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RESUMO

VOSS, Guilherme. Filme a base de polissacarideo carregado com vitamina
C e prépolis: um promissor dispositivo para acelerar a cicatrizacdo de
feridas diabéticas. 2019. 62f. Dissertacdo (Mestrado em Bioquimica e
Bioprospeccao) - Programa de Pés-Graduagdo em Bioguimica e Bioprospeccao,
Centro de Ciéncias Quimicas, Farmacéuticas e de Alimentos, Universidade
Federal de Pelotas, Pelotas, 2019.

A cicatrizacdo de feridas pode ser um processo doloroso e demorado em
pacientes com diabetes mellitus. Em vista disso, o uso de dispositivos de
cicatrizacdo de feridas pode ajudar a acelerar esse processo. No presente
estudo, filmes de celulose carregados com vitamina C (VitC) e/ou prépolis (Prop),
dois compostos naturais com propriedades farmacoldgicas atraentes, foram
projetados. Conforme avaliado, a VitC pode ser liberada de maneira controlada
dos filmes contendo celulose (Cel) e alcool polivinilico (PVA), tais como Cel-
PVA/VitC e Cel-PVA/NItC/Prop. Estudos de atividade antibacteriana in vitro
mostraram uma reducdo na contagem de bactérias (Escherichia coli e
Staphylococcus aureus) apés o tratamento com os filmes Cel-PVA/VitC, Cel-
PVA/Prop e Cel-PVA/VIitC/Prop. Além disso, as propriedades antibacterianas e
cicatrizantes dos filmes a base de celulose foram avaliadas em um modelo
animal de diabetes induzido estreptozotocina (STZ) (100 mg/kg). ApGs o periodo
de sensibilizagéo, os animais foram tratados com os filmes durante 15 dias. Os
camundongos diabéticos exibiram comprometimento da cicatrizacdo, enquanto
o tratamento com o filme Cel-PVA/ViItC/Prop aumentou a velocidade de
cicatrizacdo da ferida. Observou-se uma reducdo acentuada nas contagens
bacterianas presentes no ambiente da ferida de camundongos diabéticos apés
o tratamento com Cel-PVA/VitC, Cel-PVA/Prop e Cel-PVA/VitC/Prop. A andlise
histolégica demonstrou que o grupo de camundongos diabéticos néo tratados
nao apresentou cicatrizacdo completa, enquanto o grupo tratado com os filmes
Cel-PVANVItC e Cel-PVA/VItC/Prop apresentou boa resposta cicatricial. Desta
forma, esses novos filmes podem representar uma nova abordagem terapéutica
para acelerar a cicatrizacdo de feridas diabéticas.

Palavras-chave: Celulose, cicatrizacdo de feridas diabéticas, doenca
metabdlica, prépolis, diabetes mellitus.



ABSTRACT

VOSS, Guilherme. Polysaccharide-based film loaded with vitamin C and
propolis: A promising device to accelerate diabetic wound healing. 2019.
62f. Dissertation (Master in Biochemistry and Bioprospecting) - Biochemistry and
Bioprospecting Postgraduate Program. Federal University of Pelotas, Pelotas,
2019.

Wound healing can be a painful and time-consuming process in patients with
diabetes mellitus. In view of this, the use of wound healing devices can help
expedite this process. In the present study, cellulose films, loaded with vitamin C
(vitC) and/or propolis (Prop), two natural compounds with attractive
pharmacological properties, were designed. As assessed, VitC can be released
in a controlled manner from films containing cellulose (Cel) and polyvinyl alcohol
(PVA), such as Cel-PVA/VItC and Cel-PVA/VitC/Prop. Studies of in vitro
antibacterial activity showed a reduction in bacterial counts (Escherichia coli and
Staphylococcus aureus) after treatment with the films Cel-PVA/VItC, Cel-
PVA/Prop and Cel-PVA/VitC/Prop. In addition, the antibacterial and healing
properties of the cellulose-based films were evaluated in an animal model of
diabetes induced with streptozotocin (STZ) (100 mg/kg). After the sensitization
period, the animals were treated with the films for 15 days. Diabetic mice
exhibited impairment of healing, while treatment with the Cel-PVA/VitC/Prop film
increased the healing rate of the wound. There was a marked reduction in
bacterial counts present in the wound environment of diabetic mice following
treatment with Cel-PVA/VItC, Cel-PVA / Prop and Cel-PVA [ VitC / Prop.
Histological analysis showed that the group of untreated diabetic mice did not
show adequate healing, whereas the group treated with the films Cel-PVA / VitC
and Cel-PVA/VitC/Prop showed good cicatricial response. In this way, these new
ecological films may represent a new therapeutic approach to accelerate the
healing of diabetic wounds.

Keywords: Cellulose, diabetic wound healing, metabolic disease, propolis,
diabetes mellitus.
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1. Introducéo

A cicatrizacdo de feridas € considerada um dos maiores desafios da
pesquisa médica, envolvendo processos complexos com diversas fases distintas
(GURTNER et al., 2008). Estas fases compreendem desde as escaras até a
restauracéo do tecido lesado e séo divididas em fase inflamatoria, proliferativa e
de maturacdo (SERRA et al., 2017). Entre os fatores sistematicos que podem
prejudicar a cicatrizacao de feridas encontram-se algumas doencas, tais como
doenca arterial coronariana, doenca vascular periférica, cancer e diabetes
mellitus (DM) (HESS, 2011). Desta forma, a DM quando associada ao
desenvolvimento de feridas afeta severamente a qualidade de vida dos
pacientes, levando a internacdo prolongada e amputacbes de membros,
principalmente inferiores (FRYKBERG; BANKS, 2015). Portanto, o tratamento
adequado das feridas implica em proporcionar um ambiente de cicatrizac&o
favoravel no local da leséo e, também, superar os fatores locais e sistémicos que
prejudicam o processo de cicatrizacdo (FRYKBERG; BANKS, 2015).

Considerando o desenvolvimento do campo de estudos da cicatrizacéo
de feridas, destacam-se os materiais de curativos os quais desempenham um
papel fundamental para corrigir os problemas acima mencionados. Os curativos
sdo biomateriais utilizados para cobrir as feridas, os quais atuam como uma
barreira fisica capaz de absorver os exsudatos, manter o equilibrio de umidade,
permitir a troca gasosa e evitar que as feridas sejam infectadas (RIZZI et al.,
2010). Atualmente, curativos formulados a partir de biopolimeros (por exemplo,
proteinas e polissacarideos) tém recebido grande atencdo devido as suas
propriedades em comparagdo com outros curativos (CHATTOPADHYAY;
RAINES, 2014; BIRCH et al., 2015).

Os biopolimeros sdo gerados a partir de fontes renovaveis e, em geral,
custam menos que os polimeros sintéticos ou outros materiais (por exemplo,
ceramicas ou metais). Além disso, os biopolimeros apresentam propriedades
atrativas, como nao toxicidade, biocompatibilidade, biodegradabilidade e facil
processamento e moldabilidade (AGRAWAL et al., 2014, FACCHI et al., 2017).
Entre os biopolimeros, a celulose tem sido extensivamente utilizada na

formulac&o de materiais de curativos devido a sua excelente biocompatibilidade,
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boas propriedades mecéanicas e estrutura quimica (LI et al., 2015, WANG et al.,
2016).

Neste estudo, fibras de celulose foram misturadas com alcool polivinilico
(PVA), um polimero hidrofilico semicristalino, soltvel em agua e ndo-tdxico, para
formar um filme composto visando seu uso como um curativo. As fibras de
celulose foram extraidas da casca de arroz, um residuo agricola produzido em
todo o mundo (DE OLIVEIRA et al., 2017). Além disso, os filmes compostos
foram carregados com vitamina C (L- 4cido ascorbico) e propolis. A vitamina C
€ um conhecido antioxidante natural envolvido em todas as fases da cicatrizacao
de feridas, principalmente na fase de formacéao de colageno (MOHAMMED et al.,
2015). Além disso, alguns estudos relatam a participacdo da vitamina C na
modulagédo do sistema imune (MANNING et al., 2013). Ja a propolis, € uma
substancia resinosa produzida por abelhas, amplamente utilizada devido as suas
propriedades antibacteriana, antifungica e antiviral que, segundo alguns estudos,
€ capaz de melhorar alguns mecanismos bioldgicos envolvidos na cicatrizacao
de feridas (por exemplo, epitelizacdo) (MARTINOTTI; RANZATO, 2015;
FREIRES et al., 2016). A acdo anti-inflamatoria também é atribuida a propolis
(DE ALMEIDA et al., 2013, FREIRES et al., 2016). Portanto, este estudo buscou
investigar as propriedades antibacterianas e de cicatrizagdo de feridas desses
filmes a base de celulose carregados com vitamina C e prépolis para gerar um

curativo avancado e ecologicamente correto.
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2. Objetivos

Objetivo geral
Avaliar as propriedades antibacterianas e de cicatrizacéo de filmes a base
de celulose e PVA carregados com vitamina C e propolis em feridas diabéticas

induzidas em camundongos.

Objetivos especificos

e Caracterizar o filme a base de celulose com espectro de infravermelho por
transformada de Fourier (FTIR);

e Avaliar o perfil de liberagao de vitamina C;

e Avaliar a atividade bactericida dos filmes a base de celulose e PVA,;

e Avaliar a cicatrizacdo de feridas diabéticas tratadas com os filmes a base de
celulose e PVA em modelo animal;

e Quantificar a proliferacdo bacteriana no local das feridas tratadas com os
filmes a base de celulose e PVA e realizar avaliacdo histolégica no tecido do

dorso de camundongos.
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3. Revisao Bibliografica

Cicatrizacao

A pele € o maior e 0 mais complexo 6rgdo do corpo, e é responsavel por
multiplas fungcbes como barreira protetora, termo regulacdo, sintese de vitamina
D, sede de receptores sensoriais e reservatério de agua, minerais e gorduras
(ZIMMERMAN et al.,, 2014). Estruturalmente, a pele é composta por duas
camadas (Figura 1), a derme e a epiderme. A epiderme, de acordo com Almeida
(2009) é constituida por um epitélio estratificado pavimentoso e queratinizado,
caracterizado por células dispostas em varias camadas. Esta serve como
barreira que protege o organismo contra 0s estresses ambientais, tais como:
invasdo por microrganismos, perda de agua e injurias mecanicas e térmicas. Por
ultimo, logo abaixo se encontra a derme, a qual fornece sustentacédo para a
epiderme com um tecido conjuntivo rico em vasos, glandulas sebaceas e
sudoriparas, foliculos pilosos e corpusculos tacteis (AZZI et al., 2005).

Existem trés tipos celulares principais na epiderme, os queratindcitos, com
funcao de barreira protetora, os melandcitos, responsaveis pela pigmentacéo da
pele e células de Langerhans, que servem como mediadoras da resposta
inflamatéria. J4 a derme é uma camada basal conjuntiva espessa, com diversos
tipos celulares: os fibroblastos, fibrécitos, fibras colagenas e elasticas que
proporcionam resisténcia e elasticidade a pele, capilares sanguineos que nutrem
a epiderme sem penetra-la, terminacdes nervosas sensoriais e anexos da pele
(BLANES, 2004).

Figura 1. Diviséo estrutural da pele (Adaptado de MARTINI et al., 2009).

No momento em que ocorre o rompimento da estrutura e das fungdes

fisiologicas normais da pele, € desencadeada imediatamente a frente de defesa
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do organismo. Desta forma, uma série de eventos dinAmicos vao regenerar o
tecido lesionado reestabelecendo a sua continuidade e iniciando o processo de
cicatrizacdo que pode ser dividido em trés principais fases: inflamatoria,
proliferativa e de maturacado (OBARA et al., 2003).

Fase inflamatoéria

Conhecida também como fase exsudativa, a fase inflamatéria envolve um
conjunto de reacdes locais e sistémicas, resultado da interacdo de células
inflamatérias e vasculares. A resposta inflamatéria € uma reacdo local néao
especifica & leséo do tecido e/ou invasdo bacteriana. E uma parte importante
dos mecanismos de defesa do corpo, e uma fase essencial do processo de
cicatrizagdo. A vasoconstricAo mediada por componentes vasoativos é a
primeira etapa da resposta inflamatoéria e esta € desencadeada a fim de conter
a hemorragia local. Simultaneamente, ocorre a deposicao e ativacdo plaquetaria
com infiltracdo de fibrina e eritrocitos (BLANES, 2004).

Por sua vez, a ativacdo plaquetaria libera citocinas que séo responsaveis pela
migracdo de células inflamatérias para o local lesionado. Nesta fase,
predominam neutrofilos e macréfagos, os quais vao fagocitar bactérias e restos
celulares. Além, disso os macrofagos produzem diversos fatores de crescimento,
estes por sua vez, atraem outras células de defesa para o local lesionado e
induzem a proliferacao de fibroblastos e queratinécitos, que sédo as principais
células de regeneracéao da pele (MIDWOOD et al., 2004).

Fase proliferativa

A fase proliferativa caracteriza-se pela reepitelizacdo, angiogénese e
fibroplasia. Os queratinécitos migram da borda para o centro da ferida e
multiplicam-se, reestruturando as camadas da epiderme e promovendo a
reepitelizacao tecidual. A angiogénese ¢é a fase onde ocorre a formacao de vasos
novos e finos a partir de vasos integros adjacentes, estes com a funcéo de
fornecer oxigénio e nutrientes para cicatrizacdo (DESMOULIERE et al, 2005).
Simultaneamente, ocorre a formacéo do tecido de granulacdo, que é um tecido
frouxo obtido a partir da deposicdo e proliferacdo de fibroblastos. Estes

fibroblastos secretam elastina, fibronectina, glicosaminoglicana, proteases e
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coldgeno (principalmente colageno tipo Ill), os quais sdo responsaveis pela
regeneracao tecidual (ISAAC et al., 2010).

