed in
comparison to A. HE, 4x objective. (D). Higher magnification of the same
region (d). HE, 40x% objective. (E). Membrane implantation site with grade
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3 inflammation. HE, 4x objective. (F). 400x magnification of grade 3

inflammation (f). HE, 40x objective.

Although it was not one of the aims of this study, the presence of adhesions
with the abdominal viscera was minimal, which is desirable for implants of this
nature.

About biocompatibility, it was observed that the BC causes a granulomatous
reaction of the foreign body type, with a predominance of discrete inflammatory
reactions (32/43—74%—grade ). Despite not being entirely desirable, this fact
does not exclude the possibility of the use of BCs as a bioimplants, as the
inflammatory process tends to decrease with time and is influenced by the tissue
that receives the BC [9,23,38]. In addition, it encourages future studies aimed at
producing BC-based medical biodevices.

BC can also accelerate the epithelialization process and prevent infections.
Furthermore, biocomposites of these membranes have the potential to regulate
cell adhesion, which is an important feature for scaffolds and grafts
[22,39,40,41,42].

After 12 weeks of bacterial cellulose implantation in Wistar rats, it was
observed that no fibrotic capsules or giant cells were detectable by microscopy,
indicating that no foreign body reaction occurred. Additionally, macroscopically, no
redness, swelling or exudate developed around the implantation sites [8].

Lee et al. (2015) compared collagen and bacterial cellulose membrane
grafts in rats. The response of BC membrane showed significantly higher
mechanical properties than collagen membrane, such as wet tensile strength.
Bacterial cellulose (BC) membrane also represented a three-dimensional
multilayer structure, cross-linked by nanofibers with 60% porosity. In the in vivo
study, the grafted BC membrane did not induce an inflammatory response and
maintained an appropriate space for bone regeneration [43].

Nimeskern (2013) and Martinez (2014) investigated the use of bacterial
cellulose in ear cartilage tissue engineering in vitro and in vivo in rabbits,
respectively. These authors concluded that BC has the ability to achieve
mechanical properties of relevance for auricular cartilage replacement, due to its
similarity to the auricular cartilage in terms of mechanical strength and host tissue

response [20,44].
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Pértile et al. (2012) implanted BC in the subcutaneous tissue of mice and
stated that it is biocompatible [31]. Zharikov et al. (2018) studied five dogs to
investigate whether an anterior abdominal wall defect could be repaired using
compact (99.9%) moist BC membranes, produced by the symbiotic culture
of Medusomyces gisevii. The abdominal wall defect was simulated by midline
laparotomy and the membrane was then fixed. The materials were collected at 14
and 60 days postoperatively. Bacterial cellulose (BC) exhibited good fixation to the
anterior abdominal wall to form, on the 14th day, a loose fibrin capsule around the
membrane. Repair processes were observed at the BC site 60 days after surgery,
generating new and stable conjunctive tissue elements (macrophages, giant cells,
fibroblasts, fibrin), neo capillaries, and collagen elements. This generated a dense
postoperative scar whose intraperitoneal adhesions to the bowel loops were
insignificant [9].

The presence and intensity of fibrosis can lead to regeneration or rejection
of the biomaterial. In addition, the microenvironment of the region in which the
membrane will be placed also plays an important role in the acceptance or rejection
of the BC [45,46].

3.4. Immunohistochemistry (IHC) CD20, CD3 e F4/80

This study seems to be the first one regarding typing and quantifying the
lymphocytes and macrophages that participate in the inflammatory process related
to BC.

Cell counts for positive CD3 (T lymphocytes), CD20 (B lymphocytes), and
F4/80 (macrophages) were performed in all animals, both in the implanted and the
sham group. For the CD3 antibody, the mean +/- standard deviation was 1.987
(+/-1.663) in the implanted group and 1.095 (+/- 1.153) in the sham group (Figure
11A).
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Figure 11. (A, B) Mean (+/- SEM) percentage of CD3 and CD20 lymphocytes,
respectively, between the implanted and sham groups. (C) Median (Max—Min)
percentage of macrophages between the implanted and sham groups. Statistical

differences (p < 0.05) are indicated within each group by lowercase letters.

