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RESUMO

As feridas cronicas, como Ulceras do pé diabético (UPD) e queimaduras, representam um
desafio clinico significativo devido a sua complexidade fisiopatologica e ao alto risco de
infeccOes. Nesse contexto, biomateriais a base de quitosana tém se destacado por suas
propriedades bioativas, incluindo biocompatibilidade, atividade antimicrobiana e capacidade
de modular a resposta inflamatéria. Além disso, os posbidticos — metabolitos bacterianos com
efeitos terapéuticos — emergem como uma estratégia promissora para potencializar a
cicatrizacdo. Assim, este trabalho propGe o desenvolvimento e caracterizagdo de membranas de
quitosana contendo posbidticos produzidos pela bactéria Lactococcus lactis subsp. lactis
NCDO 2118, visando o tratamento de feridas de queimaduras e Ulceras do pé diabético (UPD).
A abordagem integra duas etapas principais: (1) uma revisdo sistematica e metanalise seguindo
as diretrizes PRISMA 2020, avaliando o vies metodologico com SYRCLE e MINORS, para
determinar a eficécia de curativos a base de quitosana; e (2) a sintese e caracterizagdo inicial de
membranas de quitosana contendo metabdlitos bioativos (GABA e Hsp65). A metanalise
revelou efeito significativo da quitosana na cicatrizacdo (SMD = 2,48; p < 0,001), com fatores
como liberagdo sustentada, resisténcia mecanica e baixo angulo de contato identificados como
preditores-chave de eficidcia. As membranas desenvolvidas demonstraram integridade
estrutural, flexibilidade, mas sem uma atividade antimicrobiana significativa contra patdgenos
comuns em feridas cronicas (Staphylococcus aureus ATCC 29213, Pseudomonas aeruginosa
ATCC 27853, Klebsiella pneumoniae ATCC 700603, Acinetobacter baumannii ATCC 19606
e Proteus mirabilis ATCC 15290). A combinacdo dos poshioticos com as propriedades
bioativas da quitosana abre novas perspectivas para o desenvolvimento de terapias mais
eficazes, seguras e de baixo custo.

Palavras-chave: Quitosana; Posbidticos; Lactococcus lactis; Cicatrizacdo de feridas;
Queimaduras; Ulcera do pé diabético; Revisdo sistematica.



ABSTRACT

Chronic wounds, such as diabetic foot ulcers (DFUs) and burns, represent a significant clinical
challenge due to their pathophysiological complexity and high risk of infection. In this context,
chitosan-based biomaterials have stood out for their bioactive properties, including
biocompatibility, antimicrobial activity, and ability to modulate the inflammatory response. In
addition, postbiotics—bacterial metabolites with therapeutic effects—are emerging as a
promising strategy to enhance healing. So, this study proposes the development and
characterization of chitosan membranes containing postbiotics produced by the bacterium
Lactococcus lactis subsp. lactis NCDO 2118 for the treatment of burn wounds and diabetic foot
ulcers (DFU). The approach integrates two main stages: (1) a systematic review and meta-
analysis following PRISMA 2020 guidelines, assessing methodological bias using SYRCLE
and MINORS tools, to evaluate the efficacy of chitosan-based dressings; and (2) the synthesis
and initial characterization of chitosan membranes loaded with bioactive metabolites (GABA
and Hsp65). Meta-analysis revealed a significant effect of chitosan on wound healing (SMD =
2.48; p < 0.001), with sustained release, mechanical strength, and low contact angle identified
as key predictors of therapeutic efficacy. The developed membranes showed structural
integrity, flexibility, but without any significative antimicrobial activity against common
pathogens in chronic wounds (Staphylococcus aureus ATCC 29213, Pseudomonas aeruginosa
ATCC 27853, Klebsiella pneumoniae ATCC 700603, Acinetobacter baumannii ATCC 19606
e Proteus mirabilis ATCC 15290). The combination of postbiotics with chitosan’s bioactive
properties opens new perspectives for the development of more effective, safe, and low-cost
therapies.

Keywords: Chitosan; Postbiotics; Lactococcus lactis; Wound healing; Diabetic foot ulcer;
Burn; Systematic review; Meta-analysis.
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1. INTRODUGAO

Feridas cronicas impdem desafios persistentes aos sistemas de salde globais, devido a dor,
a queda na qualidade de vida e ao risco elevado de complicacdes como infec¢bes e amputacdes
(Dreifke; Jayasuriya; Jayasuriya, 2015; Nussbaum et al., 2018). Queimaduras e Ulceras do pé
diabético (UPD) destacam-se por sua complexidade fisiopatoldgica (Chang; Nguyen, 2021;
McDermott et al., 2023; Park et al., 2024). Nesses casos, a cicatrizacdo é prejudicada por
desregulacdo inflamatdria, colonizacéo bacteriana e dificuldade de regeneracéo tecidual, o que
exige abordagens terapéuticas mais eficazes e inovadoras (Abazari et al., 2022).

Nesse contexto, a engenharia de tecidos tem se voltado ao desenvolvimento de
biomateriais capazes de atuar além da barreira fisica, modulando ativamente 0 microambiente
da ferida. Biopolimeros biocompativeis, especialmente os hidrogéis, destacam-se como
plataformas promissoras para curativos de nova geracdo (Feng et al., 2021). Entre eles, a
quitosana — biopolimero natural derivado da quitina — apresenta vantagens relevantes, como
biocompatibilidade, biodegradabilidade e propriedades bioativas intrinsecas (Blebea et al.,
2025; Mo; Xiang; Chen, 2021). A quitosana promove hemostasia, possui atividade
antimicrobiana, modula a inflamacdo, apresenta acdo antioxidante e estimula a proliferacédo
celular e a formagéo do tecido de granulagdo, o que a torna altamente adequada ao tratamento
de queimaduras e UPD (Bernkop-Schniirch, 2018; Dong; Zhang; Guo, 2022; Li et al., 2025;
Zhang et al., 2024; Zhao et al., 2023).

Embora a quitosana ja apresente potencial reconhecido, novas estratégias buscam
funcionalizé-la com agentes terapéuticos para superar limitagdes e ampliar sua eficacia. Uma
dessas abordagens € a incorporacdo de poshidticos — metabdlitos, fragmentos celulares ou
subprodutos de microrganismos probidticos que exercem efeitos benéficos mesmo na auséncia
de viabilidade microbiana. Essa estratégia apresenta vantagens em relacdo aos probioticos
vivos, como maior estabilidade, seguranca e facilidade de armazenamento e incorporagao em
matrizes poliméricas (Bazjou et al., 2021; Farahani et al., 2023; Shokatayeva; Savitskaya;
Kistaubayeva, 2021).

Entre as fontes de posbidticos, a bactéria Lactococcus lactis subsp. lactis NCDO 2118
destaca-se pela producdo de metabdlitos bioativos com efeitos terapéuticos potenciais. Essa
cepa sintetiza, entre outros compostos, o acido gama-aminobutirico (GABA), com funcéo
imunomoduladora (Han et al., 2007a; Oliveira, 2020), e a proteina de choque térmico Hsp65,
associada a inducdo de respostas celulares reparadoras (Gusmao-Silva et al., 2020). A
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integracdo da quitosana com esses poshidticos pode favorecer o desenvolvimento de curativos
topicos com acdo bioldgica ampliada. No entanto, apesar de existirem estudos isolados sobre a
quitosana e, mais recentemente, sobre posbidticos, ainda falta uma avaliacdo metodoldgica
rigorosa da eficacia de curativos a base de quitosana e, principalmente, a caracterizacdo de
sistemas hibridos que combinem quitosana e posbioticos especificos para uso em feridas

complexas.

2. JUSTIFICATIVA

O tratamento de feridas crénicas e queimaduras representa um desafio relevante para a
salde publica no Brasil, devido aos altos custos, a morbidade associada e ao impacto direto na
qualidade de vida dos pacientes. A cicatrizacao dessas lesdes € comprometida por fatores como
infeccdo, isquemia, inflamacdo cronica e disfuncdo celular. Estima-se que, anualmente, cerca
de 150 mil brasileiros sofram queimaduras significativas, enquanto aproximadamente 16,8
milhdes convivem com diabetes mellitus — muitos deles com UPDs, lesdes de dificil
cicatrizacdo e alto risco de infeccdo, amputagio e hospitalizacdo prolongada (MINISTERIO
DA SAUDE, [S.d.]; UNIFESP, [S.d.]).

Feridas crbnicas e queimaduras compartilham um obstaculo central: a interrupcao do
processo fisiolégico de cicatrizagdo, frequentemente agravada por inflamagdo crénica,
isquemia e infeccdo. Tratamentos convencionais, como curativos passivos e desbridamento,
tendem a resultar em recuperacdo prolongada e em complicacGes como cicatrizes hipertréficas
e contraturas (Costantino et al., 2022). Embora biomateriais como alginato e pHEMA tenham
representado avangos, esses curativos ainda enfrentam limitagdes quanto ao custo, a
aplicabilidade clinica e a biodegradabilidade (Lee et al., 2009; Li et al., 2021b).

Nesse contexto, a quitosana destaca-se como biopolimero funcional, por reunir
biocompatibilidade, biodegradabilidade, atividade hemostatica, acdo antimicrobiana e
potencial modulador da resposta inflamatdria (Feng et al., 2021; Zhao et al., 2023). Apesar do
crescente numero de estudos pré-clinicos com curativos de quitosana, ainda falta uma avaliacéo
critica que relacione suas propriedades fisico-quimicas a eficacia terapéutica. Muitos desses
estudos apresentam viés metodoldgico, auséncia de padronizacdo e resultados conflitantes.
Nesse contexto, torna-se necessdria uma revisao sistematica com metanalise rigorosa,
fundamentada nas diretrizes PRISMA, para identificar evidéncias consistentes e fatores
preditivos de sucesso no uso da quitosana em feridas. Mais do que mapear a literatura, essa

analise orienta o desenvolvimento racional de biomateriais.
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Com base nos achados da revisédo sistematica, este estudo propde um sistema terapéutico
inovador: membranas de quitosana incorporando posbioticos da cepa Lactococcus lactis subsp.
lactis NCDO 2118, como prova de conceito. Essa cepa, produtora de GABA e, em sua forma
recombinante, da proteina Hsp65, exerce efeitos imunomoduladores, antinociceptivos e
tolerogénicos sem depender da viabilidade bacteriana, favorecendo a seguranca e estabilidade
do curativo. A combinagdo quitosana-posbidticos propde uma abordagem além da acdo
antimicrobiana, com atuacdo direta sobre vias inflamatdrias e neuroimunolégicas envolvidas

na cicatrizacao.

3. OBJETIVOS

3.1. Objetivo geral:

Desenvolver e caracterizar membranas de quitosana contendo posbidticos de
Lactococcus lactis subsp. lactis NCDO 2118 — produtora de GABA e expressando Hsp 65 —
para o tratamento de feridas de queimaduras e Ulceras do pé diabético, com base em uma

avaliacdo critica da literatura cientifica por meio de revisao sistematica e metanalise.

3.2. Obijetivos especificos:

3.2.1. Etapa I: Fundamentacdo Baseada em Evidéncias

1. Realizar levantamento bibliografico sobre membranas de quitosana para cicatrizacdo
de feridas e sobre a aplicacdo de poshioticos na formulacdo de curativos, com foco em
potencializar os efeitos terapéuticos.

2. Realizar uma revisao sistematica e metanalise seguindo as diretrizes PRISMA 2020,
avaliando o viés metodologico com as ferramentas SYRCLE e MINORS, para avaliar a eficacia
de curativos a base de quitosana no tratamento de feridas de queimaduras e UPDs e compara-

los aos tratamentos padrdes como a gaze comum.

3.2.2. Etapa II: Desenvolvimento e Caracterizagéo do Biomaterial

1. Sintetizar membranas de quitosana contendo posbidticos da cepa L. lactis NCDO 2118

nas versoes selvagem e recombinante para Hsp 65).
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2. Avaliar a integridade estrutural das membranas apds desidratag&o.
3. Avaliar a atividade antimicrobiana das membranas frente a patdgenos associados a
feridas crbnicas (S. aureus, P. aeruginosa, P. mirabilis, A. baumannii, K.

pneumoniae).

4. REFERENCIAL TEORICO

4.1. Cicatrizacdo de feridas: importancia para a saude publica

A pele, maior 6rgdo do corpo humano, representa cerca de 16% da massa corporal total
e funciona como uma barreira fisica contra agressdes externas. A pele é dividida em camadas,
sendo elas: epiderme, derme e tecido subcutaneo (Chou et al., 2013; Sreedevi, 2020). Em estado
saudavel, a epiderme atua como uma interface impermeével que protege os tecidos internos
contra agressdes externas (Chou et al., 2013). Sua integridade € essencial para a homeostase e
protecdo contra agentes ambientais (Diaz-Garcia et al., 2021). Lesdes cutaneas causadas por
doengas cronicas, queimaduras, traumas ou cirurgias comprometem essa funcéo, levando a
déficits funcionais, morbidade e sofrimento emocional, além de sobrecarregar os sistemas de
salde globalmente (Aragona et al., 2017).

A cicatrizacdo eficaz de feridas depende da coordenacdo sequencial entre diferentes
tipos celulares da pele. As feridas classificam-se como agudas (com potencial de cicatrizagao)
ou crbnicas (com cicatrizacdo comprometida), conforme sua etiologia e trajetoria de reparacédo.
Feridas agudas de menor gravidade sdo regeneradas pela propria pele por meio de respostas
celulares, remodelamento da matriz extracelular e sinalizacdo por fatores de crescimento
(Boyce; Lalley, 2018; Tottoli et al., 2020). J& as feridas cronicas apresentam reparo lento ou
incompleto, geralmente agravado por infec¢bes e perda excessiva de fluidos. Essas lesbes
comprometem a estrutura e fungdo da pele, afetam milhdes de pessoas e impdem custos
significativos aos sistemas de saude (Dreifke; Jayasuriya; Jayasuriya, 2015; Nussbaum et al.,
2018).

Apesar dos avangos cientificos e tecnologicos, ainda existem lacunas no tratamento de
feridas cuténeas extensas e cronicas. A principal dificuldade reside na avaliacdo precisa das
lesGes e no manejo clinico adequado. Nesse contexto, o desenvolvimento de novos produtos e
estratégias terapéuticas segue essencial para melhorar a cicatrizacdo (Mamun et al., 2024),

especialmente em casos de queimaduras e UPDs.
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4.2. Queimaduras

A Organizacdo Mundial da Saude (OMS) classifica as queimaduras como um problema
global de saude publica, responsavel por aproximadamente 180 mil mortes anuais (“World
Health Organization - Burns”, 2023). A maioria dos casos ocorre em paises de baixa e média
renda, especialmente na Africa e no Sudeste Asiatico. Queimaduras néo fatais figuram entre as
principais causas de morbidade, com consequéncias como hospitalizagbes prolongadas,
desfiguracéo fisica, incapacidades permanentes e estigmatizacdo social. Em criancas, lesdes
extensas provocam alteracGes imunoldgicas e metabolicas significativas, aumentando o risco
de infeccOes e perda de massa magra (Park et al., 2024; “World Health Organization - Burns”,
2023).

As queimaduras, causadas por calor, eletricidade, radiacdo ou agentes quimicos, afetam a
pele e tecidos subjacentes, configurando um grave problema de salide publica, especialmente
entre criancas e idosos. Sua gravidade € classificada conforme profundidade e extensdo da
lesdo: queimaduras de primeiro grau atingem apenas a epiderme e provocam dor leve e eritema;
lesbes de segundo grau superficial (2A) envolvem derme parcial, sdo dolorosas, exsudativas e
podem cicatrizar com curativos; lesdes de segundo grau profundo (2B) afetam camadas mais
internas, sdo menos dolorosas e geralmente requerem cirurgia; queimaduras de terceiro grau
destroem toda a derme, comprometem terminacfes nervosas e exigem intervencdes cirdrgicas;
casos de quarto grau atingem musculos ou 0ssos, apresentando necrose extensa e risco de
amputacio (Zwieretto et al., 2023).

Uma queimadura pode ser dividida em trés zonas concéntricas: a zona de coagulacéo,
localizada no centro da lesdo, com necrose tecidual irreversivel; a zona de estase, caracterizada
por isquemia e potencial de recuperacéo; e a zona de hiperemia, na periferia, com vasodilatacéo
inflamatdria e fluxo sanguineo aumentado (Zwieretto et al., 2023). A cicatrizacgéo inicia-se com
a fase inflamatoria, marcada pelo recrutamento de neutréfilos e mondcitos, facilitado pela
vasodilatacdo local. Nessa etapa, ocorre a remocao do tecido necrético e o inicio de uma cascata
de sinalizagdo molecular essencial para a regeneragio (Abazari et al., 2022; Zwieretto et al.,
2023).

A medida que a inflamac&o cede, citocinas e fatores de crescimento ativam queratindcitos
e fibroblastos, impulsionando a fase proliferativa, que restaura a vascularizagdo e promove a
regeneracdo tecidual (Abazari et al., 2022). Na fase final, de remodelag&o, h& deposicdo de
coldgeno e elastina, além da diferenciacéo de fibroblastos em miofibroblastos, o que contribui

para a maturacdo do tecido (Zwieretto et al., 2023). A contracdo desses miofibroblastos e o
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avanco da reepitelizagéo determinam a qualidade da cicatriz (Talbott et al., 2022). Cicatrizes
anormais, como as hipertréficas e queldides, sdo elevadas, avermelhadas, pruriginosas e
dolorosas, podendo causar alteracdes pigmentares e contraturas (Basson; Bayat, 2022).

Pacientes com queimaduras extensas apresentam alto risco de complicacdes infecciosas
devido a disfungdo imunoldgica e a perda da integridade cutdnea. A sindrome da resposta
inflamatoria sistémica, comum nesses casos, € marcada por liberacdo excessiva de citocinas e
sintomas como febre ou hipotermia, taquicardia e taquipneia (Honoré et al., 2025).
Simultaneamente, ocorrem prejuizos importantes na resposta imune inata, como a reducéo da
apresentacdo de antigenos por macrofagos e a menor capacidade dos neutrofilos em eliminar
patdgenos (Kuznetsova; Andryukov; Besednova, 2022; Yang et al., 2021). Além disso, ha
supressdo da proliferacdo de células T e da producéo de interleucina-2 (IL-2), comprometendo
a imunidade adaptativa (Keyloun et al., 2022; Moins-Teisserenc et al., 2021). Esses fatores
tornam o organismo mais suscetivel a infec¢bes bacterianas, fangicas, virais e por leveduras,
além de favorecer o aumento da viruléncia microbiana e o risco de faléncia orgéanica (Dobson;
Morris; Letson, 2024; Sierawska et al., 2022).

4.3. Ulcera do pé diabético (UPD)

A diabetes mellitus (DM) afeta atualmente cerca de 500 milhdes de pessoas no mundo,
com estimativas apontando para aumento continuo da prevaléncia nos proximos anos. Nos
Estados Unidos, o impacto econémico anual da doenca ultrapassa US$ 300 bilhdes, somando
custos médicos diretos e perdas por reducdo de produtividade (Gao et al., 2021; Glover et al.,
2021). A DM ¢é uma doenca metabdlica caracterizada por hiperglicemia devido a deficiéncia de
insulina ou ao uso ineficaz da insulina. E classificada nos tipos 1 e 2, sendo o tipo 1
representante de 5 a 10% dos casos de diabetes e resulta de uma destruicdo autoimune mediada
pelas células B do pancreas. J& 0 tipo 2, abrange individuos que apresentam resisténcia a insulina
e geralmente tém deficiéncia relativa (em vez de absoluta) de insulina (American Diabetes
Association, 2009).

Estima-se que entre 20% e 33% dos individuos com DM desenvolverdo, ao longo da
vida, uma ferida cronica, principalmente a UPD, decorrente da interagdo entre neuropatia
periférica, isquemia e disfuncdo imunoldgica. Esses fatores comprometem a sensibilidade, a
perfusdo tecidual e a resposta inflamatdria nos membros inferiores. As UPDs apresentam

elevadas taxas de recorréncia: cerca de 40% dos casos reaparecem em um ano, e 65% em cinco
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anos. Atualmente, ndo ha métodos confiaveis para prever sua ocorréncia (Chang; Nguyen,
2021; McDermott et al., 2023).

Uma parcela expressiva dos pacientes com UPD evolui para amputacdo de membros
inferiores, o que reduz a qualidade de vida e acarreta altos custos médico-hospitalares. Diante
desse impacto clinico e econémico, estima-se que o mercado global de tratamentos para UPD
crescera de US$ 7,03 bilhGes em 2019 para US$ 11,05 bilhdes até 2027, o que evidencia a
necessidade de estratégias terapéuticas e ferramentas diagndsticas mais eficazes para o controle
da doenca (Burgess et al., 2021; Glover et al., 2021; Perveen et al., 2024; Zhu et al., 2023). A
fisiopatologia da UPD envolve multiplos mecanismos mediados pela hiperglicemia crénica.
Entre suas consequéncias estdo a angiogénese desregulada, inflamacéo persistente, acimulo de
espécies reativas de oxigénio (ROS) e colonizacdo bacteriana com formacdo de biofilmes de
dificil remocéo (Burgess et al., 2021). A hiperglicemia também promove aterosclerose, o que
compromete a oxigenacdo e o suprimento de nutrientes no local da leséo, dificultando o
processo de cicatrizagdo (Mastrogiacomo et al., 2023; Mohsin et al., 2024).

Em individuos com diabetes, a hiperglicemia induz ainda disfuncdo endotelial,
prejudicando a vasodilatacdo induzida por pressao — mecanismo crucial na protecdo da pele
(Dubsky et al., 2023; Yang et al., 2024). Alem disso, interfere nas fases da reepitelizacéo ao
inibir a sintese proteica, a migragdo celular e a proliferacdo de queratindcitos e fibroblastos,
células essenciais para o fechamento da ferida e regeneracao do tecido (Shu et al., 2022; Song
et al., 2025).

Outro mecanismo relevante pelo qual a hiperglicemia e a hipdxia tecidual comprometem
a cicatrizacdo de feridas é o estresse oxidativo. Individuos com diabetes tipo 2 de longa duracao
apresentam reducado da atividade de enzimas antioxidantes, o que favorece o acimulo de ROS
(Chen et al., 2025; Deng et al., 2021). A hiperglicemia crbnica intensifica esse acimulo por
meio de vias metabdlicas como a do poliol, hexosamina, ativacdo da proteina quinase C e
formagéo de produtos finais de glicacdo avancada (AGESs), resultando em estresse oxidativo e
disfuncdo endotelial. Esse desequilibrio prejudica a angiogénese, a proliferacdo celular e a
resposta imune, dificultando o reparo tecidual e aumentando o risco de infec¢Ges (Deng et al.,
2021).

Embora as ROS desempenhem papel fisioldgico nas fases iniciais da cicatrizacdo, ao
mediar a eliminacdo de patdgenos e a sinalizacdo celular (Hunt et al., 2024), sua producéo
excessiva ou prolongada interfere negativamente nas etapas posteriores do processo reparador.

Altos niveis de ROS induzem lesbes estruturais e metabolicas nos nervos periféricos,
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comprometendo sua vascularizagéo. 1sso pode gerar disfungéo em fibras nervosas sensoriais,
motoras e autondmicas, cada uma contribuindo de forma independente para a maior
suscetibilidade ao desenvolvimento de Glceras do pé diabético (Yang et al., 2022).

De forma integrada, essas alteracbes fisiopatoldgicas induzidas pela hiperglicemia
descontrolada aumentam a vulnerabilidade da pele a traumas e infec¢bes, comprometendo a

progressédo das fases reparadoras e dificultando o fechamento eficaz da ferida.

4.4. Biopolimeros biocompativeis para cicatrizacdo de feridas

Feridas resultantes de queimaduras UPDs representam desafios terapéuticos devido a
sua etiologia multifatorial. As abordagens clinicas sdo divididas em tratamentos convencionais
e terapias avancadas. As intervengdes convencionais incluem desbridamento, controle
glicémico, manejo da infecgdo e alivio de pressdo no local da lesdo. As estratégias avancadas
incorporam oxigenoterapia hiperbarica (HBOT), curativos especializados, terapia por pressao
negativa (NPWT) e técnicas regenerativas baseadas em fatores de crescimento, plasma rico em
plaquetas, células-tronco e produtos derivados de tecidos ou células (Abazari et al., 2022;
American Diabetes Association Professional Practice Committee, 2025; Chen et al., 20213;
Elsharkawi et al., 2023; Sharma et al., 2021).

A cicatrizagdo da pele envolve eventos celulares e moleculares influenciados por fatores
intrinsecos (como idade e comorbidades) e extrinsecos (como infec¢do e tipo de tratamento).
Esse processo pode ser acelerado com o uso de biomateriais que oferecam suporte fisico e
bioquimico ao tecido lesado. Para isso, 0s materiais devem apresentar propriedades como
flexibilidade, estabilidade, biodegradabilidade e capacidade de adaptacdo a diferentes tipos de
feridas. Também é essencial que mantenham a umidade local, promovam a hemostasia e
absorvam eficientemente o exsudato (Feng et al., 2021).

Com os avangos da biologia molecular e da engenharia de tecidos, uma variedade de
biomateriais tem sido desenvolvida para aplicacbes em cicatrizacdo, com destaque para 0S
sistemas a base de hidrogeis. Hidrogéis sao redes tridimensionais (3D) formadas por cadeias de
polimeros hidrofilicos reticuladas (Yang et al., 2023). Sua estrutura confere propriedades
viscoelasticas tipicas de solidos, aliadas ao comportamento fluido dos liquidos, o que os torna
funcionalmente semelhantes a matriz extracelular natural. Comparados aos curativos
convencionais, os hidrogéis oferecem maltiplas vantagens: (1) alta hidrofilicidade, permitindo
absorcdo eficiente do exsudato (Fawzy; Fortunata, 2023); (2) retencdo de umidade, que
favorece o microambiente cicatricial (Rezvani Ghomi; Niazi; Ramakrishna, 2023); (3)
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formagéo de barreira protetora contra contaminagdo microbiana (Lagoa; Queiroga; Martins,
2024; Zhang et al., 2024); e (4) baixa adeséo ao leito da ferida, o que reduz dor e trauma durante
as trocas de curativo (Feng et al., 2021).

Os hidrogéis podem ser classificados em dois grupos principais: naturais e sintéticos.
Os naturais sdo derivados de polimeros bioldgicos, como quitosana, alginato de sédio, colageno
e hialuronato de sddio. Entre esses, a quitosana destaca-se como um dos materiais mais
amplamente investigados para aplicacdes biomédicas, devido a sua biocompatibilidade,

atividade antimicrobiana e propriedades regenerativas (Feng et al., 2021).

4.5. Hidrogel de quitosana: propriedades valiosas como biomaterial para aplicacfes
biomédicas.

A quitosana € um polissacarideo e copolimero obtido por desacetilacdo da quitina,
presente principalmente no exoesqueleto de crustaceos, insetos e em fungos. Sua estrutura
consiste em unidades de N-acetil-D-glucosamina ligadas por ligagdes B-1,4-glicosidicas,
quimicamente identificada como (1—4)-2-amino-2-desoxi-B-D-glucano. A conversédo da
quitina em quitosana pode ser realizada por métodos quimicos — geralmente com solugédo
concentrada de hidréxido de sodio (25-50%) em altas temperaturas (90-120 °C) — ou por vias
enzimaticas, com o uso de desacetilases (Figura 1) (Sharifi-Rad et al., 2021). Esse biopolimero
apresenta alta biocompatibilidade, baixa toxicidade e excelente biodegradabilidade,
caracteristicas que o tornam um dos principais candidatos para formulac@es de hidrogéis
voltados a regeneracdo tecidual. Essas propriedades tém favorecido seu uso em curativos
avancados, especialmente no tratamento de queimaduras e Ulceras do pé diabético (Blebea et
al., 2025; Mo; Xiang; Chen, 2021).

Estruturalmente, a quitosana possui grupos amino e hidroxila que favorecem reagdes
covalentes com diversos polimeros, permitindo a formacao de redes tridimensionais estaveis de
hidrogel (Guyot; Cerruti; Lerouge, 2021; Li et al., 2021a; Zhao et al., 2023). Seus grupos amino
catibnicos também promovem interacdes eletrostaticas com anions e moléculas carregadas
negativamente, fundamentais para a formacdo de hidrogéis fisicos (Lv et al., 2023). Essas
caracteristicas estruturais tornam os hidrogéis de quitosana altamente versateis em aplicacGes
biomédicas, incluindo engenharia de tecidos, liberagdo controlada de farmacos e sistemas de
administracao direcionada. Além disso, ha crescente interesse no desenvolvimento de hidrogéis

inteligentes funcionalizados com agentes terapéuticos (Zhao et al., 2023).
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Figura 1. Estrutura quimica da quitina e da quitosana e processos quimicos e enzimaticos de
desacetilagdo para conversdo de quitina em quitosana. Em destaque estdo os grupamentos acetil da
quitina (circulos vermelhos) e amino da quitosana (circulos verdes). Traduzido e modificado de Sharifi-
Rad et al. (2021).

A quitosana é o Unico polissacarideo de ocorréncia natural com carater alcalino, o que
a diferencia de outros polimeros de origem vegetal ou marinha, como celulose, dextrano,
pectina, acido alginico, 4gar, amido e carragenina, que sdo neutros ou acidos. E biocompativel,
biodegradavel, inodora e ndo toxica (Blebea et al., 2025). Apos aplicacdo in vivo, a quitosana
é degradada lentamente pela acdo da lisozima, que a hidrolisa em oligbmeros bioativos. Esses
fragmentos induzem a ativacdo de macrofagos, promovendo a liberacdo de N-acetil-D-
glucosaminidase, enzima responsavel por converter os oligdmeros em unidades menores como
N-acetilglucosamina e D-glucosamina (Singh; Ray, 2000). Além disso, a quitosana pode ser
degradada por microrganismos presentes no solo, que a utilizam como fonte de carbono e
nitrogénio. Em condi¢des ambientais favoraveis, filmes de quitosana se degradam
completamente em cerca de 60 dias, dependendo da umidade e da composicdo da microbiota
(Ali et al., 2024; Wronska et al., 2023).
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A quitosana possui ampla variagdo de peso molecular (MW), entre 50 Da e 900 kDa,
sendo as formas comerciais mais comuns aquelas entre 100 e 800 kDa. Com base nesse
parametro, é classificada em quitosana de alto peso molecular (HMW) e de baixo peso
molecular (LMW), cada uma com propriedades funcionais distintas. A forma HMW apresenta
baixa solubilidade em &gua e biodegradabilidade limitada in vivo, o que pode gerar acimulo
tecidual e potenciais efeitos adversos. No entanto, sua alta viscosidade contribui para maior
adesdo do hidrogel e resisténcia mecanica. J& a quitosana LMW é mais sollvel e exibe
atividades bioldgicas mais acentuadas, incluindo efeitos antioxidantes, antibacterianos e
antitumorais. Por essas razdes, tem sido amplamente explorada em aplica¢cdes biomédicas, na
indUstria alimenticia e em formulagdes de salde. As atividades antioxidantes e anti-
inflamatdrias da quitosana também sdo moduladas diretamente pelo seu peso molecular (Zhao
etal., 2023).

As propriedades funcionais da quitosana dependem, principalmente, do peso molecular
(MW) e do grau de desacetilagdo (DD) (Tabassum; Ahmed; Ali, 2021). Derivados da quitina
com DD acima de 55% sdo classificados como quitosana, sendo que, para aplicacGes
industriais, valores superiores a 70% sdo considerados ideais. Esses dois parametros afetam
diretamente a solubilidade do polimero, sua capacidade de formar hidrogéis e seu desempenho
bioldgico, incluindo atividade antibacteriana e biodegradabilidade. Tais caracteristicas séo
determinantes para a viabilidade da quitosana no desenvolvimento de curativos funcionais
(Zhao et al., 2023).