Fase de maturacéo
A fase de maturacdo caracteriza-se por eventos tais como, deposicao,
agrupamento, remodelacdo do colageno e regressdo endotelial. Além disto,
ocorre também a diminuicdo de todos os elementos celulares, inclusive as
células inflamatdrias (Figura 2). Nesta fase o colageno tipo Ill, presente em maior
guantidade no tecido de granulacdo, € degradado dando lugar a producéo
fibroblastica de colageno tipo | (TAZIMA et al., 2008). Nesta fase, a cicatriz torna-

se mais clara e plana.
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Figura 2. Evolugdo da concentracdo de elementos celulares e fibroblastos nas fases

sequenciais do processo de cicatrizacéo (Adaptado de TAZIMA et al., 2008).

O processo de maturacdo da ferida é lento, podendo levar meses para
reorganizar as fibras colagenas e atingir as quantidades adequadas de colageno
tipo | e lll, que irdo aumentar a forga da cicatriz, diminuir sua espessura e
fornecer elasticidade (CHILDS; MURTHY, 2017). Tento em vista 0S processos
envolvidos na cicatrizagdo de feridas, ainda deve-se levar em consideracéo a
existéncia de doencas que podem influenciar nestes processos dificultando a

adequada cicatrizacao de tecidos lesados, como por exemplo, a DM.
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Proliferacdo bacteriana em feridas

Pacientes com doencas crbnicas, como no caso da DM, apresentam
comumente complicacdes relacionadas a cicatrizacao de feridas, como taxa de
cura mais lenta e agravamento da ferida (FRYKBERG; BANKS, 2015). As
alteracbes cutaneas ocasionadas pela ma cicatrizacao das feridas geralmente
aparecem subsequentemente ao desenvolvimento da DM, podendo estar
associada a proliferacdo bacteriana, resultando em complicacdes graves que
diminuem significativamente a qualidade de vida do paciente (PAVLOVIC et al.,
2007).

As feridas na sua fase inicial podem estar isentas de bactérias patogénicas,
porém podem tornar-se rapidamente colonizadas pela exposicdo a bactérias da
pele e do ambiente (BENBOW, 2010). Portanto, quando a proliferacdo de
bactérias se torna uma infec¢éo clinica, a cicatrizacédo de feridas € prejudicada,
podendo até mesmo agravar o quadro do paciente. Assim, a infeccao da ferida
ocorre como resultado do desequilibrio entre o sistema imunoldgico do paciente,
as bactérias e as condi¢cdes no interior da ferida, o que pode precipitar a
proliferacdo bacteriana (FRYKBERG; BANKS, 2015). Portanto, a infec¢do ocorre
guando as condicfes na ferida sao ideais para que as bactérias se multipliqguem
e também quando h& baixa resisténcia do paciente (BENBOW, 2010).

Acredita-se que as infeccBes associadas a DM sdo predominantemente
polimicrobianas, e varios géneros bacterianos podem contaminar a ferida destes
pacientes, como por exemplo, Staphylococcus, Pseudomonas, Streptococcus,
Enterococcus, Corynebacterium, Acinetobacter, Prevotella, Porphyromonas e
membros da familia Enterobacteriaceae. Entre as espécies gram-positivas e
gram-negativas que se encontram predominantemente em feridas diabéticas,
destacam-se o Staphylococcus aureus e Pseudomonas aeruginosa (MENDES
et al., 2014; SPICHLER et al., 2015).

As feridas crénicas sao consideradas um dos problemas de salude mais
agravantes relacionados a DM. Cerca de 15% a 20% de pacientes diabéticos
(WORLD HEALTH ORGANIZATION — WHO, 2016) desenvolvem feridas ao
longo da vida. Portanto, o tratamento de feridas infectadas é considerado um
tema de grande importancia médica, particularmente, em um periodo em que o

uso indiscriminado de antimicrobianos tem dificultado o tratamento hospitalar
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dos pacientes, com repercussdo no aparecimento cada vez maior de
microorganismos resistentes a essa classe de farmacos (ALVES et al., 2008).

Frente a isto, em situacdes em que ocorre um aumento na proliferacao
bacteriana em feridas diabéticas, umas das alternativas para tentar contornar
esta situacdo é a utilizacdo de curativos com capacidade de reduzir a
proliferacdo bacteriana. Estes podem atuar como adjuvantes na terapia
sistémica com antibioticoterapia, como por exemplo, o curativo impregnado com
ativos (JAYAKUMAR et al., 2011).

Staphylococcus aureus
O S. aureus é uma bactéria esférica, do grupo dos cocos gram-positivos,
medindo aproximadamente 0,5 a 1,5 um de diametro, é considerado imével, ndo
esporulado e geralmente ndo encapsulado. Apresenta-se em diversas formas,
gue vao desde isolados, aos pares, em cadeias curtas, ou agrupados
irregularmente (com aspecto semelhante a um cacho de uvas), devido a sua
divisdo celular (Figura 3) (CASSETTARI, et al., 2005).

/
Staphylococcus /\\

aureus 4

Figura 3. Microscopia da bactéria S. aureus (Adaptado de Kilham, 2015).

O género Staphylococcus pertence a familia Micrococcae, possui 33
espécies, sendo que 17 delas podem ser isoladas de amostras bioldgicas
humanas. Comumente, esse género faz parte da microbiota da pele humana
normal, sendo que a espécie de maior interesse médica € o S. aureus
(KONEMAN, et al., 2001; CASSETTARI, et al., 2005). Embora esta bactéria seja
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considerada um dos principais patdogenos envolvidos em feridas diabéticas,
ainda pouco se sabe sobre a patogénese dessa doenca (BRAUNWALD et al.,
2002). Estudos demonstram que pacientes diabéticos apresentam maior
colonizacao bacteriana na pele e fossas nasais por S. aureus do que individuos
ndo diabéticos (BANNERMAN et al., 2003; CASSETTARI, et al., 2005). O
surgimento de cepas de S. aureus resistente a diversos antimicrobianos iniciou
entre as décadas de 50 e 70, comegcando com a resisténcia a penicilina e
linhagens multirresistentes, que tornaram o tratamento de infecgbes
estafilococicas especialmente probleméatico (COUTO; PEDROSA, 1999). Mais
tarde, foi isolado S. aureus resistente a vancomicina, um dos antibidticos de
ultima escolha para pacientes com feridas crénicas nos pés, um dos maiores
problemas relacionados a DM (DAVIS, 2005). Embora, a maior suscetibilidade
de pacientes diabéticos a infec¢des por diferentes tipos de bactérias esteja bem
estabelecida, a cronicidade associada a essas infeccbes ainda é pouco

conhecida.

Escherichia coli
A E. coli, pertence a familia Enterobacteriaceae e ao género Escherichia, o
gual compreende diversas espécies (CAMPOS; TRABULSI, 2002). Esta bactéria
encontra-se em formato de bastonete curto, € gram-negativa, ndo esporulada,
medindo em torno de 1,1 a 1,5 um por 2 a 6 um, sendo a maioria mével devido
a existéncia de flagelos peritriqueos (Figura 4) (OLIVEIRA et al.,, 2004). A
temperatura 6tima de crescimento destas bactérias € em torno de 37°C, o que

favorece seu crescimento em feridas diabéticas (QUINN et al., 2005).
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Coli

Figura 4. Microscopia da bactéria E. coli (Adaptado de <

https://diariodebiologia.com/2011/07/surpreendentes-imagens-de-microscopia-eletronica/>).

As cepas de E. coli sdo frequentemente isoladas de infec¢cbes de pele, porém,
seu potencial de viruléncia ainda néo foi completamente estudado (PETKOVSEK
et al., 2009). Sabe-se que as infec¢bes causadas por bactérias, como no caso
da E. coli ocasionam descompensacdo em pacientes com DM, alterando o
controle metabdlico e aumentando consequentemente as necessidades diarias
de insulina para os que fazem uso da mesma. Além disto, em pacientes sem
maiores complicacbes crbnicas, existe controvérsia quanto a maior
predisposicao do individuo ao desenvolvimento de infec¢cdes (KONOP et al.,
2018). Desta forma, quando o processo infeccioso € instalado, pode ocorrer um
agravamento do controle metabdlico o que resulta em um paciente com maiores
problemas de cicatrizagdo das feridas contaminadas, tornando assim a busca
por novas alternativas terapéuticas de extrema importancia (AHMED et al.,
2018).

Diabetes melittus
A primeira referéncia sobre a DM data de 1500 a.C., com descrigbes de uma
doenca caracterizada pela emissao frequente e abundante de urina. Os
primeiros estudos comecaram por volta de 1869, quando Langerhans publicou
sua tese de doutorado na qual demonstrava a presenca no pancreas de grupos
de células vascularizadas, independentes do pancreas exocrino (HERRERA,
1979).


https://www.ncbi.nlm.nih.gov/pubmed/?term=Petkov%26%23x00161%3Bek%20%26%23x0017d%3B%5BAuthor%5D&cauthor=true&cauthor_uid=19357208
https://www.ncbi.nlm.nih.gov/pubmed/?term=Konop%20M%5BAuthor%5D&cauthor=true&cauthor_uid=30227758
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ahmed%20R%5BAuthor%5D&cauthor=true&cauthor_uid=30110603
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Anormalidades associadas com essa doenga envolvem o metabolismo de
carboidratos, proteinas e lipideos, podendo afetar tanto seres humanos quanto
animais. Desta forma, comorbidades como dislipidemias, hipertenséao,
obesidade provenientes do sedentarismo e ingestao alimentar excessiva podem
resultar no acometimento da DM. Devido a estes fatores, sua prevaléncia tem
aumentado dramaticamente ao longo das ultimas décadas (ISLAN, 2011).

Segundo dados da Organizacdo Mundial de Saude (OMS) (2018), a DM é
considerada uma das principais doencas crénicas que afetam o homem
contemporaneo e tem sido conceituada como uma sindrome patoldgica que se
manifesta clinicamente através de desordens enddcrino-metabdlicas associadas
a um descontrole dos niveis glicémicos no sangue. No ano de 2015, a Federacao
Internacional de Diabetes (International Diabetes Federation) estimou que 8,8%
(intervalo de confianca de 95%: 7,2 a 11,4) da populacdo mundial com 20 a 79
anos de idade vivia com DM. Portanto, se as tendéncias atuais persistirem, o
namero de pessoas com esta doenca foi projetado para ser superior a 642
milhdes em 2040. Ainda, cerca de 75% dos casos sdo de paises em
desenvolvimento, nos quais devera ocorrer 0 maior aumento dos casos de DM
nas proximas décadas. Este aumento da prevaléncia da DM esta associado a
fatores, como estilo de vida sedentario e maior frequéncia de excesso de peso
(BEAGLEY et al., 2014).

No homem, as células beta (B) presentes no pancreas sdo acometidas por
disfun¢des que podem resultar na deficiéncia absoluta ou relativa da secregao
de insulina dando origem a sindrome da DM (POPPL; GONZALEZ, 2005). A
insulina € um horménio de estrutura polipeptidica formado a partir de um
precursor denominado pré-insulina. Diversos estimulos estdo envolvidos na
modulacdo da secrecéo de insulina pelas células B, sendo o nivel de glicose
sanguinea o mais importante deles. Diante de uma hiperglicemia ocorre sintese
e liberacdo de insulina por exocitose. Este hormdnio entdo se liga aos seus
receptores e ativa os sistemas de transporte de glicose através da membrana
celular (CISTERNAS, 1999).

A DM é dividida principalmente em dois tipos: tipo 1 e 2. Nos pacientes
diabéticos tipo 1 existe uma deficiéncia na producdo de insulina, que é
decorrente da destruicdo autoimune das células B do pancreas, desta forma, seu

tratamento exige uso de insulina exdégena (KING; BOWE, 2016). Ja no paciente
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portador da DM tipo 2, os tecidos do corpo se tornam resistentes a acao da
insulina, com disfun¢des concomitantes nos receptores deste horménio. Neste
caso, é frequente a utilizacdo de agentes hipoglicemiantes orais, e a insulina
pode ou ndo ser utilizada (BARRETT et al., 2013).

Diabetes x Cicatrizagao

Diversos fatores interferem no metabolismo do processo de cicatrizagdo em
portadores da DM, tornando-o lento e sujeito a complicacbes (GOOVA et al.,
2001). A dificuldade de cicatrizacao esta relacionada com a DM, no qual ocorre
uma diminuicdo dos niveis de oxigénio que chega aos nervos através de
pequenos vasos sanguineos. Além disto, pode ocorrer a formacdo de um
processo inflamatorio, levando ao mau funcionamento dos nervos e causando
consequentemente a neuropatia diabética (DEVECI et al., 2005). Ademais,
ocorre uma diminuicdo da angiogénese, alteracdo na proliferacdo de
gueratinécitos, fibroblastos e células endoteliais, diminuicdo da migracdo de
fibroblastos, defeitos na deposicdo de colageno e diminui¢cdo da producédo de
fatores de crescimento também prejudicando a cicatrizacdo (SPRAVCHIKOV et
al.,, 2001). Os efeitos ocasionados pela DM envolvem a participacdo de
diferentes processos bioquimicos, como o aumento do estresse oxidativo e a alta
expressdo de genes pro-inflamatérios e de fatores de transcricdo
(MAKRANTONAKI et al., 2016).

Além das alteracdes diretamente relacionadas com as fases da cicatrizacao,
a hiperglicemia crénica induz modificacées nas células endoteliais, dando origem
a microangiopatia diabética, uma enfermidade que ocasiona uma diminuicdo do
fluxo do sanguineo. Esta diminui¢cdo do fluxo de sangue, causada pelos danos
endoteliais, diminui a oxigenacéao e nutricao dos tecidos dificultando o processo
de cicatrizacdo como um todo, além de estar associada a lesGes isquémicas
(AKBARI; LOGERFO, 1999).