For B lymphocytes (CD20), the mean +/- standard deviation was 1.207 (+/-
0.9788) in the implanted group and 0.5422 (+/- 0.6211) in the sham group. Since
the data did not meet the normal frequency distribution, the medians (Q1-Q3) were
used, with the median for IG being 0.9466 and for SG being 0.2151 (Figure 11B)
(Supplementary Material).

The statistical analysis of the macrophage count (F4/80) revealed that the
mean +/- standard deviation was 2.047 (+/- 0.9449) in the implanted group and
1.406 (+/- 1.117) in the sham group. Therefore, there was a significant difference
in the number of macrophages between the IG and SG groups (p < 0.05) (Figure
11C).

When comparing the results obtained intragroup for the three antibodies
(CD3, CD20 and F4/80), the following averages were obtained in IG: CD3 0.9092
(+/-0.8741), CD20 0.5834 (+/- 0.9511) and F4/80 1.624 (+/- 0.7498). This shows
a significant difference in the number of macrophages versus T and B
lymphocytes; however, there was no difference between the types of lymphocytes
(p <0.05) (Figure 12).
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Figure 12. Mean (+/- SEM) percentage of T and B
lymphocytes, as well as macrophages, in the implanted group
and sham group. Statistical differences are indicated by
different uppercase letters (p < 0.05).

In the sham group, the averages were: CD3 1.068 (+/- 1.098), CD20 0.4549
(+/- 0.6545) and F4/80 2.760 (+/- 2.847), with a significant difference between the
number of macrophages and both types of lymphocytes. There was no difference
between the number of types of lymphocytes (p < 0.05) (Figure 12).

The immunohistochemical staining pattern of the two antibodies can be
seen in Figure 13 and Figure 14.
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Figure 13. BC implantation site. Immunohistochemical staining for CD20. Positive

staining of B lymphocytes around the membrane (arrows).

Figure 14. BC implantation site. Immunohistochemical staining for CD3. Positive

staining of T lymphocytes around the membrane (arrows).
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3.5. Immunohistochemistry (IHC) Type I; lll and IV Collagens and a-SMA

Similarly to the immunohistochemistry of inflammatory cells, this seems to
be the first study to identify the types of collagens and vascularization in the
reaction process generated by BC.

There was no positive staining for collagen IV in all samples tested, as
required by the immunohistochemistry protocol. Positive and negative controls
were included in the ztest batteries and were duly verified, confirming the reactions
described above.

The analysis of reactivity for collagen | (Cl) revealed positive staining in all
samples when the internal control was verified.

In the implanted group (IG) the immunohistochemistry for Cl exhibited a
moderate staining in 21 out of 26 animals (81%), while 5 (19%) showed intense
staining (Figure 15 and Figure 16). In the sham group, 17 out of 24 animals (71%)
demonstrated moderate staining for Cl, and 7 (29%) displayed intense staining
(Figure 15 and Figure 17).
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Figure 15. Percentage of staining and its respective intensities for
collagens | and Il in IG and SG, respectively.
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Figure 16. Degrees of staining for the collagen types and a-SMA in the
animals of the implanted group. (A). Observe moderate staining for Cl around
the membrane (arrow) (B). Observe discrete staining for Clll around the
membrane (arrow) (C). Observe absence of staining for CIV around the
membrane (arrow) (D). Observe intense staining of myofibroblasts and blood
vessels around the membrane (*). IHC for CI, CIlll, CIV, and a-SMA

respectively at 400x magnification, 40x objective.

Figure 17. Degrees of staining for collagens types and a-SMA in animals in the
sham group. (A). Note intense staining for Cl (arrows). (B). Note discrete
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staining for ClII (arrow). (C). Note absence of staining for CIV. (D). Note intense
staining of myofibroblasts and blood vessels around the suture point (*). IHC for
Cl, CllI, CIV and a-SMA at 400x magnification, 40x objective.