4.6. Mecanismos de acdo da quitosana

4.6.1. Mecanismos de acdo da quitosana em feridas cutaneas

Diante da complexidade fisiopatolégica das feridas por queimadura, os hidrogéis de
quitosana devem ser projetados para cumprir multiplas fun¢Ges terapéuticas simultaneas. Entre
0s principais objetivos estdo: facilitar o desbridamento, prevenir infeccdes, estimular a
angiogénese, absorver exsudatos, aliviar a dor e minimizar a formacao de cicatrizes (Yao et al.,
2021).

A quitosana e seus derivados promovem a cicatrizacdo de feridas cutaneas por meio de
multiplos mecanismos farmacologicos e estruturais. Destacam-se suas propriedades

antibacterianas, anti-inflamatorias, hemostaticas e regenerativas, além da excelente
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biocompatibilidade e biodegradabilidade, que favorecem seu uso em aplicacGes biomédicas
(Mawazi et al., 2024; Tang et al., 2023). Sua alta capacidade de absor¢éo e retencdo de dgua
contribui para manter um ambiente Umido, condi¢do ideal para a cicatrizacdo. Além disso, 0s
grupos amino (-NHz) e hidroxila (-OH) presentes ao longo da cadeia polimérica oferecem sitios
reativos para modificagdo quimica, permitindo o enxerto de moléculas bioativas que
potencializam respostas terapéuticas especificas (Feng et al., 2021).

A cicatrizacdo de feridas ocorre em quatro fases sequenciais: hemostasia, inflamacéo,
proliferacdo e remodelacédo tecidual (Abazari et al., 2022; Burgess et al., 2021; Feng et al.,
2021; Zhao et al., 2023; Zwiereto et al., 2023). Evidéncias recentes indicam que a quitosana e
seus derivados atuam predominantemente nas trés primeiras etapas. Durante a hemostasia,
favorecem a agregacdo plaquetaria e a formacdo de coagulo. Na fase inflamatoria, exercem
efeitos antimicrobianos e anti-inflamatorios, contribuindo para o controle da infeccdo e
modulacdo da resposta imune. J& na fase proliferativa, estimulam a formac&o de tecido de
granulacdo e promovem a proliferacdo de células essenciais a regeneracdo tecidual, como

fibroblastos e queratinécitos (Feng et al., 2021; Zhao et al., 2023).

1. Hemostasia 2. Inflamagéo 3. Proliferacdo 4. Remodelamento

Figura 2. Quatro fases do processo de cicatrizacdo de feridas. Editado e traduzido de Mirhaj et al.
(2022).

4.6.2. Mecanismos de acdo da quitosana: promog¢éo da hemostasia

A quitosana contribui diretamente para a hemostasia a0 promover a agregacdo de
plaquetas e eritrocitos (RBCs). Suas cadeias cationicas interagem eletrostaticamente com as
membranas negativamente carregadas das plagquetas ativadas, facilitando sua adesdo e

agregacdo. Esse processo estimula a expressao da glicoproteina Ilb/Illa (GP Ilb-11la), um
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receptor essencial para a formacao do trombo. A interacdo entre quitosana e células sanguineas
resulta na formacdo de uma rede tridimensional que acelera a geracao de coagulos de fibrina e
estabiliza o tampdo hemostatico(Zhao et al., 2023).

Além de suas acdes sobre as plaguetas, a quitosana também favorece a agregacao de
eritrécitos, etapa fundamental na consolidagdo do trombo. Os glébulos vermelhos contribuem
para a arquitetura estrutural do coagulo, organizando-se em formas poliédricas compactas que
formam uma barreira quase impermeavel — essencial para a hemostasia eficaz e para o inicio
da reparacdo tecidual. A interacdo eletrostatica entre as cargas positivas da quitosana e as
membranas negativamente carregadas dos eritrocitos promove sua ligacdo cruzada em uma
malha celular densa. Essa rede aprisiona células adicionais, como plaquetas e eritrocitos,
intensificando a formacao do coagulo de fibrina e acelerando o fechamento da ferida (Dong;
Zhang; Guo, 2022; Fan et al., 2023; Huang et al., 2024).

4.6.3. Mecanismos de acdo da quitosana: atividade antimicrobiana

Durante a cicatrizagdo, o microambiente Umido da ferida favorece a proliferacéo
microbiana (Zhao et al., 2023). A quitosana apresenta atividade antimicrobiana de amplo
espectro, com eficdcia comprovada contra bactérias Gram-positivas e Gram-negativas. Em
meio &cido, seus grupos amino (-NH) sdo protonados, formando -NHs* (Figura 3), possibilita
interacOes eletrostaticas com as superficies bacterianas negativamente carregadas. No caso das
Gram-positivas, cuja parede celular contém peptidoglicano e acidos teicoicos, essas interacdes
promovem desestabilizacdo da membrana, levando a ruptura da parede celular, extravasamento

citoplasmatico e morte bacteriana (Bernkop-Schniirch, 2018; Kassem; Ayoub; Malaeb, 2019).
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Figura 3. Protonacdo e desprotonacgéo da quitosana (Yaneva et al., 2020).

A quitosana também apresenta atividade antifingica significativa. Suas cadeias
catidnicas interagem com a superficie das células fungicas, desestabilizando a membrana

plasmatica e provocando o extravasamento de contetdos intracelulares. A concentracdo
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inibitoéria minima (MIC) contra fungos varia de acordo com diversos fatores, incluindo o peso
molecular da quitosana, o grau de desacetilacdo, o pH do meio e as caracteristicas especificas
da espécie fungica-alvo (Nasaj et al., 2024; Poznanski; Hameed; Orczyk, 2023).

Além de desestabilizar a membrana plasmatica, a quitosana atua por meio de
mecanismos adicionais que ampliam sua eficacia antimicrobiana. Um deles € a capacidade de
quelar ions metalicos essenciais e nutrientes, inibindo o crescimento microbiano e a producao
de toxinas (Nasaj et al., 2024). Além disso, determinadas moléculas de quitosana podem
penetrar nas células microbianas, interferindo na sintese de acidos nucleicos (DNA e RNA) e
proteinas. Esse efeito intracelular reforca sua atividade antimicrobiana, inclusive por meio da

inibicdo da biossintese proteica em fungos (Ke et al., 2021; Nasaj et al., 2024; Yan et al., 2021).

4.6.4. Mecanismos de acdo da quitosana: atividade anti-inflamatoria e promocéo da

proliferacdo do tecido de granulacao

O tecido de granulacédo € essencial para a cicatrizacdo de feridas, sendo composto por
fibroblastos, capilares recém-formados e células inflamatdrias. Sua formagdo envolve a
deposicdo de matriz extracelular e a neovascularizagdo, processos que sustentam a regeneracao
dérmica e a reepitelizacdo (Chen et al., 2021b). A quitosana, especialmente em formas com alto
grau de desacetilagéo e baixo peso molecular, tem demonstrado aumentar significativamente a
proliferacdo de fibroblastos — célula-chave na formacdo e maturacdo do tecido de granulacéo
(Lietal., 2025).

Estudos in vitro demonstraram que o grau de desacetilacdo (DD) da quitosana influencia
diretamente a adesdo e a proliferacdo de fibroblastos. Formas com DD superior a 85%
promovem esses efeitos de maneira mais eficaz do que variantes com DD entre 75% e 85%
(Frumento; Talu, 2025; Li et al., 2025). O peso molecular também exerce influéncia critica: em
um estudo com fibroblastos dérmicos humanos (HSF), sete variantes de quitosana foram
avaliadas, revelando que as de baixo peso molecular (LMW) aumentaram significativamente a
proliferacéo celular (Xie et al., 2023).

A quitosana também estimula a secregdo de fatores de crescimento essenciais para a
reparacdo tecidual, como o fator de crescimento transformador B (TGF-B), o fator de
crescimento derivado de plaquetas (PDGF) e a interleucina-1 (IL-1) (Feng et al., 2021). O TGF-
B promove o recrutamento de macrofagos, intensifica a proliferagdo de fibroblastos e favorece
a deposicdo de colageno (Molaei; Hosseinkhani; Saberian, 2025). O PDGF estimula a
angiogénese e a proliferacéo de fibroblastos, além de induzir a sintese de componentes da matriz
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extracelular, como glicosaminoglicanos, proteoglicanos e colageno, fundamentais para o
desenvolvimento do tecido de granulacdo (Ferreira et al., 2022). Ja a IL-1 contribui para a
cicatrizacdo ao potencializar a angiogénese, a atividade dos fibroblastos e a producdo de
colageno (Mahmoud et al., 2024).

A quitosana também induz a secrecdo de interleucina-8 (IL-8) por fibroblastos, o que
acelera a resposta inflamatoria inicial e estimula a angiogénese (Dev; Mohan; Mohan, 2025).
Esses efeitos biologicos estdo fortemente associados as propriedades fisico-quimicas da
quitosana, especialmente ao seu peso molecular e grau de desacetilagdo. Formas com alto grau
de desacetilacdo e baixo peso molecular demonstram o maior potencial de estimulacdo sobre a
atividade dos fibroblastos (Li et al., 2025; Zhao et al., 2023).

4.6.5. Mecanismos de acdo da quitosana: propriedade antioxidante

Em concentragdes fisioldgicas, as espécies reativas de oxigénio (ROS) exercem funcdes
regulatdrias importantes, como o recrutamento de linfdcitos, a modulacéo da vasoconstrigdo e
a defesa antimicrobiana (Zhang et al., 2024). No entanto, quando em excesso, as ROS
desestabilizam o equilibrio redox, provocando danos teciduais, aumento da suscetibilidade a
infeccdes e prejuizo a cicatrizacdo. Altos niveis de ROS também comprometem a funcdo dos
fibroblastos e perturbam a migracéo e a proliferacdo dos queratindcitos (Zhang et al., 2024).

Devido aos efeitos deletérios do estresse oxidativo, a funcionalidade antioxidante é
considerada uma propriedade essencial em curativos, especialmente para o tratamento de
feridas crénicas. Nesse contexto, hidrogéis antioxidantes tém ganhado destaque, com
formulacBes a base de quitosana mostrando-se particularmente promissoras. A capacidade
antioxidante intrinseca da quitosana é atribuida a alta densidade de grupos amino e hidroxila
em sua estrutura, que permite a doacdo de elétrons ou protons, promovendo a estabilizagdo de

radicais livres e a atenuacdo do estresse oxidativo (Zhang et al., 2024).

4.7. Uso de hidrogéis de quitosana na promocao da cicatrizacdo de queimaduras e Ulceras

do pé diabético
Nos ultimos anos, os hidrogéis e membranas a base de quitosana tém atraido crescente
atencdo devido as suas propriedades fisico-quimicas versateis e ampla aplicabilidade nas areas
biomédica e farmacéutica (Taokaew; Kaewkong; Kriangkrai, 2023; Thirupathi et al., 2023).
Esse interesse é impulsionado principalmente pelo potencial desses biomateriais em enfrentar

desafios clinicos persistentes, como a resisténcia antimicrobiana e a formacéo de biofilmes. No
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tratamento de queimaduras e UPDs, os hidrogéis de quitosana destacam-se por sua capacidade
de manter um ambiente imido, estimular a formacg&o de tecido de granulacéo e liberar agentes
terapéuticos de forma controlada e sustentada (Carpa et al., 2023; Thirupathi et al., 2023).

Feridas agudas, como queimaduras leves e cortes superficiais, geralmente cicatrizam
rapidamente, embora ainda possam resultar em cicatrizes ou cicatrizagao retardada. Hidrogéis
autorregenerativos a base de quitosana tém demonstrado acelerar esse processo, promovendo a
regeneracdo tecidual e minimizando a formacéo de cicatrizes. Esses hidrogéis sdo capazes de
se degradar sob demanda e evitam limitacGes comuns dos curativos tradicionais, como
toxicidade e rigidez. Em modelos de feridas superficiais, hidrogéis com degradacao responsiva
a N-acetilcisteina mostraram acelerar a cicatrizacdo com cicatrizacdo minima. Ja feridas de
espessura total, que envolvem a perda completa das camadas cutaneas, apresentam maior
complexidade terapéutica. Nesses casos, hidrogéis de quitosana associados a entrega de células-
tronco demonstraram potencial para reduzir infecgdes, estimular a regeneracdo tecidual e
promover uma cicatrizagdo mais eficaz (Zhang et al., 2024).

Feridas cronicas sdo caracterizadas pela incapacidade de cicatrizar dentro de trés meses,
frequentemente devido a infeccdo persistente, vascularizagdo insuficiente, inflamacéo continua
ou formacao de biofilmes. Feridas por queimaduras, em particular, apresentam alto risco de
infeccdo, perda excessiva de fluidos e prejuizo na angiogénese. Hidrogéis a base de quitosana
oferecem vantagens nesse contexto: sdo injetaveis, adaptam-se ao formato irregular das feridas,
promovem a angiogénese por meio da liberacdo de agentes bioativos — como hesperidina e
Resina Draconis —, e podem ser formulados para ndo aderir ao leito da ferida, tornando a
remocdo indolor e evitando lesdes secundarias devido a sua capacidade de dissolucdo sob
demanda (Zhang et al., 2024).

Em feridas diabéticas, a cicatrizacdo é prejudicada por hiperglicemia cronica, estresse
oxidativo elevado e disfuncdo imunologica. Hidrogeis de quitosana enriquecidos com
antioxidantes — como &cido alfa-lipoico ou acido tanico — auxiliam na neutralizagdo das ROS.
Além disso, formulagdes contendo insulina ou agentes hipoglicemiantes podem contribuir para
o controle glicémico local, promover a angiogénese, modular a inflamacdo e estimular a

proliferacédo celular, favorecendo a cicatrizagcdo completa (Zhang et al., 2024).

4.8. Processos de preparacdo de quitosana para cicatrizacao de feridas

A preparacdo de curativos & base de quitosana frequentemente envolve sua forma

desidratada, cuja solubilidade em agua depende do pH do meio. Isso se deve a presenca de
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grupos amina livres (-NHz), que podem ser protonados em meio acido, formando grupos
carregados positivamente (-NHs"). A protonacdo transforma a quitosana em um polieletrolito
catidnico, rompendo interacdes hidrofobicas e permitindo sua hidratacéo e dissolucéo (Sogias;
Khutoryanskiy; Williams, 2010). Para esse fim, utiliza-se comumente acido acético como
agente solubilizante.

Curativos ideais para feridas devem apresentar flexibilidade, estabilidade,
biodegradabilidade e biocompatibilidade, além de manter um ambiente Umido, promover a
hemostasia e absorver eficientemente o exsudato. Hidrogéis a base de quitosana atendem a
maioria desses critérios (Che et al., 2024). A quitosana destaca-se por sua baixa toxicidade, alta
biocompatibilidade e biodegradabilidade, além de ser soltvel em acidos fracos, o que facilita
sua incorporacdo em formulacdes biomédicas. Diferentes composicdes de curativos com
quitosana ja demonstraram eficacia na promocdo da cicatrizacdo em multiplos estagios do
processo e na neutralizacdo de fatores adversos que dificultam o reparo tecidual (Zhang et al.,
2024). Esses biomateriais atuam predominantemente nas trés fases iniciais da cascata de
cicatrizacao.

Hidrogéis a base de quitosana podem ser produzidos por métodos de reticulacéo fisica
ou quimica, visando aplicagdes no tratamento de feridas (Blebea et al., 2025; Che et al., 2024).
Entre as abordagens fisicas, destacam-se: (1) interacfes eletrostaticas, formadas por ligacdes
ibnicas entre moléculas anidnicas e grupos amino da quitosana, promovendo gelificacdo; (2)
coordenacao de ions metalicos, que resulta na formacédo de geéis estaveis por meio de ligacdes
entre a quitosana e ions metélicos (Bhushan et al., 2025; Blebea et al., 2025; Pita-Lopez et al.,
2021); e (3) interagBes hidrofdbicas, mediadas por forcas ndo polares entre as moléculas de
quitosana. Esses métodos dispensam iniciadores ou mondmeros potencialmente toxicos,
reduzindo os efeitos adversos da polimerizacéo in situ (Blebea et al., 2025; Che et al., 2024).

Os métodos de reticulacdo quimica incluem principalmente a polimerizacao induzida
por iniciadores, na qual agentes quimicos promovem a formagéo de redes covalentes entre 0s
mondmeros, conferindo maior resisténcia mecanica e elasticidade ao hidrogel (Blebea et al.,
2025; Che et al., 2024). Por exemplo, Park et al. (2006) empregaram etilenoglicol como agente
reticulante, associado a uma técnica de espumacdo a gas, para desenvolver um hidrogel
superporoso de quitosana. Ja Fan et al. (2016) utilizaram irradiagdo gama (y) para sintetizar
hidrogéis compostos de quitosana, gelatina e poli(vinil alcool) (CS/Gel/PVA), destinados a

aplicacdes em curativos.
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A estrutura quimica da quitosana permite modificacbes fisicas e quimicas,
possibilitando a engenharia de hidrogéis multifuncionais — ou “inteligentes” — capazes de
liberar compostos bioativos de forma controlada. Esses compostos incluem farmacos, ions
metalicos, flavonoides, acidos fenolicos, Oleos essenciais, peptideos e outros agentes
terapéuticos (Che et al., 2024; Yao et al., 2021). Hidrogéis inteligentes de quitosana respondem
a estimulos ambientais, como varia¢des de pH, temperatura e luz, por meio de transi¢cdes de
fase sol-gel. Essa propriedade responsiva tem atraido crescente atencdo para aplicacdes
biomédicas. Tais hidrogéis sdo geralmente classificados em trés categorias principais:
termossensiveis, fotossensiveis e sensiveis ao pH (Taokaew; Kaewkong; Kriangkrai, 2023).

A aplicacdo clinica da quitosana exige a otimizacao criteriosa de suas propriedades
fisico-quimicas, alcancada por meio de métodos de processamento controlados. Para uso na
cicatrizacdo de feridas, a quitosana € comumente formulada como hidrogel, utilizando sua
dissolugdo em acidos organicos fracos — como acido acético a 1% — seguida de neutralizacéo,
0 que resulta na formacdo de matrizes sensiveis ao pH (Do Amaral Sobral et al., 2022;
Mohandas; Rangasamy, 2021). Além disso, a técnica de gelificacdo idnica, que emprega
tripolifosfato de s6dio como agente reticulante, permite a producdo de nanoparticulas de
quitosana adequadas para a liberacdo controlada de farmacos (Gutiérrez-Ruiz et al., 2024).

Avancos recentes tém levado ao desenvolvimento de hidrogéis a base de quitosana com
estruturas de rede dupla, que demonstram resisténcia mecanica aprimorada, condutividade
elétrica, propriedades antimicrobianas superiores e capacidades anti-incrustantes (Carpa et al.,
2023). Essas plataformas multifuncionais se destacam como alternativas promissoras em
sistemas de liberacdo controlada de farmacos, engenharia de tecidos, cicatrizacdo de feridas e
tecnologias de biossensoriamento (Taokaew; Kaewkong; Kriangkrai, 2023).

Para realizacdo da esterilizagcdo destas membranas, foi descrito em Franca et al (2020)
que a utilizacio de vapor saturado. E ressaltado na obra que a principal questdo em relacéo a
esterilizacdo da formulacdo quitosana € determinar se os danos causados pela esterilizagdo
afetardo ou ndo o comportamento da formulagdo. Quando comparada com outros métodos
comuns de esterilizacdo, como calor seco, exposi¢do ao o0xido de etileno ou glutaraldeido e
irradiacdo gama, a esterilizacdo a vapor demonstrou ser 0 método de esterilizacdo mais barato,

seguro e simples disponivel.
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4.9. Probidticos, prebioticos, simbioticos e poshidticos incorporados em membranas de
quitosana para tratamento de feridas

Probidticos, prebidticos, simbidticos e posbiodticos tém emergido como abordagens
terapéuticas promissoras no contexto da cicatrizacéo de feridas. Em particular, os probidticos e
seus derivados — como sobrenadantes de cultura e formulagdes contendo multiplas cepas —
tém demonstrado potencial em acelerar a cicatriza¢do devido as suas propriedades antibiofilme,
imunomoduladoras, antibacterianas, anti-inflamatérias e angiogénicas (Machado et al., 2025).
A Organizagao Mundial da Satde (OMS) define probidticos como “microrganismos vivos que,
quando administrados em quantidades adequadas, conferem um beneficio a salde do
hospedeiro” (Hill et al., 2014). Kerry et al. (2018) observaram que os probi6ticos também
exercem atividades antipatogénicas e angiogénicas.

Além disso, posbidticos — definidos como produtos metabdlicos ou componentes
celulares liberados por micro-organismos probidticos vivos ou apés sua lise — tém ganhado
destaque por sua capacidade de modular a resposta imune, controlar infeccGes e promover a
regeneracdo tecidual. Soltani et al (2023) destacam que esses compostos permitem liberacéo
controlada no leito da ferida, amplificando seus efeitos imunomoduladores, anti-inflamatérios
e antimicrobianos. Por fim, prebioticos sdo descritos por Gibson et al. (2017) como substratos
utilizados seletivamente por microrganismos hospedeiros, conferindo beneficios a satde.

O uso direto de microrganismos vivos (probidticos) no tratamento de feridas ainda
enfrenta limitagdes significativas, principalmente devido a preocupacBes com a seguranca e 0
risco potencial de infeccBes. Em resposta a essas limitagdes, o conceito de posbioticos tem
ganhado destaque crescente. Os posbidticos oferecem muitos dos beneficios terapéuticos dos
probiédticos, como efeitos anti-inflamatdrios, antimicrobianos e imunomoduladores, sem 0s
riscos associados ao uso de bactérias vivas. Além disso, apresentam maior estabilidade quimica
e bioldgica, além de uma vida util (shelf-life) mais longa, o que os tornam mais adequados para
formulacGes biomédicas, como curativos incorporados a membranas de quitosana.

Cepas probidticas, prebidticos e posbiodticos tém se mostrado promissores na promocao da
cicatrizagdo quando incorporados a sistemas de quitosana. A combinagcdo do prebidtico
frutooligossacarideo (FOS) com a bactéria probidtica Lactiplantibacillus plantarum, utilizada
em particulas de quitosana-alginato para tratar feridas por queimaduras infectadas, demonstrou
acdo antibacteriana e acelerou o processo de cicatrizagdo (Farahani et al., 2023). O uso de
sobrenadante livre de células de Bifidobacterium bifidum, um posbiético, em associagdo com

quitosana, também melhorou significativamente a reparacdo tecidual (Bazjou et al., 2021).
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Além disso, Shokatayeva et al. (2021), mostraram que o posbiético de Bacillus subtilis P-2,
incorporado em um biocomposto de celulose bacteriana e quitosana, reduziu o tempo de
cicatrizacdo em 20% em modelos animais, além de apresentar eficacia contra bactérias Gram-
positivos e Gram-negativos.

E importante destacar que a eficacia dos probioticos depende de multiplos fatores criticos,
incluindo a cepa especifica utilizada, a dose administrada, o tempo de uso, a forma de liberagéo,
as caracteristicas individuais do hospedeiro (como composic¢ao da microbiota, dieta e estado de

salde), além da qualidade do produto utilizado (McFarland; Evans; Goldstein, 2018).

4.10. O potencial de posbidticos da cepa L. lactis subsp. lactis NCDO 2118

incorporados em membranas de quitosana para tratamento de feridas

O conceito de posbioticos — compostos bioativos derivados de microrganismos probioticos
— tem ganhado destaque como uma estratégia inovadora para modulacdo imunoldgica e
promocdo da regeneracado tecidual em feridas. Entre esses compostos, destacam-se 0 GABA e
as proteinas de choque térmico (HSPs), conhecidos por seus efeitos anti-inflamatorios,
antioxidantes e citoprotetores. Esses metabolitos podem favorecer o microambiente de
cicatrizacdo, reduzindo a inflamacdo excessiva e promovendo a proliferacéo celular (Atalay et
al., 2009; Han et al., 2007Db).

A cepa L. lactis subsp. lactis NCDO 2118 € uma produtora natural de GABA por meio da
descarboxilacdo do glutamato, e tem demonstrado efeitos benéficos em modelos animais, como
a reducéo da ansiedade, modulacdo da microbiota intestinal e regulacdo da secrecdo de insulina
e glucagon em pacientes diabéticos (Cordeiro et al., 2021; Oliveira et al., 2017; Saraiva et al.,
2016). Sua capacidade de biossintese de GABA pode ser aumentada pela presenca de
precursores como arginina e malato, o que a torna uma candidata interessante para aplicagdes
terapéuticas além do eixo intestino-cérebro (Laroute et al., 2016).

O GABA tem sido destacado como um poshiotico com potencial para a regeneragdo de
feridas, visto que estimula o crescimento de células NIH3T3, uma linhagem fibroblastica
responsavel por sintetizar componentes da matriz extracelular, como colageno, fibronectina e
proteoglicanos no local da lesdo (Han et al., 2007a; Oliveira, 2020). Descoberto em 1950
(Froestl, 2011), o0 GABA € um amino&cido ndo proteico que atua como neurotransmissor
inibitério no sistema nervoso central de mamiferos, regulando a excitabilidade cerebral por
meio dos receptores GABA A e GABA B (Sarasa et al., 2020; Watanabe et al., 2002).
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Estudos demonstram que o GABA, quando administrado em alimentos fermentados, pode
melhorar o sono e reduzir a ansiedade, provavelmente por meio da modulacdo da microbiota
intestinal (Yu et al., 2020). Além disso, conforme Wang et al. (2019), o GABA exerce efeitos
autocrinos nas células B pancreaticas, estimulando a secreg¢do de insulina, e efeitos paracrinos
nas células o, inibindo a liberagao de glucagon — aspectos altamente relevantes para pacientes
diabéticos.

Conforme demonstrado no trabalho de Yu et al (2020), o leite fermentado rico em GABA
melhora 0 sono e reduz a ansiedade, potencialmente por meio da regulacdo da microbiota
intestinal. Também, conforme Wang et al. (2019), o GABA exerce efeitos autdcrinos nas
células B, estimulando a secrecdo de insulina e exerce efeitos paracrinos nas células a,
suprimindo a secrec¢do de glucagon, o tornando de grande relevancia para pacientes diabéticos.

Pesquisas recentes tém mostrado que L. lactis subsp. lactis NCDO 2118, uma bactéria
lactica Gram-positivo, anaerdbica facultativa, isolada de ervilhas congeladas (Oliveira et al.,
2014), possui atividade anti-inflamatdria em modelo de colite ulcerativa (Oliveira et al., 2017)
e atividade de reducdo da pressdo arterial em modelo de hipertensdo em ratos (Cordeiro et al.,
2021; Saraiva et al., 2016). Também foi demonstrado que essa cepa apresenta propriedades
antinociceptivas, visto que foi capaz de reduzir significativamente a hipersensibilidade visceral
induzida pelo estresse devido ao GABA que ela produz (Laroute et al., 2022).

O GABA é sintetizado pela cepa L. lactis subsp. lactis NCDO 2118 por meio da via
catalisada pela enzima glutamato descarboxilase (GAD), que converte o glutamato em GABA.
Esse processo é altamente dependente do pH do meio, sendo ativado em condi¢es acidas (pH
inferior a 5,1) e durante o inicio da fase estacionaria de crescimento. A presenca de substratos
como glutamato, arginina e malato influencia a producdo de GABA; a arginina, em particular,
pode contribuir para o fornecimento de carbamoilfosfato, facilitando a biossintese de GABA
por rotas metabdlicas relacionadas ao metabolismo de amino&cidos. Para a bactéria, a funcao
do GABA esté associada a resisténcia ao estresse acido, uma vez que ele atua como aceptor de
prétons na troca com glutamato via o antiportador GadC, auxiliando na manutencdo do pH
intracelular proximo a neutralidade — condi¢&o essencial para a sobrevivéncia e 0 metabolismo
bacteriano em ambientes acidos (Laroute et al., 2016; Mazzoli et al., 2010; Saraiva et al., 2016).

Gusmao-Silva et al (2020) desenvolveram a bacteria recombinante L. lactis NCDO 2118
subsp. lactis pXyIT:SEC:HSP65 (que também apresenta o nome L. lactis NCDO 2118 subsp.
lactis pxies:sec:HSP65). A proteina de choque térmico Hsp65 é uma molécula ubiqua,

superexpressa em tecidos inflamados, com capacidade de induzir mecanismos
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imunorregulatorios. Os autores demonstraram que a administracdo continua de Hsp65 na
mucosa intestinal, mediada pela cepa recombinante, atua como um potente estimulo
tolerogénico, promovendo a inducao de células T CD4*LAP* reguladoras, capazes de prevenir
a artrite induzida por colageno e por albumina sérica bovina metilada em camundongos.
Observou-se inibi¢&o dos sinais clinicos e histologicos da artrite, bem como redugéo dos niveis
de citocinas inflamatdrias (IL-17 e IFN-y), dos titulos séricos de anticorpos anticolageno e do
fator reumatoide. A inducéo de tolerancia a Hsp65 e a prevencao da artrite foram associadas ao
aumento da producdo de IL-10 por células B, sendo dependentes da sinalizacdo de células T
LAP*, 1L-10 e TLR2. Dessa forma, o tratamento baseado na producdo de Hsp65 mostrou-se
eficaz na inducdo de tolerancia imunoldgica e prevencdo da artrite, indicando seu potencial
como ferramenta terapéutica para doencas autoimunes.

As chaperonas da familia HSP 60 desempenham funcdes essenciais na homeostase celular,
atuando tanto na manutencdo da conformacdo proteica quanto como moléculas sinalizadoras
em processos imunoldgicos. Quando liberadas no espaco extracelular, essas proteinas
funcionam como padrdes moleculares associados a dano (DAMPS), sinalizando eventos como
inflamacdo, hiperplasia ou estresse oxidativo por meio da ativacdo de receptores do sistema
imune inato e adaptativo. Essa dupla fungdo — como chaperona intracelular e mediadora
imunolégica — destaca o papel central da Hsp65 na interface entre a resposta ao estresse celular
e a modulacao imunolégica (Gusmao-Silva et al., 2020).

A Heat Shock Protein 65 (Hsp65) € uma chaperona da familia HSP60 amplamente
distribuida nos diferentes dominios da vida. Sua estrutura altamente conservada permite
interacbes com diversos receptores imunoldgicos, favorecendo a diferenciacdo de células T
reguladoras durante a ontogénese timica (Gusmao-Silva et al., 2020). Desta maneira, 0
poshiotico da cepa recombinante L. lactis NCDO 2118 subsp. lactis pxies:sec:HSP65 em
membranas de quitosana pode contribuir para a cicatrizacdo de feridas modulando o processo

inflamatorio.

5. ETAPA | — REVISAO SISTEMATICA E METANALISE E REVISAO DA LITERATURA —

LEVANTAMENTO BIBLIOGRAFICO

A metodologia, 0s resultados, a discussdo e conclusdo da revisao sistematica e metanalise

e revisdo da literatura com levantamento bibliografico foram publicados no artigo:
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Abstract

This systematic review evaluates the effectiveness and physicochemical properties of chitosan-based wound dressings used to treat
diabetic and burn wounds, focusing on how different therapeutic combinations influence healing outcomes. Literature from Scopus, Web
of Science, Dimensions, and PubMed was selected following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines. The effects of compositional and treatment variables on wound regeneration were analyzed through multivariate
(PCA) and bivariate (correlation) statistics. Out of 991 records initially identified, 40 studies met the criteria for inclusion in this review,
with a subset evaluated via a meta-analysis. These studies were assessed for their methodological quality and risk of bias using tools such
as SYRCLE and MINORS. The results highlighted high variability in the treatment outcomes, with wound regeneration influenced by
factors such as tensile strength, drug release profiles, and biocompatibility characteristics. The chitosan-based dressings demonstrated
significant potential to enhance wound healing and were generally effective in promoting regeneration compared to that under no
treatment or the use of standard gauze. The meta-analysis indicated that while chitosan dressings provide beneficial effects, treatment
optimization still faces challenges related to the material composition and variability in the application methods. In conclusion, this
review emphasizes the global importance of chitosan-based wound dressings in improving the outcomes for patients with complex
wounds.
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1. Introduction

1.1. Burn wounds

Burn injuries are types of wounds caused by exposure to heat, cold,
chemicals, friction, radiation, or electricity [1]. The World Health
Organization (WHO) identifies burns as a significant public health
issue worldwide, responsible for around one hundred and eighty
thousand deaths a year [2]. Most of these cases are found in low-
and middle-income countries, with nearly two-thirds in Africa and
Southeast Asia. Non-fatal burns are a major cause of morbidity,
often resulting in extended hospital stays, physical disfigurement,
and long-term disability, which can result in social stigma and
rejection within communities due to visible scarring or physical
differences. An example of this is that children with major burns
have profound changes to their immune system and metabolism,
which can lead to various complications, such as infections and
loss of lean mass [2, 3].