Outro problema desencadeado em portadores da DM é a neuropatia
diabética, onde a reducéo do fluxo sanguineo em capilares perineurais promove
lesdes isquémicas no entorno do epineuro e do perineuro. Associadas as
alteracbes metabdlicas, estas lesdes levam a redugdo da condugéo de impulsos

sensitivos e motores nos nervos periféricos, desencadeando dor, formigamento
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ou perda de sensibilidade, principalmente nas maos, bracgos, pés e pernas
(GUIMARAES et al., 2009). Com a sensibilidade dolorosa e o reflexo protetor
diminuidos, os pacientes diabéticos ficam expostos a lesGes e traumatismos que
ocorrem sem que os doentes percebam (OLIVEIRA, 2007).

Frente a isto, portadores da DM que ndo controlam os niveis séricos de
glicose, desencadeando uma hiperglicemia, apresentam maior predisposicao a
desenvolver problemas, principalmente em tecidos cujas células ndo dependem
da insulina para captar a glicose, como € o caso do sistema nervoso, do coracao,
dos rins e dos capilares sanguineos, resultando em uma alta concentracao de
glicose no meio intracelular (AHMED, 2005). Ainda, a hiperglicemia ocasiona
alteracbes no metabolismo que causam danos as células e seus constituintes.
Acredita-se que a glicose elevada atue em diversas vias metabdlicas, dentre
elas, a glicacdo proteica, a via do poliol e a via da proteina cinase C, que estédo

relacionadas com a cicatrizacéo (DeFronzo et al., 2015).

Modelo animal experimental de diabetes mellitus

Estudos envolvendo modelos animais sdo de grande importancia, tendo em
vista as diversas limitacbes de investigacdo da diabetes diretamente em seres
humanos. Existe uma semelhanca fisiol6gica entre roedores e 0s seres
humanos, tornando o modelo experimental de DM uma importante ferramenta
para o melhor entendimento desta patologia (CHATZIGEORGIOU et al., 2009).
Os modelos experimentais utilizados para induzir a DM em animais de
experimentagcdo podem ser de dois tipos: modelos induzidos quimicamente ou
modelos espontaneos (ETUK, 2010; MORDES et al., 2004; SAKATA et al.,
2012).

A inducdo quimica da DM em animais de experimentacdo ocorre apos a
destruicao seletiva das células B pancreaticas. O aloxano e a STZ (Figura 5), séo
as duas substancias amplamente utilizadas para desenvolver estes protocolos.
Ambas exercem acdo diabetogénica nos animais. A dose necessaria dos
indutores para a inducéo depende da espécie, via de administracdo e do estado
nutricional (LENZEN, 2008).
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Figura 5. Estrutura quimica do aloxano (1) e estreptozotocina (2).

O alonaxo inibe a glicocinase, formando espécies reativas de oxigénio que
acometem as células B pancredticas, desencadeando o estado da DM. Este
modelo é menos utilizado devido as dificuldades em induzir a DM e manter os
animais em condicdes favoraveis para a realizagdo do experimento (LENZEN,
2008).

Outro indutor de DM é a STZ, um glicosideo nitrosurea (N-metil-N
nitrosouréia) natural isolado do Streptomyces achromogenes. Essa substancia
causa dano nas bases do &acido desoxirribonucleico (DNA), diminuindo a
nicotinamida adenina dinucleotideo (NAD"), a qual inibe a biossintese e a
secrecdo de insulina promovendo a destruicdo irreversivel das células 3
pancreaticas, resultando na sindrome diabética (AKBARZADEH et al., 2007).
Desta forma, a STZ apresenta vantagens quando comparada com outros
indutores quimicos de DM, principalmente pela facilidade de inducéo e por
manter os animais em condi¢cdes adequadas para a realizacdo do protocolo
experimental (AKBARZADEH et al., 2007).

Biopolimeros constituindo curativos
A escolha adequada do material a ser utilizado na constituigdo de um curativo

dérmico é um dos primeiros passos para se atingir uma favoravel cicatrizacao da
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pele lesada (GURTNER et al., 2008). Os biopolimeros séo polimeros produzidos
por organismos Vvivos; em outras palavras, sdo biomoléculas poliméricas,
classificadas estruturalmente como polissacarideos, poliésteres ou poliamidas
(KHACHATOORIAN et al., 2003; MOHANTY et al., 2005).

Entre os materiais bioativos, sdo amplamente explorados os biopolimeros de
diferentes origens. O uso destes biopolimeros como material de tratamento de
feridas tem um amplo escopo, devido as suas excelentes propriedades de
biocompatibilidade, capacidade de suportar o crescimento celular, potencial
regenerativo, biodegradabilidade e durabilidade (SAHANA; REKHA, 2018).
Estes compostos encontram-se disponiveis na natureza em grandes
guantidades, podendo ser obtidos com elevado grau de pureza e a custos
relativamente baixos, sendo possivel em varios casos ser realizado nos mesmaos,
modificacdes quimicas o que ira tornar suas propriedades mais apropriadas para
aplicacOes especificas (BURD, HUANG, 2008).

Alguns exemplos de biopolimeros que podem ser empregados na
constituicdo de curativos sdo os polissacarideos, quitina, quitosana, alginato,
pectina, xantana, celulose e seus derivados (metilcelulose, carboximetilcelulose)
(MUZZARELLI, 2009; MURAKAMI et al., 2010; YANG et al., 2010; BELLINI et
al., 2012; FAN et al.,, 2013; BELLINI et al., 2015). A celulose, principal
componente presente na estrutura das plantas, € o polimero natural mais
abundante naterra, com uma elevada taxa de regeneracao via fotossintese. Este
polimero é um polissacarideo de formula molecular (CsH1005)n, composto pela
unido de moléculas de B-D-glucopiranose através das ligagbes [3-1s-glicosidicas
(Figura 6) (KLEMM et al., 2005; VIERA, 2013).

oM

Figura 6. Estrutura quimica da celulose.
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A aplicagédo de materiais feitos a partir de celulose no tratamento de feridas
se da principalmente devido as suas propriedades de retencdo de umidade,
tendo em vista que feridas Umidas sdo conhecidas por curar mais rapidamente
devido ao fornecimento adequado de fatores de crescimento e outras moléculas
para os tecidos em cicatrizacdo (SULAEVA et al., 2015). A celulose contribui
também na absorcao de exsudatos, resultando na absorcéo de restos celulares
(como tecido necratico e revestimento fibrinoso) e a estrutura de celulose porosa
auxilia na regeneracdo tecidual (KUCINSKA-LIPKA et al., 2015). Ainda, a
celulose pode ser facilmente misturada com outros materiais, particularmente os

antimicrobianos, para prevenir as infeccdes no local da ferida (LIN et al., 2013).

Incorporacao de agentes biologicamente ativos em curativos

Uma estratégia que tem ganhado grande atencdo na producdo de
curativos dérmicos e sido fundamental na prevencao e terapia de infeccbes € a
incorporacdo de agentes bioativos diversos nos curativos constituidos de
biomateriais (JAYAKUMAR et al., 2011). Neste contexto, o uso de vitamina C e
prépolis incorporados neste tipo de formulacédo contendo celulose é vantajoso,
uma vez que o tempo de contato do filme com os microrganismos, que
normalmente estdo presentes neste tipo de lesdo, pode ativar os mecanismos

de transporte passivo através da membrana celular (DONSI et al., 2010).

Vitamina C

A vitamina C (&cido ascérbico) é um constituinte normal da pele encontrado
em niveis elevados tanto na derme quanto na epiderme. Além disto, a vitamina
C atua como um antioxidante natural, apresentando propriedades anti-
inflamatorias, fotoprotetoras, além de ser um bioestimulador conhecido da
sintese de colageno e sintese de hidroxiprolina e hidroxilisina (BLASCHKE et al.,
2013). O efeito antioxidante desta vitamina desempenha um papel importante
auxiliando na protecdo contra espécies reativas de oxigénio derivadas da
atividade metabdlica (SIES, 2014). Devido a esta atividade, ela protege
componentes biolégicos, como lipoproteinas de baixa densidade, contra
modificacbes oxidativas e, assim, pode assumir um papel ateroprotetor
(PADAYATTY et al., 2003).


https://lpi.oregonstate.edu/mic/glossary#dermis
https://lpi.oregonstate.edu/mic/glossary#epidermis
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Ainda, a vitamina C é dutil para construir uma resisténcia frente as
doencas. Sendo essencial na dieta dos seres humanos esta vitamina esta
presente no ceérebro dos mamiferos, juntamente com varias aminas
neurotransmissoras. Frente a isto, esta vitamina tem sido utilizada para o
tratamento de diversas enfermidades, tais como resfriados, infertilidade e cancer
(KARIMI-MALEH et al., 2014).

Propolis

A propolis € uma mistura complexa produzida pelas abelhas a partir de
diversas substancias coletadas de diferentes partes das plantas como botdes
florais, exsudatos e brotos. As abelhas utilizam a prépolis para proteger a
colmeia contra agente invasores, embalsamar animais, manter a temperatura
agradavel e para o preparo de locais assépticos para a postura da abelha rainha
(KUMAZAWA et al.,2004).

A composicao da prépolis é de 50% de resina constituida por flavondides e
acido fendlico, 5% podlen, 30% cera, 10% O6leos essenciais e 5% outros
compostos, tendo variacdes conforme a vegetacao na qual € colhida (PIETTA et
al., 2002; VARGAS et al.,, 2004). Muitas propriedades biolégicas tém sido
atribuidas a prépolis, como atividade antioxidante, antimicrobiana e anti-
inflamatoria (DOBROWOLSKI et al., 1991; NAGAI et al., 2003; KUMAZAWA et
al., 2004). A proépolis também é amplamente utilizada para prevenir e tratar
resfriados, feridas, Ulceras, reumatismo, entorses, doencas cardiacas e DM (HU
et al., 2005; ZHU et al., 2011, LI et al., 2012).

Estes efeitos terapéuticos tém sido atribuidos aos diversos compostos
fendlicos que compdem a propolis, sendo os flavonoides considerados os
principais compostos, e encontram-se, ainda, alguns acidos fendlicos e seus
ésteres, aldeidos fendlicos, alcoois e cetonas (PARK et al., 1998). Por estas
razoes, a propolis esta sendo amplamente utilizada na medicina popular, com
uso extensivo em alimentos e bebidas para melhorar a saude e prevenir
doencas. A aplicacdo médica da propolis levou a um aumento no interesse em
sua composigdo quimica e potencial uso clinico em humanos (SALATINO et al.,
2011; TORETI et al., 2013).
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Baseado nas consideragbes apresentadas acima, o desenvolvimento de
novos biomateriais projetados para o tratamento de feridas diabéticas é de suma
importancia. Ainda, ressalta-se que filmes a base de celulose carregados com
propolis e vitamina C podem ser promissores na cicatrizagdo de feridas devido

as suas diversificadas propriedades farmacoldgicas descritas.
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4. Artigo cientifico

Os resultados que fazem parte desta dissertacao estdo apresentados sob a
forma de artigo cientifico, o qual se encontra assim organizado. Os itens
Materiais e Métodos, Resultados, Discussdo dos Resultados e Referéncias
Bibliograficas encontram-se no proéprio artigo.

O artigo cientifico encontra-se publicado na revista International Journal of
Pharmaceutics (fator de impacto 3,86 — Qualis A2 CBIl).
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ARTICLE INFO ABSTRACT

Wound healing can be a painful and time-consuming process in patients with diabetes mellitus. In light of this, the
use of wound healing devices could help to accelerate this process. Here, cellulose-based films loaded with
vitamin C (VitC) and/or propolis (Prop), two natural compounds with attractive properties were engineered. The
starting materials and the cellulose-based films were characterized in detail. As assessed, vitamin C can be
released from the Cel-PVA/VitC and Cel-PVA/VitC/Prop films in a controlled manner. In vitro antibacterial
activity studies showed a reduction of bacteria counts (Escherichia coli and Staphylococcus aureus) after Cel-PVA/
VitC, Cel-PVA/Prop, and Cel-PVA/VitC/Prop treatments. Moreover, we examined the antibacterial and wound
healing properties of the cellulose-based films in a streptozotocin (STZ)-induced diabetic animal model. Diabetic
mice exhibited impaired wound healing while the Cel-PVA/VitC/Prop treatment increased the wound closure. A
marked reduction in bacterial counts present in the wound environment of diabetic mice was observed after Cel-
PVA/VitC, Cel-PVA/Prop and Cel-PVA/VitC/Prop treatment. Histological analysis demonstrated that the non-
treated diabetic mice group did not exhibit adequate wound healing while the treated group with Cel-PVA/VitC
and Cel-PVA/VitC/Prop films presented good cicatricial response. Furthermore, these novel eco-friendly films
may represent a new therapeutic approach to accelerate diabetic wound healing.

Keywords:

Cellulose

Wound healing
Diabetic wound healing
Vitamin C

Propolis

Diabetes mellitus

1. Introduction

Wound healing is one of the greatest challenges in medical and
biomedical research since it involves a complex process with very
particular stages (Gurtner et al., 2008). These stages are related and
each one is controlled by specific local and systemic factors that can be
affected by numerous variables (Gurtner et al., 2008). For instance,
chronic diseases (e.g. coronary artery disease, peripheral vascular dis-
ease, cancer, diabetes mellitus, among others) are an example of a sys-
tematic factor that can impair wound healing (Hess, 2011). Patients
with chronic diseases commonly show complications related to wound

healing, such as slower heal rate and faster wound worsening (Frykberg
and Banks, 2015). These issues related to wound healing can result in
severe complications that greatly decrease the patient's quality of life.
Therefore, efficient wound management implies providing a favorable
healing environment at the site of injury and, also, overcoming the local
and systemic factors that impair the healing process (Frykberg and
Banks, 2015).