For collagen Il (ClII) analysis, out of 26 animals of the IG, 6 (23%) did not
present staining for the antibody, while 19 (73%) presented mild staining and 1
(4%) moderate staining (Figure 15 and Figure 16). In 16 (67%) animals in the
sham group, there was no staining in 16 samples (67%), while 7 (29%) presented
mild staining and 1 (4%) moderate staining, totalling 24 samples (Figure
15 and Figure 17). This result supports that Cl and CllI are respectively at 60 days
after the implantation the major type of collagen around BC.

In the alpha smooth muscle actin (a-SMA) analysis, for the evaluation of
late vascularization around the membrane, the intense degree was more frequent
in the 1G, corresponding to 12 (46%) animals, followed by 9 (35%) mild and 5 (19%)

moderate staining (Figure 16 and Figure 18).
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Figure 18. Percentage of staining and its respective intensities for a-
SMA in the IG and SG, respectively.

In the sham group the alpha smooth muscle actin (a-SMA) analysis showed
moderate degree as the most frequent, present in 11 (46%) animals, followed by
9 (38%) mild and 4 (17%) intense (Figure 17 and Figure 18).
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It can be noted that even after 60 days of the surgical procedure,
vascularization in both groups remained present in a moderate to intense form in

most of the samples analysed.

4. Conclusions

Overall, both the biochemical and oxidative stress markers at the systemic
level suggest the safety of bacterial cellulose membrane for use as an
intraperitoneal bioimplant. Bacterial cellulose membrane induces a local
granulomatous inflammatory response, typical of a foreign body reaction, but
predominantly of mild intensity, which further supports its use as a biomaterial for
intraperitoneal implantation. The quantity of macrophages (F4/80) was significantly
higher than that of T lymphocytes (CD3) and B lymphocytes (CD20). Regarding
collagen fibres, type IV collagen was absent, while type | and Il were present. At
60 days post-operation, the vascularization around the membrane varied from
moderate to intense when assessed by smooth muscle alpha-actin staining. Based
on these findings, BC membrane is safe for use as a peritoneal implant. More
studies are necessary in bioengineering field to surface modifications of the BC to
improve the characteristics of biocompatibility.
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CAPITULO 3

1. CONSIDERACOES FINAIS

Neste estudo a membrana de celulose bacteriana gerou uma reacao
inflamatoria predominantemente do tipo corpo estranho, formando uma capsula
de tecido conjuntivo de intensidade leve ao redor da membrana aos 60 dias. A
nivel sistémico os marcadores bioquimicos e de estresse oxidativo sugeriram a
seguranca da membrana como um bioimplante, podendo a caracterizar como um
material com caracteristicas de biocompatibilidade e segura para o0 uso

intraperitoneal.
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ANEXO 1 - Atestado de aprovacéo do projeto pelo Comité de Etica de Uso Animal
(CEUA) — FMVZ/UNESP - Botucatu, SP.

UNIVERZIDACE EETADUAL PAULIETH ﬁ\.\;\ fmvz o unesp

u nes p% “IULES DE MESALUITA FILHO

Favuldade de Medicing Veterinara e dosteonia
Campus de Butucata

ATESTADO

Atesto gue o subprojeto intitulado “Estudo imuno-histoquimico da reacio
inflamatdria produzida pela celulose bacteriana implantada
experimentalmente no peritonio de ratos Wistar' faz parie do Projeto
“Estudo in vivo da reatividade inflamatdria da nanomembrana de celulose
bacteriana implantada experimentalmente no peritdnio de ratos Wistar®,
Protocolo CEUA 22612021, aprovado em 17 de novembro de 2021, a ser
conduzido por Alessandre Hataka, para fins de pesquisa cientifica, e encontra-
se de acordo com oS preceitos da Lei n® 11.794, de 8 de outubro de 2008, do
Decreto n® 6.899, de 15 de julho de 2009, e com as normas editadas pelo
Conselho Nacional de Controle de Experimentagcio Animal — CONCEA.