According to their severity, depth, and size, burn injuries can
be classified as superficial (first-degree), which only affect the

epidermis, are red, and cause short-lived pain; superficial partial-
thickness (second-degree/2A), which are painful and weepy, need
dressing, and may scar but do not require surgery; deep partial-
thickness (second-degree/2B), which are less painful, are dry,
require surgery, and will scar; full-thickness (third-degree), which
damage the full dermis and nerves, are not painful, and require
protection and usually surgery; and fourth-degree, which extend
to the muscle or bone, are blackened, and often lead to loss of the
affected part [4].

Right after the injury occurs, a burn wound can be categorized
into three distinct zones: the zone of coagulation, located at the
center, where the tissue damage is most severe; the zone of stasis
or ischemia, which surrounds the central area and has a reduced
blood flow but may still be recoverable; and the zone of hyper-
emia, the outermost area, marked by increased blood flow due
to inflammatory vasodilation [4]. The natural process of wound
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healing occurs through a series of dynamic and overlapping stages,
beginning with the inflammatory phase. This initial stage is trig-
gered by the recruitment of neutrophils and monocytes to the
injury site, facilitated by local vasodilation. During this phase,
necrotic tissue is broken down, and a complex signaling cas-
cade essential for tissue repair is initiated. As the inflammation
subsides, cytokines and growth factors stimulate the activation
of the keratinocytes and fibroblasts, leading to the proliferative
phase, which focuses on restoring blood supply and advancing
tissue regeneration. The final stage, known as remodeling, in-
volves the deposition of collagen and elastin and the progressive
differentiation of fibroblasts into myofibroblasts, contributing to
the maturation and strengthening of the repaired tissue [1, 4].
Over time, the interplay between myofibroblast contraction and
re-epithelialization plays a crucial role in shaping the quality and
flexibility of the healed wound. This dynamic also influences the
degree of scar formation, which is marked by the improper organi-
zation of collagen fibers [5]. Overall, the intricate healing process
is primarily directed towards regenerating the dermis and the
epidermis, aiming to restore the skin barrier’s closure, flexibility,
and functional integrity. However, some wounds may result in
abnormal scarring, known as hypertrophic or keloid scars, which
are typically raised, red, itchy, painful, and cosmetically disfigur-
ing[4], as well as hyperpigmentation and hypopigmentation of the
skin and contractures [6].

Patients with severe burn injuries are also at an increased risk of
developing infectious complications. In addition to systemic in-
flammatory response syndrome (SIRS)—characterized by exces-
sive cytokine release that triggers uncontrolled leukocyte recruit-
ment, fever or hypothermia, tachycardia, and tachypnoea [7]—
several aspects of immune function are profoundly impaired.
These include reduced macrophage-mediated antigen presen-
tation and a diminished capacity of the neutrophils to elimi-
nate invading pathogens [8, 9]. Furthermore, T-cell prolifera-
tion and interleukin-2 (IL-2) production are significantly sup-
pressed [10, 11]. These combined events impair adaptive immune
response, making individuals more vulnerable to infections. Pa-
tients with severe burn injuries face a significantly higher risk
of infectious complications. The disruption of the skin barrier
in these patients weakens their immune defenses, leading to in-
creased susceptibility to infections, primarily bacterial but also
including yeast, fungal, and viral pathogens; heightened virulence
for certain microorganisms; and a greater likelihood of progress-
ing to organ failure [12, 13].

1.2. Diabetic foot ulcers (DFUs)

Currently, it is estimated that nearly 500 million individuals world-
wide are affected by diabetes mellitus (DM), with forecasts indi-
cating a substantial rise in prevalence in the coming years. In the
United States alone, the annual economic burden of DM surpasses
USD 300 billion, encompassing direct medical expenses and losses
due to reduced productivity [14, 15]. Alarmingly, it is projected
that between one in three and one in five individuals with DM will
develop a chronic, non-healing wound during their lifetime, most
commonly a diabetic foot ulcer (DFU). These ulcers are character-
ized by high recurrence rates, with approximately 40% recurring
within one year and 65% within five years, and there are currently
no reliable methods for predicting their onset [16, 17].

A significant proportion of DFU patients ultimately require lower
limb amputation, which severely compromises their quality of

life and necessitates expensive medical interventions. Reflecting
this burden, the global market for DFU treatments is expected
to grow from USD 7.03 billion in 2019 to USD 11.05 billion by
2027, underscoring the urgent need for more effective diagnostic
tools and therapeutic strategies to manage this debilitating condi-
tion [15, 18—20].

The pathophysiology of DFUs is notably complex, primarily driven
by sustained hyperglycemia and its systemic consequences. These
include deregulated angiogenesis, a persistently suboptimal in-
flammatory response, elevated reactive oxygen species (ROS)
levels, and chronic bacterial colonization that frequently pro-
gresses into difficult-to-eradicate biofilms [20]. Hyperglycemia
contributes further to the development of atherosclerosis, impair-
ing the delivery of oxygen and nutrients to the wound site and
significantly hindering the healing process [21, 22].

In individuals with DM, hyperglycemia also induces endothelial
dysfunction, compromising a key mechanism in skin protection:
pressure-induced vasodilation. The endothelial cells play a pivotal
role in wound healing, and their impairment negatively impacts
the resolution of DFUs [23, 24]. Furthermore, chronic hyper-
glycemia interferes with the critical phases of re-epithelialization
by disrupting protein synthesis, cell migration, and the prolif-
eration of keratinocytes and fibroblasts—cell types essential for
effective wound closure and tissue regeneration [25, 26].

Another key mechanism through which hyperglycemia and tissue
hypoxia impair wound healing is oxidative damage. People with
long-term type 2 diabetes have significant reductions in their
antioxidant enzyme activity. Oxidative stress may influence di-
abetic wound healing through skin injury, neuropathy, ischemic
lesions, and topical infections [27, 28]. Hyperglycemia promotes
the overproduction of reactive oxygen species (ROS) through
multiple biochemical pathways, including the polyol, hexosamine,
protein kinase C, and advanced glycation end-product (AGE)
pathways [28]. While ROS play an essential role in the early
phases of wound healing by facilitating pathogen clearance and
cell signaling [29], excessive or prolonged ROS generation has
been shown to disrupt the later stages of the repair process.
Elevated ROS levels can inflict structural and metabolic damage
on the peripheral nerves and compromise their vascular supply.
This oxidative stress can result in dysfunction across sensory,
motor, and autonomic nerve fibers—each of which independently
contributes to an increased susceptibility to diabetic foot ulcers
(DFUs) [30].

Collectively, these pathophysiological alterations, driven by un-
controlled hyperglycemia, render the skin more vulnerable to
trauma and infection, thereby further delaying or preventing
proper wound healing.

Due to their complex and multifactorial nature, both burn and
diabetic wounds present significant clinical challenges. The ther-
apeutic strategies are generally classified into standard care and
advanced modalities. Standard care typically includes wound de-
bridement, pressure offloading, rigorous blood glucose control,
and infection control. Advanced therapies encompass a range
of innovative interventions, such as hyperbaric oxygen therapy
(HBOT), specialized wound dressings, negative pressure wound
therapy (NPWT), and regenerative approaches involving growth
factors, platelet-rich plasma, stem cells, and cell- or tissue-based
products [1, 31—-34].
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1.3. Biocompatible hydrogel materials for wound
healing

Skin wound healing is a complex physiological process influenced
by intrinsic and extrinsic factors. This process can be significantly
enhanced by applying the appropriate wound care materials. Such
materials should exhibit flexibility, stability, biodegradability, and
broad applicability. Additionally, they must maintain a moist
wound environment, promote hemostasis, and effectively absorb
exudates [35].

With the advancement of molecular biology and tissue engineer-
ing, a wide array of innovative biomaterials, particularly hydrogel-
based systems, have emerged as promising tools in wound man-
agement. Hydrogels are three-dimensional (3D) networks formed
by cross-linking hydrophilic polymer chains [36]. They exhibit
both the viscoelastic properties of solids and the flow charac-
teristics of liquids, mimicking the structure and functionality of
the natural extracellular matrix. Hydrogels offer several distinct
advantages over conventional wound dressings: (1) enhanced
hydrophilicity, which allows for adequate absorption of wound
exudates [37]; (2) moisture retention, which supports the wound
healing environment [38]; (3) microbial barrier formation, help-
ing to prevent external contamination [39, 40]; and (4) low ad-
hesion to the wound tissue, minimizing trauma and pain during
dressing changes [35].

1.4. Chitosan hydrogel has valuable properties as a
biomaterial for biomedical applications

Hydrogels can generally be categorized into two main types: native
and synthetic. Native hydrogels are derived from natural poly-
mers such as chitosan, sodium alginate, collagen, and sodium
hyaluronate. Among these, chitosan is one of the most extensively
studied and promising materials for biomedical applications [35].
Due to its distinctive physical, chemical, and biological properties,
chitosan has gained significant attention for developing advanced
wound dressings, particularly for diabetic foot ulcers (DFUs) and
burn injuries.

Chitosan, chemically identified as (1 — 4)-2-amino-2-deoxy-{3-D-
glucan, is composed of N-acetyl-D-glucosamine monomers linked
by B-1,4-glycosidic bonds and is produced by the deacetylation of
chitin, which is primarily extracted from crustacean shells [35].
It is characterized by low toxicity, excellent biodegradability, and
high biocompatibility, making it an ideal candidate for hydrogel
formation [41, 42].

Structurally, chitosan contains numerous amino and hydroxyl
groups that facilitate covalent bonding with various polymers,
thereby supporting the creation of stable hydrogel networks [43—
45]. Furthermore, the cationic amino groups in chitosan interact
electrostatically with negatively charged molecules and anions—
interactions fundamental to forming physical chitosan hydro-
gels [46]. These properties have made chitosan hydrogels widely
applicable in tissue engineering, controlled drug release systems,
and targeted drug delivery, with growing research interest in
smart and drug-loaded hydrogel technologies [45].

Chitosan is the only naturally occurring alkaline polysaccha-
ride, distinguishing it from other neutral or acidic polysac-
charides such as cellulose, dextran, pectin, alginic acid, agar,
starch, and carrageenan. It is non-toxic, odorless, biocompat-
ible, and biodegradable. Upon its application in vivo, chitosan

degrades slowly into harmless amino sugars readily absorbed by
the body [42]. Specifically, it is hydrolyzed by lysozymes into
oligomers, which then stimulate the macrophages to produce N-
acetyl-D-glucosaminidase. This enzyme catalyzes the conversion
of oligomers into N-acetylglucosamine, D-glucosamine, and other
substituted glucosamines [47]. The biodegradability of chitosan
is one of its most advantageous features, as it can also be broken
down by soil-dwelling microorganisms or enzymatic activity, such
as that of lysozymes [48, 49]. In soil environments, chitosan films
typically degrade within approximately 60 days, depending on the
moisture levels and microbiota composition, as microbes utilize
chitosan as a carbon and nitrogen source [48].

The molecular weight (MW) of chitosan ranges from 50 Da to
900 kDa, with the commercially available forms typically span-
ning from 100 to 800 kDa. Based on its MW, chitosan is classified
into high-molecular-weight (HMW) and low-molecular-weight
(LMW) forms, each with distinct performance profiles. HMW
chitosan exhibits poor solubility in water and limited biodegrad-
ability in vivo, raising concerns about its long-term accumulation
and potential adverse effects. However, its high viscosity enhances
hydrogels’ adhesion and mechanical strength. In contrast, LMW
chitosan is more soluble and demonstrates superior biological
activities, including antioxidant, antibacterial, and antitumor ef-
fects. These properties make LMW chitosan particularly valuable
in biomedical, health, and food-related applications. Additionally,
chitosan’s antioxidant and anti-inflammatory activities are signif-
icantly influenced by its molecular weight [45].

The functional properties of chitosan are predominantly deter-
mined by two factors: its molecular weight (MW) and degree
of deacetylation (DD) [50]. A chitin derivative with more than
55% deacetylation is typically classified as chitosan. For industrial
purposes, chitosan with a DD greater than 70% is considered more
valuable. These two parameters, MW and DD, critically affect
chitosan’s solubility, hydrogel-forming capacity, and biological
functionalities such as its antibacterial efficacy and biodegradabil-
ity. These, in turn, influence its suitability and effectiveness in
designing and applying wound dressing materials [45].

1.5. Chitosan’s mechanisms of action in skin wounds

Given the complex nature of burn wounds, the design of hydrogels
intended for their treatment must address several key therapeu-
tic objectives. These include optimizing the wound debridement,
minimizing the infection risk, promoting angiogenesis, effectively
absorbing wound exudates, alleviating pain, and reducing scar
formation [51].

Chitosan and its derivatives have demonstrated numerous bene-
ficial effects on skin wound healing. These benefits include phar-
macological activities, such as antibacterial, anti-inflammatory,
hemostatic, and skin regenerative properties; excellent biocom-
patibility and biodegradability, which make them highly suitable
for biomedical applications [52, 53]; strong water absorption and
retention capacities, essential for maintaining a moist wound en-
vironment; and reactive functional groups, namely amino (-NH,)
and hydroxyl (-OH) moieties along the chitosan’s molecular
chains, which provide chemical sites for grafting other bioactive
groups, thereby enhancing specific biological functions [35].

The process of wound healing is typically divided into four sequen-
tial phases: hemostasis, inflammation, proliferation, and tissue
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remodeling [1, 4, 20, 35, 45]. Current research indicates that
chitosan and its derivatives exert their therapeutic effects pri-
marily during the first three phases, specifically by facilitating
hemostasis; exerting antimicrobial and anti-inflammatory effects;
and promoting granulation tissue formation and cellular prolifer-
ation [35, 45].

1.6. Chitosan’s mechanisms of action in hemostasis

Chitosan plays a significant role in promoting hemostasis by fa-
cilitating both platelet and red blood cell (RBC) aggregation. It
enhances the expression of glycoprotein IIb/IIIa (GP IIb-IIIa), a
critical receptor involved in platelet adhesion and clot formation.
The positively charged chitosan molecules interact electrostati-
cally with the negatively charged surfaces of activated platelets,
thereby promoting their adhesion and aggregation. This interac-
tion forms a three-dimensional network structure that accelerates
fibrin clot formation [45].

In addition to its effects on the platelets, chitosan also supports the
aggregation of red blood cells, which play a vital role in thrombus
development. RBCs contribute to the structure of platelet-driven
clots by forming tightly packed polyhedral erythrocytes, cells
that create a nearly impermeable barrier essential for adequate
hemostasis and wound repair. The electrostatic attraction be-
tween cationic chitosan and negatively charged RBC membranes
facilitates cross-linking of the cells into a mesh-like structure. This
network captures platelets and additional RBCs, reinforcing fibrin
clot formation and accelerating wound healing [54—56].

1.7. The antimicrobial mechanisms of chitosan

The moist microenvironment of a wound provides favorable con-
ditions for microbial proliferation during the healing process [45].
Chitosan exhibits broad-spectrum antimicrobial activity, being
particularly effective against Gram-positive and Gram-negative
bacteria. In Gram-positive bacteria, the cell wall primarily com-
prises acidic polysaccharides, such as peptidoglycan and teichoic
acids (e.g., phosphopiridic acid), which confer a net negative
surface charge. When chitosan is dissolved in an acidic medium,
its amino groups (—-NH,) become protonated to form —NH;*,
enabling electrostatic interactions with the negatively charged
bacterial surface components. This interaction leads to charge im-
balances on the bacterial membranes, causing cell wall disruption,
membrane rupture, cytoplasmic leakage, and eventual bacterial
death [57, 58].

A similar mechanism is observed in Gram-negative bacteria,
where the negatively charged lipopolysaccharide (LPS) compo-
nents of the outer membranes interact with the protonated amino
groups of chitosan. This electrostatic binding disturbs the in-
tegrity of the cell envelope, resulting in membrane lysis, leakage
of the intracellular contents, and bacterial death [59].

Chitosan also exhibits potent antifungal activity. It can bind to
fungal cell surfaces, disrupting the plasma membrane’s perme-
ability and causing intracellular material leakage. The minimum
inhibitory concentrations (MIC) of chitosan against fungi vary and
are influenced by several factors, including its molecular weight
and degree of deacetylation (DDA), the solvent’s pH, and the
fungal species targeted [59, 60].

Beyond membrane disruption, chitosan can chelate essential
metal ions and nutrients, inhibiting microbial growth and toxin

production [59]. Additionally, some chitosan molecules can pene-
trate microbial cells, where they interfere with the synthesis of nu-
cleic acids (DNA/RNA) and proteins. This internal mechanism en-
hances its antimicrobial efficacy further, including its antifungal
effects through the inhibition of protein biosynthesis [59, 61, 62].

1.8. Chitosan’s mechanisms of action:
anti-inflammatory activity and promotion of
granulation tissue proliferation

Granulation tissue, which plays a critical role in wound healing,
comprises fibroblasts, newly formed capillaries, and various in-
flammatory cells. It develops on the wound surface through the
formation of connective tissue and neovascularization, thereby
facilitating tissue regeneration and epidermal repair [63]. Chi-
tosan, particularly in forms with a high degree of deacetylation
and a low molecular weight, has significantly enhanced fibroblast
proliferation [64].

In vitro studies have demonstrated that the degree of deacety-
lation greatly influences fibroblast adhesion and proliferation.
Chitosan scaffolds with a degree of deacetylation above 85%
support fibroblast attachment and growth more effectively
than these values for scaffolds with lower deacetylation levels
(75—85%) [64, 65]. Additionally, the molecular weight of chi-
tosan also affects cell viability. One study evaluated seven chi-
tosan variants using human skin fibroblasts (HSFs) and found
that lower-molecular-weight chitosan significantly enhanced HSF
proliferation [66].

Chitosan has also been reported to stimulate the secretion of
key cellular growth factors involved in wound repair, including
transforming growth factor-g (TGF-B), platelet-derived growth
factor (PDGF), and interleukin-1 (IL-1) [35]. TGF-f promotes the
migration of macrophages to the injury site, enhancing fibrob-
last proliferation and collagen deposition [67]. PDGF contributes
to skin regeneration by promoting angiogenesis; stimulating fi-
broblast migration and proliferation; and supporting the synthe-
sis of extracellular matrix components such as glycosaminogly-
cans, proteoglycans, and collagen, all of which are essential for
granulation tissue formation [68]. IL-1 supports wound healing
by enhancing angiogenesis, fibroblast proliferation, and collagen
synthesis [69].

Furthermore, chitosan has been shown to increase the secretion
of interleukin-8 (IL-8) from the fibroblasts, which helps to accel-
erate the inflammatory response and promote angiogenesis [70].
The biological effects of chitosan on fibroblast proliferation are
closely related to its physicochemical properties, particularly its
molecular weight and degree of deacetylation. Chitosan with high
deacetylation and a low molecular weight demonstrates the most
potent stimulatory effects on fibroblast activity [45, 641.

1.9. Chitosan’s mechanisms of action: antioxidant
properties

At controlled levels, reactive oxygen species (ROS) serve impor-
tant physiological roles such as lymphocyte recruitment, vasocon-
striction regulation, and antimicrobial activity [39]. However, ex-
cessive ROS disrupt the redox balance, leading to tissue damage,
increased susceptibility to infection, and impaired wound healing.
Elevated ROS levels are also associated with compromised fibrob-
last function, aberrant migration, and keratinocyte proliferation.
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Due to these detrimental effects, antioxidant functionality is con-
sidered a critical feature for wound dressings, particularly in
treating chronic wounds. Recent studies have highlighted the de-
velopment of antioxidant hydrogels, with chitosan-based hydro-
gels emerging as promising. Their intrinsic antioxidant capacity
is attributed mainly to the high density of amino and hydroxyl
groups within chitosan’s molecular structure, enabling free radical
scavenging and reducing oxidative stress [39].

1.10. Mechanisms that allow chitosan to facilitate
healing in burn and diabetic wounds

Acute wounds (e.g., mild burns, cuts) generally heal quickly but
can still result in scarring or delayed healing. Chitosan-based self-
healing hydrogels enhance healing by promoting tissue regenera-
tion and enabling on-demand degradation and minimal scarring,
avoiding the issues with traditional dressings (e.g., toxicity, rigid-
ity). Hydrogels with N-acetylcysteine-responsive degradation ac-
celerate healing with minimal scars for superficial wounds. Full-
thickness wounds are difficult to heal due to complete tissue loss.
Chitosan scaffolds and hydrogels with stem cell delivery promote
healing, reduce infection, and support tissue regeneration [39].

Chronic wounds fail to heal within 3 months due to infection,
poor vascularization, inflammation, and biofilm formation. Burn
wounds suffer from high infection risks, fluid loss, and im-
paired vascularization. Chitosan-based hydrogels are injectable
and adaptable to the wound’s shape; promote angiogenesis using
biological agents (e.g., hesperidin, Resina Draconis); can be made
non-adhesive and pain-free on removal; and can be dissolved
on demand to avoid secondary injury. Diabetic wound healing
is delayed by high glucose, oxidative stress, and poor immunity.
Chitosan hydrogel preparations release antioxidants (e.g., x-lipoic
acid, tannic acid) to reduce ROS levels and include insulin- or
glucose-lowering agents to improve metabolism, promote angio-
genesis, reduce inflammation, and support cell growth for com-
plete healing [39].

Infection is the most significant factor in delayed secondary heal-
ing in chronic open wounds. Infections hinder healing by pro-
moting inflammation and biofilm growth. Chitosan hydrogels can
incorporate antimicrobial peptides or agents like usnic acid. Also,
photodynamic therapy (PDT) can be used with AIE molecules
(e.g., berberine) to kill bacteria and biofilms effectively [39].

1.11. Chitosan preparation processes for wound healing

The ideal wound dressings should exhibit flexibility, stability,
biodegradability, and biocompatibility while maintaining a moist
wound environment, promoting hemostasis, and facilitating ex-
udate absorption. Chitosan-based hydrogels fulfill most of these
criteria [71]. Moreover, various formulations of chitosan-based
wound dressings have demonstrated the capacity to enhance
wound healing at different stages and counteract adverse factors
that impede the repair process [39]. These biomaterials primarily
act during the early three phases of the wound healing cascade.

Chitosan is a naturally abundant and renewable biopolymer de-
rived through the deacetylation of chitin, which is found in the ex-
oskeletons of marine arthropods such as shrimp and crabs, as well
as in mollusks, insects, and the cell walls of certain plants [72—74].

Both physical and chemical cross-linking methods can be employed
to fabricate chitosan-based hydrogels for wound treatment [42, 71].

Physical cross-linking approaches include electrostatic interactions,
formed through ionic bonding between anionic molecules and
the amino groups of chitosan, resulting in gelation; metal—ion
coordination, involving the formation of stable gels through coor-
dination bonds between chitosan and metal ions [42, 75, 76]; and
hydrophobic interactions, whereby gelation is achieved through
non-polar interactions among chitosan molecules. These methods
avoid potentially toxic initiators or monomers, thereby minimiz-
ing the side effects of in situ polymerization [42, 71].

One category of chemical cross-linking method is initiator-
induced polymerization, where chemical initiators trigger the
polymerization of monomers, forming covalently bonded net-
works that improve the mechanical strength and elasticity of the
hydrogel [42, 71]. For instance, Park et al. [77] used ethylene
glycol as a cross-linking agent and a gas foaming technique to
produce a superporous chitosan hydrogel. Fan et al. [78] applied
y-irradiation to synthesizing CS/Gel/PVA composite hydrogels
for wound dressing applications.

Chitosan’s structure allows for both physical and chemical
modifications, enabling the development of multifunctional or
“smart” chitosan-based hydrogels capable of controlled release
of bioactive compounds such as drugs, metal ions, flavonoids,
phenolic acids, essential oils, peptides, and other therapeutic
agents [51, 71]. These hydrogels respond to environmental stimuli
(e.g., pH, temperature, light) by undergoing a sol—gel phase tran-
sition, which has garnered significant attention in recent years.
Smart chitosan hydrogels are typically classified as thermosensi-
tive, photosensitive, or pH-sensitive [79].

The clinical application of chitosan requires careful optimization
of its physicochemical properties through controlled processing
methods. For wound healing applications, chitosan is most com-
monly formulated as a hydrogel via dissolution in weak organic
acids (e.g., 1% acetic acid), followed by neutralization to form
pH-sensitive matrices [80, 81]. The ionic gelation technique us-
ing chitosan—sodium tripolyphosphate (CS-TPP) as a cross-linker
produces nanoparticles that are ideal for controlled drug deliv-
ery [82].

A major challenge in the development of application-specific hy-
drogels lies in establishing an effective sterilization method that
preserves their structural integrity and functional properties [83].
Sterilization of chitosan hydrogel nanoparticles using gamma irra-
diation indicated possible degradation of the samples; an increase
in the average particle size and polydispersity; and a decrease in
the zeta potential. Chemical changes were also observed. Con-
ductivity and pH were not affected. The presence of protective
sugars (glucose and mannitol at 5%) increased the nanoparti-
cles’ resistance to radiation. When using ozone as a sterilization
method for chitosan hydrogel nanoparticles, the properties of
the samples were not affected. However, ozone sterilization was
not as effective as gamma irradiation and appeared to induce
some toxicity. The addition of protective sugars caused chemical
changes after ozonation. However, for chitosan hydrogel nanopar-
ticles, the steam sterilization method promoted degradation of the
samples [83].

In recent years, the research on chitosan-based hydrogels and
membranes has significantly expanded due to their versa-
tile physicochemical properties and broad applicability in the
biomedical and pharmaceutical fields [79, 84]. Recent advance-
ments include the development of chitosan-based hydrogels with
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double-network structures, which exhibit enhanced mechanical
strength, electrical conductivity, antimicrobial efficacy, and anti-
fouling capabilities [85]. These multifunctional hydrogels are
promising for drug delivery systems, tissue engineering, wound
healing, and biosensing technologies [79].

The increasing scientific interest in these materials is primarily
driven by their potential to address persistent clinical challenges
such as antibiotic resistance and biofilm formation [84, 85]. In
this context, the present systematic review aims to critically assess
the recent scientific literature on the wound healing potential of
chitosan-based dressings enriched with various bioactive agents,
particularly in treating burn wounds and diabetic ulcers.

2. Materials and methods

2.1. The data selection and screening

This systematic review was based on the guidelines described in
the report “Preferred Reporting Items for Systematic Reviews and
Meta-Analyses” (PRISMA) [86] and reinforced in da Cruz Ferraz
Dutra et al. [87] and Dutra et al. [88]. The process of selecting
the studies was carried out in three stages: (1) identifying the
records in the PubMed, Dimensions, Scopus, and Web of Science
databases; (2) screening the documents; and (3) assessing the
eligibility and inclusion of the studies.

Records published in PubMed, Dimensions, Scopus, and Web of
Science up to 4 Sept. 2023 were included, considering all types
of documents, without any distinction based on factors such as
their year of publication or language. In order to identify stud-
ies of interest, searches in the databases were carried out using
terms and keywords related to the topic, including synonymous
variations. The terms and keywords included chitosan, “Chitin-
derived polymer”, “Chitosan-based material”, membrane, dress-
ing, barrier, film, covering, incorporation, integration, inclu-
sion, combination, wound, injury, lesion, trauma, cut, healing,
recovery, repair, regeneration, closure, “In vivo”, and “In vitro”.
The combination of the words and Boolean operators is detailed
in Table S1.

The documents obtained from the PubMed, Dimensions, Sco-
pus, and Web of Science databases were screened following the
methodology presented in Dutra et al. [88]. The methodology
follows the PRISMA flowchart that goes through the selection,
sorting, and inclusion steps. Articles without a DOI and dupli-
cate records were removed. The articles selected after automatic
exclusion are given in Tables S2—S4.

The documents were manually reviewed by title and abstract and
assessed for eligibility according to the inclusion and exclusion cri-
teria listed in Table 1. Since this study’s main focus was on using
chitosan specifically as a dressing to treat burn wounds and/or
diabetic wounds, these were key terms in the inclusion/exclusion
criteria.

2.2, The extraction of data from included studies

From the selected documents, after the whole process of screen-
ing, assessing eligibility, and inclusion based on the crite-
ria mentioned above, the following information was extracted:
(1) the study methodology (hydrogel/membrane); (2) the hydro-
gel/membrane characterization tests used; (3) the in vitro tests

used; (4) the in vivo tests used; and (5) the geographical locations
of the authors’ affiliations.

Table 1 e Criteria for inclusion or exclusion of studies in the
systematic review.

Inclusion criteria

1. The use of a wide range of characterization tests along with
in vitro and/or in vivo tests;

2. Language: English.
Exclusion criteria

1. No mention of the words ‘Diabetes’/‘Diabetic’ or ‘Burn’ in the
title and/or abstract;

2. A methodology involving few tests;
No use of chitosan;

4. Articles in the format of ‘Review’, ‘Retraction’, ‘Editorial’,
‘Note’, or ‘Published in Proceedings’;

The inaccessibility of the article or its availability only in a
language other than English.

A confusing/inconsistent methodology.

Redundant content that did not pass the automatic screening.

No

2.3. The data analysis

In the study selection and screening stages, data extraction and
data analysis were carried out by two reviewers, with discrepan-
cies resolved by a third reviewer.

In order to analyze the data, the information collected was
grouped by membrane treatment and rate of wound healing in
the in vivo tests. Based on the data collected and organized, a risk
of bias analysis for non-randomized studies (MINORS), a risk of
bias analysis for animal experiments (SYRCLE), and a principal
component analysis (PCA) were carried out [89—91]. In the case
of the MINORS risk of bias analysis, question number 7 (a less
than 5% loss to follow-up), which deals with a loss of patient
continuity in trials, was not answered given that it is aimed at
human trials, where patients have the option to stop participating
at any time. As the tests carried out were characterization tests
on membranes/hydrogels, which are inanimate and incapable of
fitting into this category, this topic in the MINORS methodology
was not addressed.

Principal component analysis is based on an exploratory mul-
tivariate analysis that transforms the original variables into a
reduced set of statistical components [92, 93]. Here, the values
were normalized using the Box—Cox transformation. The inter-
relationships among the set of studies were assessed using the
principal components (PC1 and PC2). Only studies dealing with
membrane treatment were considered. The treatment method
variables were the cumulative release (%), the contact angle at t1
(°), the maximum membrane extension (%), and the final tensile
strength (kPa). Missing data from each article was filled in via
linear interpolation to conduct the analysis [94]. The PCA graph
was plotted using the Past 4.03 program [88].

For the bivariate analysis, the Shapiro—Wilk test was first car-
ried out to assess the normality of the sample population. A
p(normal) value below 0.05 leads to the null hypothesis being
rejected, suggesting that the sampled data follows a normal dis-
tribution [95, 96]. Spearman’s Rho test was applied, as the value
obtained rejected the null hypothesis [88].
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In the meta-analysis stage, the data were divided into membrane
and hydrogel subgroups and analyzed using Review Manager
5.4.1 [87], taking into account the replicate counts, mean values,
and standard deviations of the % regeneration in the in vivo di-
abetic or burn wound experiments. The program was employed
to compute the differences in the standard deviation and 95%
confidence intervals (CI) through random-effects models. For all
included studies, the % regeneration in the in vivo wound exper-
iments was compared by checking it against the negative control
values using a membrane or hydrogel based on pure chitosan. The
heterogeneity across studies was quantified through the I* index,
where I” values above 50% indicated significant heterogeneity. All
of the reported data were standardized to SI (International System
of Units) where necessary.