In the light of recent developments in the wound management field,
the wound dressing materials have played a key role to fix the afore-
mentioned tasks. Wound dressings are biomaterials utilized to cover the
wounds (physical barrier) capable to absorb exudates, maintain the
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moisture balance, allow gas exchange and prevent the wounds from
being infected (Rizzi et al., 2010). Moreover, ideal wound dressings
should present similar properties (physicochemical and biological) to
the treated area and degradation rate on a time scale compared to
wound healing (Chen et al., 2017). Currently, wound dressings for-
mulated from biopolymers (e.g. proteins and polysaccharides) have
gained great attention due to their properties compared to other dres-
sings (Birch et al., 2015; Chattopadhyay and Raines, 2014). Biopoly-
mers are generated from renewable sources and, in general, cost lower
than synthetic polymers or other materials (e.g. ceramics or metals). In
addition, biopolymers show attractive properties such as non-toxicity,
biocompatibility, biodegradability and easy processing and mould-
ability (Agrawal et al., 2014; Facchi et al., 2017). Among the biopoly-
mers, cellulose has been extensively utilized in the formulation of
wound dressing materials due to its excellent biocompatibility, good
mechanical properties, and chemical structure (Li et al., 2015; Wang
et al., 2016). As reported, wound dressings based on cellulose or cel-
lulose-derivatives are utilized as efficient platforms for treating a wide
variety of injured tissues (Khamrai et al., 2017; Li et al., 2015).

In this study, cellulose fibers were blended with poly(vinyl alcohol)
(PVA), a hydrophilic semi-crystalline, water soluble, and non-toxic
synthetic polymer, in order to form a composite film aiming its use as a
wound dressing. Herein, the cellulose fibers were extracted from rice
husk, a worldwide produced agricultural waste (de Oliveira et al.,
2017). Furthermore, the composite films were loaded with vitamin C (i-
ascorbic acid) and propolis. Vitamin C is a well-known natural anti-
oxidant involved in all phases of wound healing, mainly in collagen
formation phase (Mohammed et al., 2015). Moreover, some studies
report the participation of vitamin C in the immune system modulation
(Manning et al., 2013). Propolis, a resinous substance produced by
bees, is a natural antibacterial, antifungal, and antiviral agent that ac-
cording to some authors is able to improve some biological mechanisms
involved in wound healing (e.g. epithelialization) (Freires et al., 2016;
Martinotti and Ranzato, 2015). Anti-inflammatory action is also at-
tributed to propolis (de Almeida et al., 2013; Freires et al., 2016).
Therefore, this study attempt to investigate the antibacterial and wound
healing properties of these cellulose-based film loaded with vitamin C
and propolis in order to generate an advanced and eco-friendly wound
dressing device.

2. Experimental
2.1. Materials

PVA (98% hydrolyzed and M,, of 124,000 g/mol), glutaraldehyde
(25% v/v in water) and streptozotocin (STZ) from Sigma-Aldrich (USA).
Vitamin C (i-ascorbic acid, analytical grade) from Sinopharm (China).
Brazilian propolis (lyophilized, main constituents: kaempferide, iso-
sakuranetin, and trace amounts of kaempferol) from Catedral
Pharmaceuticals (Brazil). Ethanol (P.A.), sodium hydroxide (NaOH,
P.A.), hydrochloric acid (HCl, 30-34% v/v) and hydrogen peroxide
(H20,, 35% w/v) from Synth (Brazil). Rice husk (RH) was kindly do-
nated by a local rice mill (Pelotas-RS, Brazil). All chemicals were used
as-received.

2.2. Extraction of cellulose from rice husk

RH was previously ground and, then, washed with Distilled water at
room temperature under mechanical stirring in order to remove im-
purities. This process was done twice. The washed RH was dried
overnight in an oven at 60 °C. The dried RH was subsequently treated
using an aqueous NaOH solution (5% w/v). In this case, the RH:NaOH
solution ratio was fixed in 1:30 (w/v). This system (RH/NaOH solution)
was kept under vigorous mechanical stirring at 80 °C for 4 h. After that,
the cellulose pulp was recovered using vacuum filtration. It was thor-
oughly washed with Distilled water till the neutral pH is attained and
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dried at 60 °C overnight. The treatment with NaOH solution was per-
formed twice in order to ensure the complete removal of hemicellulose
and lignin. Next, the dried cellulose pulp was bleached using an alka-
line H,0, solution (30% w/v, pH 9). Again, the cellulose pulp: H,O,
solution ratio was fixed in 1:30 (w/v). The bleaching reaction was kept
under mechanical stirring at 50°C for 3h. Thereafter, the reaction
system was allowed to cool up to room temperature and an excess of
Distilled water was added to it. The bleached cellulose fibers were re-
covered by filtration, exhaustively washed with Distilled water up to
the neutral pH is attained and, then, dried at 50 °C overnight. The dry
cellulose fibers were milled and sieved using a 32-mesh sieve. The
cellulose yielding was 32% in respect to the initial dry RH weight.

2.3. Synthesis of cellulose-based films

Films were prepared by the solvent casting method using the ex-
tracted cellulose and PVA. Firstly, PVA (0.1g) was solubilized in
Distilled water (50 mL) at 80 °C for 4 h under magnetic stirring. Next,
the PVA solution was cooled to room temperature and, then, cellulose
(0.3 g) was added to it (cellulose:PVA mass ratio is 3:1). The cellulose-
PVA mixture remained under magnetic stirring for 15 min and, then, it
was placed in an ultrasonic bath for 30 min at 30 °C in order to ensure
the system homogeneity. Next, the pH of the cellulose/PVA solution
was adjusted to 4 using HCI solution (1.0M) and 25pL of glutar-
aldehyde (crosslink agent) was added. The filmogenic mixture was
poured into a Petri dish (85 x 10 mm), which was subsequently placed
in an oven (at 40 °C) for 24 h in order to evaporate the solvent. Finally,
the resulting cellulose-PVA film was peeled off from the Petri dish,
purified with Distilled water and, then, dried at 40 °C for 24 h in an
oven. This film sample was labeled as Cel-PVA, respectively.

Furthermore, cellulose-PVA film samples containing vitamin C
(VitC), propolis (Prop) or both of them (VitC and Prop) were synthe-
sized separately using the above-described casting method with minor
modifications. To synthesize the VitC-containing film, a specific amount
of this compound (4 mg) was added to the PVA solution just after the
cellulose-adding step. Similarly, to the synthesis of the Prop-containing
film, 4 mg of this compound was added to the PVA solution just after
the cellulose-adding step. To synthesize the film sample containing both
compounds (VitC and Prop), 4 mg of each compound added to the PVA
solution just after the cellulose-adding step. These film samples were
labeled as Cel-PVA/VitC, Cel-PVA/Prop, and Cel-PVA/VitC/Prop.

2.4. Characterization

Fourier transform infrared (FTIR) spectra were obtained using a
Shimadzu IR Affinity-1 spectrometer (Japan) by co-adding 64 scans in
the 4000-400 cm ™' range at 4cm ™' resolution. Before the spectra
acquisition, the samples were ground with spectroscopic grade KBr and
pressed into discs. Powder X-ray diffraction (XRD) measurements were
performed in a Siemens D-500 diffractometer (Germany) using the Cu-
K, radiation (A = 1.54 .7\) at a voltage of 30 kV and current of 20 mA.
Diffraction patterns were recorded at a scan rate of 4°/min in a 26 range
of 10°-70°. Prior analysis the dry samples were powdered using an
Anton Parr BM500 (USA) ball mill equipment. Mechanical properties
were investigated by tensile tests using a texturometer equipment
(Stable Microsystems TA.XT2, UK) with sample films 80 x 25 mm
(length x width) in an atmosphere of 50% relative humidity with a test
speed of 0.8 mm/min according to the ASTM D882-12 method (Tabari,
2017). The scanning electron microscopy (SEM) images were obtained
using a JEOL JSM-6610LC microscope (USA) using an acceleration
voltage of 8-10kV. The dry samples were cut into rectangular pieces
(about 4 x 2 mm), which were attached to sample holders with carbon
tapes. Before the SEM visualization, these samples were gold-coated by
sputtering. The liquid uptaking ability of the synthesized films was
investigated by swelling experiments. Briefly, dry samples were
weighed and then placed into vials filled with 50 mL of simulated
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wound fluid (SWF) (2% w/v of bovine albumin, 0.02M calcium
chloride, 0.4 M sodium chloride, pH 7.4) (Said et al., 2014) at 37 °C. At
pre-determined time intervals, the samples were withdrawn, blotted
carefully with tissue paper to remove the surface-adhered liquid dro-
plets and reweighed. The percentages of swelling at different times
were calculated as follows:

;s Ws—Wy
swelling (%) = [—]XIOO
‘ wy @
where w; (g) and w, (g) are the sample weights in the swollen state and
in the dry state (n = 3).

2.5. In vitro vitamin C release experiments

Release profiles of vitamin C from Cel-PVA/VitC and Cel-PVA/VitC/
Prop were investigated in SWF (50 mL, pH 7.4). For this, film samples
(100 mg) were soaked into the releasing media at 37 °C, which was kept
under mild stirring. At pre-determined time intervals, an aliquot (4 mL)
of the releasing media was taken out and its absorbance at a wavelength
of 264 nm was measured using a UV-Vis Micronal BS82 spectrometer
(Brazil). An equivalent volume (4mL) of fresh releasing media was
refilled in the system. The absorbance data were converted into con-
centration using a calibration curve, which was previously built using
standard concentrations of vitamin C in SWF.

2.6. Biological experiments

2.6.1. In vitro antibacterial activity

The antibacterial activity of the cellulose-based films was tested
using the Pour plate method with minor modifications. Briefly, over-
night cultures of Escherichia coli (E. coli) (ATCC 25922), Staphylococcus
aureus (S. aureus) (ATCC 6538) were diluted to adjust a microbial count
of 1.5 x 10° CFU/mL. Moreover, film samples were aseptically sec-
tioned (3 cm X 3 c¢m) and, then, distributed in sterile Petri dishes. These
samples were inoculated with 1 mL of tested bacterial solution. After
inoculation, 20 mL of the sterile standard counting agar (PCA) medium
was added to the Petri dishes, which were incubated in a bacteriological
oven for 48 h at 37 °C under aerobic conditions. Petri dishes without the
films samples (inoculum only) were used as control. After the incuba-
tion period, bacterial colonies were counted using a colony counter and
the mean log CFU/cm? was calculated. The bacterial reduction to
evaluate the effectiveness of the tested materials was calculated as the
difference between the log CFU of the inoculum and the log CFU re-
covered from the films samples.

2.6.2. Diabetic wound healing study in mice model

The experiments were carried out using male adult Swiss mice
(25-30 g) from our own breeding colony. Animals were kept in a se-
parate animal room, in a 12h light/dark cycle (with lights on at
6:00 a.m.), at a room temperature of 22 + 2 °C, with free access to food
and water. The present experimental study was approved by the Ethical
Research Committee of the Federal University of Pelotas, affiliated to
the National Council for the Control of Animal Experimentation
(CONCEA).

The diabetic mice were induced as described previously (Morikawa
et al., 2005). In brief, mice were intraperitoneally (i.p.) injected with
STZ, at the dose of 100 mg/kg, for three consecutive days. STZ was
freshly dissolved in a citrate buffer (0.1 M; pH 4.4). Control animals
received an injection of citrate buffer (10 mL/kg; i.p.) for three con-
secutive days. One week after STZ injection, the fasting blood glucose
levels (day 0) were measured using the Accu-Check Advantage Blood
Glucose Monitor (Roche Diagnostic Corporation, IN). Blood glucose
levels over 200 mg/dL confirmed a diabetic phenotype in the animals.
After confirmation of diabetic induction, mice were anesthetized with
isoflurane inhalation. The dorsal skin of each mouse was shaved, and a
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9-mm wound was created on the back of each mouse with a biopsy
puncher. Diabetic and non-diabetic animals received the application at
the wound site of Cel-PVA, Cel-PVA/VitC, Cel-PVA/Prop, Cel-PVA/
VitC/Prop films or no treatment (control and STZ groups). The films
were fixed at the wound site with the use of a bandage that left they in
direct contact with the lesion. The measurement of wound closure and
the application of treatments at the wound site were performed on days
3, 6,9, 12, and 15. The extent of wound healing was expressed as the
percentage (%) of wound area closure. On 15th day, blood glucose le-
vels were monitored using the Accu-Check Advantage Blood Glucose
Monitor (Roche Diagnostic Corporation, IN).

2.6.2.1. Open-field test. The open-field test evaluates the general
locomotor and exploratory behaviors of mice. The open-field was
made of plywood and surrounded by 30 cm-high walls. The floor of
the open-field, 45cm long and 45 cm wide, was divided by masking
tape markers into 9 squares (3 rows of 3). On the 15th day, each animal
was placed at the center of the open field and observed for 4 min to
record the locomotor (number of segments crossed with the four paws)
and exploratory (number of rearing on the hind limbs) activities.

2.6.2.2. Quantification of bacteria in treated wounds. On the 15th day,
wounds samples from the non-diabetic and diabetic group treated mice
were collected for quantification of bacteria. Briefly, the samples were
collected with the aid of the swab in an area equivalent to 1 cm? of the
wound. After wounds collected, the tip of the swabs from each group
was transferred to microtubes containing 1 mL of sterile saline solution
and vortexed. Immediately, seeding was performed using the calibrated
bacterial loop of 10 pL, and Petri dishes containing BHI agar were also
used. The inoculums present in the loops were seeded in a straight line
in the center of the plate and the scattering was completed with a series
of passages at a 90° angle through the original line. The plates were
incubated inverted for 24 h at 35 + 2 °C in a bacteriological oven. The
counts were performed with the aid of a colony counter.