Botucatu, 23 de junho de 2022

JULIANY GOMES QUITZAN
Presidente da CEUA da FMVZ, UNESP - Campus de Botucatu
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ANEXO 2

Tabela 1. Classificacdo histopatoldégica dos animais implantados e Sham.
N Identif.  Tipo Inflamacao Grau CG Fibrose Vascul.
1 GMO1 Granulomatoso 1 1 1 3
2 GMO02 Granulomatoso 1 1 1 3
3 GMO03 Granulomatoso 1 1 1 3
4 GMO04 Granulomatoso 1 1 1 3
5 GMO05 Granulomatoso 1 1 1 2
6 GMO06 Granulomatoso 2 1 2 3
7 GMO7 Granulomatoso 1 1 1 1
8 GMO08 Granulomatoso 3 1 2 3
9 GMO09 Piogranulomatosa 3 1 3 3
10 GM10 Granulomatoso 1 1 1 2
11 GM11 Granulomatoso 1 1 1 2
12 GM12 Granulomatoso 2 1 1 3
13 GM13 Granulomatoso 2 1 1 3
14 GM14 Granulomatoso 1 1 1 2
15 GM15 Granulomatoso 1 1 1 2
16 GM16 Granulomatoso 1 1 1 2
17 GM17 Granulomatoso 1 1 1 2
18 GM18 Granulomatoso 1 1 1 1
19 GM19 Granulomatoso 2 1 1 1
20 GM20 Granulomatoso 1 1 2 2
21 GM21 Granulomatoso 1 1 1 2
22 GM22 Granulomatoso 2 1 1 1
23 GM29 Granulomatoso 1 1 1 1
24 GM30 Granulomatoso 1 1 1 1
25 GM31 Granulomatoso 1 1 1 1
26 GM34 Granulomatoso 1 1 1 1
27 GM38 Granulomatoso 1 1 1 2
28 GM39 Granulomatoso 1 1 1 1
29 GM41 Piogranulomatosa 3 1 3 2
30 GM42 Granulomatoso 1 1 1 1
31 GM43 Granulomatoso 1 1 1 1
32 GM44 Granulomatoso 1 1 1 1
33 GM45 Granulomatoso 2 1 1 1
34 GM46 Granulomatoso 1 1 1 1
35 GM48 Granulomatoso 1 1 1 1
36 GM49 Granulomatoso 2 1 2 1
37 GM50 Croénica 1 0 1 1
38 GM54 Granulomatoso 1 1 1 1
39 GM55 Granulomatoso 1 1 1 1
40 GM56 Granulomatoso 2 1 1 1
41 GM59 Granulomatoso 1 1 1 1



(o}
=

42 GM61 Granulomatoso
43 GM62 Granulomatoso

44 GS23 Crbnica
45 GS24 Ausente
46 GS25 Crobnica
47 GS26 Crobnica
48 GS27 Crobnica
49 GS28 Crobnica

50 GS32 Granulomatoso
51 GS33 Granulomatoso

52 GS35 Crbnica
53 GS36 Crobnica
54 GS37 Crbnica
55 GS40 Crbnica
56 GS47 Crobnica
57 GS51 Granulomatoso
58 GS52 Crbnica

59 GS53 Granulomatoso
60 GS57 Granulomatoso

NRPRPRPRONRRPRRREPNRPRRPRPPNWORRPRPRRPRPRRPLORRER
OO0OO0ORrROO0OO0OO0OORRPRORPROODOOORROOOOOOR R
NRPPRPWORRPRRPRPRREPNNRPRPENRPNORPRRPREPRPNNRNRR
NONRPRRWRRPRRPWOWWORNRPRRPORRPRREPRPRONRERERER

61 GS58 Crbnica

62 GS60 Croénico ativo

63 GS63 Crénico

64 GS64 Crobnica

65 GS65 Ausente

66 GS66 Croénico

67 GS67 Crobnica

68 GS68 Crbnica

69 GS69 Crobnica

70 GS70 Granulomatoso 1 1 1 1

* N = nimero do animal. Identif. = identificacdo do animal segundo o Grupo (G), onde
M é membrana e S é Sham. CG = Célula Gigante, V = vascularizacao.
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