3. Results

3.1. The data selection and screening

In this systematic review, 991 records were obtained from the
PubMed, Dimensions, Scopus, and Web of Science databases.

After the automatic screening, 448 records were removed as dupli-
cates. After manual evaluation, 503 files were discarded because
they did not meet the pre-established criteria. In the end, 40
documents were thoroughly assessed, as shown in the flowchart
(Figure 1).

3.2. The geographical predominance of the selected
studies

Analyzing the geographical distribution of the selected studies
provides an overview of the research on wound healing using
chitosan-based compounds conducted worldwide. Among the se-
lected studies from 2015 to 2023, 16 countries were identified,
with Asian countries predominating and a significant concentra-
tion of publications. China leads the way regarding the number
of articles, followed by India and Iran, which share second place.
In contrast, other continents had a smaller share. The United
States, Brazil, South Africa, and Belgium contributed only one se-
lected article each on this subject from each continent (Figure 2)
(Table S5).

IDENTIFICATION OF STUDIES VIA DATABASES AND REGISTERS

Records identified (n = 991)
PubMed (n = 306)
Dimensions (n = 170)
Scopus (n = 207)
Web of Science (n = 308)

Records Screened:
(n=543)

SCREENING

2

Studies Included in the Review:
(n =40)

Records removed before Screening:
Duplicate (n = 448)

( Reports excluded by a human: \
Did not meet the inclusion criteria (n = 503)
Reason 1: (n = 449)

Reason 2: (n = 8)

Reason 3: (n = 14)

Reason 4: (n = 12)

Reason 5: (n = 17)

Reason 6: (n = 2)

K Reason 7: (n=1) /

Figure 1 ¢ The PRISMA flowchart describing all of the steps of including the documents in detail, including selection, sorting, and
inclusion. Reason 1: Did not mention “Diabetes”/” Diabetic” nor “Burn”; Reason 2: The results did not answer the research question;
Reason 3: Did not use chitosan; Reason 4: Was a review, retraction, editorial, note, or proceedings paper; Reason 5: The article was
inaccessible or available only in a language that was not English; Reason 6: A confusing/inconsistent methodology was used; Reason 7:

Involved repeated content that passed the automatic screening.
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Figure 2 ¢ Anillustrative map indicating the countries that published the selected studies about chitosan-based membranes or hydrogels
for healing burn or diabetes-related wounds. Created with mapchart.net.

3.3. The analysis of the selected studies for risk of bias

Risk of bias analysis is a systematic assessment used to identify
and quantify possible sources of distortion in the results. Bias
can be introduced at various stages of the research process, such
as the study design, selection of the participants, conduct of the
experiments, data collection, or analysis of the results. Analyzing
the risk of bias means assessing the methodological quality of the
studies and checking for factors that may have compromised the
validity and reliability of their conclusions.

The results of analyzing each question for each study that fitted
the risk of bias model for animal experiments (SYRCLE) or the
non-randomized studies model (MINORS) are elaborated in Ta-
bles S6 and S7. In Table S6, one of the main notable points is
the uniformity in some of the questions evaluated, such as the
second question, in which all but the article with the code ‘Loo2’,
as indicated in the table, presented a grouping of similar articles
from the outset. Other examples are the fifth question, ‘Were
the caregivers and/or investigators blinded from knowledge of
which intervention each animal received during the experiment?’,
and the sixth question, ‘Were animals selected at random for
outcome assessment?’, the answers to which were negative and
verging on negative, respectively, showing that, at least in the
writing and editing of the articles, it was not clear that the re-
searchers were double-blinded and that the animals were selected
at random. Finally, when assessing the sources of bias, the ‘Yes’
(Y) classification predominated, suggesting that in general, no
potential biases were identified in the studies other than those
mentioned above. Thus, analyzing the studies using the SYRCLE
tool reveals that many have significant uncertainties, especially
in their sequence generation, allocation concealment, blinding,
and blinded outcome assessments. These uncertainties represent
potential sources of bias that could compromise the validity of the
results. It is therefore crucial that future studies adopt a greater
degree of clarity to make it explicit whether a method has been

carried out using randomization and blinding or not to reduce the
risk of bias and increase the reliability.

In Table S7, the results are high and very evenly distributed. The
majority of the questions scored values of ‘2’ or ‘1’, with hardly any
‘0’ scores. Considering the exclusion of question 7, the maximum
possible score was 22. Based on the scores presented, it is possible
to make some observations regarding the methodology of the
studies evaluated. The studies generally obtained relatively high
scores for criteria such as ‘clearly stated objective’, ‘prospective
data collection’, ‘appropriate outcome criteria’, and ‘contempo-
rary groups’, suggesting that the studies were well planned in
terms of the clarity of their objectives; prospective and appropriate
data collection; and the definition of outcomes that were aligned
with the study’s objectives. In addition, the use of contemporary
groups for comparison is a solid and robust practice that con-
tributed to the internal validity of these studies.

On the other hand, some criteria showed significant variability
in the scores, reflecting inconsistencies between the studies. The
‘inclusion of consecutive patients’ criterion only received a score
of 1, indicating that the studies could not clearly guarantee the
inclusion of all consecutive patients, potentially introducing se-
lection bias. ‘Unbiased assessment of study outcome’ was also a
weak point for many studies, with several receiving scores of 1 or 0;
this reflected a possible lack of blinding or another mechanism to
reduce the assessment bias, which may have impacted the validity
of the results. These results show synergy with those in Table S6.

The baseline equivalence of the groups was relatively well main-
tained, with 77.5 percent of the studies scoring 2, indicating that
the groups were comparable at the start of the studies. ‘Adequate
control group’ is another criterion that received consistently good
ratings, with 85 percent of the studies scoring well, indicating
the presence of a well-designed and relevant control group for
comparison with the experimental group. This aspect is essential
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to ensure that the differences observed in the outcomes can be
attributed to the treatment being studied and not to other factors.

Concerning the total scores, most of the studies scored between
15 and 19 points out of a maximum of 22, which suggests a varied
but generally acceptable methodological quality. Thus, although
many studies are well-designed in several important respects,
some areas need improvement to reduce the risk of bias and
increase the validity of the findings. The lack of adequate sample
size calculations and inconsistency in the descriptions regarding
consecutive patients, where all eligible groups or individuals who
are treated in a given period are included sequentially without
skipping any patients who meet the inclusion criteria, are critical
areas that, if improved, could significantly increase the robustness
of the studies. In addition, improving unbiased assessments of the
outcomes would help to reduce the detection bias, strengthening
the validity of the results further.

3.4. The methodologies used for evaluation of the
chitosan membranes in the selected studies

Different methodologies for functional evaluation of the
physicochemical properties in the manufacture of the mem-
branes/hydrogels and the combined therapeutic approaches to
wound and burn treatment were investigated in the studies to
assess the efficacy of various chitosan-based models in wound
and burn regeneration. Most of the studies evaluated the effects
of the membranes using both invivo (77.5%) and in vitro
(92.5%) experiments (Table S8). There was also a homogeneous
distribution of studies that used membranes and hydrogels, at
50% and 52.5%, respectively.

3.5. The assessment of the methodologies used for
physicochemical characterization of the chitosan
membranes

The methodologies used to characterize the membranes and hy-
drogels involved a series of specific experiments. The main exper-
iments included mechanical testing; evaluating the membranes’
tensile strength and maximum deformation; contact angle anal-
yses; cell viability tests; cumulative release studies; and degra-
dation studies. The distribution of these tests and a compari-
son of the results can be seen in Figure 3 and Tables S9—S14,
respectively.

Ultimate tensile strength
Membrane deformation
Contact angle

Cell viability ® 65%

Cumulative release 5 52.5%

Degradation

0 10 20 30
Number of Studies

Figure 3 ¢ The number of studies that applied each of the main
characterization tests.

Notably, cell viability studies were carried out in the most sig-
nificant number of articles (65%), followed by cumulative re-
lease studies (52.5%), as shown in Figure 3. These are the most

investigated tests in the characterization of membranes and hy-
drogels, as they demonstrate, respectively, whether the material
will negatively affect the survival of the cells at the wound site and
how it will be able to release substances in a controlled manner,
a point of interest in the development of membranes as dressings
for wound healing, such as chitosan.

Regarding the mechanical tests (of the tensile strength and max-
imum deformation of the membranes), those best suited were
those with a high tensile strength combined with a significant
percentage of deformation. Examples include the results of Basit
et al. [97], with 9940 kPa and 66.66 + 3.29%, and Gao et al. [98]’s
results, with 1530 4 275 kPa and 56.80 + 12.11%. The other results
are visualized better in Tables S9 and S1o0.

Regarding the contact angle, there were variations in the val-
ues obtained, characterizing the materials as hydrophobic or
hydrophilic. Of these values, the most hydrophobic were the
‘Poly(lactic acid) (PLA)/Bovine serum albumin (BSA) loaded
chitosan nanoparticles (CNP) nanofiber mats’ created by Sun
et al. [99], with a value of 130 + 3°. In contrast, the most hy-
drophilic value was that for the ‘P-CH/HA’ sample created by Gao
et al. [98], with a value of 27.6 + 6.2°. The other values obtained
are available in Table S11.

As for cell viability, 46.15% of the articles did not present percent-
age values for this analysis, only qualitative data. On the other
hand, of the remaining articles, 85.71 percent presented results
of increased cell viability or a decrease in cell viability that did not
fall within the spectrum of significance. This spectrum is a range of
loss in cell viability of up to 30 percent, which is still acceptable.
Examples of viability rates that exceeded 100 percent are those
from the study by Yu et al. [100] using a PLA/SCS sample, who
obtained a value of 123%, and from Abdelbasset et al. [101] using
a ‘chitosan/CMC/0.3%Mequinol’ sample, who obtained values of
127.59 +13.95% and 125.64 + 9.77% on days 3 and 7, respectively.
Further details on the other samples can be found in Table S12.

The results were heterogeneous regarding the substance release
profiles of the membranes, showing a variety of release percent-
ages at the different times evaluated. Considering that the release
time of interest can vary based on the target, the values for differ-
ent substances present at different positions on the time—release
spectrum can be considered significant; this is best visualized
by noting that within this table, release values ranging from a
maximum of 8 h to 336 h were obtained depending on the site,
while the cumulative release ranged from o0 to 100%. An example
would be the work by Hajimiri et al. [102], which showed a release
of 79.1 + 6.3% of ‘Growth factor rhEGF’ from a ‘CMCh-based
hydrogel’ sample within 48 h. Another example in the opposite po-
sition would be the work by Sun et al. [99], which showed a release
of 87% of the proteins from their ‘BSA@CNP nanofiber’ sample
within 336 h. The other examples and release tests evaluated can
be found in Table S12.

Concerning the degradation tests, the data obtained and pre-
sented in Table S14 showed heterogeneity and variability. The
duration varied from article to article, ranging from two to twenty-
eight days. The most commonly used medium was PBS, present in
64.28% of the articles evaluated. In the work by Bryan et al. [103],
all of the membranes evaluated showed significant reductions in
their mass during the four-week test period, with the ‘CE’ and
‘CEMg’ membranes showing an approximately 70% loss in their
mass, while the ‘C’ and ‘CMg’ membranes showed a 50% loss.
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In contrast, in the study by Thangavel et al. [104], only around
11 to 13 percent degradation occurred for all of the hydrogels
assessed after 20 days of testing, showing that depending on the
polymer assessed and the physicochemical characteristics, there
are different degrees of influence on the degradation rates.

3.6. The comparative effect of the membrane
characterization variables

The interrelationships between the data groups of the membrane
characterization test variables were assessed and then compiled
via a principal component analysis (PCA), as shown in Figure 4.
In addition to the PCA, Spearman’s Rho test was carried out.

Figure 4 shows that component 1 appears to be more closely
associated with the aspects of membrane strength and extension
during the tensile tests and cumulative release. Meanwhile, com-
ponent 2 shows a stronger correlation with the contact angle,
indicating that this component can vary according to the degree
of hydrophobicity or hydrophilicity.

After analyzing the level of association between the membrane
characterization experiments using Spearman’s test, correlations
were found that strengthened what was already observed and is
shown in Figure 4.

3.7. The meta-analysis of the degree of regeneration of
diabetic wounds and burns during in vivo experiments
using chitosan membranes/hydrogels

In order to set up and carry out the meta-analysis, only studies
that carried out in vivo tests and presented the mean, standard

deviation, and sample value for the repetitions in each experiment
were considered (Figure 5).

The results obtained through the meta-analysis confirmed the
effectiveness of using membranes/hydrogels in wound treatment
compared to that for a negative control, whether this negative
control was the use of ordinary gauze or the absence of any
treatment in the sample.

During the preparation and assembly of this systematic review,
two studies that fell into the hydrogel and membrane groups, one
in each, generated a significant increase in the heterogeneity of
the analysis (I* > 50%), so they were excluded from the analysis
and the assembly of the final graph. This aspect of the bias effect
mentioned can be visualized by comparing Figures 6 and 7. It can
be inferred that this effect may have been caused by the aspects of
bias highlighted in Tables S6 and S7.

3.8. The effect of incorporating substances into
membranes/hydrogels on the degree of regeneration of
diabetic wounds/burns during in vivo experiments

Data was collected on the results of the percentage of regeneration
in the wound area from studies that clearly presented these values
with a margin of error in their structure for collection and analysis.
All of the data collected are shown in Tables 2 and 3. From these,
it is clear that the date on which the lowest final measurement
was recorded was day 2, while the date for the highest was day
21. Regarding the values for the percentage of regeneration of
the wound area, the lowest value obtained on the final date was
19 + 6% in Sun et al. [99], while the highest was 100 + 0% in the
work by Razack et al. [105].

2.257 MME (%)

Component 2

A ———UTS (kPa)
3.75 =300 -2.25 1.50 0.75 \'\ g — ~
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. L
150 eae)
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Figure 4 ¢ The principal component analysis (PCA) of the membrane characterization tests. CR: cumulative release; MME: maximum

release extension; UTS: ultimate tensile strength; CA: contact angle.

ACADEMIA MATERIALS SCIENCE 2025, 2

10 of 26



https://doi.org/10.20935/AcadMatSci7810

Favours [experimental] Experimental Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.3.1 Group Hydrogel
Lee and Lin (2022) 816 5 4 83 5 5 16.0% -0.25[1.57,1.07] -
Rana et al. (2020) 225 25 4 41 46 4 44% -4.35[-7.64,-1.05) =
Razack et al. (2023) 83 6 12 87 45 12 232% -0.73[1.56,0.10] Bl
Shietal. (2017) 76 4 8 82 25 8 17.7% -1.70 [-2.89,-0.51] ==
Zhu et al. (2020) 77 4 8 80 4 8 202% -0.71 [1.73,0.31] <=
Subtotal (95% CI) 36 37 81.3% -1.01[-1.75, -0.27] <

Heterogeneity: Tau®= 0.30; Chi*=7.16, df= 4 (P=0.13); F= 44%
Test for overall effect: Z= 2.66 (P = 0.008)

1.3.2 Group Membrane

Abdelbasset et al. (2022) 53 4 3 77 35 3 1.9% -5.11 [-10.29, 0.08]
Basitetal. (2021) 51 14 8 73 5 8 16.8% -1.98[-3.24,-0.72] o=
Subtotal (95% CI) " 11 18.7% -2.49[-4.76,-0.22] S

Heterogeneity: Tau*=1.19; Chi*=1.32,df=1 (P = 0.25); F= 24%
Test for overall effect: Z= 2.15 (P = 0.03)

Total (95% CI) 47 48 100.0% -1.27 [-2.01,-0.53] L 2
Heterogeneity: Tau*= 0.43; Chi*=11.79, df= 6 (P = 0.07), F= 49%
Test for overall effect: Z= 3.37 (P = 0.0007)

Testfor subaroup differences: Chi*=1.49, df=1 (P=0.22), F=32.7%

A0 -5 0 5 10
Favours [experimental] Favours [control)

Figure 5 ¢ A summary of the results of the Forest Plot analysis of the degree of regeneration of diabetic wounds/burns during
in vivo experiments using pure membranes/hydrogels, utilizing the difference between the standard deviations in the selected stud-
ies. [97, 101, 105—109].
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Figure 6 o A funnel plot of the studies included in the meta-analysis.
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Figure 7 ¢ A funnel plot of the studies initially included in the meta-analysis, with the presence of samples that generated heterogeneity.

Table 2 ¢ The values for the percentage of regeneration of the wound area in the in vivo experiments using chitosan membranes and/or
hydrogels.

Membrane/hydrogel Wound Condition  Day of mea- % of regeneration in Reference
size (mm?) surement the wound region

Untreated group 113 Diabetes 15 41.5 + 3.24 [110]

Hydrogel and colloidal silver 60.34 £ 2.23

Nanoparticles incorporated chitosan 83.52 + 4.38

(Chitosan/Ca-AlgNps/AgNPs) hydrogel

Synthesized hydrogel mixed with freshly 99.76 +1.98

collected blood from the same animal

Normal saline solution (Vehicle) 100 Burn wound 21 28+ 6 [111]

Chitosan-Alginate and docosahexaenoic acid 80+6

Chitosan-Alginate and mesenchymal stem 67 £ 15

cells

Chitosan-Alginate, docosahexaenoic acid, and 93+ 3

mesenchymal stem cells

Untreated group 162.86 Burn wound 18 51 +14 [97]

Film (Sodium Alginate; Pectin; Glycerol; 73+ 5

Tween-80 (0.1% w/w))

Chitosan curcumin nanoparticles 94 + 10

Film + chitosan curcumin nanoparticles 100 £ 5

Gauze 5026.55 Diabetes 15 81.6 +5 [106]

Commercial dressing HeraDerm 82+5

Blank Chitosan 83+5
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Table 2 ¢ Cont.
Membrane/hydrogel ‘Wound Condition Day of mea- % of regeneration in Reference
size (mm?) surement the wound region
EGF-loaded nanoparticles (ENPs) and the 89+5
antimicrobials polyhexamethylene biguanide
(PHMB), named EnpPCH
PFC emulsions (Pes) and the antimicrobials 88+5
polyhexamethylene biguanide (PHMB),
named PePCH
PFC emulsions (Pes), EGF-loaded 93.8+5
nanoparticles (ENPs), and the antimicrobials
polyhexamethylene biguanide (PHMB),
named PEENPPCH
Chitosan/carboxymethyl cellulose 225 Diabetes 14 96 & 2.5 [101]
(CMC)/0.3% mequinol
Chitosan/carboxymethyl cellulose (CMC) 77+ 3.5
scaffolds
Sterile gauze 53+ 4
Gauze 50.27 Diabetes 12 774+ 4 [112]
Gel-4 (1:2 of Oxidized hyaluronic (OHA) to 80+4
acid succinyl chitosan (SCS))
Insulin-loaded micelles (ILM)-Gel-4 86 + 4
Epidermal growth factor (EGF)-Gel-4 90 £ 2.5
ILM-EGF-GEL-4 95+ 3
Normal saline (NS) 153.94 Burn wound 14 71+ 15 [113]
Silver sulfadiazine (SSD) cream 714+ 8
baicalin (BA)/Bletilla striata polysaccharide 75+ 8
(BSP)/carboxymethyl chitosan (without silver
titanate (ST))
baicalin (BA)/Bletilla striata polysaccharide 78 £ 7
(BSP)/carboxymethyl chitosan (with silver
titanate (ST))
Gauze dressing 400 Diabetes 16 34+ 4 [104]
Pure chitosan (CS) hydrogel 68 +2
Chitosan + L-glutamic acid (LG) 1.0% 97+3
hydrogel
Physiological saline 300 Burn wound 21 89.42 + 1.96 [114]
collagen peptides (COP) 90.88 + 0.22
carboxymethyl chitosan (CMC)—collagen 99.93 &+ 0.15
peptides (COP)
commercial burn ointment (MEBO) 99.97 + 0.07
Blank polylactic acid (PLA)/chitosan 63.62 Diabetes 7 27 4+ 10 [99]
nanoparticles (CNPs) nanofiber mats
Polylactic acid (PLA)/Epidermal growth 19+6
factor (EGF)@ chitosan nanoparticles (CNPs)
nanofiber mats
Vdermlin group (control) 78.54 Diabetes 16 94+ 2 [115]
VCLD containing 10 mg/mL CMC 84+1
VCLD containing 30 mg/mLCMC 85+ 1.3
VCLD containing 50 mg/mL CMC 86+t1
VCLD containing 50 mg/mL CMC + Dermlin 100 + 0
(CLD + DML)
Gauze 78.54 Diabetes 14 76 £ 4 [107]
Hydrogel 82+25
Hydrogel loaded with 100 uL PBS containing 93+ 15
150 ug of exosomes
Amnion gel 490.87 Burn wound 16 51.5 £ 3.5 [108]
Gel consisting of amnion and collagen with a 71.7 + 3.3

dressing membrane
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Table 2 ¢ Cont.
Membrane/hydrogel Wound Condition  Day of mea- % of regenerationin Reference
size (mm?) surement the wound region
Gel consisting of amnion and collagen without 62.5+ 4
a dressing membrane
Collagen gel 36 +4
No treatment (negative control) 22,5+ 2.5
1% silver sulfadiazine (positive control) 41+ 4.6
No treatment 28.27 Diabetes 2 83+ 6 [105]
Nanoemulgel (NEG) (gel only) 87.5+4
low-level laser therapy (LLLT) (laser only) 87+ 4.5
Nanoemulgel (NEG) + low-level laser therapy 100+ 0
(LLLT) (combination of gel and laser)
Chitosan-Polyvinyl alcohol (CS-PVA)- 314.16 Diabetes 14 64 + 0.1 [116]
Calcium Peroxide (CPO)-0.5 patches 51.5 + 0.6
Normal saline solution
No treatment 490.87 Burn wound 14 74 + 4 [117]
heparin-polyvinylpyrrolidone (HpPVP) 89+ 4,5
heparin-polyvinylpyrrolidone/TiO2 98.5 + 1.8
(HpPVP/TiO2)
Chitosan film + 50% free all-trans retinoic - Diabetes 14 90.54 £ 1.5 [118]
acid (ATRA) + 50% encapsulated solid lipid
particles (SLN) -ATRA.
Chitosan film + solid lipid particles (SLN) 75.6 £ 2.4
blank
PBS wash 50.27 Diabetes 14 83+ 1.5 [119]
Experimental dressing, including sterilized 81.4+t24
gauze
Commercial dressing HeraDerm 90.1+ 3.6
CHG 86+ 3
EGF-loaded chitosan nanoparticles 92.2+1.8
(CNPE)-loaded chitosan-based composite
hydrogel (NPECHG)
SNPECHG 96.5 = 3.1
Sterile gauze 400 Diabetes 21 45+ 3.5 [120]
CS-IHG (Placebo) 52 +£1.2
epidermal growth factor (EGF)-CS NPs (Test 85+ 2.6
formulation)
thermo-responsive injectable hydrogel 08.2+ 1.8
containing DOX and EGF nanoparticles
(C-EGF-D THG)
PVA-CS 78.54 Diabetes 14 47+ 2 [121]
PVA-CS-CeNPs 73+3
PVA-CS-MP 79 + 2.3
PVA-CS-CeNPs-MP 90 £+ 1.1
No treatment 63 + 4.8
fumaria officinalis extract-loaded (FOE) 84 +t5
10%—chitosan nanoparticles (CHNPs) .
/calcium alginate hydrogel 225 Diabetes 14 [122]
fumaria officinalis extract-loaded (FOE) 94+ 3
20%—chitosan nanoparticles (CHNPs)
/calcium alginate hydrogel
chitosan nanoparticles (CHNPs) /calcium 67 + 4.8
alginate hydrogel
GranuGEL® hydrogel wound dressing 98 +1.8

The abbreviations that appear throughout the table are those used in each study.
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Table 3 ¢ The values for the percentage of regeneration in the wound area during in vivo experiments using chitosan membranes and/or
hydrogels at different moments.

Membrane/hydrogel Condition Day of % of % of Reference
measurement regeneration of regeneration
wound region of wound
(t1) region (t2)
Untreated group Diabetes 5 15 54 1.01 41.5 &+ 3.24 [110]
Synthesized hydrogel mixed with freshly 40.25 + 2.41 99.76 + 1.98
collected blood from the same animal
Untreated group Burn wound 2 18 13+ 8 51+ 14 [97]
Film + chitosan curcumin nanoparticles 53.5+ 6.1 100 + 5
Gauze .
PFC emulsions (Pes), EGF-loaded Diabetes 12 15 74.9+5 81.6 £5 [106]

nanoparticles (ENPs), and the
antimicrobials polyhexamethylene

biguanide (PHMB), named PEENPPCH 86.1+5 93.8+5
Chitosan/carboxymethyl cellulose Diabetes 7 14 60 £5 96 - 2.5 [101]
(CMC)/0.3% mequinol

Sterile gauze 23+ 3.5 53+ 4

Gauze Diabetes 6 t12 46+ 8 77 £ 4 [104, 112]
ILM-EGF-GEL-4 75+ 7 95+3

Gauze dressing Diabetes 8 16 72 34+ 4 [104]
Chitosan + L-glutamic acid (LG) 1.0% 49.71 £ 1 97+ 3

hydrogel

Gel consisting of amnion and collagen Burn wound 4 16 23.8 + 3.5 71.7 + 3.3 [108]

with a dressing membrane

No treatment (negative control) 5.3+ 2.3 22,5+ 2.5
Chitosan-Polyvinyl alcohol (CS-PVA)- Diabetes 9 14 44.8 0.4 64 4+ 0.1 [116]
Calcium Peroxide (CPO)-0.5 patches

Normal saline solution 23 £+ 0.3 51.5 £ 0.6

No treatment Burn wound 7 14 55+3 74 + 4 [117]
Heparin-polyvinylpyrrolidone/TiO2 91.5 + 4.7 98.5 + 1.8
(HpPVP/TiO2)

Chitosan film + 50% free all-trans retinoic = Diabetes 10 14 68.39 £ 5.5 90.54 + 1.5 [118]

acid (ATRA) + 50% encapsulated solid
lipid particles (SLN) -ATRA

Chitosan film + solid lipid particles (SLN) 51.9 £+ 6.1 75.6 + 2.4
blank
Experimental dressing, including Diabetes 9 14 51.8 £ 6.8 83+t 1.5 [119]

sterilized gauze

SNPECHG 84.8 £ 10 96.5 + 3.1
Sterile gauze Diabetes 14 21 17.7+ 2.4 45+ 3.5 [120]
Thermo-responsive injectable hydrogel 65.5 + 4.8 98.2 +1.8

containing DOX and EGF nanoparticles
(C-EGF-D IHG)
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Table 3 ¢ Cont.
Membrane/hydrogel Condition Day of % of % of Reference
measurement regeneration of regeneration
wound region of wound
(t1) region (t2)
PVA-CS Diabetes 7 14 20.3+ 1.4 47 + 2 [121]
PVA-CS-CeNPs-MP 65.38 + 3.8 90 £+ 1.1
No treatment Diabetes 7 14 36.6 +5 63+ 4.8 [122]
Fumaria officinalis extract-loaded (FOE) 60 + 8.7 94+3

20%- chitosan nanoparticles
(CHNPs)/calcium alginate hydrogel.

The abbreviations that appear throughout the table are those used in each study.

4. Discussion
4.1. The geographical predominance of the studies

Analyzing the geographical distribution of the selected studies
provides an overview of the research into regenerative membranes
made from chitosan-based compounds which were analyzed in
this review. Out of 16 countries involved, Asia stands out as the
main center of scientific production in this area, as demonstrated
by its large number of publications, with China as the epicenter
of innovation and research in the area, with a total of 13 articles.
Significant investments in biomedical research and collaboration
between biotechnology industries and academic institutions have
contributed to Asia’s dominance on the scientific scene [123, 124].

China, India, and Iran are in second place, each contributing four
articles. In addition, these countries have a history of significant
progress in biomedical sciences and materials, which can be seen
in the scientific production of chitosan membranes [123, 124]. The
number of articles published in these countries indicates growing
interest and skills in manipulating and applying biopolymers for
medical purposes.

On the other hand, the other continents participated less inten-
sively. The United States of America presented one article in North
America. Despite its global leadership in biomedical research,
this low representation indicates the prioritization of other ma-
terials or therapeutic methods for treating wounds and tissue
regeneration, such as organoids and tissue chips [124-126]. In
the South American context, Brazil also contributed one article;
this indicates an emerging effort to explore biopolymers, although
its scientific production still needs more impetus [127]. Similarly,
South Africa represents the African continent with one article,
reflecting local initiatives in researching solutions to critical health
problems such as diabetic wounds and burns [128].

This geographical distribution of articles highlights the need for
greater international collaboration to accelerate the development
and application of chitosan-based healing membranes, which are
capable of helping with such severe and frequent problems as
burns and diabetic wounds. Countries with fewer publications
could benefit from leading nations such as China, India, and Iran
sharing their knowledge and advanced technologies. In addition,
the analysis suggests potential areas for investment in research,
especially in under-represented regions where the need for solu-
tions to treat diabetic wounds and burns is critical. Investments

in research infrastructure and incentives for collaborative studies
could catalyze significant advances [129].

4.2. The analysis of the selected studies for risk of bias

Based on the results in Tables S6 and S7, it is notable that both
analyses showed that the studies analyzed had positive scores,
indicating a low level of bias in their work, making the data that
they provided more reliable for analysis and comparison in this
systematic review. Table S7 presents the methodological quality
assessment using MINORS. As mentioned in Section 2.3, since
item 7 on the adequacy of the follow-up did not apply to the studies
included, the maximum achievable score for comparative studies
became 22 points rather than the standard 24. To maintain con-
sistency with the original MINORS classification, adjusted thresh-
olds were applied, where studies scoring 16 points or higher were
considered low-risk; those scoring between 12 and 15 points were
moderate-risk; and studies with 11 points or below were high-risk.
These proportional adjustments ensured comparable rigor in the
bias assessment despite the omitted item. The analyzed studies
provided an average of 17.425 out of 22 points (79.2%), with an
average low risk of bias. However, each value must be taken into
account in the analysis.

Table S6 presents the results of the risk of bias assessment using
the SYRCLE (Systematic Review Centre for Laboratory Animal
Experimentation) tool. This validated instrument evaluates the
methodological quality of animal studies through 10 domains
addressing specific biases, including selection, performance, de-
tection, attrition, and reporting biases. Each domain was judged as
“low-risk”, “high-risk”, or “unclear risk” based on detailed signal-
ing questions, following the tool’s standardized criteria. Consid-
ering the results obtained, a positive outcome could be seen since
most of the questions were answered with ‘Yes’, but there was one
negative aspect to note: the blinding of the study researchers. After
an analysis in triplicate, none of the three researchers noticed the
presence of a passage in any of the articles that mentioned that the
researchers were blinded to which animal group received which
sample, which is a very important factor. As no passages at least
suggested this, the answer of ‘No’ was uniformly assigned (item 5
in Table S6), instead of ‘Uncertain.’
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4.3. The methodologies used for evaluation of the
chitosan membranes in the selected studies

As previously verified in the results, the analysis of the arti-
cles in the review showed a variety of approaches to functional
assessments of their physicochemical properties during the manu-
facture of hydrogels and membranes. These methods are essential
for recovery from burns and wounds. Rigorous scientific valida-
tion prior to the clinical implementation of these technologies was
the main objective of the studies, both in vitro (92.5 percent) and
in vivo (77.5 percent). To ensure that the physicochemical and
biochemical characteristics of membranes and hydrogels can sup-
port tissue regeneration in the complex and dynamic environment
of the human body, a combined approach of in vitro and in vivo
testing is required. Recent studies show that in vitro models can
simulate specific wound conditions, making them essential for the
initial evaluation of biomaterials [130].