2.6.2.3. Histological analysis of wounds. Mice were euthanized on the
15th day, and the wound area was removed to the histological analysis.
Wound fragments were fixed in 10% buffered formalin solution. For
light microscopy examination, tissues were embedded in paraffin,
sectioned at 3-4 um and stained with hematoxylin and eosin (HE)
and Masson’s trichrome (MT) for better collagen observation. Two
different pathologists using an optical microscope examined all the
slides.

2.7. Statistical analysis

The D’Agostino and Pearson omnibus normality test evaluated the
normality of data. Data were analyzed by one-way analysis of variance
(ANOVA) followed by the Newman-Keuls test when appropriated. Data
were expressed as mean * standard error of the mean (S.E.M.).
Probability values less than 0.05 (P < 0.05) were considered statisti-
cally significant.

3. Results and discussion
3.1. Characterization of extracted cellulose

The characterization data and discussion related to the extracted
cellulose from rice husks are provided in the Supporting information
file.
3.2. Characterization of cellulose-based films

Fig. la depicts the FTIR spectra of the pure components of the

cellulose-based films. PVA spectrum exhibited a broad band centered at
3457 cm ™~ ! associated with the stretching of O-H bonds, bands in the
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Fig. 1. (a) FTIR spectra of PVA, extracted cellulose, pure vitamin C and propolis. (b) FTIR spectra of the cellulose-based films (Cel-PVA, Cel-PVA/VitC, Cel-PVA/Prop,

and Cel-PVA/VitC/Prop).

region 2941-2910 cm ~ ! assigned to the C-H stretching vibration (CH,
groups) and a band at 1710 cm ™! related to the C=0 bond of residual
acetate groups. The bands in the region 1140-1070 cm ™' were assigned
to the C-O stretching vibration (Alves et al., 2016). The cellulose
spectrum exhibited a band at 1640 cm ™! assigned to the O-H bending
of absorbed water, intense bands in the region 1170-900 cm ™! asso-
ciated to C-O-C and C-O motions of the p-glycosidic linkages and a
sharp band at 898 cm ™! attributed to the C-H rock vibrations. Vitamin
C spectrum showed sharp bands in the region 3530-3210 cm ™' asso-
ciated with free and linked (H-bonds) hydroxyl groups and bands at
1756, 1672, 1321, and 1141 cm ™! assigned to the stretching vibration
of C=0, C=C, C=C-OH (enol group) and C-O-C bonds (Desai and
Park, 2005). Propolis showed a broad band in the region
3550-3100 cm ™! that correspond to O-H stretching and wagging vi-
brations (hydroxyl groups of phenolic compounds) (Oliveira et al.,
2015). The bands in the region 2930-2880 cm ™' were assigned to the
aliphatic and aromatic C-H stretching vibration. Moreover, the bands at
1648, 1238, 1072, and 854 cm ! were associated with the stretching
vibration of C=0 and C=C (aromatic ring), C-O (polyols and ester
groups of flavonoids) and angular deformation outside the plane of the
aromatic C-H bond (Mot et al., 2011). Fig. 1b depicts the FTIR spectra
of the cellulose-based films (Cel-PVA, Cel-PVA/VitC, Cel-PVA/Prop,
and Cel-PVA/VitC/Prop). Cel-PVA spectrum showed the typical bands
of pure PVA and cellulose with some discrepancies. The broad band
centered at 3428 cm ™! was assigned to the O-H stretching that com-
pared to PVA spectrum was shifted to lower wavenumber region
whereas compared to cellulose spectrum it was shifted to a higher re-
gion. The cellulose/PVA blending as well as the crosslinking with glu-
taraldehyde decreased the intramolecular H-bonds of PVA and in-
creased the extension of intermolecular H-bonds between the polymers.
Furthermore, the bands associated with the C-H stretching and bending
vibrations (2920-2880 cm ™' and 1458 cm ™ !) increased in intensity
due to the alkyl groups of glutaraldehyde. The bands assigned to the
C-O bonds (1140-1050 cm ™ ?) also increased in intensity indicating the
acetal linkage between glutaraldehyde and the polymers. These data
confirm the crosslinking of cellulose/PVA blending by glutaraldehyde
(Yang et al., 2014). The spectra of vitamin C and/or propolis-loaded
Cel-PVA films showed slight modifications as compared to the pristine
film spectrum (Fig. 1b). Cel-PVA/VitC spectrum revealed the appearing
of two bands at 3526 and 1745 cm ! assigned to vitamin C (O-H and
C=O0 stretching vibrations) and a shoulder-like band at 1672cm ™!
assigned to the stretching vibration of the C=C bond. These finds,
confirm the stability of vitamin C after encapsulation. On the other
hand, no band related to only propolis was encountered in the Cel-PVA/

Prop spectrum likely due to the overlapping of such band by the Cel-
PVA bands. However, it is clear that some bands present higher in-
tensity due to the presence of propolis or they were shifted, which
suggest an interaction between Cel-PVA and propolis (Oliveira et al.,
2015). More intense bands at 1648 and 1460 cm ™! can be associated
with the aromatic ring vibration of propolis (Oliveira et al., 2015). Fi-
nally, the Cel-PVA/VitC/Prop spectrum exhibited changes compared to
the Cel-PVA spectrum that confirms the encapsulation of both com-
pounds.

Fig. 2a shows a digital photograph of the Cel-PVA film demon-
strating its homogeneity and the good dispersion of cellulose within the
PVA matrix. The SEM image recorded from the film surface allows
noticing the cellulose fibers distributed through a continuous phase (i.e.
the PVA matrix) (Fig. 2b). The entire surface is covered by the fibers
following a non-oriented distribution. Additionally, the absence of ag-
gregates confirms the good interaction between the cellulose fibers and
PVA.

As aforementioned, an ideal dressing device must be able to remove
the excess of exudates and also to reduce maceration of surrounding
healthy skin preserving an appropriate amount of moisture that is ne-
cessary for wound healing. Herein, the liquid uptake capacity of the
cellulose-based films was investigated using SWF (pH 7.4) at 37 °C as
swelling media. The results presented in Fig. 3a suggesting all films
possess high absorptive capacity (equilibrium swelling ratio > 200%).
Moreover, all film samples exhibited a fast swelling rate just before
their immersion in SWF. The Cel-PVA film showed the highest ab-
sorptive capacity (410%) indicating that the presence of vitamin C or
propolis into the film affects this property. Cel-PVA and Cel-PVA/Prop
have achieved maximum swelling in 50 min, while for Cel-PVA/VitC
and Cel-PVA/VitC/Prop the maximum swelling was achieved in 35 min
indicating the influence of vitamin C on the liquid absorption me-
chanism. Vitamin C contains hydroxyl groups in its structure favoring
the formation of H-bonds with the Cel-PVA matrix. H-bonds between
the vitamin C and Cel-PVA impair the uptake capacity because they
reduce the amount of free hydrophilic groups within the film matrix
that interact with the water molecules. In addition, H-bonds act as
additional crosslink points within the film restricting the matrix ex-
pansion and preventing the water influx. The addition of propolis into
the Cel-PVA/VitC film attenuates the effect of vitamin C as observed in
Fig. 3a. It is worth to note that all swelling curves remained constant
after the equilibrium up to the end of the experiment suggesting all film
samples are stable into SWF.

Wound healing devices must present good mechanical properties
since they promote physical protection against forces experiences in
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Fig. 2. (a) Photographic and (b) SEM images of as-prepared Cel-PVA film.

daily living. Moreover, good mechanical properties make easy the de-
vice handling. Wound healing devices based on cellulose can exhibit
enhanced mechanical properties since cellulose fibers show high tensile
strength and low density. Cellulose has a unique supramolecular
structure in which microfibrils are held together by H-bonds (Cho et al.,
2017). Herein, the mechanical properties of the cellulose-based films
were investigated by tensile testing. As illustrated in Table 1, the cel-
lulose-based films showed high Young modulus (10.4-15.5 GPa) and
tensile strength (370.1-495.6 MPa). On the other hand, low elongation
at break point (3.2-3.5%) was verified. These high mechanical prop-
erties can be ascribed to the good dispersion of cellulose fibers on PVA
and to the H-bonds formed between these two polymers. H-bonds act as
additional crosslinking point stiffening the polymer matrix. The vitamin
C-loaded film exhibited an increment in Young modulus (~49%) and
tensile strength (~34%) as compared to the Cel-PVA film. As sug-
gested, vitamin C interacts with the polymer matrix increasing the film
rigidity. This interaction between vitamin C and the polymer matrix is
harmed by the presence of propolis, which decreases the mechanical
properties of Cel-PVA/VitC/Prop as compared to the Cel-PVA/VitC.
However, the presence of propolis within the polymer matrix did not
change the mechanical properties of Cel-PVA/Prop film significantly.
Overall, these finds corroborate with the swelling data. It should be
mentioned that the cellulose-based films prepared in this work ex-
hibited comparable or even superior mechanical properties than other
polysaccharide-based films designed for wound healing purpose (Barud
et al., 2011, Ifuku et al., 2013; Mushi et al., 2014). In a recent review

paper, Tan et al. discuss the reinforcement effect caused by the in-
corporation of cellulose from different sources in a PVA matrix (Tan
et al., 2015). Overall, Cel-PVA composites exhibited Young modulus
values ranging from 1 to 4 GPa when small amounts of Cel are in-
corporated in a PVA matrix. Considering this information, it could be
suggested that the mechanical properties of Cel-PVA composites can be
tailored just adjusting the Cel:PVA mass ratio.

3.3. In vitro vitamin C release

To investigate the potential of using Cel-PVA film as a carrier for the
controlled release of vitamin C we investigated the release profiles of
Cel-PVA/VitC and Cel-PVA/VitC/Prop in SWF (pH 7.4) at 37 °C. The
cumulative vitamin C release profiles from these film samples are
shown in Fig. 3b. As observed, both films were able to control the vi-
tamin C release profile preventing an initial burst releasing during the
first minutes. Burst release leads to higher initial drug delivery, which
may cause some inconveniences in patients. Moreover, the burst release
reduces drastically the effective lifetime of the carrier device (Huang
and Brazel, 2001). In general lines, the Cel-PVA/VitC and Cel-PVA/
VitC/Prop films showed a comparable release profile. During the first
60 min the vitamin C was released fast, then, the release rate tends to
slow down. Next, the release profile became stable up to the end of the
experiment (360 min). After immersion for 360 min, the cumulative
released amount of vitamin C from Cel-PVA/VitC and Cel-PVA/VitC/
Prop was ca. 64% and 76%, respectively. As aforementioned, the
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Fig. 3. (a) Swelling kinetics curve of the cellulose-based films and (b) in vitro vitamin C release profile from Cel-PVA/VitC and Cel-PVA/VitC/Prop films in SWF at

37 °C (Replicates: n = 3).
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Table 1
Mechanical properties of cellulose-based films.
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Sample Composition (w-%) Mechanical Properties

[Cel] [PVA] [VitC] [Prop] Tensile strength (MPa) Elongation at break (%) Young Modulus (GPa)
Cel-PVA 66.7 33.3 - 370.1 + 433 3.5 = 05 10.4 + 1.4
Cel-PVA/VitC 66 33 1 - 495.6 *+ 51.6 3.2 = 0.6 155 = 1.6
Cel-PVA/Prop 66 33 - 1 385.3 = 37.2 3.4 = 0.6 11.2 = 0.9
Cel-PVA/VitC/Prop 65.3 32.7 1 1 421.5 = 30.9 3.3 =07 12.8 = 0.8

encapsulated vitamin C interacts strongly with the Cel-PVA matrix
likely due to the H-bonds that take place between the drug and the
carrier. The swelling experiments showed that this interaction harms
the liquid uptake and as consequence the diffusion of vitamin C out-
ward the polymer matrix is impacted. On contrary, the presence of
propolis into the Cel-PVA matrix reduces the density of H-bonds be-
tween vitamin C and the carrier favoring the liquid uptake and the drug
release.

The release kinetics and mechanism were examined by fitting the
release data to various kinetic models such as zero-order (Eq. (2)), first-
order (Eq. (3)), Higuchi (Eq. (4)), Hixson-Crowell (Eq. (5)), and Kors-
meyer-Peppas (Eq. (6)) (Pereira et al., 2013).

ky; value calculated to Cel-PVA/VitC/Prop sample is slightly higher than
that calculated to Cel-PVA/VitC suggesting that the presence of propolis
enhances the vitamin C release rate.

The release mechanism was investigated by fitting experimental
data to the Korsmeyer-Peppas model, which is based on diffusion laws.
This model establishes an exponential correlation between drug release
and time, and it predicts the first 60% of drug release (Korsmeyer et al.,
1983). According to the data shown in Table 2, the Korsmeyer-Peppas
model fits satisfactorily the experimental data (R? values =0.974). The
n exponent values calculated to the Cel-PVA/VitC and Cel-PVA/VitC/
Prop were 0.46 and 0.41 indicating that the vitamin C release me-
chanism from both samples is controlled by a Fickian diffusion process
(Fu and Kao, 2010). Fickian diffusion refers to the drug transport pro-

= kot 2,
Q ¢ @ cess in which the polymer relaxation time is much greater than the
InQ, = InQy—kit 3) characteristic solvent diffusion time (Fu and Kao, 2010). This release
mechanism corroborates the data obtained with the Higuchi model.

Q = kyt'? Q)

QB—QM3 = kyet ©) 3.4. Biological experiments
Q 3.4.1. In vitro antibacterial activity

log(Q—] = logkgp + nlogt ) The antibacterial activity of the cellulose-based films was evaluated
oo

where Q (mg) is the amount of vitamin C released at time t, Qo (mg) is
the initial amount of vitamin C encapsulated into the film samples, Q,
(mg) is the amount of vitamin C remained into the film samples, and
Q.. (mg) is the amount of vitamin C released at equilibrium. ko
(mgL~'min~"), k; (min~1), ky (min~'2), kye (min~? and kgp
(min~") are the release rate constants, and n (dimensionless) is the
release exponent associated with the mechanism of release (Korsmeyer
et al., 1983). The kinetic parameters, as well as the coefficients of de-
termination (R2), values obtained from the zero-order, first-order, Hi-
guchi, Hixson-Crowell, and Korsmeyer-Peppas plots (Fig. S3a-e,
Supporting information) are presented in Table 2.

The R? values of Higuchi model were found to be higher when
compared to the zero-order, first-order, and Hixson-Crowell models
(Table 2) indicating that the Higuchi model fits better the experimental
data related to the vitamin C release from Cel-PVA/VitC and Cel-PVA/
VitC/Prop. Higuchi model deals with the release kinetics of systems
with different geometries. It is based on some hypothesis: (i) initial drug
concentration into the polymer matrix is much higher than its solubi-
lity; (i) the drug particle size is much smaller in the comparison to the
polymer matrix thickness; (iii) the drug diffusion is constant; (iv) ideal
sink conditions are always maintained; and (v) boundary effects are
neglected (Higuchi, 1963). Moreover, depending on this model, if the
drug diffusion is the rate-limiting step, the solid/liquid interface will
move towards the interior over time (Higuchi, 1963). As evidenced, the

Table 2

against two bacteria strains, E. coli (gram negative) and S. aureus (gram
positive). In Fig. 4, it can be observed that Cel-PVA/VitC, Cel-PVA/
Prop, and Cel-PVA/VitC/Prop films presented antimicrobial activity
against the two microorganisms tested.

For E. coli, reductions of 36.7, 45.4 and 56.6% in bacteria counts
were observed after Cel-PVA/VitC, Cel-PVA/Prop, and Cel-PVA/VitC/
Prop treatments, respectively, when compared to the Cel-PVA film.
Similarly, a significant reduction in S. aureus counts after treatments
with Cel-PVA/VitC (28.9%), Cel-PVA/Prop (39.1%), and Cel-PVA/
VitC/Prop (46.1%) films was also pointed out.

The use of vitamin C and propolis incorporated in this type of cel-
lulose-containing formulation is advantageous since the time of contact
of the film with the microorganisms can activate the mechanisms of
passive transport through the cell membrane (Donsi et al., 2010). Vi-
tamin C has anti-inflammatory activity and also healing on wounds and
promotes immune defense (Naidu, 2003). Propolis is widely used in
drugs with antibacterial action. The synergism between their con-
stituents, such as flavonoids, phenolic acids, and other compounds,
confer its antimicrobial activity (Salomao et al., 2008).

3.4.2. Diabetic wound healing study in mice

Considering that impaired wound healing is a complication caused
by diabetes mellitus, the current study was conducted with the objective
of investigating the antibacterial and wound healing properties of the
cellulose-based film loaded with vitamin C and/or propolis in a STZ-

Kinetics parameters and coefficients of determination (R?) values from various drug release models for the vitamin C release in SWF (pH 7.4) at 37 °C.

Sample Zero-order First-order Higuchi Hixson-Crowell Korsmeyer-Peppas

ko R? k R? ky R? kuc R? kxp n R?
Cel-PVA/VitC 0.001 0.829 0.002 0.923 3.076 0.978 0.003 0.865 0.098 0.46 0.974
Cel-PVA/VitC/Prop 0.002 0.845 0.004 0.934 3.791 0.987 0.005 0.883 0.132 0.41 0.989
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Reduction compared to Cel-PVA

Reduction compared to Cel-PVA
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Fig. 4. Antibacterial activity by cellulose-based films
loaded with vitamin C and/or propolis against E. coli
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l levels when compared to Cel-PVA group (Replicates:
n = 3). (One-way analysis of variance/Newman-
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Table 3
Effect of treatments on glucose levels and behavioral parameters in the open
field test in mice.

Glucose (mg/dL) Open Field Test

Day 0 Day 15 Number of Number of

Crossings Rearings
Control 153 £5 146 +7 99 * 4 41 + 3
Cel-PVA 156 + 4 144 + 6 95 = 3° 42 + 4
Cel-PVA/VitC 124 8 128+7 89 %3 40 + 2°
Cel-PVA/Prop 126 5 125 +5 100 + 3 51 + 3
Cel-PVA/VitC/Prop 133 +3 117 +5 104 + 4 42 + 2
STZ 444 + 20 428 + 12 30 + 12 10 + 4%
Cel-PVA + STZ 430 + 29 460 + 21 48 + 57 20 + 4%
Cel-PVA/VitC + STZ 423 + 30 459 = 20 49 + 9% 21 + 4*
Cel-PVA/Prop + STZ 403 + 25 432 + 20 51 + 5% 15 = 2*
Cel-PVA/VitC/Prop + STZ 444 + 34 457 + 18 55 + 8% 17 + 5%

One-way ANOVA followed by Newman-Keuls test. Data presented are mean
values + S.E.M. (*) P < 0.05 denotes significance levels when compared to
control group and () P < 0.05 denotes significance levels when compared to
STZ group.

induced diabetic mice model. As expected, on day 0 (ANOVA:
Fo,50) = 57.61, P < 0.0001) and day 15 (ANOVA: F(gs50) = 149.8,
P < 0.0001), the animals that received STZ injections showed higher
levels of blood glucose than controls. Topical application of films did
not affect hyperglycemia in diabetic mice (P > 0.05) (Table 3). No
obvious variation in glucose levels was observed after treatments with
films on wound area closure in non-diabetic mice (P > 0.05).

The films loaded with vitamin C and/or propolis were applied on an
excisional 9-mm wound on the dorsal back of diabetic and non-diabetic
mice groups. Photographs of the wound region were taken on days 0
and 15 in order to determine changes in wound size as a function of the
treatment-time (Fig. 5a). To determine the wound healing ability of the
cellulose-based films, the fraction exposed of the wound was de-
termined on day O and, then, compared with the fraction exposed on
day 15 (Fig. 5b). Overall, our findings revealed that diabetic mice have
poor wound healing capacity when compared to the control group. The
data analysis of wound area closure revealed that Cel-PVA/VitC/Prop
treatment improved the wound closure in diabetic mice when com-
pared to STZ group (Fig. 5a and b) (ANOVA: Fgs0) = 5.066,
P < 0.0001). No discrepancy was observed after treatments with films
on wound area closure in non-diabetic mice (P > 0.05).
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Indeed, one of the most prevalent chronic complications associated
with this complex metabolic disorder is diabetic foot ulcer that results
from impaired wound healing (Moura et al., 2014). In general, op-
timum wound healing comprises a series of well-orchestrated cellular
and biomolecular events in several overlapping phases, including in-
flammation, cell migration/proliferation, tissue remodeling, and oxi-
dative stress (Singer and Clark, 1999). Antioxidants have been postu-
lated to help control wound oxidative stress and thereby accelerate
wound healing. It is well documented that vitamin C reacts with and
deactivates biologically significant radicals and oxidants (Corti et al.,
2010). Nonetheless, vitamin C fortifies collagen biosynthesis and the
synthesis of ceramides to form strong barrier lipids in the epidermis.
Indeed, vitamin C is a cofactor in numerous enzymatic responses, such
as collagen synthesis, which is indispensable in wound healing and
counteracting capillary bleeding. Collagen production in human skin in
vivo is stimulated by locally applied vitamin C (Ponec et al., 1997). In
the skin wound healing context, propolis is also receiving the attention
of researchers. Propolis promotes skin wound healing by facilitating the
formation of granulation tissue, stimulating epithelial regeneration and
modulating extracellular matrix deposition (Olczyk et al., 2013). In
addition, it was reported that propolis could alleviate cell damage in
fibroblast cells by suppressing intracellular reactive oxygen species
production induced by excessive light (Murase et al., 2013). Cao et al.
(2017) reported that oxidative stress had a strong negative impact on
the vitality and collagen expression of skin fibroblasts, whereas propolis
ethanol extracts efficiently reduced the undue accumulation of reactive
oxygen species, protecting skin cells from oxidative injury. Ad-
ditionally, biological activities of propolis on wound repair and tissue
regeneration might be correlated to its antimicrobial, anti-in-
flammatory, and immunomodulatory properties (Martinotti
Ranzato, 2015). In line with these studies, effects of topical application
of cellulose-based films loaded with vitamin C and/or propolis on
wounds of diabetic and non-diabetic mice were evaluated. Here, it was
verified an increase of the wound closure in diabetic mice treated with
topical application of Cel-PVA/VitC/Prop film. However, Cel-PVA/VitC
or Cel-PVA/Prop films did not exert this healing property. Taking into
account these results, we can suggest that there was a synergic effect of
propolis and vitamin C and the Cel-PVA/VitC/Prop film is a promissory
biomaterial for wound healing applications. In addition, it is worth
mentioning that the use of this biofilm allows the application as a
bandage, which makes its use practical and easy.

and
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Fig. 5. Wound healing by cellulose-based films loaded with vitamin C and/or propolis in diabetic (STZ) and non-diabetic mice. (A) Photographic images of the extent
of wound healing of one animal per group; (b) wound area closure (%). Data of wound area closure are reported as mean =* standard error of the mean (S.E.M.) of six
animals per group (one-way analysis of variance/Newman-Keuls test). (#) P < 0.05 denotes significance levels when compared to control group and () P < 0.05
denotes significance levels when compared to STZ group.
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Fig. 6. Quantification of total number of bacteria in
the wounds of non-diabetic and diabetic (STZ) mice
treated with cellulose-based films loaded with vi-
tamin C and/or propolis. The results were expressed
in CFU/mL. Values are means *+ standard error of
the mean (S.E.M.) (one-way analysis of variance/
Newman-Keuls test). (") P < 0.05 denotes sig-
nificant result when compared to Cel-PVA group. (*)
P < 0.05 denotes significance levels when compared
to control group and (") P < 0.05 denotes sig-
nificance levels when compared to Cel-PVA + STZ
treatment (Replicates: n = 3).
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Fig. 7. Histological profiles of wound area in non-diabetic and diabetic (STZ) mice after 15 days of treatment with Cellulose-based films using HE staining (mag-
nification 40 x ). Notes: (a) control of non-diabetic group — scar area (between arrows) and muscle layer (M). (b) Cel-PVA - ulceration areas (between head arrows),
normal skin (right corner until the arrow) and M (muscular layer). (c) Cel-PVA/VitC — scar tissue (between arrows). (d) Cel-PVA/Prop — healing area (right side of the
arrows) where thickening of the dermis is observed. (e) Cel-PVA/VitC/Prop — scar area (between the arrows) in the dermis with moderate mixed inflammatory
infiltrate. (f) Control of diabetic (STZ) group — scar area (left side of the arrow), ulceration area with adjacent necrosis and intralesional bacteria (arrowhead) and
muscular layer (M). (g) Cel-PVA + STZ — scar tissue (between arrows). (h) Cel-PVA/VitC + STZ — scar tissue (between arrows), inflammatory process and angio-
genesis ('), and M (muscular layer). (i) Cel-PVA/Prop + STZ — scar tissue (arrow’s right side). (j) Cel-PVA/VitC/Prop + STZ — scar tissue (between arrows).

3.4.2.1. Open field test. The probable effect of the tested treatments on
locomotor and exploratory activities of mice was evaluated in the open
field test. Statistical analysis showed that STZ injections decreased the
number of crossings (ANOVA: F(gs0) = 18.95, P < 0.0001) and
rearings when compared to the control group (ANOVA:
Fo50) = 18.44, P < 0.0001) (Table 3). Considering the background
regarding the complications of diabetes, we believed that the reduction
in locomotor and exploratory activities in diabetic animals is a result of
a hyperalgesic condition. Peripheral neuropathy is one of the most
frequent and serious complications of diabetes mellitus and it is
characterized by a distal symmetrical sensorimotor polyneuropathy.
As presented in Table 3, topical application of cellulose-based films
loaded with vitamin C and/or propolis did not alter the number of
crossings and rearings reduced by STZ exposure (P > 0.05). No
alteration in the number of crossings and rearings was observed after
the treatment of non-diabetic mice (P > 0.05). The current findings
suggest that the Cel-PVA/VitC/Prop film effect is local. It can be
hypothesized that Cel-PVA/VitC/Prop film is effective in treating the
impaired wound healing (a complication of diabetes), not altering the
pathological condition. These findings can be a result of the topical
administration that permits the relatively rapid action of the vitamin C/
propolis, albeit at a limited site.

3.4.2.2. Quantification of bacteria in treated wounds. Fig. 6 demonstrates
the reduction of bacterial counts present in the wound in the groups of
non-diabetic and diabetic mice after treatment with the Cel-PVA, Cel-
PVA/VitC, Cel-PVA/Prop and Cel-PVA/VitC/Prop films.

The quantification of bacteria in mice injected with STZ was 6.4
times greater than that found in the control group. It can be attributed
to the impaired immune status found in this group and the induction of
diabetes mellitus. Here, cellulose-based films were used in the lesions to
protect the site against infections and improve wound closure. When
the films containing vitamin C and propolis (Cel-PVA/VitC and Cel-
PVA/Prop) were placed in contact with the wound, there was a sig-
nificant reduction in bacterial counts when compared to the Cel-PVA
and Cel-PVA + STZ groups. In non-diabetic mice, Cel-PVA/VitC and
Cel-PVA/Prop treatments reduced the bacterial counts by 36.9% and
66.7%, respectively, when compared to the Cel-PVA group. Taking into
account the diabetic mice group, a reduction of 59.2% and 85.1% was
observed after the Cel-PVA/VitC and Cel-PVA/Prop treatments, when
compared to the Cel-PVA + STZ group. In parallel, Cel-PVA/VitC/Prop
treatment of non-diabetic (95.4%) and diabetic (93.9%) mice showed a
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reduction in the bacterial counts, when compared to the Cel-PVA and
Cel-PVA + STZ groups, respectively.