The studies showed that the use of membranes and hydrogels was
balanced at 50 percent and 52.5 percent, respectively. It is worth
noting that hydrogels are highly hydrated, with a soft and flexible
consistency, similar to that of biological tissues, while membranes
are more rigid, two-dimensional, solid surface structures. This
uniformity in the choice of materials indicates growing aware-
ness of the unique benefits of each type of material. Hydrogels
provide a moisturizing environment, which is necessary for cell
migration and wound re-epithelialization, as well as favoring gas
exchange [131, 132], while chitosan membranes are widely recog-
nized for their antibacterial and hemostatic properties [133].

The studies reviewed extensively examined chitosan-based mod-
els for regenerating wounds and burns. According to several stud-
ies, chitosan improves healing, re-epithelialization, and granular
tissue formation due to its biocompatible, biodegradable, and
antimicrobial characteristics. These characteristics are important
in preventing infections and promoting fast and efficient wound
healing [134, 135].

Based on the data and analysis in Table S8, chitosan-based mem-
branes and hydrogels present several variations and possible
combinations with many other substances. Both approaches are
therefore practical but involve different mechanisms of action.
Therefore, the choice between one over the other should be based
on the specific needs of the wound and the patient’s clinical
condition [109].

The systematic review of these studies suggests that membranes
and chitosan hydrogels have significant potential for healing
wounds and burns, regardless of the intermediate treatment
methodology. The choice of the type of material should be guided
by the specific characteristics of the wound, as well as the desired
results in the healing process [136]. In addition, there is a need
for new, detailed studies to be carried out to optimize these tech-
nologies and expand their clinical applications to improving the
quality of life of patients with wounds and burns [137].

4.4. The assessment of the methodologies used for
physicochemical characterization of the chitosan
membranes

Figure 3 shows a 65% predominance of cell viability test in
the studies analyzed, indicating this as an aspect of greater im-
portance in the membrane/hydrogel development process, which
makes sense since a material that does not allow for epithelial

cell viability is unlikely to be helpful or beneficial in any in vivo
test [138]. Another aspect shown in Figure 3 is the more in-
frequent presence of the two tensile tests (‘final tensile strength’
and ‘maximum membrane extension’), which were only present
in the studies dealing with membranes, even though they are
relevant to both the hydrogel and membrane classes. However,
considering the studies on membranes alone, this type of testing
was represented in 40%, which shows its degree of importance
in studies involving membranes. Each type of test provides crit-
ical and essential information on different aspects of membrane
performance and safety [139].

As far as tensile tests were concerned, the data and results in
Tables S9 and S10 were taken into account, and it was borne in
mind that the tensile strength of a membrane affects its ability
to withstand tension during the packaging process and its trans-
port [97]. It is also known that membranes whose functionality
and application involves wound healing must be able to provide
support for cell proliferation. Based on the literature, it is said that
a tensile strength value within the range of 700 to 18,000 kPa is
sufficient for a viable dermal cell culture [140, 141]. Thus, based
on the best results from each study, 62.5% are within the feasible
range defined by the literature.

Based on the results shown in Table Si1, there is fluctuation in
the contact angles between more hydrophobic values and more
hydrophilic values. It is known that a certain degree of humidity
is beneficial for wound treatment, as hydration is considered
the most important external factor during the optimal healing
process, and a hydrated model is considered more efficient than a
completely dry model [142—144]. Therefore, an intermediate value
is preferred to obtain the benefits of hydration without favoring
microorganism growth [145, 146]. Based on this, 38.46 percent
of the samples were outside the ideal intermediate range (60° to
120°), 11.54 percent did not report these values, and 50 percent
were within the ideal intermediate range [147].

Based on Table S12 regarding the analysis of the effects of the dif-
ferent materials on cell viability, important aspects of cytocompat-
ibility and cell response are revealed. These results highlight the
complexity and the need for careful experimental design, consid-
ering aspects such as the type of cell of interest, the duration of the
tests, and the presence of a varied group of materials for testing to
assess the cell viability properly. Concerning the results obtained
in the experiments, the membranes showed positive results, either
with an increase in cell viability or a loss of viability represented by
values that are not considered cytotoxic (70% viability according
to the ISO guide “Biological evaluation of medical devices Part 5:
Tests for in vitro cytotoxicity” [148]), which indicates the excellent
viability of using chitosan-based membranes and hydrogels. Even
with the addition of new compounds, these membranes were still
considered acceptable for cellular use.

Regarding the substance release profiles of the membranes, it
should be borne in mind that in vitro release studies commonly
observe a cumulative release of approximately 70% of the antimi-
crobial agents over 7 to 14 days, which is considered a practical
value for preventing infections. Based on the values tabulated in
Table S13, 34.37% of the samples that provided a % release value
showed a value above 70%. However, this should not automat-
ically be seen as a negative, as some of the values provided in
the table also included negative controls or samples with milder
combinations and/or concentrations, not groups that should show
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any significant value, for purposes of comparison with another
sample that was considered the primary sample in the study.
Furthermore, it should be emphasized that this data alone cannot
weigh up the antimicrobial effect, as it is only an initial parameter
and not a final one.

From the information in Table S14 on the results of the degrada-
tion tests of the different hydrogels and membranes, it can be seen
that the degradation conditions and the media used vary between
the studies, which may influence the comparison of the degra-
dation results. Another aspect to consider when looking at the
degradation values obtained is that greater or lesser degradation
is not synonymous with a worse or better result, given that in the
context of drug loading, degradation over time is a crucial point in
the gradual release of the substance of interest. Therefore, the high
variability in the results in the table indicates that based on the
combinations of materials, it is possible to adapt the degradation
of the membrane/hydrogel to the objective of interest, be this a
more durable or more easily degradable membrane.

4.5. The comparative effect of the membrane
characterization variables

Further analysis of the information in Figure 4 shows that com-
ponent 1 seems to be more associated with the strength and
maximum deformation of the membranes during the tensile tests,
as well as the cumulative release, suggesting that this component
may capture variations related to the release of substances from
the membranes and their mechanical properties. Component 2
shows a significant correlation with the contact angle, indicating
that this component may capture variations related to the surface
properties of the membranes, such as their degree of hydropho-
bicity or hydrophilicity.

When it came to analyzing the level of association between the
membrane characterization experiments via the Spearman’s test,
three correlations were observed: “contact angle” and “cumu-
lative release”; “tensile strength” and “maximum deformation”;
and “contact angle” and “maximum deformation”. Regarding the
relationship between “contact angle” and “cumulative release”,
the more pronounced negative correlation suggests that a greater
contact angle is associated with a lower cumulative substance
release by the membranes, following the same pattern. Another
correlation observed through the analysis was that between “ten-
sile strength” and “membrane deformation”, which showed a pos-
itive correlation, implying that membranes with a greater tensile
strength also tended to show better extension during the tensile
test. A third correlation was that between “contact angle” and
“membrane deformation”, which showed a moderate positive cor-
relation, suggesting that membranes with a greater contact angle
may have a better maximum extension during tensile tests. Fi-
nally, the fourth correlation observed in the figure is that between
“cumulative release” and “membrane deformation”, which shows
a slight to moderate negative correlation, suggesting that more
significant tensile extension may be slightly associated with a
lower cumulative release.

4.6. The meta-analysis of the degree of regeneration of
diabetic wounds/burns in in vivo experiments using
membranes/hydrogels

The results obtained through the meta-analysis confirmed the
efficacy of using membranes/hydrogels in treating wounds

compared to that of a negative control, whether this negative
control was the use of ordinary gauze or the absence of any
treatment in the sample.

Moderate heterogeneity was observed in the studies analyzed in
the hydrogel group (I = 44%), and moderate to low heterogeneity
was seen in the studies in the membrane group (I> = 24%). The
overall heterogeneity was 49%. In addition, a highly significant ef-
fectis visible (Z = 3.37, p = 0.0007), suggesting that the differences
observed are unlikely to occur by chance. Another aspect to con-
sider is the value of the degrees of freedom (df = 6), indicating the
greater robustness and security of the statistical test carried out.

Based on the information in Figures 6 and 7, it becomes clear
how these studies generated heterogeneity in their respective
groups. It was found that parameters relating to the proper treat-
ment of incomplete result data and random housing of the animals
during the experiment were uncertain, as analyzed in Table S6.
However, there is no guarantee that these factors directly affected
the results to the point of generating such heterogeneity in the
meta-analysis, and these issues are only assumptions and infer-
ences based on parallel data from other analyses.

Although the wound sizes varied across the studies, interfering
directly with the time taken to close the wounds, this variability
did not compromise the analysis, as comparisons were made
exclusively between the treated (membrane) and untreated (con-
trol) groups within each study, not between different studies or
membrane types.

4.7. The effect of incorporating substances into
membranes/hydrogels on the degree of regeneration of
diabetic wounds/burns in in vivo during experiments

From the data obtained and shown in Table 2, it is clear that
most of the values showed results with % regeneration values
higher than those for the controls or simplified groups that did
not incorporate other substances. Of this group of articles, only
14.28% showed values with a less than 10% difference between
the control/simplified group and the sample with the best result.
Only 4.76% showed the value of the control/simplified group to
be better than that for the best sample with incorporation. These
findings demonstrate chitosan’s remarkable capacity for func-
tional integration with diverse materials and therapeutic modali-
ties, significantly enhancing wound regeneration outcomes. Mul-
tiple studies have reported superior regeneration rates using in-
novative chitosan-based combinations. For instance, Choudary
et al. [110] achieved enhanced healing using a chitosan hydrogel
incorporating autologous whole blood, while Razack et al. [105]
reported synergistic effects by combining a chitosan nanoemul-
gel with low-level laser therapy. These representative examples
underscore chitosan’s versatility as a platform for combinatorial
wound healing strategies, with various formulations consistently
demonstrating accelerated tissue regeneration across experimen-
tal models.

Added to this is the factor of the time taken to obtain this result. In
71.42% of the articles analyzed, the final time range was between
12 and 16 days, varying between 2 and 21 days. The temporal
analysis reveals significant differences in healing efficiency, as
demonstrated in Table 3. The most effective chitosan-based
membranes/hydrogels achieved results comparable to those for
the control groups at earlier time points, indicating accelerated
wound regeneration. This enhancement is particularly evident
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in the work by Razack et al. [105], where by day 15, untreated
wounds reached similar regeneration percentages (41.5 + 3.24%)
to those observed with chitosan-blood hydrogels as early as by
day 5 (40.25 + 2.41%). This acceleration pattern was corroborated
further by Yang et al. [122], where the Fumaria officinalis-extract-
loaded chitosan nanoparticles/calcium alginate hydrogel (20%
FOE-CHNPs) combination attained 60 + 8.7% regeneration by
day 7, matching the 63 + 4.8% healing observed in the untreated
controls at day 14. These examples of consistent findings across in-
dependent studies demonstrate that functionalized chitosan for-
mulations improve regeneration quality and significantly reduce
healing times.

Another aspect to highlight is the heterogeneity of the groups,
which show the wide variety of substances and combinations of
incorporation that can applied to achieving satisfactory results.
Thus, providing various options for researchers or entrepreneurs
who want to work with this type of substance, they can choose
the materials that are easiest to access or cheapest in their regions
without significantly affecting their results.

5. Conclusions

Based on the results obtained, it can be said that there have
been significant advances in the use of chitosan membranes to
regenerate wounds caused by burns or diabetes, but there is still
room for innovation to provide even more efficient results and
improve the quality of life of patients suffering from these condi-
tions. This room for innovation is because various combinations
can be incorporated into chitosan-based membranes, so there
is always the possibility of new groupings capable of surpassing
the limits currently achieved. Another aspect that supports their
innovation potential is the current concentration of the research
in China, which opens opportunities for new countries to enter
this field of study. The motivation for such expansion lies in the
potential for collaborative partnerships that could combine di-
verse expertise and local resources, such as unexplored materials
from regional fauna and flora, to develop more effective solutions
for the stigmatized and clinically challenging problem of burns
and diabetes-related wounds. Some examples of this variety can
be observed in the work by Rathinamoorthy and Sasikala [149],
mixing chitosan with Leptospermum scoparium honey (Manuka
Honey), leading to a wound contraction percentage higher than
that achieved using a commercial dressing. Another example is in
the work by Kurek et al. [150] using Opuntia ficus (prickly pear)
fruit pulp, peel, powdered extracts, and aqueous extracts, which
showed results reflective of antioxidant activity.

By fostering international cooperation, researchers could lever-
age their complementary strengths to achieve more satisfactory
outcomes in tissue regeneration and wound healing. In addi-
tion, it is possible to conclude that the use of chitosan mem-
branes/hydrogels in wound treatment is, in fact, more efficient
than a negative control, whether ordinary gauze or no treatment
at all. In addition, it can also be concluded that chitosan mem-
branes/hydrogels showed better results when a wide range of
substances were incorporated into them than those in control
groups or groups without incorporation. In addition, the charac-
terization aspects for chitosan membranes/hydrogels are essential
to understanding the capacity and functions of these products.
Thus, the conclusion is that the current results in the literature
are promising, and future studies should deepen and improve the

scenario for chitosan membranes and hydrogels aimed towards
diabetes-related and burn wounds further.

Acknowledgments

We acknowledge MindReview.IA for its contribution in providing
tips on how to use artificial intelligence ethically and adequately
for scientific research. Their contribution has been essential to the
integrity and quality of the current study. While making this work,
the authors utilized ChatGPT 40, an Al language model developed
by OpenAl, to improve the language and readability. After using
ChatGPT, the authors reviewed and edited the response obtained
and take full responsibility for the publication’s content.

Funding

This research was sponsored by Uniclon Biotecnologia-CNPq
Call number 68/2022—MAI DAI and Fapemig Edital number
010/2023—Process APQ-05078-23.

Author contributions

Conceptualization, S.C.F.G. and J.d.C.F.D.; methodology,
S.C.F.G.; software, J.d.C.F.D.; validation, S.C.F.G.; M.L.S.P. and
J.d.C.F.D.; formal analysis, S.C.F.G.; investigation, S.C.F.G.,
LILR., L.B.B.B, LD.F, RJ.dA.O., MAA.C. and M.L.S.P.; re-
sources, T.M.S. and V.A.d.C.A.; data curation, S.C.F.G.; writing—
original draft preparation, S.C.F.G.; writing—review and editing,
J.d.C.F.D.,, M.F.P., T.M.S. and V.A.d.C.A.; visualization, S.C.F.G.;
supervision, V.A.d.C.A.; project administration, V.A.d.C.A;
funding acquisition, T.M.S. and V.A.d.C.A. All authors have read
and agreed to the published version of the manuscript.

Conflict of interest

The authors declare no conflicts of interest.

Data availability statement

The data supporting the findings of this study are available from
the corresponding author upon reasonable request. The authors
ensured compliance with the Materials Today Data Availability
guidelines and have appropriately referenced all of the datasets
utilized.

Institutional review board statement

Not applicable.

Informed consent statement

Not applicable.

Supplementary materials

The Supplementary materials (Table Si. Keywords used to
search each database, Table S2. Articles without DOI
separated using automated screening of PubMed, Dimensions,
Scopus, and Web of Science repositories,

ACADEMIA MATERIALS SCIENCE 2025, 2

19 of 26



https://doi.org/10.20935/AcadMatSci7810

Table S3. Duplicate articles removed using auto-mated screening
of PubMed, Dimensions, Scopus, and Web of Sci-ence
repositories, Table S4. Articles selected from PubMed,
Dimensions, Scopus, and Web of Science repositories after
automatic exclusion, Table S5. Number of articles selected by
year of publication, Table S6. Results of the risk of bias test for
animal experiments (SYRCLE) of the studies that carried out this
analysis, Table S7. Results of the risk of bias test for non-
randomized studies (MI-NORS) of the studies that performed this
analysis, Table S8. General characteristics of the selected
studies, Table S9. The highest ultimate tensile strength values are
presented in the studies conducting this analysis, Table S10.
Maximum membrane length values are presented in this
analysis’s studies, Table S11. Contact angle values at t1 in the
studies performed in this analysis, Table Si2. Cell viability
parameters in the studies that carried out this analysis, Table
S13. Cumulative release values (%) of substances in the studies
that carried out this analysis, Table Si4. Results of the
degradation tests in the studies that carried out this analysis) are
available at https://doi.org/10.20935/AcadMatSci7810.

Additional information

Received: 2025-02-03
Accepted: 2025-07-07
Published: 2025-07-18

Academia Materials Science papers should be cited as Academia
Materials Science 2025, ISSN 2997-2027, https://doi.org/
10.20935/AcadMatSci7810. The journal’s official abbreviation
is Acad. Mat. Sci.

Publisher’s note

Academia.edu Journals stays neutral with regard to jurisdictional
claims in published maps and institutional affiliations. All claims
expressed in this article are solely those of the authors and do
not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by
its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright

© 2025 copyright by the authors. This article is an open access
article distributed under the terms and conditions of the Creative
Commons Attribution (CC BY) license (https://creativecommon
s.org/licenses/by/4.0/).

References

1. Abazari M, Ghaffari A, Rashidzadeh H, Badeleh SM,
Maleki Y. A systematic review on classification, identifi-
cation, and healing process of burn wound healing. Int
J Low Extrem Wounds. 2022;21(1):18—30. doi: 10.1177/
1534734620924857

10.

11.

12.

13.

14.

. World Health Organization. Burns. 2023 [accessed on 2025

Jun 30]. Available from: https://www.who.int/news-room/
fact-sheets/detail /burns

. Park F, Ruiz A, Pang J, Young K, Roth B, Smith E, et al. 571

The trauma burden of pediatric burns in low- and middle-
income countries: a systematic review. J Burn Care Res.
2024;45(Suppl. 1):161—2. doi: 10.1093/jbcr/irae036.205

. Zwierello W, Piorun K, Skérka-Majewicz M, Maruszewska

A, Antoniewski J, Gutowska I. Burns: classification, patho-
physiology, and treatment: a review. Int J Mol Sci. 2023;
24(4):3749. doi: 10.3390/i1jms24043749

. Talbott HE, Mascharak S, Griffin M, Wan DC, Longaker

MT. Wound healing, fibroblast heterogeneity, and fibro-
sis. Cell Stem Cell. 2022;29(8):1161-80. doi: 10.1016/
j-stem.2022.07.006

. Basson R, Bayat A. Skin scarring: latest update on ob-

jective assessment and optimal management. Front Med.
2022;9:942756. doi: 10.3389/fmed.2022.942756

. Honoré PM, Blackman S, Perriens E, de Schoutheete JC,

Jennes S. Early detection, diagnosis, prevention, and treat-
ment of infection to avoid sepsis and septic shock in
severely burned patients: a narrative review. Eur Burn J.
2025;6(1):6. doi: 10.3390/ebj6010006

. Yang Y, Liu L, Guo Z, Li L, Shao Y, Song M, et al. In-

vestigation and assessment of neutrophil dysfunction early
after severe burn injury. Burns. 2021;47(8):1851-62. doi:
10.1016/j.burns.2021.02.004

. Kuznetsova TA, Andryukov BG, Besednova NN. Modern

aspects of burn injury immunopathogenesis and prognos-
tic immunobiochemical markers (mini-review). BioTech.
2022;11(2):18. doi: 10.3390/biotech11020018

Moins-Teisserenc H, Cordeiro DJ, Audigier V, Ressaire Q,
Benyamina M, Lambert J, et al. Severe altered immune
status after burn injury is associated with bacterial infec-
tion and septic shock. Front Immunol. 2021;12:586195. doi:
10.3389/fimmu.2021.586195

Keyloun JW, Campbell R, Carney BC, Yang R, Miller SA,
Detwiler L, et al. Early transcriptomic response to burn
injury: severe burns are associated with immune path-
way shutdown. J Burn Care Res. 2022;43(2):306—14. doi:
10.1093/jber/irab21y

Sierawska O, Malkowska P, Taskin C, Hrynkiewicz R, Mer-
towska P, Grywalska E, et al. Innate immune system re-
sponse to burn damage—focus on cytokine alteration. Int J
Mol Sci. 2022;23(2):716. doi: 10.3390/ijms23020716

Dobson GP, Morris JL, Letson HL. Pathophysiology of se-
vere burn injuries: new therapeutic opportunities from a
systems perspective. J Burn Care Res. 2024;45(4):1041-50.
doi: 10.1093/jber/irae049

Gao D, Zhang Y, Bowers DT, Liu W, Ma M. Functional
hydrogels for diabetic wound management. APL Bioeng.
2021;5(3):031503. doi: 10.1063/5.0046682

ACADEMIA MATERIALS SCIENCE 2025, 2

20 of 26



https://doi.org/10.20935/AcadMatSci7810

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

Glover K, Stratakos ACh, Varadi A, Lamprou DA. 3D scaf-
folds in the treatment of diabetic foot ulcers: new trends
vs conventional approaches. Int J Pharm. 2021;599:120423.
doi: 10.1016/j.ijjpharm.2021.120423

Chang M, Nguyen TT. Strategy for treatment of infected
diabetic foot ulcers. Acc Chem Res. 2021;54(5):1080—93.
doi: 10.1021/acs.accounts.0co0864

McDermott K, Fang M, Boulton AJM, Selvin E, Hicks CW.
Etiology, epidemiology, and disparities in the burden of
diabetic foot ulcers. Diabetes Care. 2023;46(1):209—21. doi:
10.2337/dci22-0043

Zhu Y, Lu J, Wang S, Xu D, Wu M, Xian S, et al. Map-
ping intellectual structure and research hotspots in the
field of fibroblast-associated DFUs: a bibliometric analysis.
Front Endocrinol. 2023;14:1109456. doi: 10.3389/fendo.
2023.1109456

Perveen W, Ahsan H, Shahzad R, Fayyaz S, Zaif A, Paracha
MA, et al. Prevalence of peripheral neuropathy, amputation,
and quality of life in patients with diabetes mellitus. Sci Rep.
2024;14(1):14430. doi: 10.1038/541598-024-65495-2

Burgess JL, Wyant WA, Abdo Abujamra B, Kirsner
RS, Jozic I. Diabetic wound-healing science. Medicina.
2021;57(10):1072. doi: 10.3390/medicinas7101072

Mohsin F, Javaid S, Tariq M, Mustafa M. Molecular im-
munological mechanisms of impaired wound healing in di-
abetic foot ulcers (DFU), current therapeutic strategies and
future directions. Int Immunopharmacol. 2024;139:112713.
doi: 10.1016/j.intimp.2024.112713

Mastrogiacomo L, Ballagh R, Venegas-Pino DE, Kaur H,
Shi P, Werstuck GH. The effects of hyperglycemia on
early endothelial activation and the initiation of atheroscle-
rosis. Am J Pathol. 2023;193(1):121-33. doi: 10.1016/
j-ajpath.2022.09.004

Dubsky M, Veleba J, Sojakova D, Marhefkova N, Fejfarova
V, Jude EB. Endothelial dysfunction in diabetes melli-
tus: new insights. Int J Mol Sci. 2023;24(13):10705. doi:
10.3390/ijms241310705

Yang DR, Wang MY, Zhang CL, Wang Y. Endothe-
lial dysfunction in vascular complications of diabetes:
a comprehensive review of mechanisms and implica-
tions. Front Endocrinol. 2024;15:1359255. doi: 10.3389/
fendo.2024.1359255

Shu F, Gao H, Wu W, Yu S, Zhang L, Liu H, et al. Am-
niotic epithelial cells accelerate diabetic wound healing by
protecting keratinocytes and fibroblasts from high-glucose-
induced senescence. Cell Biol Int. 2022;46(5):755—70. doi:
10.1002/cbin.11771

Song J, Zhao T, Wang C, Sun X, Sun J, Zhang Z. Cell
migration in diabetic wound healing: molecular mecha-
nisms and therapeutic strategies (review). Int J Mol Med.
2025;56(2):5567. doi: 10.3892/ijmm.2025.5567

Chen X, Xie N, Feng L, Huang Y, Wu Y, Zhu H,
et al. Oxidative stress in diabetes mellitus and its

28.

29.

30.

31.

32.

33-

34.

35-

36.

37-

38.

39-

40.

complications: from pathophysiology to therapeutic
strategies. Chin Med J. 2025;138(1):15—27. doi: 10.1097/
€m9.0000000000003230

Deng L, Du C, Song P, Chen T, Rui S, Armstrong
DG, et al. The role of oxidative stress and antioxi-
dants in diabetic wound healing. Oxid Med Cell Longev.
2021;2021(1):8852759. doi: 10.1155/2021/8852759

Hunt M, Torres M, Bachar-Wikstrom E, Wikstrom JD.
Cellular and molecular roles of reactive oxygen species
in wound healing. Commun Biol. 2024;7(1):1534. doi:
10.1038/542003-024-07219-w

Yang S, Hu L, Han R, Yang Y. Neuropeptides, inflamma-
tion, biofilms, and diabetic foot ulcers. Exp Clin Endocrinol
Diabetes. 2022;130(7):439—46. doi: 10.1055/2a-1493-0458

Sharma R, Sharma SK, Mudgal SK, Jelly P, Thakur K. Ef-
ficacy of hyperbaric oxygen therapy for diabetic foot ulcer,
a systematic review and meta-analysis of controlled clinical
trials. Sci Rep. 2021;11(1):2189. doi: 10.1038/s41598-021-
81886-1

Elsharkawi M, Ghoneim B, O’Sullivan M, Lowery AJ,
Westby D, Tawfick W, et al. Role of adipose derived stem
cells in patients with diabetic foot ulcers: systematic review
and meta-analysis of randomised controlled trials. Int J Low
Extrem Wounds. 2023. doi: 10.1177/15347346231174554

American Diabetes Association Professional Practice
Committee. 10. Cardiovascular disease and risk
management: standards of care in diabetes—2025. Diabetes
Care. 2025;48(Suppl. 1):S207—38. doi: 10.2337/dc25-So10

Chen L, Zhang S, Da J, Wu W, Ma F, Tang C, et al. A
systematic review and meta-analysis of efficacy and safety
of negative pressure wound therapy in the treatment of
diabetic foot ulcer. Ann Palliat Med. 2021;10(10):10830—9.
doi: 10.21037/apm-21-2476

Feng P, Luo Y, Ke C, Qiu H, Wang W, Zhu Y, et al.
Chitosan-based functional materials for skin wound repair:
mechanisms and applications. Front Bioeng Biotechnol.
2021;9:650598. doi: 10.3389/fbioe.2021.650598

Yang J, Chen Y, Zhao L, Zhang J, Luo H. Constructions
and properties of physically cross-linked hydrogels based
on natural polymers. Polym Rev. 2023;63(3):574—612. doi:
10.1080/15583724.2022.2137525

Fawzy A, Fortunata V. Hydrogel dressings in wound man-
agement: advances, applications, and future directions.
Int J Med Sci Clin Res Stud. 2023;03(11):2674—80. doi:
10.47191/ijmscrs/v3-i11-25

Rezvani Ghomi E, Niazi M, Ramakrishna S. The evolution of
wound dressings: from traditional to smart dressings. Polym
Adv Technol. 2023;34(2):520—-30. doi: 10.1002/pat.5929

Zhang W, Liu L, Cheng H, Zhu J, Li X, Ye S, et al. Hydrogel-
based dressings designed to facilitate wound healing. Mater
Adv. 2024;5(4):1364—94. doi: 10.1039/d3mao0682d

Lagoa T, Queiroga MC, Martins L. An Overview of wound
dressing materials. Pharmaceuticals. 2024;17(9):1110. doi:
10.3390/ph17091110

ACADEMIA MATERIALS SCIENCE

2025, 2

21 of 26



https://doi.org/10.20935/AcadMatSci7810

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Mo C, Xiang L, Chen Y. Advances in injectable and self-
healing polysaccharide hydrogel based on the schiff base
reaction. Macromol Rapid Commun. 2021;42(10):2100025.
doi: 10.1002/marc.202100025

Blebea NM, Puscasu C, Vlad RA, Hancu G. Chitosan-
based gel development: extraction, gelation mechanisms,
and biomedical applications. Gels. 2025;11(4):275. doi:
10.3390/gels11040275

LiS, Wang X, Zhu J, Wang Z, Wang L. Preparation and char-
acterization of double network hydrogel with high-strength
and self-healing. Mater Today Commun. 2021;27:102450.
doi: 10.1016/j.mtcomm.2021.102450

Guyot C, Cerruti M, Lerouge S. Injectable, strong and
bioadhesive  catechol-chitosan  hydrogels physically
crosslinked using sodium bicarbonate. Mater Sci Eng
C. 2021;118:111529. doi: 10.1016/j.msec.2020.111529

Zhao J, Qiu P, Wang Y, Wang Y, Zhou J, Zhang B,
et al. Chitosan-based hydrogel wound dressing: from mech-
anism to applications, a review. Int J Biol Macromol.
2023;244:125250. doi: 10.1016/j.ijbiomac.2023.125250

Lv S, Zhang S, Zuo J, Liang S, Yang J, Wang J, et al.
Progress in preparation and properties of chitosan-based
hydrogels. Int J Biol Macromol. 2023;242:124915. doi:
10.1016/j.ijbiomac.2023.124915

Singh DK, Ray AR. Biomedical applications of chitin, chi-
tosan, and their derivatives. J Macromol Sci Part C Polym
Rev. 2000;40(1):69—83. doi: 10.1081/MC-100100579

Wronska N, Katir N, Nowak-Lange M, El Kadib A, Lisowska
K. Biodegradable chitosan-based films as an alterna-
tive to plastic packaging. Foods. 2023;12(18):3519. doi:
10.3390/foods12183519

Ali G, Sharma M, Salama ES, Ling Z, Li X. Appli-
cations of chitin and chitosan as natural biopolymer:
potential sources, pretreatments, and degradation path-
ways. Biomass Convers Biorefin. 2024;14(4):4567—81. doi:
10.1007/513399-022-02684-x

Tabassum N, Ahmed S, Ali MA. Chitooligosaccharides
and their structural-functional effect on hydrogels:
a review. Carbohydr Polym. 2021;261:117882. doi:
10.1016/j.carbpol.2021.117882

Yao Y, Zhang A, Yuan C, Chen X, Liu Y. Recent trends on
burn wound care: hydrogel dressings and scaffolds. Bio-
mater Sci. 2021;9(13):4523—40. doi: 10.1039/d1bmoo411e

Mawazi SM, Kumar M, Ahmad N, Ge Y, Mahmood S. Recent
applications of chitosan and its derivatives in antibacterial,
anticancer, wound healing, and tissue engineering fields.
Polymers. 2024;16(10):1351. doi: 10.3390/polym16101351

Tang W, Wang J, Hou H, Li Y, Wang J, Fu J, et al. Re-
view: application of chitosan and its derivatives in medi-
cal materials. Int J Biol Macromol. 2023;240:124398. doi:
10.1016/j.ijbiomac.2023.124398

54.

55.

56.

57-

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Fan P, Zeng Y, Zaldivar-Silva D, Agiiero L, Wang S.
Chitosan-based hemostatic hydrogels: the concept,
mechanism, application, and prospects. Molecules.
2023;28(3):1473. doi: 10.3390/molecules28031473

Huang Z, Zhang D, Tong L, Gao F, Zhang S, Wang X, et al.
Protonated-chitosan sponge with procoagulation activity for
hemostasis in coagulopathy. Bioact Mater. 2024;41:174—92.
doi: 10.1016/j.bioactmat.2024.07.012

Dong R, Zhang H, Guo B. Emerging hemostatic materials
for non-compressible hemorrhage control. Natl Sci Rev.
2022;9(11):nwac162. doi: 10.1093/nsr/nwac162

Bernkop-Schniirch A. Strategies to overcome the polycation
dilemma in drug delivery. Adv Drug Deliv Rev. 2018;136—
137:62—72. doi: 10.1016/j.addr.2018.07.017

Kassem A, Ayoub GM, Malaeb L. Antibacterial activity
of chitosan nano-composites and carbon nanotubes:
a review. Sci Total Environ. 2019;668:566—76. doi:
10.1016/j.scitotenv.2019.02.446

Nasaj M, Chehelgerdi M, Asghari B, Ahmadieh-Yazdi A,
Asgari M, Kabiri-Samani S, et al. Factors influencing the
antimicrobial mechanism of chitosan action and its deriva-
tives: a review. Int J Biol Macromol. 2024;277:134321. doi:
10.1016/j.ijbiomac.2024.134321

Poznanski P, Hameed A, Orczyk W. Chitosan and chi-
tosan nanoparticles: parameters enhancing antifungal ac-
tivity. Molecules. 2023;28(7):2996. doi: 10.3390/molecules
28072996

Yan D, Li Y, Liu Y, Li N, Zhang X, Yan C. Antimicrobial
properties of chitosan and chitosan derivatives in the treat-
ment of enteric infections. Molecules. 2021;26(23):7136.
doi: 10.3390/molecules26237136

Ke CL, Deng FS, Chuang CY, Lin CH. Antimicrobial actions
and applications of chitosan. Polymers. 2021;13(6):904. doi:
10.3390/polym13060904

Chen Y, Zhang X, Liu Z, Yang J, Chen C, Wang J, et al.
Obstruction of the formation of granulation tissue leads to
delayed wound healing after scald burn injury in mice. Burns
Trauma. 2021;9:tkaboo4. doi: 10.1093/burnst/tkaboo4

Li Z, Zhang C, Wang L, Zhang Q, Dong Y, Sha X, et al.
Chitooligosaccharides promote diabetic wound healing by
mediating fibroblast proliferation and migration. Sci Rep.
2025;15(1):556. doi: 10.1038/541598-024-84398-w

Frumento D, Talu S. Immunomodulatory potential and
biocompatibility of chitosan—hydroxyapatite biocomposites
for tissue engineering. J Compos Sci. 2025;9(6):305. doi:
10.3390/jcs9060305

Xie Q, Yang J, Cai J, Shen F, Gu J. Homogeneous
preparation of water-soluble products from chitin under
alkaline conditions and their cell proliferation in vitro.
Int J Biol Macromol. 2023;231:123321. doi: 10.1016/
j.ijbiomac.2023.123321

Molaei R, Hosseinkhani A, Saberian M. Molecular regula-
tion of tissue remodeling through chitosan-based hydrogels
in wound healing dynamics. Tissue Eng Part B Rev. 2025.
doi: 10.1089/ten.teb.2025.0078

ACADEMIA MATERIALS SCIENCE

2025, 2

22 of 26



https://doi.org/10.20935/AcadMatSci7810

68.

69.

70.

71.

72.

73-

74.

75-

76.

77

78.

79.

Ferreira PG, Ferreira VF, da Silva F de C, Freitas CS,
Pereira PR, Paschoalin VMF. Chitosans and nanochitosans:
recent advances in skin protection, regeneration, and
repair. Pharmaceutics. 2022;14(6):1307. doi: 10.3390/
pharmaceu-tics14061307

Mahmoud NN, Hamad K, Al Shibitini A, Juma S, Sharifi S,
Gould L, et al. Investigating inflammatory markers in
wound healing: understanding implications and identifying
artifacts. ACS Pharmacol Transl Sci. 2024;7(1):18—27. doi:
10.1021/acsptsci.3¢00336

Dev AS, Mohan N, Mohan R. Chitosan-based composite
scaffolds for accelerated epidermal-dermal wound heal-ing.
Explor BioMat-X. 2025;2:101336. doi: 10.37349/ebmx.
2025.101336

Che X, Zhao T, Hu J, Yang K, Ma N, Li A, et al. Application
of chitosan-based hydrogel in promoting wound healing: a
review. Polymers. 2024;16(3):344. doi: 10.3390/
polym16030344

Tian B, Hua S, Tian Y, Liu J. Chemical and physical chi-
tosan hydrogels as prospective carriers for drug delivery: a
review. J Mater Chem B. 2020;8(44):10050—-64. doi:
10.1039/dotbo1869d

Mohan K, Ganesan AR, Ezhilarasi PN, Kondamareddy KK,
Rajan DK, Sathishkumar P, et al. Green and eco-friendly
approaches for the extraction of chitin and chi-tosan: a
review. Carbohydr Polym. 2022;287:119349. doi: 10.1016/
j.carbpol.2022.119349

Hosney A, Ullah S, Barcauskaité K. A Review of the chem-
ical extraction of chitosan from shrimp wastes and pre-
diction of factors affecting chitosan yield by using an ar-
tificial neural network. Mar Drugs. 2022;20(11):675. doi:
10.3390/md20110675

Pita-Lopez ML, Fletes-Vargas G, Espinosa-Andrews H,
Rodriguez-Rodriguez R. Physically cross-linked chitosan-
based hydrogels for tissue engineering applications: a state-
of-the-art review. Eur Polym J. 2021;145:110176. doi:
10.1016/j.eurpolymj.2020.110176

Bhushan S, Singh S, Maiti TK, Das A, Barui A, Chaud-hari
LR, et al. Zinc-doped hydroxyapatite loaded chitosan
gelatin nanocomposite scaffolds as a promising platform
for bone regeneration. Biomed Mater. 2025;20(2):025006.
doi: 10.1088/1748-605x/adag77

Park H, Park K, Kim D. Preparation and swelling behavior
of chitosan-based superporous hydrogels for gastric
retention application. J Biomed Mater Res A.
2006;76A(1):144—50. doi: 10.1002/jbm.a.30533

Fan L, Yang H, Yang J, Peng M, Hu J. Preparation and
characterization of chitosan/gelatin/PVA hydrogel for
wound dressings. Carbohydr Polym. 2016;146:427—34. doi:
10.1016/j.carbpol.2016.03.002

Taokaew S, Kaewkong W, Kriangkrai W. Recent develop-
ment of functional chitosan-based hydrogels for pharma-
ceutical and biomedical applications. Gels. 2023;9:277. doi:
10.3390/gels9040277

8o.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

o1.

Mohandas A, Rangasamy J. Nanocurcumin and arginine
entrapped injectable chitosan hydrogel for restoration of hy-
poxia induced endothelial dysfunction. Int J Biol Macromol.
2021;166:471—82. doi: 10.1016/j.ijbiomac.2020.10.205

do Amaral Sobral PJ, Gebremariam G, Drudi F, De Aguiar
Saldanha Pinheiro AC, Romani S, Rocculi P, et al. Rheo-
logical and viscoelastic properties of chitosan solutions pre-
pared with different chitosan or acetic acid concentrations.
Foods. 2022;11(17):2692. doi: 10.3390/foods11172692

Gutiérrez-Ruiz SC, Cortes H, Gonzélez-Torres M, Al-
marhoon ZM, Giirer ES, Sharifi-Rad J, et al. Optimize the
parameters for the synthesis by the ionic gelation tech-
nique, purification, and freeze-drying of chitosan-sodium
tripolyphosphate nanoparticles for biomedical purposes. J
Biol Eng. 2024;18(1):12. doi: 10.1186/513036-024-00403-W

Bento CSA, Gaspar MC, Coimbra P, de Sousa HC, Braga
MEM. A review of conventional and emerging technologies
for hydrogels sterilization. Int J Pharm. 2023;634:122671.
doi: 10.1016/j.ijpharm.2023.122671

Thirupathi K, Raorane CJ, Ramkumar V, Ulagesan S, San-
thamoorthy M, Raj V, et al. Update on chitosan-based
hydrogels: preparation, characterization, and its antimi-
crobial and antibiofilm applications. Gels. 2023;9:35. doi:
10.3390/gelsg010035

Carpa R, Farkas A, Dobrota C, Butiuc-Keul A. Double-
network chitosan-based hydrogels with improved mechan-
ical, conductive, antimicrobial, and antibiofouling proper-
ties. Gels. 2023;9:278. doi: 10.3390/gels9040278

Moher D, Liberati A, Tetzlaff J, Altman DG, Liberati A,
Altman DG. Reprint-preferred reporting items for system-
atic reviews and meta-analyses: the prisma statement. Bmj.
2009;339:b2535. doi: 10.1136/bmj.b2535

da Cruz Ferraz Dutra J, Passos MF, Garcia GJY, Gomes RF,
Magalhies TA, dos Santos Freitas A, et al. Anaerobic diges-
tion using cocoa residues as substrate: systematic review
and meta-analysis. Energy Sustain Dev. 2023;72:265-77.
doi: 10.1016/j.esd.2022.12.007

Dutra J, Gomes R, Yupanqui Garcia GJ, Romero-Cale DX,
Santos Cardoso M, Waldow V, et al. Corrosion-influencing
microorganisms in petroliferous regions on a global scale:
systematic review, analysis, and scientific synthesis of 16S
amplicon metagenomic studies. Peerd. 2023;11:e14642. doi:
10.7717/peerj.14642

Hooijmans CR, Rovers MM, De Vries RBM, Leenaars M,
Ritskes-Hoitinga M, Langendam MW. SYRCLE’s risk of
bias tool for animal studies. BMC Med Res Methodol.
2014;14(1):43. doi: 10.1186/1471-2288-14-43

Longo UG, De Salvatore S, Candela V, Zollo G, Calabrese
G, Fioravanti S, et al. Augmented reality, virtual reality and
artificial intelligence in orthopedic surgery: a systematic re-
view. Appl Sci. 2021;11(7):3253. doi: 10.3390/app11073253

Slim K, Nini E, Forestier D, Kwiatkowski F, Panis Y, Chip-
poni J. Methodological index for non-randomized stud-
ies (minors): development and validation of a new instru-
ment. ANZ J Surg. 2003;73(9):712—6. doi: 10.1046/j.1445-
2197.2003.02748.X

ACADEMIA MATERIALS SCIENCE

2025, 2

23 of 26



https://doi.org/10.20935/AcadMatSci7810

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Mondal R, Deb S, Dhauria M, Sen P, Sarkar V, Sarkar S,
et al. Scrub typhus-associated movement and gait disor-
ders: a systematic review with principal component analysis
and in silico mechanistic modelling. Trop Med Int Health.
2025;30(6):459—80. doi: 10.1111/tmi.14114

Sanpedro-Diaz M, Garcia-Hernandez AB, Gomez-Gomez
AL, Salgado-Cruz J, Ramos-Monroy OA, Oliver-Espinoza
R, et al. Trends and future perspectives of
polysaccharide-based bigels from seeds, vegetable oils,
and waxes: a bibliometric review. Gels. 2025;11(6):413. doi:
10.3390/gels11060413

Oliveira P. Interpolation of Signals with Missing Data Using
PCA. Proceedings of the 2006 IEEE International Confer-
ence on Acoustics Speed and Signal Processing Proceedings;
2006 May 14—19; Toulouse, France; 2006. p. I11-828—31.

Lee H, Warschauer M, Lee JH. Toward the establishment
of a data-driven learning model: role of learner factors in
corpus-based second language vocabulary learning. Mod
Lang J. 2020;104:345—62. doi: 10.1111/modl.12634

Shapiro SS, Wilk MB. An analysis of variance test for nor-
mality (complete samples). Biometrika. 1965;52:591—611.
doi: 10.1093/biomet/52.3-4.591

Basit HM, Ali M, Shah MM, Shah SU, Wahab A, Albarqi HA,
et al. Microwave enabled physically cross linked sodium al-
ginate and pectin film and their application in combination
with modified chitosan-curcumin nanoparticles. A novel
strategy for 2nd degree burns wound healing in animals.
Polymers. 2021;13(16):2716. doi: 10.3390/polym13162716

Gao X, Huang R, Jiao Y, Groth T, Yang W, Tu C, et al.
Enhanced wound healing in diabetic mice by hyaluro-
nan/chitosan multilayer-coated PLLA nanofibrous mats
with sustained release of insulin. Appl Surf Sci. 2022;576:
151825. doi: 10.1016/j.apsusc.2021.151825

Sun X, Li K, Chen S, Yao B, Zhou Y, Cui S, et al.
Rationally designed particle preloading method to
improve protein delivery performance of electrospun
polyester nanofibers. Int J Pharm. 2016;512(1):204—-12.
doi: 10.1016/j.ijpharm.2016.08.053

YuH, LiY, PanY, Wang H, Wang W, Ren X, et al. Multifunc-
tional porous poly (L-lactic acid) nanofiber membranes with
enhanced anti-inflammation, angiogenesis and antibacte-
rial properties for diabetic wound healing. J Nanobiotech-
nol. 2023;21(1):110. doi: 10.1186/s12951-023-01847-w

Abdelbasset WK, Elkholi SM, Ismail KA, AL-Ghamdi
HS, Mironov S, Ridha HSH, et al. Mequinol-loaded car-
boxymethyl cellulose/chitosan electrospun wound dressing
as a potential candidate to treat diabetic wounds. Cellulose.
2022;29(14):7863—81. doi: 10.1007/510570-022-04753-W

Hajimiri M, Shahverdi S, Esfandiari MA, Larijani B,
Atyabi F, Rajabiani A, et al. Preparation of hydrogel
embedded polymer-growth factor conjugated nanoparti-
cles as a diabetic wound dressing. Drug Dev Ind Pharm.
2016;42(5):707-19. doi: 10.3109/03639045.2015.1075030

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Bryan A, Wales E, Vedante S, Blanquer A, Neupane D,
Mishra S, et al. Evaluation of magnesium-phosphate
particle incorporation into co-electrospun chitosan-elastin
membranes for skin wound healing. Mar Drugs.
2022;20(10):615. doi: 10.3390/md20100615

Thangavel P, Ramachandran B, Chakraborty S, Kannan
R, Lonchin S, Muthuvijayan V. Accelerated healing of di-
abetic wounds treated with l-glutamic acid loaded hy-
drogels through enhanced collagen deposition and angio-
genesis: an invivo study. Sci Rep. 2017;7(1):10701. doi:
10.1038/541598-017-10882-1

Razack SA, Lee Y, Shin H, Duraiarasan S, Chun BS, Kang
HW. Cellulose nanofibrils reinforced chitosan-gelatin based
hydrogel loaded with nanoemulsion of oregano essen-
tial oil for diabetic wound healing assisted by low level
laser therapy. Int J Biol Macromol. 2023;226:220-39. doi:
10.1016/j.ijbiomac.2022.12.003

Lee YH, Lin SJ. Chitosan/PVA Hetero-composite hydrogel
containing antimicrobials, perfluorocarbon nanoemulsions,
and growth factor-loaded nanoparticles as a multifunc-
tional dressing for diabetic wound healing: synthesis, char-
acterization, and in vitro/in vivo evaluation. Pharmaceutics.
2022;14(3):537. doi: 10.3390/pharmaceutics14030537

Shi Q, Qian Z, Liu D, Sun J, Wang X, Liu H, et al.
GMSC-derived exosomes combined with a chitosan/silk
hydrogel sponge accelerates wound healing in a diabetic
rat skin defect model. Front Physiol. 2017;8:904. doi:
10.3389/fphys.2017.00904

Rana MM, Rahman MS, Ullah MA, Siddika A, Hossain ML,
Akhter MS, et al. Amnion and collagen-based blended hy-
drogel improves burn healing efficacy on a rat skin wound
model in the presence of wound dressing biomembrane.
Biomed Mater Eng. 2020;31(1):1-17. doi: 10.3233/BME-
201076

Zhu J, Hu J, Marchant RE. Biomimetic hydrogels as scaf-
folds for tissue-engineering applications. In: Biomimetic
biomaterials: structure and applications. Amsterdam: Else-
vier Ltd.; 2013. p. 238-75.

Choudhary M, Chhabra P, Tyagi A, Singh H. Scar free
healing of full thickness diabetic wounds: a unique com-
bination of silver nanoparticles as antimicrobial agent,
calcium alginate nanoparticles as hemostatic agent, fresh
blood as nutrient/growth factor supplier and chitosan as
base matrix. Int J Biol Macromol. 2021;178:41-52. doi:
10.1016/j.ijbiomac.2021.02.133

Ghaneialvar H, Kayumov A, Aboualigalehdari E, Pakzad
I, Tanideh N, Abbasi N, et al. Docosahexaenoic acid-
loaded chitosan/alginate membrane reduces biofilm forma-
tion by P. aeruginosa and promotes MSC-mediated burn
wound healing. J Biomater Appl. 2023;37(8):1458-69. doi:
10.1177/08853282221131130

Zhu J, Jiang G, Hong W, Zhang Y, Xu B, Song G, et al. Rapid
gelation of oxidized hyaluronic acid and succinyl chitosan
for integration with insulin-loaded micelles and epidermal
growth factor on diabetic wound healing. Mater Sci Eng C.
2020;117:111273. doi: 10.1016/j.msec.2020.111273

ACADEMIA MATERIALS SCIENCE

2025, 2

24 of 26



https://doi.org/10.20935/AcadMatSci7810

113.

114.

115.

116.

117.

118.

119.

120.

121.

122,

123.

Gong Y, Zhang C, Xiang X, Wang Z, Wang Y, Su Y, et al.
Baicalin, silver titanate, Bletilla striata polysaccharide and
carboxymethyl chitosan in a porous sponge dressing for
burn wound healing. J Integr Med. 2023;21(5):487-95. doi:
10.1016/j.joim.2023.07.002

Cheng Y, Hu Z, Zhao Y, Zou Z, Lu S, Zhang B, et al. Sponges
of carboxymethyl chitosan grafted with collagen peptides
for wound healing. Int J Mol Sci. 2019;20(16):3890. doi:
10.3390/ijms20163890

Xia DL, Chen YP, Wang YF, Li XD, Bao N, He H, et al.
Fabrication of waterproof, breathable composite liquid
dressing and its application in diabetic skin ulcer repair.
Adv Ski Wound Care. 2016;29:499—508. doi: 10.1097/
01.asW.0000490362.64517.d7

Ullah A, Al Mamun A, Zaidi MB, Roome T, Hasan A. A cal-
cium peroxide incorporated oxygen releasing chitosan-PVA
patch for Diabetic wound healing. Biomed Pharmacother.
2023;165:115156. doi: 10.1016/j.biopha.2023.115156

Li X, Wang J, Li X, Hou X, Wang H, Li H,
et al. A novel design of wound bandage using
heparin-polyvinylpyrrolidone/TiO2 nanocomposite to
improved antibacterial treatment and burn wound healing
effect: in vitro and in vivo evaluation. Mater Express. 2021;
11(11):1808-18. doi: 10.1166/mex.2021.1877

Arantes VT, Faraco AAG, Ferreira FB, Oliveira CA,
Martins-Santos E, Cassini-Vieira P, et al. Retinoic
acid-loaded solid lipid nanoparticles surrounded by
chitosan film support diabetic wound healing in in vivo
study. Colloids Surf B Biointerfaces. 2020;188:110749. doi:
10.1016/j.colsurfb.2019.110749

Lee YH, Hong YL, Wu TL. Novel silver and nanoparticle-
encapsulated growth factor co-loaded chitosan composite
hydrogel with sustained antimicrobility and promoted bio-
logical properties for diabetic wound healing. Mater Sci Eng
C. 2021;118:111385. doi: 10.1016/j.msec.2020.111385

Tallapaneni V, Mude L, Pamu D, Palanimuthu VR,
Magham SV, Karri VVSR, et al. Growth factor loaded
thermo-responsive injectable hydrogel for enhancing
diabetic wound healing. Gels. 2023;9(1):27. doi: 10.3390/
gelsgo10027

Liu H, Chen R, Wang P, Fu J, Tang Z, Xie J, et al. Electrospun
polyvinyl alcohol-chitosan dressing stimulates infected dia-
betic wound healing with combined reactive oxygen species
scavenging and antibacterial abilities. Carbohydr Polym.
2023;316:121050. doi: 10.1016/j.carbpol.2023.121050

Yang X, Mo W, Shi Y, Fang X, Xu Y, He X, et al. Fu-
maria officinalis-loaded chitosan nanoparticles dispersed
in an alginate hydrogel promote diabetic wounds heal-
ing by upregulating VEGF, TGF-$, and b-FGF genes: a
preclinical investigation. Heliyon. 2023;9(7):e17704. doi:
10.1016/j.heliyon.2023.e17704

Wahlberg A. China as an “emerging biotech power”. Third
World Q. 2012;33(4):623—36. doi: 10.1080/01436597.
2012.657421

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Wilensky GR. Improving value in medicare with an SGR fix.
N Engl J Med. 2014;370(1):1—3. doi: 10.1056/nejmp1313927

National Institutes of Health (NIH). NIH to prioritize
human-based research technologies. [accessed on 2025 Jun
30]. Available from: https://www.nih.gov/news-events/ne
ws-releases/nih-prioritize-human-based-research-techno
logies

Mirhaj M, Labbaf S, Tavakoli M, Seifalian AM. Emerg-
ing treatment strategies in wound care. Int Wound J.
2022;19:1934—54. doi: 10.1111/iwj.13786

de Souza FG, Filho ST, Daher E, Diva F, Ricardo N, Moraes
R, et al. Biopolymers as multiplatform materials to im-
prove quality of life and well-being. J Sib Fed Univ-Biol.
2021;14(4):398—421. doi: 10.17516/1997-1389-0361

Okaiyeto K, Oguntibeju OO. Trends in diabetes research
outputs in South Africa over 30 years from 2010 to 2019:
a bibliometric analysis. Saudi J Biol Sci. 2021;28:2914—24.
doi: 10.1016/j.sjbs.2021.02.025

Ramsay S, Cowan L, Davidson JM, Nanney L, Schultz G.
Wound samples: moving towards a standardised method of
collection and analysis. Int Wound J. 2016;13(5):880—91.
doi: 10.1111/iwj.12399

Bacakova L, Pajorova J, Bacakova M, Skogberg A, Kallio
P, Kolarova K, et al. Versatile application of nanocellulose:
from industry to skin tissue engineering and wound healing.
Nanomaterials. 2019;9:164. doi: 10.3390/1an09020164

Hoffman AS. Hydrogels for biomedical applications. In: An-
nals of the New York academy of sciences. New York (NY):
Academy of Sciences; 2001. p. 62—73. doi: 10.1111/j.1749-
6632.2001.tb03823.x

Zhao X, Wu H, Guo B, Dong R, Qiu Y, Ma PX. Antibacterial
anti-oxidant electroactive injectable hydrogel as self-healing
wound dressing with hemostasis and adhesiveness for cu-
taneous wound healing. Biomaterials. 2017;122:34—47. doi:
10.1016/j.biomaterials.2017.01.011

Zhang S, Xu Z, Wen X, Wei C. A nano chitosan mem-
brane barrier prepared via nanospider technology with
non-toxic solvent for peritoneal adhesions’ prevention. J
Biomater Appl. 2021;36(2):321—31. doi: 10.1177/0885328
2211008109

Cheung RCF, Ng TB, Wong JH, Chan WY. Chitosan: an
update on potential biomedical and pharmaceutical appli-
cations. Mar Drugs. 2015;13:5156—86. doi: 10.3390/md13
08515

Senel S, McClure SJ. Potential applications of
chitosan in veterinary medicine. Adv Drug Deliv Rev.
2004;56(10):1467—-80. doi: 10.1016/j.addr.2004.02.007

Dhivya S, Padma VV, Santhini E. Wound dressings—a re-
view. BioMedicine. 2015;5:24—8. doi: 10.7603/s40681-015-
0022-9

Goy RC, de Britto D, Assis OBG. A review of the antimicro-
bial activity of chitosan. Polimeros. 2009;19(3):241-7. doi:
10.1590/50104-14282009000300013

ACADEMIA MATERIALS SCIENCE

2025, 2

25 of 26



https://doi.org/10.20935/AcadMatSci7810

138.

139.

140.

141.

142.

143.

Vihar B, Rozanc J, Krajnc B, Gradignik L, Milojevié¢ M, Ciné
Curié L, et al. Investigating the viability of epithelial cells on
polymer based thin-films. Polymers. 2021;13(14):2311. doi:
10.3390/polym13142311

Khulbe KC, Matsuura T.Nanotechnology in membrane pro-
cesses. Vol. 29. Cham: Springer International Publishing;
2021.

Samadian H, Zamiri S, Ehterami A, Farzamfar S, Vaez
A, Khastar H, et al. Electrospun cellulose acetate/gelatin
nanofibrous wound dressing containing berberine for dia-
betic foot ulcer healing: in vitro and in vivo studies. Sci Rep.
2020;10(1):8312. doi: 10.1038/541598-020-65268-7

Waghmare VS, Wadke PR, Dyawanapelly S, Deshpande A,
Jain R, Dandekar P. Starch based nanofibrous scaffolds for
wound healing applications. Bioact Mater. 2018;3(3):255—
66. doi: 10.1016/j.bioactmat.2017.11.006

Olteanu G, Neacsu SM, Joita FA, Musuc AM, Lupu
EC, Ionita-Mindrican CB, et al. Advancements in Re-
generative hydrogels in skin wound treatment: a com-
prehensive review. Int J Mol Sci. 2024;25(7):3849. doi:
10.3390/ijms25073849

Tuca AC, Bernardelli de Mattos I, Funk M, Winter
R, Palackic A, Groeber-Becker F, et al. Orchestrating
the dermal/epidermal tissue ratio during wound heal-
ing by controlling the moisture content. Biomedicines.
2022;10(6):1286. doi: 10.3390/biomedicines10061286

144.

145.

146.

147.

148.

149.

150.

Ousey K, Cutting KF, Rogers AA, Rippon MG. The impor-
tance of hydration in wound healing: reinvigorating the
clinical perspective. J Wound Care. 2016;25(3):122—30. doi:
10.12968/jowc.2016.25.3.122

Percival SL, Emanuel C, Cutting KF, Williams DW. Mi-
crobiology of the skin and the role of biofilms in infec-
tion. Int Wound J. 2012;9(1):14—32. doi: 10.1111/j.1742-
481x.2011.00836.x

Pushpa M. Bacteriological profile of wound infection and
antibiotic susceptibility pattern of the isolates. J Microbiol
Exp. 2017;4(5):00126. doi: 10.15406/jmen.2017.04.00126

Slepickova Kasalkova N, Slepicka P, Kolska Z, Svorcik V.
Wettability and other surface properties of modified poly-
mers. In: Wetting and wettability. London: InTech; 2015.

ISO 10993-5:2009. Biological evaluation of medical
devices—part 5: tests for invitro cytotoxicity. Geneva:
International Organization for Standardization (ISO);
20009.

Rathinamoorthy R, Sasikala L. In vivo—wound healing stud-
ies of Leptospermum scoparium honey loaded chitosan
bioactive wound dressing. Wound Med. 2019;26(1):100162.
doi: 10.1016/j.wndm.2019.100162

Kurek M, Benbettaieb N, Séetar M, Chaudy E, Elez-
Garofuli¢ I, Repaji¢ M, et al. Novel functional chitosan
and pectin bio-based packaging films with encapsulated
opuntia-ficus indica waste. Food Biosci. 2021;41:100980.
doi: 10.1016/j.tbio.2021.100980

ACADEMIA MATERIALS SCIENCE

2025, 2

26 of 26



35

6. ETAPA Il - SINTESE E CARACTERIZACAO INICIAL DAS PROPRIEDADES DE
MEMBRANAS DE QUITOSANA CONTENDO POSBIOTICOS DA BACTERIA
LACTOCOCCUS LACTIS SUBSP. LACTISNCDO 2118

A Etapa Il deste trabalho foi projetada ndo como um experimento isolado, mas como
uma prova de conceito direcionada por evidéncias, cujo objetivo é desenvolver um curativo
funcional que integre os beneficios da quitosana com os efeitos imunomoduladores de
poshioticos derivados de L. lactis subsp. lactis NCDO 2118.

Esta abordagem inovadora parte do pressuposto de gque 0 sucesso no tratamento de
feridas cronicas depende menos da acdo antimicrobiana direta e mais da modulagdo do
microambiente inflamat6rio, um dos principais obstaculos a cicatrizacdo. A escolha por
poshioticos — produtos ou subprodutos metabolicos liberados por bactérias probidticas — em
vez de microrganismos vivos, aumenta a seguranca, estabilidade e shelf-life do produto,

tornando-o mais adequado para aplicac@es clinicas (Soltani et al., 2023).

6.1. Materiais e métodos

6.1.1. Quitosana e outros reagentes

Foi utilizada quitosana de baixo peso molecular (LMW) — 50,000-190,000 Da —
adquirida da Merck (Sigma-Aldrich). Os meios de cultura e demais reagentes foram adquiridos
das empresas Kasvi, BD Difco, Merck (Sigma-Aldrich) e Thermo Fisher Scientific.

6.1.2. Microrganismos, meios e condi¢des do pré-inoculo

Duas cepas de L. lactis subsp. lactis foram utilizadas:

- NCDO 2118 (selvagem), produtora de GABA;

- NCDO 2118 pXies:sec:HSP65, recombinante com expressdo da proteina Hsp 65
(Gusmao-Silva et al., 2020).

Os pré-inoculos foram cultivados em meio MRS suplementado com 1,25% de glicose
(NCDO 2118) ou 10 pg/mL de cloranfenicol (NCDO 2118 HSP65), incubados a 30 °C por 16—

18 h sem agitacao.

6.1.3. Fermentacéo e preparo dos posbioticos
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A cepa L. lactis subsp. lactis NCDO 2118 foi cultivada em meio MRS suplementado
com 1% de glutamato e 1,25% de glicose, com pH ajustado para 4,6, visando a producédo de
GABA. A cepa recombinante expressando HSP 65 foi cultivada em meio M17 suplementado
com 1% de xilose, para induzir a expressao da proteina. Ambas foram fermentadas por 48 h a
30 °C, sem agitagdo, conforme protocolo descrito por Dhakal, Bajpai e Baek (2012). ApoOs
centrifugacao (7000 rpm, 10 min, 25 °C), os sobrenadantes foram filtrados em membrana de
0,22 um para remogao celular. A esterilidade foi verificada por inoculacdo em agar MRS e

incubacdo por 48 h a 30 °C

6.1.4. Sintese das membranas de quitosana contendo os posbioticos de NCDO 2118

As membranas foram sintetizadas por método de casting, utilizando 2% (p/v) de
quitosana em solucdo de &cido acético 1%. O agente solubilizador foi substituido por diferentes
solugdes, conforme Tabela 1, para avaliar o impacto da composi¢do na integridade e atividade
das membranas. A mistura foi agitada por 24 h, vazada em placas de Petri e secaram em uma
estufa de circulacédo de ar forcado a 30 °C. As membranas foram desgrudadas com bisturi.
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Tabela 1. Lista de agentes solubilizadores utilizados para sintese das membranas de quitosana.

Agente Solubilizador

Posbiotico de NCDO 2118

Posbiodtico de NCDO 2118 pXies:sec:HSP65

Agua deionizada

Meio MRS

Meio M17

Agua deionizado com GABA (42,6 g/L)

Agua deionizada com Acido Glutamico (1%)

A membrana com adicdo de GABA (comercialmente adquirido) na concentracédo 42,6
g/L advém do estudo de Laroute et al (2021) que obteve a producdo de 413 mM de GABA
(equivalente a ~42.6 g/L, considerando a massa molar do GABA = 103 g/mol) em condicdes
otimizadas. J4 a membrana com adi¢do de acido glutamico 1% advém da concentracdo utilizada

na metodologia deste estudo que segue a metodologia de Oliveira et al (2020).

6.1.5. Avaliacdo do potencial antimicrobiano das membranas de quitosana contendo
posbidticos de NCDO 2118

A atividade antimicrobiana das membranas foi avaliada segundo protocolo Br-CAST
(BrCAST, [S.d.]). Seis cepas patogénicas foram testadas: Enterococcus faecium ATCC BAA
2127, Staphylococcus aureus ATCC 29213, Pseudomonas aeruginosa ATCC 27853,
Klebsiella pneumoniae ATCC 700603, Acinetobacter baumannii ATCC 19606 e Proteus
mirabilis ATCC 15290, cedidas gentilmente pela Professora Simone Odilia Antunes Fernandes,
docente da Universidade Federal de Minas Gerais, Faculdade de Farmécia, Departamento de
Anadlises Clinicas e Toxicologicas. Os microrganismos foram cultivados em meios sélidos
(MacConkey e Mueller-Hinton) e ressuspendidos em soro fisiologico estéril, com ajuste de
turbidez ao padrdo 0,5 da escala de McFarland (OD625 entre 0,080 e 0,130). As suspensdes
foram espalhadas com swab estéril em placas de Petri, onde foram posicionadas amostras
circulares (0,5 cm de didmetro) das membranas. As placas foram incubadas a 35+ 1 °C por 18—
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24 h. Ao final, os halos de inibicéo do crescimento bacteriano foram medidos em milimetros

(mm).