The Cel-PVA/VitC/Prop film demonstrated to have a high anti-
microbial activity, and this may be due to the synergism between the
two assets. The constituents of the film were able to accelerate healing
by lowering the rate of bacterial contamination by being excellent
bactericides and assisting in the formation of early granulation tissue in
topically treated wounds. The pharmacological activities with biolo-
gical, physiological, and medicinal benefits of propolis have been ex-
tensively studied and reviewed in the literature (Bankova, 2005). It is
well-known that the chemical composition of propolis is qualitatively
and quantitatively variable, depending on the geography and ecology of
the regional plants (Bankova, 2005). Research has shown that healing
time of diabetic lesions is high and due to the presence of micro-
organisms in the wound, there is an increase in infections and long
periods for complete healing (Doupis and Veves, 2008). However, in
spite of this bacterial increase observed in the Cel-PVA + SZT group,
the treatments with Cel-PVA/VitC + STZ, Cel-PVA/Prop + STZ and
Cel-PVA/VitC/Prop + STZ significantly reduced the number of bac-
teria, demonstrating the contribution of the active ingredients of the
formulations to the antibacterial activity.

The antibacterial activity of propolis is greater against Gram-posi-
tive bacteria owing to the presence of flavonoids, acids, and aromatic
esters on its composition. These compounds have effects on the cell
walls of nuclear organisms through a mechanism not yet known (Brown
et al., 2015). The intense inflammatory reaction in wounds may impair
the repair process by promoting edema, an excessive amount of exudate
favoring bacterial growth and, consequently, inhibition of fibroblast
proliferation and collagen deposition (de Oliveira et al., 2007).

3.4.2.3. Histological analysis of wounds. The morphological alterations
occurred on the wound area of diabetic (STZ) and non-diabetic mice
groups treated with the cellulose-based films for 15 days was examined
by histological analysis (Fig. 7). As assessed, the wound of the control
animal (non-diabetic group) showed complete healing of the induced
lesion. From histological viewpoint, it was observed dermis thickening,
acanthosis, and absence of cutaneous annexes (Fig. 7a). In contrast, the
wound of the non-diabetic mice treated with Cel-PVA film was unable
to develop the healing process effectively (Fig. 7b). Moreover, we
observed an area of wulceration with dermal hyperplasia.
Neovascularization, lymphatic vessels with dilatation and severe
inflammatory infiltrate of polymorphonuclear and mononuclear cells
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were present in the mice of this non-diabetic group. The wound of non-
diabetic mice treated with Cel-PVA/VitC film (Fig. 7c) presented the
finest healing process in comparison to the control group. Here, the
analysis of the scar tissue showed acanthosis and neovascularization in
the adjacent dermis. As highlighted in Fig. 7d, the wound of the non-
diabetic mice treated with Cel-PVA/Prop film presented ulcerations,
dermal thickening with severe mixed (polymorphonuclear and
mononuclear) inflammatory infiltrate with angiogenesis extending
until the subcutaneous. Finally, the non-diabetic mice treated with
Cel-PVA/VitC/Prop film (Fig. 7e) presented crusts on the wound
surface. In addition, the dermis was thickened with
neovascularization and discrete mixed inflammatory infiltrate cells.

Taking into account the STZ-induced diabetic mice group, the his-
tological analysis revealed that the untreated animals were unable to
accomplish the cicatrization process (Fig. 7f). In this case, the wound
area presented a noticeable ulceration with intralesional bacterial co-
lonies in the dermis and, also, crust formation. There was a severe
lymphatic vessel dilatation, with a marked mixed inflammatory in-
filtrate in an adjacent area of the wound. Conversely, the diabetic mice
treated with Cel-PVA film presented an efficient cicatrization process
with minimal acanthosis and discrete dermal thickening. Additionally,
the neovascularization was prominent in this group (Fig. 7g). A similar
analysis was done to the diabetic mice treated with Cel-PVA/VitC film
(Fig. 7h); however, in this case, it was observed a thickening of the
dermis. These animals showed acanthosis with rare cellularity within
the dermis. In addition, a focal neovascularization that extended until
the subcutaneous layer of the wound was present. The wound region of
the diabetic mice treated with Cel-PVA/Prop film did not develop the
scar tissue properly (Fig. 7i). As observed, the dermis was thickened
with an inflammatory response composed of neutrophils and mono-
nuclear cells and prominent neovascularization. Surprisingly, the
wound of diabetic mice treated with Cel-PVA/VitC/Prop presented the
best scar tissue when compared with the other groups. Furthermore,
discrete acanthosis and prominent neovascularization with slight
thickening of the dermis (Fig. 7j) was observed in the wound area.

In additional histological analyses, all the slides were also stained
with Masson’s trichrome (MT) in order to investigate the collagen for-
mation in the wound area in diabetic (STZ) mice after 15days of
treatment with the Cellulose-based films (Fig. 8). The diabetic control
group (Fig. 8a and b) presented severe edema in the dermal layer. In
addition, a prominent angiogenesis and slight fibroblast proliferation
with paltry collagen presence were noticed. Diabetic mice treated with
Cel-PVA film presented abundant fibroblast proliferation enlaced with
thick collagen bands (Fig. 8c and d), while the diabetic mice treated
with Cel-PVA/VitC showed a formed scar tissue with rough collagen
bands enlaced with few fibroblasts (Fig. 8e and f). The wound area of
the diabetic mice treated with Cel-PVA/Prop film showed an expressive
amount of fibroblasts within the lesion area with a discrete amount of
collagen evidenced by the paltry collagens deposition and thin bands
(Fig. 8g and h). Finally, diabetic mice treated with Cel-PVA/VitC/Prop
presented a homogeneous collagen and fibroblasts distribution within
the scar tissue (Fig. 8i and j). From these results, it can be suggested that
the vitamin C/propolis association is beneficial to stimulate tissue re-
generation and revascularization of wounds in diabetics.

It is important to note that propolis has been found to accelerate
wound healing in different animal models that mimic diabetic wounds
(Lotfy et al., 2006). The topical application of propolis has further been
shown to enhance the cutaneous wound healing of diabetic ulcers ex-
perimentally induced in mice by promoting TGF-/SMAD-mediated
collagen. In addition, oral supplementation of diabetic mice with pro-
polis restore the proliferation and chemotactic capacity of B- and T-
lymphocytes toward chemokines by interfering with the lipid in-
flammatory pathway (Al Ghamdi et al., 2015). At the same time, the
administration of vitamin C expedites wound healing in rats. Kamer
et al. suggest that vitamin C could confer benefits to tissue healing by
significantly enhancing tissue hydroxyproline levels,
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neovascularization, fibroblast maturation, and collagen deposition
(Kamer et al., 2010). Mohammed et al. highlights a comprehensive role
of vitamin C in all phases of wound healing with regard to collagen
synthesis, cellular apoptosis, antioxidant processes, and bone formation
(Mohammed et al., 2015). In the inflammatory phase, vitamin C is re-
quired for timely neutrophil apoptosis and clearance (Vissers and
Wilkie, 2007). Vitamin C differentially interacts with the integral pro-
cesses of synthesis, maturation, secretion, and degradation of collagen
during the proliferative phase (Mohammed et al., 2015).

Taken together, our results indicate that Cel-PVA/VitC/Prop film
allowed an enhanced wound closure rate. Vitamin C and propolis as-
sociation seem to have a better effect. Here, it was used a protocol of
topical treatment every 3 days, and it could justify a minimal effect of
the isolated treatments. In addition, our results revealed that the pre-
sence of propolis into the Cel-PVA matrix reduces the density of H-
bonds between vitamin C and the carrier favoring the liquid uptake and
the drug release, and it can explain the positive effect observed when
Cel-PVA/VitC/Prop was used in biological experiments. It is worth
mentioning that the biomaterials used in this study contain a slight
amount of the active compounds (vitamin C and propolis), which sug-
gest that even at low concentration, the association of these compounds
was effective to accelerate the diabetic wound healing. Additionally, as
demonstrated by histological analysis of wounds, the films loaded with
vitamin C or vitamin C and propolis shown more effectiveness in the
wound cicatrization process. Taken together, these results allow in-
ferring that the combination of these biocompounds (cellulose, vitamin
C, and propolis) with PVA may result in a composite material with the
potential to accelerate wound healing process in diabetic model in
mice.

4. Conclusion

Cellulose was extracted from rice husk, a worldwide agriculture
residue, using a facile protocol. This cellulose (Cel) was blended with
poly(vinyl alcohol) (PVA) in order to form films via casting method.
Moreover, vitamin C and/or propolis were encapsulated in the Cel-PVA
matrix. The film formation, as well as, the encapsulation of those bio-
compounds was confirmed FTIR analysis. As assessed, the presence of
vitamin C and/or propolis in the film affects their mechanical, swelling,
and release properties. It can be suggested that the interaction between
the biocompounds the film matrix promotes these changes. In vitro
release experiments revealed that the Cel-PVA/VitC and PVA/VitC/
Prop films enable the release of vitamin C in a controlled manner. For
both films, the Higuchi model explains the vitamin C release kinetics
while the release mechanic corroborates to the Korsmeyer-Peppas
model. In addition, the films loaded with vitamin C and/or propolis
showed antibacterial activity against E. coli and S. aureus. This anti-
bacterial activity was also verified against bacteria localized in the
wounds of diabetics and non-diabetics mice. In vivo experiments per-
formed in diabetics and non-diabetics mice groups suggest a synergistic
effect of vitamin C and propolis that accelerates the wound healing
process. Histological analysis corroborates this statement. Moreover,
our results demonstrate that Cel-PVA/VitC/Prop film enhances wound
healing in diabetic mice without altering its pathological condition.
Finally, all these findings suggest that Cel-PVA/VitC/Prop may re-
present a new therapeutic approach for advanced wound healing ap-
plications. Hence, further studies are required to elucidate the other
mechanisms involved in this potential action of this new biomaterial.
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Fig. 8. Histological profiles of wound area in diabetic
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Prop treatments. Notes: The images presented in the
left column have low magnification (40 x ), while the
images presented in the right column have high
magnification (400 x). Green arrows indicate the
selected regions of each image. (For interpretation of
the references to colour in this figure legend, the
reader is referred to the web version of this article.)



G.T. Voss et al.

from the Brazilian agencies CNPq (UNIVERSAL 408874/2016-3,
441888/2014-3, and 458101/2014-1), FAPERGS (PqG 02/2017;
PRONEM 16/2551-0000240-1 and PRONUPEQ 16/2551-0000526-5)
and CAPES. CNPq is also acknowledged for the fellowship to A.R.F.,
C.L. and E.AW.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ijpharm.2018.10.009.

References

Agrawal, P., Soni, S., Mittal, G., Bhatnagar, A., 2014. Role of polymeric biomaterials as
wound healing agents. Int. J. Low. Extr. Wound 13, 180-190.

Al Ghamdi, A.A., Badr, G., Hozzein, W.N., Allam, A., Al-Waili, N.S., Al-Wadaan, M.A.,
Garraud, O., 2015. Oral supplementation of diabetic mice with propolis restores the
proliferation capacity and chemotaxis of B and T lymphocytes towards CCL21 and
CXCL12 by modulating the lipid profile, the pro-inflammatory cytokine levels and
oxidative stress. BMC Immunol. 16, 1-10.

Alves, N.O., da Silva, G.T., Webber, D.M., Luchese, C., Wilhem, E.A., Fajardo, A.R., 2016.
Chitosan/poly(vinyl alcohol)/bovine bone powder biocomposites: a potential bio-
material for the treatment of atopic dermatitis-like skin lesions. Carbohydr. Polym.
148, 115-124.

Barud, T.R., Marques, R.F.C., Lustri, W.R., Messaddeq, Y., Ribeiro, S.J.L., 2011.
Antimicrobial bacterial cellulose-silvernanoparticles composite membranes. J.
Nanomater. 1-8 ID 721631.

Bankova, V., 2005. Recent trends and important developments in propolis research. Evid.
Based Complement. Altern. 2, 29-32.

Birch, N.P., Barney, L.E., Pandres, E., Peyton, S.R., Schiffman, J.D., 2015. Thermal-re-
sponsive behavior of a cell compatible chitosan/pectin hydrogel. Biomacromolecules
16, 1837-1843.

Brown, L., Wolf, J.M., Prados-Rosales, R., Casadevall, A., 2015. Through the wall: ex-
tracellular vesicles in Gram-positive bacteria, mycobacteria and fungi. Nat. Rev.
Microbiol. 13, 620-630.

Cao, X.P., Chen, Y.F., Zhang, J.L., You, M.M., Wang, K., Hu, F.L., 2017. Mechanisms
underlying the wound healing potential of propolis based on its in vitro antioxidant
activity. Phytomedicine 34, 76-84.

Chattopadhyay, S., Raines, R.T., 2014. Collagen-based biomaterials for wound healing.
Biopolymers 101, 821-833.

Chen, S$.X., Liu, B., Carlson, M.A., Gombart, A.F., Reilly, D.A., Xie, J.W., 2017. Recent
advances in electrospun nanofibers for wound healing. Nanomedicine 12,
1335-1352.

Cho, S.H., Purushotham, P., Fang, C., Maranas, C., Diaz-Moreno, S.M., Bulone, V.,
Zimmer, J., Kumar, M., Nixon, B.T., 2017. Synthesis and self-assembly of cellulose
microfibrils from reconstituted cellulose synthase. Plant Physiol. 175, 146-156.