6.2. Resultados

6.2.1. Sintese das membranas de quitosana contendo posbidticos da bactéria Lactococcus
lactis subsp. lactis NCDO 2118

Ap0s a sintese e 0 processo de secagem, as membranas foram removidas com auxilio
de bisturi, podendo ser observadas na Figura 4. As formulacbes contendo posbioticos de L.
lactis subsp. lactis NCDO 2118 apresentaram integridade estrutural, flexibilidade e coesao,
indicando que a substituicdo do agente solubilizador pelos sobrenadantes fermentativos néo
comprometeu a formacédo da matriz de quitosana. Esses resultados sugerem compatibilidade

entre o biopolimero e os metabolitos microbianos.

Figura 4. Membranas de quitosana que foram sintetizadas contendo posbioticos de NDCO 2118 e os
seus respectivos controles. (1) Posbidtico de NCDO 2118; (2) Poshittico de NCDO 2118 expressando
HSP65; (3) Agua; (4) Meio de cultura MRS; (5) Meio de cultura M17; (6) GABA,; (7) Acido glutamico.
Vistas de cima da membrana (imagem a esquerda) e de baixo (imagem a direita).
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6.2.2. Atividade antimicrobiana das membranas de quitosana contendo posbidticos da bactéria
Lactococcus lactis subsp. lactis NCDO 2118

A atividade antimicrobiana das membranas contendo posbioticos de L. lactis subsp.
lactis NCDO 2118 foi avaliada contra cinco cepas bacterianas patogénicas. As culturas
bacterianas apresentaram crescimento adequado. Observou-se halo de inibicdo apenas para as
membranas com o posbidtico da cepa selvagem (NCDO 2118), frente a Pseudomonas
aeruginosa ATCC 27853 (9 mm) e Acinetobacter baumannii ATCC 19606 (4 mm). As demais
combinacg6es ndo apresentaram inibicdo. A leitura de resultado na placa de cultura foi observada
apos 18 + 2h, porém em 24h os resultados descritos na Tabela 2 ndo se alteraram.

Apesar da formacdo de halo, os diametros foram inferiores aos observados para o

controle positivo (ciprofloxacino 5 pg), que gerou halos entre 16 ¢ 31 mm (Tabela 3).

Tabela 2. Atividade antimicrobiana das membranas de quitosana contendo poshiéticos da
bactéria Lactococcus lactis subsp. lactis NCDO 2118

Bactérias patogénicas
(halo de inibigdo em mm)

Agentes Proteus | Pseudomonas | Staphylococcus | Acinetobacter | Klebsiella
solubilizadores | mirabilis | aeruginosa | aureus 29213 baumannii | pneumoniae
de quitosana 15290 27853 19606 700603

NCDO 2118 - 9 - 4 -

NCDO 2118 - - - - -
HSP65

Agua” - 13 - - -

Meio de cultura - - - 4 -
MRS”

Meio de cultura - - - - .
M17"

GABA" - - - - -

Acido - - - - -
glutdmico”

Antibidtico 25 23 26 16 31
Ciprofloxacino




40

#

Spug

“ Controles negativos.

# Controle positivo.

6.3. Discussdo

A Etapa Il deste trabalho demonstrou que é possivel incorporar posbioticos de L. lactis
NCDO 2118 em membranas de quitosana sem comprometer a integridade estrutural do
curativo. Esse resultado é essencial, pois confirma a viabilidade técnica da proposta terapéutica
de incorporar poshi6ticos em membranas de quitosana, como ja evidenciado em Bazjou et al.
(2021) e Shokatayeva et al. (2021) que realizaram tal fato, sendo desta vez, o posbiotico
originario de L. lactis NCDO 2118 selvagem e recombinante (HSP65).

No entanto, a atividade antimicrobiana foi nédo significativa, de espectro restrito e ndo
atribuivel aos poshidticos, mas sim a prdpria quitosana — como evidenciado pelos halos nos
controles com agua e meio MRS. Este fato é reforcado por outros trabalhos da literatura como
de Kong et al. (2010) e Mawazi et al. (2024) que tratam sobre a capacidade antimicrobiana
natural da quitosana. 1sso mostra que o principal potencial da membrana produzida ndo é a
eliminacgdo direta de patdgenos, mas sim a modulagdo do microambiente da ferida.

A auséncia de atividade antimicrobiana tanto com a cepa recombinante produtora de
Hsp65 quanto com o GABA purificado sugere que a atividade observada nao é mediada pela
producdo de GABA. Adicionalmente, a Hsp65 em sua forma sollvel ndo parece exercer um
efeito antibacteriano direto. Esses resultados indicam que o potencial terapéutico da cepa
probiotica reside predominantemente em sua agdo imunomoduladora — previamente
demonstrada para a linhagem L. lactis NCDO 2118 — e ndo em uma atividade antimicrobiana
direta.

Essa concluséo é coerente com os achados da Etapa I, que destacaram que fatores como
liberacdo sustentada e propriedades mecanicas sdo mais relevantes que a atividade
antimicrobiana direta.

Além disso, 0 uso de posbioticos — em vez de bactérias vivas — aumenta a seguranca,

estabilidade e shelf-life do produto, tornando-o mais adequado para aplicagdes clinicas.




41

7. CONCLUSOES

Na Etapa I:

- O teste de viés MINORS indicou que os estudos analisados apresentavam baixo risco de
presenca de viés na andlise feita em cada estudo.

- O teste de vies SYRCLE indicou que ndo havia pontos que indicariam viés na maioria dos
estudos com experimentos em animais. Poréem, todos apresentaram auséncia ou falta de
clareza a respeito do cegamento dos pesquisadores em relacdo ao tratamento aplicado em
cada grupo testado e em relacdo a selecdo aleatoria dos animais para avaliacdo dos
resultados. Assim, indica-se um possivel viés comum a todos ou uma falha na escrita dos
trabalhos que ndo tornaram a realizacéo dessas etapas claras no texto.

- A metandlise confirmou que curativos de quitosana sdo significativamente mais eficazes
gue métodos convencionais.

- A PCA identificou propriedades mecanicas e liberagdo sustentada como preditores-chave
de eficécia.

Na Etapa Il:

- Foi demonstrado que posbidticos de L. lactis NCDO 2118 podem ser incorporados em
membranas de quitosana sem comprometer sua integridade.

- A atividade antimicrobiana foi minima e atribuivel a quitosana, ndo aos posbidticos.
Portanto, este trabalho apresenta uma prova de conceito para um curativo funcional baseado
em evidéncias, cujo potencial deve ser explorado em ensaios in vitro e in vivo focados em

imunomodulagéo, angiogénese e reepitelizagéo, e ndo apenas em atividade antimicrobiana.

8. PERSPECTIVAS FUTURAS

Como perspectivas futuras para este trabalho, deverdo ser realizados os seguintes
experimentos:

e Avaliar a resisténcia mecanica das membranas apos a incorporacdo dos sobrenadantes,
visando garantir sua estabilidade e funcionalidade em aplicacdes praticas.

e Realizar estudos in vitro utilizando cultivos de fibroblastos humanos para verificar a
biocompatibilidade e eficacia da juncdo entre os sobrenadantes e a estrutura de
quitosana, assegurando sua possivel aplicacdo em terapias de reparo tecidual.

e Testar em modelos animais (ratos) a eficacia no tratamento de feridas utilizando as

membranas de quitosana contendo os poshioticos de NCDO 2118.
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e Auvaliar o impacto da inibicdo da producéo de GABA nos posbidticos de NCDO 2118,
permitindo elucidar o papel especifico desse neurotransmissor no processo de
cicatrizagdo.

Esses estudos futuros servirdo para validar e otimizar a proposta terapéutica, abrindo caminho
para possiveis aplicacfes clinicas das membranas de quitosana contendo posbiéticos da bactéria

Lactococcus lactis subsp. lactis NCDO 2118 selvagem e recombinante expressando Hsp65.
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Supplementary materials

Table S1. Keywords used to search each database.

Database Keywords
PubMed (chitosan OR "Chitin-derived polymer" OR "Chitosan-based material") AND (membrane OR dressing
Dimensions OR barrier OR film OR covering) AND (incorporation OR integration OR inclusion OR combination)
Scopus AND (wound OR injury OR lesion OR trauma OR cut) AND (healing OR recovery OR repair OR
Web of Science regeneration OR closure) AND ("In vivo" OR "In vitro")




Table S2 Articles without DOI separated using automated screening of PubMed, Dimensions, Scopus, and Web of Science repositories.

Item Year Document Type Language Repository

1 2021 Article English Scopus

2 2017 Conference paper English Scopus

3 2017 Conference paper English Scopus

4 2017 Conference paper English Scopus

5 2011 Book Chapter English Scopus

6 2010 Article English Scopus

7 2010 Article Chinese Web of Science
8 2021 Article English Web of Science
9 2015 Article English Web of Science
10 2019 Article English Web of Science
11 2018 Review English Web of Science
12 2012 Review English Web of Science




Table S3. Duplicate articles removed using automated screening of PubMed, Dimensions, Scopus, and Web of Science repositories.

Item Year DOI Document Type Language Repository
1 2020 10.3390/pharmaceutics12060484 Article English Web of Science
2 2019 10.1016/j.msec.2019.01.073 Article English Web of Science
3 2021 10.1016/j.ijbiomac.2020.11.119 Article English Web of Science
4 2017 10.1002/jbm.b.33394 Article English Web of Science
5 2019 10.1021/acsabm.g9b00727 Article English Web of Science
6 2023 10.3390/pharmaceutics15041122 Article English Web of Science
7 2016 10.1097/01.asW.0000490362.64517.d7 Article English Web of Science
8 2019 10.2147/dddt.s219224 Article English Web of Science
9 2020 10.3233/bme-201076 Article English Web of Science

10 2022 10.1080/21655979.2022.2031415 Article English Web of Science
11 2018 10.1016/j.ijbiomac.2018.02.073 Article English Web of Science
12 2021 10.1016/j.ijjpharm.2021.121132 Article English Web of Science
13 2012 10.1007/s00289-012-0761-7 Article English Web of Science
14 2016 10.1021/acsami.5b11160 Article English Web of Science
15 2023 10.1016/j.ijpharm.2023.122648 Article English Web of Science
16 2010 10.1016/j.ijpharm.2010.03.024 Article English Web of Science
17 2017 10.1016/j.carbpol.2016.09.051 Article English Web of Science
18 2023 10.1016/j.ijbiomac.2023.126056 Article English Web of Science

19 2020 10.1016/j.ijbiomac.2020.02.140 Article English Web of Science
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Table S5. Number of articles selected by year of publication.

Continent Country Year Articles (n) Reference
America Brazil 2020 1 [1]
United States 2022 1 [2]
Belgium 2021 1 [31
Europe Romania 2023 (2) 2 [4,5]
Turkey 2022 1 [6]
Africa Egvpt 2019 (1)/ 2020 (1) 2 [7.81
South Africa 2023 1 [o]
Bangladesh 2020 1 [10]
R o oo vt B
India 2015 (1)/ 2017 (1)/ 2021 (1)/ 2022 (1) 4 [24—27]
Iran 2016 (1)/ 2020 (1)/ 2022 (1)/ 2023 (1) 4 [28—31]
Asia Iraq 2022 1 [32]
Malaysia 2020 1 [33]
Pakistan 2021 1 [34]
Qatar 2018 (1)/ 2023 (1) 2 [35,361
South Korea 2021 (1)/ 2023 (1) 2 [37.38]
Taiwan 2021 (1)/ 2022 (1) 2 [39,40]
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Table S6 Results of the risk of bias test for animal experiments (SYRCLE) of the studies that carried out this analysis.

Answer for each Study
g |Type of bias | Domain | Review authors judgment | 2| 8| 7| 2| 512 |2 el o= x|ele|e|n| 2255\ 2/3)8 (8] 2|5] 8] 3]8|5]8|%
B elelefelelelele|le|ele|lelelele|le|e|ele|le|le|ele|le|e|le|le|le]e|e]|e
= b [ v o | | | | | | | | | [ | [ | | | [ b o [ b | o | o | [ [ o | o |
Sequence Was the allocation sequence
1 |Selection bias q . adequate]y generated and|N |U [Y |Y [Y [N [N |Y |Y |Y |U |Y |Y |Y [Y |U |Y |Y |[Y |Y [N |U J|Y (N |N (U |U (U |Y |U|Y
generation .
applied? (¥)
Baseline Were the groups similar at
2 |Selection bias . .. |baseline, or were they adjusted|Y [N |Y |Y |Y |Y [Y [Y [Y |Y |Y |Y |Y [Y |Y |Y |Y [Y (Y [Y |Y |Y [Y [Y [Y |Y |Y |Y [Y |Y |Y
characteristics ’ . "
for confounders in the analysis?
3 |Selection bias [Alocation |Was the allocation adequately|; |y |y |y |y |u |y |u |u |u |u|u|u|u |u|u|u|u|u|ulu|u|u|u|ulu|u|u|o|ulu
concealment |[concealed? (*)
4 |Performance | Random Were the animals randomly| |, 1y I Iy |u [N [N [N |u o lu|ulululy |ulolu|n|ulu|n|ulololululo|ulu
bias Housing housed during the experiment?
Were the caregivers and/or
Performance investigators  blinded  from
5 |bias Blinding knowing which intervention each(N |N [N [N [N (N [N [N |[N (N [N [N (N [N [N [N [N [N (N [N [N [N [N [N [N [N |[N |[N [N [N [N
animal received during the
experiment?
Random Were animals selected at random
6 |[Detection bias |outcome U|N |U|N |N |N (N [N [N [N [N [N [N [N [N [N [N [N ([N [N [N [N (N [N (N |U (N |N (N |N [N
for outcome assessment?
assessment
7 | Detection bias | Blinding misdedt?e outcome assessorly |y ly |y N[y [y [y [y [y [y [y [y [y [y |y |y [y |y [y [vy [y |vy v |Y |u|u |y |Y |u |~

49



Attrition bias

Incomplete
outcome data

Were incomplete outcome data
adequately addressed? (*)

Reporting bias

Selective
outcome
reporting

Are reports of the study free of
selective outcome reporting? (*)

10

Other

Other type of
bias

Was the study apparently free of
other problems that could result
in a high risk of bias? (¥*)

Y [Y (Y

Loo1 - [24]

Loo2 - [29]

Loo4 - [34]

Loos - [40]

Loo7 - [31]

Loo8 - [32]

Loog - [23]

Lo1o - [13]

Lo11 - [14]

Lo13 - [4]

Lo14 - [25]

Lois - [11]

Lo16 - [8]

Lo17 - [27]

Lo18 - [12]

Lo19 - [18]

Lo20 - [19]

Lo21 - [17]
Lo22 - [10]
Lo23 - [7]
Lo24 - [35]
Lo26 - [22]
Lo29 - [37]
Lo3o - [36]
Lo31 - [15]
Lo33 - [1]
Lo34 - [30]
Lo36 - [39]
Log7 - [26]
Lo39 - [16]

Lo4o0 - [20]
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Table S7 Results of the risk of bias test for non-randomized studies (MINORS) of the studies that performed this analysis.

Answer for each Study
Item mla|ow||v]|e|n|w|a ° alow|t|v|le|n|le|la]o alw|t|lwv|le(n|lola]o
¢ sleld|e|clelolele|S|z|Y|8|T LS| |R[S|ala|a|ad|d|d|la|la|a|a|a|2(s|R S| 3|5|5|D|5|F
eleflelelelelele|e|e|e|e|QlQ]el|le|e|e]|lQle|le|le|e|lele|]e|le|e|le|Q|Q|Q|lQ]|e]|]e|[e|Q]|Q]|C]|eC
[on e R e e [ B I = e [ [ R [ By e R ™ () "0 I [ (S I (e[ e[ e R e ) e [y By (e Ay e [ e I [ I [ [ I [ e ) e e B e e e R S O I I S i e
1. Clearly stated
2/ 2 2 2 2 2 2 2 1 2 2 2|2 2 2 2 2 2 2/ 2 2 2 2 2 2 1 2 2 2 2 2|2|[2[2]2|2]|2]|2]|2]|2
aim
2, Inclusion of
consecutive i1 1 1 1 1 1 1 1 1 1 1 1 1 1/1/1 1 1 1 1 1,11 1 1 1 1 1/ 1 1]1]1]1|ftr|frfzrf|1|1]1
patients
3. Prospective
2/ 2 2 2 2 1 2 2 2 2 2 2|2/ 2 2 2 2 2 2/ 2 2 2 2 2 2 2 2 2 2 2 2|2|[2|[2|2|2]|2]|2]|2]|2
data collection
4. End points
appropriate to 2/ 2 2 2 2 2 2 2 1 2 2 2|2 2 2 2 2 2 2/ 2 2 2 2 2 1 2 2 2 1 2 2|2|2|[2|2|2]2]|2]|2]|2
the study aims
5. Unbiased
assessments of
i o 1 1 1 1 1 1 1 1 1 1 1 1 1/1/1 1 1 1 1 1/ 1/ 1 1 1 1 1 1 1 1|1]1]lof1|f1]1]0]0]|O
the study
endpoint
6. Follow-up
2/ 2 2 2 2 2 2 2 2 2 2 2|2/ 2 2 2 2 2 2/ 2 2 2 2 1 1 2 2 2 2 2 2|2|[2|[2]2|2]|2]|2]|2]|2
period
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appropriate to

the study aim

7. Less than 5%

loss to follow up

8. Prospective
calculation of i1 1 1 2 1 1 2 1 1 1 1 1/ 1 1 1/1 1 1 2 2 1 1 1 1,1 0/ 1 1 1

the sample size

9. An adequate

control group

10.
Contemporary 2 2 2 2 2 2 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 1 1 2

groups

11. Baseline

equivalence of 11 2 1 2 2 1 2 2 2 1 1 2 1 2|2 2 2/2 2 2 2 1 2|2 2 2|2 2
groups

12. Adequate

statistical t+ 1 1 1 1 1 1 1 1 1 1 1/ 1 1 1/1 1 1 1 1 1 1 1 1,1 1 2 1 1
analyses

Total Score 171161818 (18| 17|17 |18 |16 |18 | 17| 17|18 | 17|18 |18 (18|18 | 1919|1818 |17 |16 |15[ 15| 17]|16]| 16
Loo1 - [24] Loo4 - [34] Loo7 - [31]
Looz2 - [29] Loos - [40] Loo8 - [32]

Loos - [2] L006 - [5] Loog - [23]




Lo1o - [13]
Loi1 - [14]
Lo12 - [38]
Lo13 - [4]

Lo14 - [25]
Lo1s - [11]
Lo16 - [8]

Lo17 - [27]
Lo18 - [12]
Lo19 - [18]

Lo20 - [19]

Lo21 - [17]
Lo22 - [10]
Lo23 - [7]

Lo24 - [35]
Lo2s-[6]

Lo26 - [22]
Lo27 - [28]
Lo28 - [3]

Lo29 - [37]
Lo3o - [36]

Lo31 - [15]

Lo32 - [9]

Lo33 - [1]

Lo34 - [30]
Lo3s - [33]
Lo36 - [39]
Log7 - [26]
Lo38 - [21]
Lo39 - [16]

Lo4o0 - [20]
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Table S8 General characteristics of the selected studies.

Objective General Strategy Nun.lber (in I\Ium.b er Reference
vitro) (in vivo)
Develop wound dressings containing chitosan as a biodegradable matrix, silver
nanoparticles as an antimicrobial agent, calcium alginate nanoparticles as a Chitosan-based hydrogel incorporates silver [24]
hemostatic agent, and fresh blood to supply growth factors for chronic diabetic | nanoparticles (AgNP) and lignite nanoparticles. 5 4 4
wound healing.
Produce chitosan-alginate (CA) membranes containing docosahexaenoic acid Chitosan-alginate-based membrane with
(DHA) and mesenchymal stem cells (MSCs) in order to investigate their docosahexaenofi;c acid (DHA) and mesenchymal 4 4 [29]
antibacterial and antibiofilm activities against burn infections caused by " Ils (MSCs) for b infecti ym
Pseudomonas aeruginosa. stem cells §) for burn Infections.
Evaluate the physical, mechanical, degradation, and cytocompatibility Electrospun chitosan-elastin co-electrospun
properties of electrospun chitosan-elastin co-electrospun membranes loaded rrll)embranes loaded with MeP P 13 - [2]
with MgP for skin wound healing applications. gt
Investigate the microwave-enabled physically cross-linked polymer blend films Cross-linked polvmer blend films alone and in
alone and in combination with modified-chitosan curcumin nanoparticles to binati b t}};m dified-chitosan curcumin . [34]
facilitate skin tissue regeneration following 2nd degree burn wounds in combination with moditie lc 1tosan curcumi 4 34
animals. nanoparticles.
. . . The chitosan-based heterogeneous composite
Design, fabricate, and explore a new type of chitosan-based heterogeneous hydrogel containing PFC emulsions (PEs), EGF-
composite hydrogel containing PFC emulsions (PEs), EGF-loaded Y I%a ded nano zg1 rticles (ENPs), and th:e ) 6 [40]
nanoparticles (ENPs), and the antimicrobials polyhexamethylene biguanide timicrobial pl h thvl ’ bi d 5 4
(PHMB) named PEENPPCH for diabetic wound treatment. an lmICIE([),ﬁzifBgonzrsggr;EEgnfgngguam €
PVA and Chitosan allow the incorporation of bioactive agents due to their high
surface-area-to-volume ratio. The interesting point was incorporating usnic Electrospun Nanofibrous Mesh Based on PVA,
acid into the structure as a natural and suitable alternative for burn wound Chitosan, and Usnic Acid for Applications in 4 - [5]
treatment that avoids improper or overuse of antibiotics and other invasive Wound Healing.
biomolecules.
A combination of Polycaprolactone (PCL), chitosan (CH), and the internal layer A combination of pol rolactone (PCL)
of oak fruit (Jaft) is used to incorporate the mechanical properties of synthetic faco aton o poycap >
. . . . . chitosan (CH), and the internal layer of oak fruit 7 3 [31]
polymers, biological properties of natural polymers, and the antibacterial (aft) is needed
activity of Jaft. ’
. . . . s Incorporation of mequinol into the matrix of
Develop a drug-delivery wound dressing by incorporation of mequinol into the electrospun chitosan/ carboxymethyl cellulose 13 3 [32]

matrix of electrospun chitosan/carboxymethyl cellulose (CMC)-based scaffolds.

(CMC)-based scaffolds.
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Promote wound healing with a new type of wound dressing made with a mixing
of oxidized hyaluronic acid (OHA) and succinyl chitosan (SCS) for diabetes. An
ideal dressing should protect the wound from infection, provide a moist wound
environment to the wound area, and promote cell growth and tissue
regeneration.

Mixing of oxidized hyaluronic acid (OHA) and
succinyl chitosan (SCS).

[23]

Promote wound healing in patients with diabetes with the use of wound
intrinsic cross-linking of bioactive maleylated chitosan/thiolated hyaluronan
(mCH/tHA) multilayer coatings on poly(L-lactic acid) (PLLA) nanofibrous
mats (P-mCH/ tHA)that not only provide physical protection but also provide a
favorable microenvironment for healing at the for sustained release of insulin
(IN) and compared with pure PLLA and PLLA mats coated with native CH/HA
multilayers (P-CH/HA).

Bioactive maleylated chitosan/thiolated
hyaluronan (mCH/tHA) multilayer coatings on
poly(L-lactic acid) (PLLA) nanofibrous mats (P-

mCH/ tHA).

[13]

Test the efficacy of Bletilla striata polysaccharide (BSP), carboxymethyl
chitosan (CMC), baicalin (BA), and silver titanate (ST) in wound dressings to
fight infection, promote healing, and provide superior biocompatibility.

Bletilla striata polysaccharide (BSP),
carboxymethyl chitosan (CMC), baicalin (BA),
and silver titanate (ST) in a wound dressing.

[14]

Develop a nanocomposite scaffold composed of chitosan (CS), poly (vinyl
alcohol) (PVA), and phytogenic iron oxide nanoparticles (FeO NPs) for
accelerated anemia-associated diabetic wound healing. The aqueous leaves
extract of Pinus densiflora (PD) was utilized to synthesize iron oxide
nanoparticles (FeO NPs).

Nanocomposite scaffold composed of chitosan
(CS), poly (vinyl alcohol) (PVA), and photogenic
iron oxide nanoparticles (FeO NPs)

26

[38]

Prepare quaternary chitosan-based nanofibers as bioabsorbable wound
dressings. To this aim, fully biodegradable chitosan/N, N, N-trimethyl chitosan
(TMC) nanofibers were designed and prepared via electrospinning, using
poly(ethylene glycol) as a sacrificial additive.

Fully biodegradable chitosan/N, N, N-trimethyl
chitosan (TMC) nanofibers.

(4]

Explore the potential of silk-based hydrogels for diabetic wound healing,
aiming to leverage the natural properties of silk, including slow biodegradation,
superior mechanical characteristics, and biocompatibility, to develop an
effective wound-healing material, formulating a hydrogel that combines silk
with chitosan—alginate beads, dextrin, and recombinant human epidermal
growth factor.

Hydrogel that combines silk with chitosan—
alginate beads, dextrin, and recombinant human
epidermal growth factor.

[25]

Prepare a piezoelectric and photothermal dual functional film and realize the
combination of heat and electrical stimulation therapy for wound healing.

Piezoelectric and photothermal dual functional
film.

[11]

Provide a new and innovative wound care product that reduces inflammation,
clears infection, and improves healing in an animal model of pressure ulcers in
diabetic rats by using ointment, hydrogel, and nanofiber dressings that were
synthesized using 5% turmeric, 1% oregano, and 1% chitosan nanoparticles.

Ointment, hydrogel, and nanofiber dressings
were synthesized using 5% turmeric, 1%
oregano, and 1% chitosan nanoparticles.

(8]
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The study aims to develop L-glutamic acid (LG) loaded chitosan (CS) hydrogels

L-glutamic acid (LG) loaded chitosan (CS)

to treat diabetic wounds. hydrogels 7 [27]
This paper aims to evaluate the wound-healing activity of the CMC-COP
sponges. In vitro tests were performed in rabbits, including cell viability CMC-COP sponges. 8 [12]
scratch wound healing and scald wound healing experiments.
This study aimed to improve the protein delivery performance of polyester
nanofibers by rationally designing a particle preloading method. Positively Protein delivery performance of polyester
charged chitosan nanoparticles (CNPs) were used as carriers to adsorb nanofibers by charged chitosan nanoparticles 5 [18]
negatively charged proteins in mild conditions and as primary barriers for (CNPs).
protein release.
Fabricate a vyaterproof apd breathable composite hqqld dress_lng (CLD) th?t Waterproof and breathable composite liquid
forms a barrier to bacteria and shortens the healing time of diabetic rat skin dressing (CLD 12 [19]
ulcers. ressing ( ).
Loading isolated exosomes derived from gingival mesenchymal stem cells Chitosan/silk hydrogel sponge loaded with
(GMSCs) to the chitosan/silk hydrogel sponge to evaluate the effects of this isolated exosomes derived from gingival 4 [17]
novel non-invasive method on skin defects in diabetic rats. mesenchymal stem cells (GMSCs)
Investigate the efficacy of amnion and col.lagen—ba.sed hydrogels on cutaneous Amnion and collagen-based hydrogels. 17 [10]
burn wound healing in rats with covering membranes.
Develop an active wound healing by integrating P. granatum peel crude extract P. granatum peel crude extract (PGPC).’ ethyl
(PGPC), ethyl acetate fraction (PGPEA), and their silver nanoforms (Ag NPs) acetate fraction (PGPEA), and their silver 2 [7]
» ety . > 3 nanoforms (Ag NPs) along with methacrylated 4 7
along with methacrylate chitosan hydrogel. .
chitosan hydrogel.
The present study aims to see the effects of nanofiber mats composed of a
combination of chitosan, polyvinyl alcohol (PVA), and Zinc oxide (ZnO) as a Nanofiber mats combine chitosan, polyvinyl [35]
practical option for faster healing of diabetic wounds due to the wound-healing alcohol (PVA), and Zinc oxide (ZnO). 4 35
activities of chitosan-PVA nanofibers and antibacterial properties of ZnO.
This study aims to investigate the potential applications of wound dressing Wound dressing materials incorporate herbal
materials incorporating herbal extracts, specifically Hypericum perforatum extracts, specifically Hypericum perforatum 20 [6]
extract (HPE) in alginate films. extract (HPE), in alginate films.
he it of s sy o dlo n iproved wound drssing sl | porgs i i 00 anccompos
& &P D (KCBZNs) bandages by incorporating nano-ZnO 3 [22]

(KCBZNs) bandages by incorporating nano-ZnO into a keratin-chitosan
hydrogel.

into a keratin-chitosan hydrogel.
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This study aims to design a hybrid three-dimensional scaffold (CPCP) based on
collagen/chitosan modified by PEG/PCL composite that can imitate the

Hybrid three-dimensional scaffold (CPCP) based

differentiation pattern of both epidermis/dermis cells via mimicking the on collagen/ Chlt(zs(iﬁ rr;;)i(i;ﬁed by PEG/PCL 5 [28]
structure and function of human skin. P
The main goal of this study is to produce a layer-by-layer self-assembled 1agae;:)b};ﬁ}é(féssf\}ifgﬁiﬁ?&ﬁiﬁgﬁ;Lﬁgegégld
siRNA-loaded gold nanoparticles with two different outer layers—Chitosan b aye 23 [3]
(AuNP@CS) and Poly L-arginine (AuNP@PLA) Chitosan (AuNP@CS) and Poly L-arginine
yiratg (AUNP@PLA)
The objective of this study is to evaluate the effectiveness of a novel Nanoemuleel. a combination of oregano
combinatorial therapy in the treatment of diabetic foot ulcers. The study essential oil n% n(’)emulsion and low-le Vgel laser
focuses on developing and assessing a nanoemulgel, a combination of oregano therapy. in coniunction with a hvdrogel-based 7 [37]
essential oil nanoemulsion and low-level laser therapy, in conjunction with a Py, Jhealin atch yarog
hydrogel-based healing patch. § patch.
This study aims to develop a Chitosan-Polyvinyl alcohol (CS-PVA) based C{lnté)rscz)ln;) gﬁgﬁﬁlcﬁlg (Cg;ll_)li)az?sed o [36]
hydrogel containing an oxygen-releasing nanoparticle, calcium peroxide (CPO). yaroges ¢« ) XyEe; & 4 3
nanoparticle, calcium peroxide (CPO).
The objective of this study is to fabricate its composites with TiO2 -
nanoparticles in order to enhance the efficacy of HpPVP hydrogel as a wound HpPVP hydrogel enhgnced with TiO2 13 [15]
. . nanoparticles
dressing material
This study aims to develop wound dressings from a combination of sodium . - .
. . o Wound dressings from a combination of sodium
alginate and Poloxamer-407. Bo2, Bo8, and B13 are loaded with a combination alginate and Poloxamer-407. Bo2. Bo8. and B1
of ZnO NPs and ciprofloxacin or ciprofloxacin that can absorb excess exudates, fr e loaded with ZnO NI?S a?n dei ’ro ﬂo;(acin ors 60 [9]
prevent bacterial infections, provide a soothing effect, and are easy to remove cinrofloxacin P
without causing pain. p ’
This study aims to design and characterize a chitosan film containing ATRA
loaded in SLN and evaluate its efficacy in promoting wound healing in a Chitosan film containing all-trans retinoic acid [1]
diabetic mice model. Therefore, this study was the first to evaluate chitosan (ATRA) loaded in solid lipid particles (SLN) 3
film containing SLN-ATRA for treating diabetic wounds.
A sodium carboxymethyl chitosan-recombinant human epidermal growth
factor conjugate (NaCMCh-rhEGF) was developed to identify improved Chitosan-based hydrogel as a carrier for 17 [30]

therapeutics. Conjugation is believed to protect rhEGF against proteolysis and
mediate thEGF release by a-amylase.