Corti, A., Casini, A.F., Pompella, A., 2010. Cellular pathways for transport and efflux of
ascorbate and dehydroascorbate. Arch. Biochem. Biophys. 500, 107-115.

de Almeida, E.B., Cardoso, J.C., de Lima, A.K., de Oliveira, N.L., de Pontes, N.T., Lima,
S.0., Souza, 1.C.L., de Albuquerque, R.L.C., 2013. The incorporation of Brazilian
propolis into collagen-based dressing films improves dermal burn healing. J.
Ethnopharmacol. 147, 419-425.

de Oliveira, G.F., Furtado, N.A.C., da Silva, A.A., Martins, C.H.G., Bastos, J.K., Cunha,
W.R., Silva, M., 2007. Antimicrobial activity of Syzygium cumini (Myrtaceae) leaves
extract. Braz. J. Microbiol. 38, 381-384.

de Oliveira, J.P., Bruni, G.P., Lima, K.O., El Halal, S.L.M., da Rosa, G.S., Dias, A.R.G.,
Zavareze, E.D., 2017. Cellulose fibers extracted from rice and oat husks and their
application in hydrogel. Food Chem. 221, 153-160.

Desai, K.G.H., Park, H.J., 2005. Encapsulation of vitamin C in tripolyphosphate cross-
linked chitosan microspheres by spray drying. J. Microencapsul. 22, 179-192.

Donsi, F., Senatore, B., Huang, Q.R., Ferrari, G., 2010. Development of novel pea protein-
based nanoemulsions for delivery of nutraceuticals. J. Agric. Food Chem. 58,
10653-10660.

Doupis, J., Veves, A., 2008. Classification, diagnosis, and treatment of diabetic foot ulcers.
Wounds 20, 117-126.

Facchi, D.P., da Cruz, J.A., Bonafe, E.G., Pereira, A.G.B., Fajardo, A.R., Venter, S.A.S.,
Monteiro, J.P., Muniz, E.C., Martins, A.F., 2017. Polysaccharide-based materials as-
sociated with or coordinated to gold nanoparticles: synthesis and medical applica-
tion. Curr. Med. Chem. 24, 2701-2735.

Freires, 1.A., de Alencar, S.M., Rosalen, P.L., 2016. A pharmacological perspective on the
use of Brazilian Red Propolis and its isolated compounds against human diseases. Eur.
J. Med. Chem. 110, 267-279.

Frykberg, R.G., Banks, J., 2015. Challenges in the treatment of chronic wounds. Adv.
Wound Care 4, 560-582.

Fu, Y., Kao, W.J., 2010. Drug release kinetics and transport mechanisms of non-degrad-
able and degradable polymeric delivery systems. Exp. Opin. Drug Deliv. 7, 429-444,

Gurtner, G.C., Werner, S., Barrandon, Y., Longaker, M.T., 2008. Wound repair and re-
generation. Nature 453, 314-321.

Hess, C.T., 2011. Checklist for factors affecting wound healing. Adv. Skin Wound Care 24
192-192.

Higuchi, T., 1963. Mechanism of sustained-action medication — theoretical analysis of
rate of release of solid drugs dispersed in solid matrices. J. Pharm. Sci. 52,

351

46

International Journal of Pharmaceutics 552 (2018) 340-351

1145-1149.

Huang, X., Brazel, C.S., 2001. On the importance and mechanisms of burst release in
matrix-controlled drug delivery systems. J. Control. Release 73, 121-136.

Ifuku, S., Tkuta, A., Egusa, M., Kaminaka, H., Izawa, H., Morimoto, M., Saimoto, H., 2013.
Preparation of high-strength transparent chitosan film reinforced with surface-dea-
cetylated chitin nanofibers. Carbohydr. Polym. 98, 1198-1202.

Kamer, E., Unalp, H.R., Gundogan, O., Diniz, G., Ortac, R., Olukman, M., Derici, H., Onal,
M.A., 2010. Effect of ascorbic acid on incisional wound healing in streptozotocin-
induced diabetic rats. Wounds 22, 27-31.

Khamrai, M., Banerjee, S.L., Kundu, P.P., 2017. Modified bacterial cellulose based self-
healable polyeloctrolyte film for wound dressing application. Carbohydr. Polym. 174,
580-590.

Korsmeyer, R.W., Gurny, R., Doelker, E., Buri, P., Peppas, N.A., 1983. Mechanisms of
solute release from porous hydrophilic polymers. Int. J. Pharm. 15, 25-35.

Li, Y., Jiang, H., Zheng, W.F., Gong, N.Y., Chen, L.L., Jiang, X.Y., Yang, G., 2015. Bacterial
cellulose-hyaluronan nanocomposite biomaterials as wound dressings for severe skin
injury repair. J. Mater. Chem. B 3, 3498-3507.

Lotfy, M., Badra, G., Burham, W., Alenzi, F.Q., 2006. Combined use of honey, bee propolis
and myrrh in healing a deep, infected wound in a patient with diabetes mellitus. Br. J.
Biomed. Sci. 63, 171-173.

Manning, J., Mitchell, B., Appadurai, D.A., Shakya, A., Pierce, L.J., Wang, H., Nganga, V.,
Swanson, P.C., May, J.M., Tantin, D., Spangrude, G.J., 2013, Vitamin C promotes
maturation of T-cells. Antioxid. Redox Signal. 19, 2054-2067.

Martinotti, S., Ranzato, E., 2015. Propolis: a new frontier for wound healing? Burn.
Trauma 3, 1-9.

Moh d, B.M., Kraskausk D., Ward, S.1., Ghosh, P., Fisher, B.J., Brophy, D.F.,
Fowler, A.A., Yager, D.R., Natarajan, R., 2015. Vitamin C in wound healing: a new
perspective. Wound Repair Reg. 23, A32-A33.

Morikawa, K., Matoba, T., Kubota, H., Hatanaka, M., Fujiki, T., Takahashi, S., Takeshita,
A., Shimokawa, H., 2005. Influence of diabetes mellitus, hypercholesterolemia, and
their ¢ ion on EDHF-mediated responses in mice. J. Cardiovasc. Pharm. 45,
485-490.

Mot, A.C., Silaghi-Dumitrescu, R., Sarbu, C., 2011. Rapid and effective evaluation of the
antioxidant capacity of propolis extracts using DPPH bleaching kinetic profiles, FT-IR
and UV-vis spectroscopic data. J. Food Compos. Anal. 24, 516-522.

Moura, L.LF., Dias, A.M.A., Suesca, E., Casadiegos, S., Leal, E.C., Fontanilla, M.R.,
Carvalho, L., de Sousa, H.C., Carvalho, E., 2014. Neurotensin-loaded collagen dres-
sings reduce inflammation and improve wound healing in diabetic mice. BBA-Mol.
Basis Dis. 1842, 32-43.

Murase, H., Shimazawa, M., Kakino, M., Ichihara, K., Tsuruma, K., Hara, H., 2013. The
effects of Brazilian green propolis against excessive light-induced cell damage in
retina and fibroblast cells. Evid. Based Complement. Altern. 2013 ID 238279.

Mushi, N.E., Utsel, S., Berglund, L.A., 2014. Nanostructured biocomposite films of high
toughness based on native chitin nanofibers and chitosan. Front. Chem. 2, 1-8.

Naidu, K.A., 2003. Vitamin C in human health and disease is still a mystery? An overview.
Nutr. J. 2, 1-10.

Olczyk, P., Wisowski, G., Komosinska-Vassev, K., Stojko, J., Klimek, K., Olczyk, M.,
Kozma, E.M., 2013. Propolis modifies collagen types I and Il accumulation in the
matrix of burnt tissue. Evid. Based Complement. Altern. 2013, 1-10 1D 423809.

Oliveira, R.N., McGuinness, G.B., Rouze, R., Quilty, B., Cahill, P., Soares, G.D.A., Thire,
R., 2015. PVA hydrogels loaded with a Brazilian propolis for burn wound healing
applications. J. Appl. Polym. Sci. 132, 1-12 ID 42129.

Pereira, A.G.B., Fajardo, A.R., Nocchi, S., Nakamura, C.V., Rubira, A.F., Muniz, E.C.,
2013. Starch-based microspheres for sustained-release of curcumin: preparation and
cytotoxic effect on tumor cells. Carbohydr. Polym. 98, 711-720.

Ponec, M., Weerheim, A., Kempenaar, J., Mulder, A., Gooris, G.S., Bouwstra, J.,
Mommaas, A.M., 1997. The formation of competent barrier lipids in reconstructed
human epidermis requires the presence of vitamin C. J. Invest. Dermatol. 109,
348-355.

Rizzi, S.C., Upton, Z., Bott, K., Dargaville, T.R., 2010. Recent advances in dermal wound
healing: biomedical device approaches. Exp. Rev. Med. Dev. 7, 143-154.

Said, J., Dodoo, C.C., Walker, M., Parsons, D., Stapleton, P., Beezer, A.E., Gaisford, S.,
2014. An in vitro test of the efficacy of silver-containing wound dressings against
Staphylococcus aureus and Pseud aerugi in simulated wound fluid. Int. J.
Pharm. 462, 123-128.

Salomao, K., Pereira, P.R.S., Campos, L.C., Borba, C.M., Cabello, P.H., Marcucci, M.C., de
Castro, S.L., 2008. Brazilian propolis: correlation between chemical composition and
antimicrobial activity. Evid. Based Complement. Altern. 5, 317-324.

Singer, A.J., Clark, R.A.F., 1999. Mechanisms of disease — cutaneous wound healing. New
Engl. J. Med. 341, 738-746.

Tabari, M., 2017. Investigation of carboxymethyl cellulose (CMC) on mechanical prop-
erties of cold water fish gelatin biodegradable edible films. Foods 6, 1-6.

Tan, B.K., Ching, Y.C., Poh, S.C., Abdullah, L.C., Gan, S.N., 2015. A review of natural fiber
reinforced poly(vinyl alcohol) based composites: application and opportunity.
Polymers 7, 2205-2222.

Vissers, M.C.M., Wilkie, R.P., 2007. Ascorbate deficiency results in impaired neutrophil
apoptosis and clearance and is associated with up-regulation of hypoxia-inducible
factor 1 alpha. J. Leukoc. Biol. 81, 1236-1244.

Wang, X.J., Cheng, F., Liu, J., Smatt, J.H., Gepperth, D., Lastusaari, M., Xu, C.L., Hupa, L.,
2016. Biocomposites of copper-containing mesoporous bioactive glass and nanofi-
brillated cellulose: biocompatibility and angiogenic promotion in chronic wound
healing application. Acta Biomater. 46, 286-298.

Yang, L., Yang, Q., Lu, D.N., 2014. Effect of chemical crosslinking degree on mechanical
properties of bacterial cellulose/poly(vinyl alcohol) composite membranes. Monatsh.
Chem. 145, 91-95.




47

5. Conclusdes

Os filmes contendo vitamina C apresentaram liberacéo controlada;

Os filmes carregados com vitamina C e/ou prépolis apresentaram
atividade antibacteriana in vitro contra E. coli e S. aureus. Este efeito
também foi observado contra bactérias localizadas em feridas de
camundongos diabéticos e nao diabéticos;

Os experimentos in vivo realizados em grupos de camundongos
diabéticos e ndo diabéticos sugerem um efeito sinérgico da vitamina
C e propolis na aceleracao do processo de cicatrizacdo de feridas;

A andlise histologica demonstrou que o filme contendo vitamina C +
propolis melhorou a cicatrizagdo de feridas em camundongos
diabéticos sem alterar sua condi¢ao patologica;

Finalmente, todas essas descobertas sugerem que o filme com
vitamina C e propolis pode representar uma nova abordagem

terapéutica para aplicacdes avancadas de cicatrizacdo de feridas.
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Perspectivas

Mais estudos serdo necessarios para investigar os possiveis mecanismos de
acao envolvidos nas propriedades cicatrizantes e antibacterianas dos filmes
contendo vitamina C e/ou proépolis. Além disso, nosso grupo de pesquisa tem se
dedicado ao estudo de doencas inflamatorias de pele, utilizando compostos
organicos de selénio para o tratamento. Um dos modelos que se destacam € o
de dermatite atopica induzida com 2,4-dinitroclorobenzeno em camundongos.
Assim, buscaremos investigar o efeito destes compostos nas lesdes
semelhantes a dermatite atopica, a fim de identificar uma nova alternativa

terapéutica para esta doenca.
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Anexo A- Aprovacdo do Comité de Etica em Experimentacdo e Bem-Estar

Ea

Comissdo da Efca em Expermentacon Anima:

Animal

UFPel

Pelotas, 28 de novembro de 2016

Certificado

Certificamos que a proposta intitulada “Avaliacdo das a¢des anti-inflamatéria

e cicatrizante de compostos sintéticos inéditos em feridas diabéticas”, registrada
com o n°23110.008659/2016-38, sob a responsabilidade de Ethel Antunes Wilhelm -
que envolve a produgdo, manutengdo ou utilizagdo de animais pertencentes ao filo

Chordata, subfilo Vertebrata (exceto humanos), para fins de pesquisa cientifica (ou

ensino) — encontra-se de acordo com os preceitos da Lei n® 11.794, de 8 de outubro de
2008, do Decreto n° 6.899, de 15 de julho de 2009, e com as normas editadas pelo
Conselho Nacional de Controle de Experimentagdo Animal (CONCEA), e recebeu
parecer FAVORAVEL a sua execugdo pela Comissdo de Etica em Experimentagdo

Animal, em reunido de 21/11/2016.

Finalidade (X)) Pesquisa () Ensino
Vigéncia da autorizagdo 05/12/2016 a 05/12/2021
Espécie/linhagem/raca Mus muscullus/Swiss
N° de animais 96
Idade 60 dias
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