NaCMCh-rhEGF nanoparticles
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This study aims to use DsiRNA-loaded AuNPs, synthesized using CLRE and
HLRE, and incorporate them into thermoresponsive gels prepared from

Dual therapy consists of Dicer subtracting small
interfering RNA (DsiRNA) and AuNPs

pluronic (PF-127), a polymer that converts into gel at body temperature. Then, incorporated into a thermoresponsive gel made 60 [33]
PF-127 is used to prepare the thermoresponsive gel because it improves drug P £l e and polveth 5) ) 8 |
permeation through the skin. ot pluromic and polyethylene glycol.
The goal of this study is to improve the efficiency of diabetic wound healing Synthetic chitosan-based composite hydrogel
through a synthetic chitosan-based composite hydrogel named SNPECHG named SNPECHG incorporating silver ions 146 [30]
incorporating silver ions (Ag+) and nanoparticle-encapsulated epidermal (Ag+) and nanoparticle-encapsulated epidermal
growth factor (EGF). growth factor (EGF)
The current study aimed to formulate an epidermal growth factor loaded with Er{);ggf)?riligé?rﬁggrig éﬁiﬁi}?gﬁfs_n
chitosan nanopartlc}llef,i ;mpﬁevg\iite(} V:ltag tl;z;rgg:—;esponswe injectable responsive injectable hydrogel with protease 46 [26]
ydroge protease or. inhibitor
This study aims to produce porous PLA nanofiber membranes with angiogenic, pof/?iltlﬁ Isbgllgag2‘&12%}:;:;?()318502?5;32?&;? es
anti-inflammatory, and antibacterial properties with possible applications in . L . 32 [21]
diabetic wound healing was developed polydopamine-gentamicin (PDA-GS) modified
) onto porous PLA nanofiber membrane surfaces
The goal of this study is to encapsulate mupirocin (MP) and cerium oxide . . .
nanoparticles (CeNPs) into a polyvinyl alcohol/chitosan (PVA/CS) polymer encaP:lj?E{ fﬁt&?ﬂ;i?g?kfg)dgﬁzsgilﬁ}:)xi de 59 [16]
and then fabricate a PVA/chitosan nanofiber membrane wound dressing using P nanop articles (CeNPs)
electrostatic spinning, P
This study aims to develop a potential wound dressing by incorporating . . .
fumaria officinalis extract-loaded chitosan nanoparticles (FOE-CHNPs) into V}ﬁiﬁiggﬁégﬂﬂgﬁi&gﬁiﬂﬁi?gl?tl;?st:rllg
calcium alginate hydrogel. Then, evaluate its microarchitecture, cytotoxicity, 12 [20]

cell migration activity, cytoprotective potential, porosity, in vitro anti-
inflammatory activity, and drug release profile.

nanoparticles (FOE-CHNPs) into calcium
alginate hydrogel

The abbreviations that appear throughout the table are those used in each study.
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Table Sg The highest ultimate tensile strength values are presented in the studies
conducting this analysis.

Highest final tensile
Material used strength presented in the Reference
study (tensile test) (kPa)
Chitosan-Elastin (CE) 50 [2]
Sodium Alginate, Pectin, Glycerol, Tween-
80 and Distilled Water Blend (5 min 9940 + 80 [34]
treated)
chitosan/carboxymethyl cellulose
(CMC)/0.3% mequinol 1810 [32]
P-chitosan(CH)/hyaluronan(HA) 1530 £ 275 [13]
Chitosan (CS) / N, N, N-trimethyl chitosan 12650 [4]
(TMC) / poly(ethylene oxide) (PEO) NCT19
Polydopamine-coated (8mg/mL) chitosan
yaop film (CM@Dg 18.8 £ 0.7 [11]
keratin-chitosan/n-ZnO nanocomposite
bandages (KCBN5s) 330 [22]
collagen / Polyethylene glycol (PEG) /
Chitosan/poly (e-caprolactone) (PCL) 14000 [28]

The abbreviations that appear throughout the table are those used in each study.

Table S10 Maximum membrane length values are presented in this analysis's studies.

Maximum membrane
M ial . . Reference
e extension (tensile test) (%)

Chitosan 10 [2]
Sodium Alginate, Pectin, Glycerol, Tween-
80 and Distilled Water Blend (5 min 66.66 + 3.29 [34]
treated)
chitosan/carboxymethyl cellulose
(CMC)/0.3% mequinol 9 [32]
Poly (L-lactic acid) (PLLA) 56.80 + 12.11 [13]

Chitosan (CS) / N, N, N-trimethyl chitosan

(TMC) / poly(ethylene oxide) (PEO) NCTy 17.2 [4]
Polydopamine-coated (8mg/mL) chitosan u [11]
film (CM@DA)
keratin-chitosan/n-ZnO nanocomposite 63 [22]
bandages (KCBN5s)
collagen / Polyethylene glycol (PEG) / 245 [28]

Chitosan/poly (e-caprolactone) (PCL)

The abbreviations that appear throughout the table are those used in each study.
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Table S11 Contact angle values at t1 in the studies performed in this analysis.

Material used EOTEEEEITE Reference
att1 (°)
Chitosan (C) 105.90 + 12.15°
Chitosan-Elastin (CE) 49.51 + 10.08° 2]
Chitosan-MgP (CMg) 114.84 + 13.07°
Chitosan-Elastin-MgP (CEMg) 52.72 + 20.17°
PCL 124.7 +1.17 °
PCL/CH 113.2 + 3.9%
PCL/Jaft 06.89 +1.3° [31]
PCL/CH/Jaft 109.2 £ 1.8°
Chitosan/CMC/0.3% mequinol o
scaffold 64.13 %529 [32]
Chitosan/CMC scaffold 73.86 + 6.75°
P-CH/HA 27.6 + 6.2° [13]
P-mCH/tHA nanofibrous mats 27.6 +2.3°
Poly(lactic acid) (PLA)/ Bovine
serum albumin (BSA) loaded 130 + 3° [18]
chitosan nanoparticles (CNP)
nanofiber mats
Collagen/Polyethylene glycol
(PEG)/Chitosan-poly(e- 60.15°
caprolactone) (PCL)/Scaffold (CPCP)
PEG/Chi/PCL (PCP) 68.40° [28]
Collagen/chitosan (CC) 65.43°
Polyethylene glycol (PEG)/ Chitosan- 105.87°
poly(e-caprolactone) (PCL) (PEPC) )
Hydrogel-Glycerol (HG/G);
Nanoemulgel (NEG); Not Informed [37]
Celulose nanoemulgel (C-NEG).
PLA nanofiber membrane 110°
PLA nanofiber membrane + SCS o [21]
coating 39
PVA-CS 46.75°
PVA-CS-MP 40.47° [16]
PVA-CS-CeNPs 60.94°
PVA-CS-CeNPs-MP 50.73°

The abbreviations that appear throughout the table are those used in each study.
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Table S12. Cell viability parameters in the studies that carried out this analysis.

Used material Cell utilized Cells/well DE‘(;':;‘)’“ Cell Viability Effects Reference
. ChltOSE‘II’l/ alginate (CA) . Mesenchymal stem No significant differences were observed in the proliferation index of the cells
chitosan/alginate-docosahexaenoic cells (MSC) 15x10° 3 exposed to the different membranes [29]
acid (CA-DHA) p .
The C and CMg membranes showed a low number of viable cells on the first day,
Chitosan (C) with a minimal increase in viable cells over the five days of culture. The CE and
Chitosan-Elastin (CE) CEMg membranes had a higher number of viable cells on the first day and
Chitosan-MgP (CMg) NIH3T3 Fibroblasts 3x104 5 increased the number of viable cells stained over the 5 days of culture. 2]
Chitosan-Elastin-MgP (CEMg) 1x 104 3 From a concentration of 0.1 ng/mL to 0.1 mg/mL, cytocompatibility increased. At
Magnesium-phosphate particles a concentration of 1 mg/mL, there was a sign of cytotoxicity on the first day, which
(MgP) was circumvented on the third day. There was a cytotoxicity signal for the 10
mg/mL concentration on the first and third days.
Chitosan-based heterogeneous
composite hydrogel encapsulating
ep?gg?;ﬁ;?;tﬁ? fzr(igiszgcl}sl;)— KERTr cells . Not L All groups showed viab‘ili.ty >90%, indicating that the cytc?tQXicity of PEENPPCH [40]
Joaded chitosan nanoparticles, and informed containing <4000 ppm PHMB was negligible.
polyhexamethylene biguanide
(PHMB) named PeExrPCH
o 5%_ Polyvinyl alcoh'ol (P,VA) The 5%PVA_2%CS group had values similar to those of the control at the start,
2%Chitosan (CS) Usnic Acid (UA) and over time, a brief increase was recorded, followed by a considerable decrease.
Amniotic fluid stem 3 The 5%PVA_2%CS_UA group, on the other hand, had values similar to those of
cells (AFSC) 310 3 the control group at the start and showed extraordinary results after 48 and 72 [5]
5% Polyvinyl alcoho (PVA) hours, increasing cell viability by almost 30 percent compared to the control
2%Chitosan (CS). group.
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Polycaprolactone (PCL)
Polycaprolactone (PCL)/Chitosan
(CH)

Cell viability increased in all groups of scaffolds compared to the control. PCL/CH
scaffolds have higher cell viability compared to PCL scaffolds. PCL/Jaft can

Pol rolactone (PCL)/Jaft Fibroblast cells 1x 105 increase biocompatibility compared to the control group and PCL. PCL/CH/Jaft [31]
Pol © zC:pl © tacno (le; CL)/Chitosan supports showed increased attachment, proliferation, and preservation of their
oyeapro a((:COHf /Jaft natural shape on the PCL/CH/Jaft support.
Chit CMC On the first day, no statistically significant difference existed between the groups
Chit Cll\j)lscan/ 9%Mequinol Not studied. On the third and seventh day, relative cell viability in the scaffolds loaded
Ch}tosan/ M C/O.g;Mequmol Lo29 cells inf © d with 0.3% mequinol was significantly higher than in the other formulations. The [32]
Ch}tosan/ M C/ 0 ;Mequ?nol tnforme relative cell viability for the chitosan/CMC/0.3%Mequinol scaffolds on days 3 and
itosan/ /0-9%Mequino 7 was measured at 127.59 + 13.95% and 125.64 + 9.77%, respectively.
Same concentration of hydrogels: Gel-
1, Gel-2, Gel-3, Gel-4, Gel-5, ILM-Gel- The cell viability of all the samples is close to or above 100 percent, indicating the
4, EGF-Gel-4 and ILM-EGF-Gel-4; Ta cell <104 excellent cell compatibility and low toxicity of the composite hydrogels prepared. [23]
ILM-Gel-4 at different 313 cells 5 No significant differences were found between the Gel-4 and ILM-Gel-4 samples 3
concentrations: 50, 100, 200, 400, after cell culture for 48 hours.
and 800 pg/mL.
Baicalin (BA), silver titanate (ST), C e .. .
Bletilla str(iata) olysaccharide ((BS)P) Lung fibroblast cells There was no significant cytotoxicity of BA/ST/BSP/CMC at varying
and Carbo Ethzl chitosan (CM C)’ g(L929 cells) 5x103 concentrations (1, 10, 100, and 1000 pug/mL) against L929 cells after 24 h [14]
i tion.
(BA/ST/BSP/CMC) incubation
. Pinus ?e;SIQ%rg}EiD)_Fe(%SFS | kilgsmanlfrl?sr}zﬁlé%_ Not PD-FeO NPs incorporated with CS/PVA did not cause cytotoxicity or increased cell [38]
incorporated wi itosan poly ey cell line informed viability. 3
vinyl alcohol (PVA) 293 cells)
NC N ld 1 Cell viability increased as the N, N, N-trimethyl chitosan (TMC) content decreased
NCT3 h ormr}b erbrilat 104 from 60 to 90 percent. According to the ISO standard for medical devices (10993- 4]
NCT7; umazr;&lmrg) asts 3-5x 5:2009), samples with cell viability >70% can be safely used as medical devices in 4
NCT19 contact with cells, so NCT 7 and NCT19 are suitable for these bioapplications.
Aleinat Tc())t.retatmetn(tl; d20 The Ointment and hydrogel significantly increased cell viability compared to the
ginate rilI;/I?neIrll) O an Lo2g cells 5x 108 untreated control (negative control). Silver alginate was significantly toxic, causing 8]

Hydrogel (10 and 20 mg/mL)
Nanofiber (10 and 20 mg/mL)

90 percent cell death. The nanofibres also showed a 50% reduction in cell survival
rate in a concentration-dependent manner.
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Control
Loaded Chitosan (CS)
Loaded Chitosan (CS) + L-glutamic
acid (LG) 0.25%

Fibroblast cell lines

Compared to the control (tissue culture plate), the CS and CS + LG hydrogels
showed no significant difference in cell viability.

Loaded Chitosan (CS) + L-glutamic (NIH 3T3) 5x104 3 Analysis of Fhe. images stained with DAPI showed that the CS + LG hydrogels had [27]
acid (LG) 0.50% an almost similar number of cells compar(?(i. to the CS hydrogel. The CS and CS +
Loaded Chitosan (CS) + L-glutamic LG hydrogels showed no cytotoxicity compared to the control.
acid (LG) 1%
carboxymethyl chitosan (CMC)
carboxymethyl chitosan (CMC) -
collagen peptides (COP12) Cell viability of approximately >80% was observed for the CMC-COP samples
carboxymethyl chitosan (CMC) - L929 cells 6x103 Not informed (concentrations between 25-150 ug/mL). At 200 ug/mL values, viability fell to [12]
collagen peptides (COP26) between 55-70%, showing a certain degree of loss in cytocompatibility.
carboxymethyl chitosan (CMC) -
collagen peptides (COP58)
polylaf: tic ac@ (PLA) / Bovine serum L929 mouse The nanofibres showed no apparent cytotoxicity, with all the concentrations tested
albumin fraction V (BSA) loaded with . 5x103 1 . e s [18]
. . fibroblast cells having viability values of >80%.
chitosan nanoparticles nanofibers.
Negative control
Amnior‘l Gel; Collagen Gel Brine shrimp cells . Not 5 The Brine shrimp lethality bioassay shows mortality percentages of <10% for all [10]
Amnion Collagen Gel informed tests.
Amnion Collagen Gel-Membrane.
MCs hydrogel
PGPC extract
PGPC extract/hydrogel
Ag-NPs PGPC The cytotoxicity was low in PGPC and PGPEA. On the other hand, the PGPEA and
Ag-NPs PGPC/hydrogel Human normal cell 3 £ Ao NP lativelv hich. H 1l acti ds showed [7]
PGPEA fraction line (HFB4) 5X10 1 PGPC of Ag NPs were re a'n're y high. owever,'a ‘ac ive compounds showe 7
PGPEA fraction/hydrogel acceptable cytotoxicity after encapsulation into the hydrogels.
Ag-NPs PGPEA
Ag-NPs PGPEA /hydrogel
Doxorubicin
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Alginate film (Al) The results show that Al and Al/HPE films have no cytotoxic effects on Lg29 cells.
Lg2g cells In addition, all film compositions showed a proliferative effect on the fibroblast
. " 1x 104 Not informed cell line. There was a decrease in cell viability as the concentration of the extract [6]
. Hypericum p'er oraglm extractAl Fibroblast cell line increased, but no cytotoxic effect was observed at all the concentrations studied.
incorporated alginate films (HPE/A]) The lowest cell viability was 85% + 7.2 at the 20 pg/mL extract concentration.
AuNPs@CS, AuNPS@PLA, Toxic'ity increases with increasing NP concentrati‘on, with. AuNP@PLA sligh‘tly less
RNAIMAX, jetPRIME®, and Naked toxic than AuNP@CS. For the same concentrations of siRNA, Lipofectamine®
. Je » and. Naxe RNAIMAX, jetPRIME®), and naked siRNA did not induce any significant toxic
SiRNA, all at different concentrations iq . . ..
. effects. From there, considering 30 percent loss of metabolic activity as an
(5, 10, 20, 30, and 40 nM of siRNA) .. . .
acceptable level of cytotoxicity, 30 nM was selected as the highest concentration
AuNPs@CS, AuNPs@PLA, . . .
. . NIH-3T3 murine allowed. Treatment of NIH-3T3 cells with DES also caused concentration-
RNAIMAX, jetPRIME®, and Naked . 8x103 0.167 | 0.833 .. . . [3]
. . fibroblast cells dependent toxicity, from which 20 uM DES was selected as the maximum
SiRNA (30 nM of siRNA) . .. . .
DES at diff t concentrations ( concentration. The effect of combining NP treatment with DES on cell viability was
at ditierent concentrations (5, also evaluated. The addition of DES reduced viability in a concentration-
10, 15, 20, 25, and 30 puM) .
. . dependent manner compared to NPs or transfection reagents alone but was
DES at different concentrations (0, . . .
generally well tolerated in the concentration range applied (10 and 20 uM) for all
10, and 20 uM) .
nanoformulations.
The cells were viable under NEG at a 128 ug/mL drug concentration. The
manufactured gel and LLLT showed no toxicity to normal skin fibroblasts. Cells
exposed to NEG exhibited a viability rate of 75.54 + 1.23 percent after 24 hours. A
4
NEG NIH/3T3 cells 1.25x10 non-significant decline in cell viability was observed compared to untreated cells [37]
(82.78 + 0.91%), which may be a result of the presence of impurities in the Tween
20 or acetic acid in the NEG, which was involved in the preparation of CS and NE.
This test compares the activity of rhEGF and its conjugated form against proteases.
It was confirmed that the conjugation of rhEGF with NaCMCh significantly
Free thEGF Mouse fibroblasts increased its stability agalr%st'proteo'lytl.c degradatlor}. The (‘ilfferences between
Coniugated NaCMCh-rhEGF (L929) 2.5x103 these two groups were statistically significant at all time points (p < 0.05). The [30]
Jug 929 biological activity of rhEGF in its conjugated form was assessed by evaluating cell
proliferation, and there was a significant difference in cell proliferation between
the rhEGF group and the control group (p < 0.05).
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AuNPs-CLRE (0.06; 0.125; 0.25; 0.5;
1mg/mL)
AuNPs-HLRE (0.06; 0.125; 0.25; 0.5;
1mg/mL)

Human dermal
fibroblasts (HDFs)

1x 104

Higher concentrations of AuNPs reduced the cell viability of HDFs more than
lower concentrations (p < 0.01). This effect was more prominent for AuNPs-CLRE
than for -HLRE. The cytotoxicity of AuNPs was reported to be concentration-
dependent, regardless of the extract used as a reducing agent in synthesizing
AuNPs. For example, the cytotoxicity of AuNPs synthesized from pyomelanin
purified from Yarrowia lipolytica (a type of yeast) also increased as the
concentration of AuNPs was increased from 5 to 160 pg/mL (Tahar et al., 2019).
Furthermore, the toxic effect of AuNPs-CLRE and -HLRE may be transient, as the
viability of HDFs increased after prolonged incubation at 48 and 72 h, except for
high concentrations of AuNPs-HLRE, as cell viability decreased slightly from 68%
+ 18 t0 59% + 12 and 74% + 21t0 65% + 9 for 0.5 and 1 mg/mL AuNPs,
respectively.

[33]

SNPECHG

NIH/3T3 cells
KERTT cells

5x10°

The results showed that the cytotoxicities of SNPECHG to NIH/3T3 and KERTr
cells were increased in a dose-dependent manner, in which cell viability could be
maintained at >90 percent when the concentration of Ag+ in the HTM was <6 mg
L-1 (HTM prepared using SNPECHG with <24-mM Ag+), but decreased
dramatically to <60 percent (P <0. 05) when the concentration of Ag+ in the HTM
was raised to >7.5 mg L-1 (HTM prepared using SNPECHG with >48-mM Ag+).
05) when the concentration of Ag+ in the HTM was raised to >7.5 mg L-1 (HTM
prepared using SNPECHG with >48-mM Ag+). These results showed that the <24
mM of Ag+ in SNPECHG was not toxic to the cells.

[39]

C-EGF-D IHG
EGF-CSNPs

NIH 3T3 fibroblasts
cells

Cytotoxicity tests revealed that the formulation under study had no adverse effects
on the cell lines tested. Compared to the control group, C-EGF-D IHG produced
significant cell proliferation, which EGF-CSNPs followed. The results indicate that
C-EGF-D IHG was biocompatible, as evidenced by the constant growth of
fibroblasts. The biopolymer (CS) presence was responsible for the increase in cell
proliferation observed in both participants. A significant change was observed in
the C-EGF-D IHG group, which can be attributed to the mitogenic activity of EGF
associated with the phosphorylation of MAP kinases (MAPKs) P42/44. We
confirmed that EGF has mitogenic effects on NIH 3T3 fibroblasts, conjunctival
fibroblasts, and airway epithelial cells. The biopolymer is also cell-friendly and
biocompatible, and CS allows for favorable cell growth.

[26]

PLA
PLA/SCS
PLA/SCS/PDA
PLA/SCS/PDA-GS

Mouse macrophages
cell line (Raw 264.7)

5x104

All PLA-based porous nanofibres were suitable for cell growth, and SCS may
benefit cell proliferation. The following cell viability values were presented: PLA:
99%; PLA/SCS: 123%; PLA/SCS/PDA: 103%; PLA/SCS/PDA-GS: 102.8%.

[21]
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PVA-CS The activity of Lg29 cells was not affected until the PM concentration reached 2.5
PVA-CS-CeNPs Lo2g cells L x 104 mg/mL (2.5 %) and the concentration of CeNPs reached 1.5 mg/mL (1.5 %). In [16]
PVA-CS-MP particular, the addition of both treatments at the same time did not cause
PVA-CS-CeNPs-MP cytotoxicity in the cells when appropriate concentrations were used
FOE10%-CHNPs/calcium alginate On day 7, the FOE20%-CHNPs/calcium alginate group had significantly higher
FOE20%-CHNPs/calcium alginate L929 cells 1x 104 cell viability than the other groups. All the groups with values close to or above 100 [20]

CHNPs/calcium alginate

percent

The abbreviations that appear throughout the table are those used in each study.
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Table S13 Cumulative release values (%) of substances in the studies that carried out this analysis.

Material used Released substance Release médium Izﬁza::g)n Cumulative Release (%) Reference
Chitosan/Ca-AlgNps/AgNPs Agion Phosphate Buffer Saline (PBS) 72 74.8 [24]
C; PBS; CMg; CEMg Mg ion Phosphate Buffer Saline (PBS) 168 Not informed [2]
PHMB (PBS): 38
PHMB PBS PHMB (DI H20): 7,5
Py PCH EGF DI water 48 EGF (PBS): 20,9 [40]
EGF (DI H20): o
- S -
chitosan/CMC/0.3% mequinol Mequinol Phosphate Buffer Saline (PBS) 120 95 [32]
scaffolds
Insulin 100mg/dL 27
PEG-b-P(PBA-co-St) Insulin 200mg/dL Phosphate Buffer Saline (PBS) 48 39 [23]
Insulin 400mg/dL 67
. . . P_IN: 964
Or;l%g?fli:;i?&tizzr Insulin Phosphate Buffer Saline (PBS) 216 CH/HA 76 [13]
CH/tHA 62.5
CS/PVA-PD-FeO NPs Sponge Iron Phosphate Buffer Saline (PBS) 24 14.2 [38]
CS + LG hydrogels L-glutamic acid Phosphate Buffer Saline (PBS) 96 29 [27]
BSA@CNP nanofiber Proteins Phosphate Buffer Saline (PBS) 336 87 [18]
PLA/BSA@CNP nanofiber 672 45
Waterproof breathable film Chitosan Saline Solution 336 18.3 [19]
AuNPs@CS . 40
AuNPs@PLA siRNA HEPES buffer 168 31 [3]
Nanoemulsion Oregano essential oil . 82.44 £ 1.77
Nanoemulgel (NEG) (OEO) Phosphate Buffer Saline (PBS) 8 42.99 + 1.72 [37]
CS-PVA o
CS-PVA-CPO-5 Oxygen Phosphate Buffer Saline (PBS) 120 8.8 [36]
CS-PVA-CPO-1 10
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ATRA from solution
Chitosan film + 50 % free

ATRA + 50 % encapsulated All-trans retinoic acid Phosphate buffered saline (PBS): Ethanol 5 56'23 23 [1]
SLN-ATRA (ATRA) (90:10) 4 3;'94 e '2
Chitosan film + SLN-ATRA 100 77 =0
% encapsulated
CMCh based hydrogel
Low MW chitosan-based 79.1+ 6.3
hydrogel Growth factor rhEGF Phosphate buffer (pH = 7.4) 48 31.4 £ 4.9 [30]
Medium MW chitosan-based 9.2+2.8
hydrogel
AuNPs-CLRE F6
AuNPs-CLRE F7
AuNPs-CLRE F8 AuNPs . .
AuNPs-HLRE Fg DSiRNA Phosphate Buffer Saline (PBS) 8 Not informed [33]
AuNPs-HLRE F10
AuNPs-HLRE F11
Phosphate-buffered saline (PBS)
Ag+ Phosphate buffered saline (PBS) + .
SNPECHG CNP-entrapped EGF NaCl 48 Not informed [39]
DI H20
NPS AVG 97
EGE-CSNPS HGAVG Phosphate buffer 120 78 [26]
C-EGF-D IHG
DOX 100
PLA/SCS/PDA-GS nanofiber GS Dulbecco's phosphate-buffered saline (DPBS) 168 Not informed [21]
membranes
PVA-CS-based membranes MP Phosphate-buffered saline (PBS) 168 58 [16]
CeNPs P 17
FOE10%-CHNPs/calcium
alginate hydrogel . . 61.58 £ 3.04
FOE20%-CHNPs,/calcium FEO-CHNPs Phosphate-buffered saline (PBS) 48 70.24 + 4.43 [20]
alginate hydrogel

The abbreviations that appear throughout the table are those used in each study.
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Table S14. Results of the degradation tests in the studies that carried out this analysis.

The substance

Ealuates of the Duration Degradation test results Reference
substance . (days)
medium used
C.hltosan (C). All the membranes showed significant reductions in mass during the four-week test
Chitosan-Elastin . . . .
(CE) simulated bod period. During the initial two weeks, elastin membranes tended to show more mass
. wate Y 28 loss than non-elastin membranes, especially after the first two weeks. CE and CEMg [2]
Chitosan-MgP (CMg) fluid .
Chitosan-Elastin- membranes showed approximately 70 percent mass loss by the fourth week compared
MgP (CEMg) to only 50 percent loss for C and CMg membranes.
Blank chitosan . .
The weight loss of Blank CH was 4.83 + 1.9 percent, while that of PEENPPCH was
hydrogel (CH) PBS 7 63 + 2.6 percent after seven days [40]
PeExrPCH 9-03%£2.6p ys.
The results showed that the remaining weight of the PCL, PCL/CH, PCL/Jaft, and
PCL PCL/CH/Jaft scaffolds after 1 day was 99.3 + 1.1; 96 + 1; 98.3 + 1.1 and 95 + 2%,
PCL/CH PBS 01 respectively. After 21 days, the remaining weight of the scaffolding reached 78.3 + 3.5, [31]
PCL/Jaft 68.3 + 3,77 + 4.6 and 67.7 + 1.5%, respectively. Adding CH improved the scaffolds' 3
PCL/CH/Jaft degradation characteristics at each time point. On the other hand, jaft did not cause
degradation in each period.
Gel-1
Gel-2
Gel-3 All the samples show similar degradation behavior, and no significant differences
PBS 10 . [23]
Gel-4 exist.
Gel-5
INS-Gel-4
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Subcutaneous

Only a few fibroblasts grew on the PLLA mats, and the mats still maintained their
structural integrity, with almost no signs of degradation. A more significant number

P implantation in of fibroblasts grew on P-CH/HA and grew all over the P-mCH/tHA. Most
P-CH/HA fourteen-week- 14 ) L. ) ) . . . [13]
P-mC/tHA old male mice importantly, vascularisation was found in the tissue section with multilayer-coated
(C57BL/6) mats (P-CH/HA and P-mCH/tHA), while no microvessel formation was detected in
57 the samples with pure PLLA mats.
medium
NC simulating Enzymatic degradation showed an increase in the biodegradation rate along the TMC
NCT1 biological fluid content, reaching statistically significant higher values than pure Chitosan (23%-44%
NCT9 medium 7 vs. 10%). 4]
N CT7 simulating the 16 In a medium miming the exudate's pH during the wound healing period, there was a 4
N CT3 exudate over the weight loss of around 20 percent in the first 4 days, which increased slightly to 22
7 wound healing percent by the 14th day and rose sharply to 100 percent on the 17th day.
period
PBS solution . .
CS .. 11 and 13 percent degradation was obtained for all the hydrogels after 20 days of
containing 20 . . [27]
CS + LG incubation.
lysozyme
Sample A
(0.42 m-mol DVS
and 0'?(1585)m'm01 The samples with the highest concentration of KPS and DVS, which have the highest
crosslinking density, showed the highest weight loss percentage. In detail, it was
Sample B . . . . . .
(0.84 m-mol DVS found that as the DVS content increases, there is a slight difference in degradation
o4 © Not informed 14 during the first four and seven days. After nine days, there is a drastic change in the [7]

and 0.036 m-mol
KPS)
Sample C
(0.84 m-mol DVS
and 0.036 m-mol
KPS)

behavior of the more crosslinked hydrogel, in which degradation increases, which can
be attributed to a decrease in the high connectivity of the biopolymer chain through
the cross-linker.
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The scaffolds based on natural and synthetic polymers (PEPC and CC) had a higher %
degradation than the hybrid scaffolds (CPCP and PCP). A comparison of the %

CPPCCPP PBS solution degradation of PEPC and CC showed that the most significant mass loss was recorded
cc containing 14 for the natural CC scaffold (remaining weight less than 38%). The presence of [28]
PEPC lysozyme collagen in the structure of the CPCP scaffold led to a decrease in degradation (~4%)
compared to PCP, increasing the surface available for cell proliferation and
differentiation.
HG The degradation of NEG was higher than that of HG and CHG due to the release of
CHG PBS 28 NE globules over time in PBS. The release of the drug created larger voids in the gel [37]
structure, leading to more excellent bond breaking, which caused a higher 37
NEG .
degradation rate of 52.19 + 0.24%.
HoPVP The manufactured dressings showed degradation of 24 and 27 percent (1st day), 39
PEVE PBS 7 and 48 percent (4th day), and 75 and 84 percent (7th day) after immersion in PBS [15]
HpPVP/TiO2 : )
medium, respectively.
Bo1 Bo1 indicates rapid degradation of the dressing compared to other dressings. The
Bo2 PBSpH 5.5 . . ; .
21 dressings degraded at pH 5.5. The biodegradation rate of the wound dressing was [a]
Bo3s PBSpH 7.4 ..
Bog more significant at pH 5.5 than at 7.4.
GF-CSNPs It was confirmed that the addition of DOX and EGF-CS NPs to the hydrogel
Lyophilized C-EGF-D PBS 2 significantly increased its stability against the proteolytic degradation of EGF [26]
IHG compared to free EGF and EGF-CS NPs.
PVA-CS
PVA-CS-CeNPs PBS L There were no significant differences in the remaining mass rates of the four groups [16]
PVA-CS-MP 4 of samples.

PVA-CS-MP-CeNPs

The abbreviations that appear throughout the table are those used in each study.
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