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RESUMO 

 
O acúmulo de biofilme é um dos principais fatores envolvidos na falha das 

reabilitações com implantes dentários. Tratamentos de superfícies para implantes e 
membranas para regeneração óssea guiada (ROG) usadas clinicamente não apresentam 
capacidade antimicrobiana. Ainda existe a necessidade de desenvolver biomateriais que 
possam prevenir infecções e auxiliar no recrutamento de células endógenas, suportando e 
estimulando a osseointegração e regeneração óssea. Diante disso, este trabalho teve como 
objetivos: (1) sintetizar e caracterizar revestimentos antimicrobianos e bioativos no titânio 
(Ti) para o emprego como superfícies de implantes dentários produzidas pela oxidação por 
plasma eletrolítico (PEO) e diferentes fontes de cobre (Cu): acetato de cobre (CuAc), sulfato 
de cobre (CuS) e óxido de cobre (CuO); (2) desenvolver e avaliar membranas contendo óxido 
de Cu (CuO 1%, CuO 0,5%, CuO 0,1% e CuO 0,05% em peso) para ROG formadas por meio 
da técnica de eletrofiação. Foram avaliadas as propriedades morfológicas, estruturais, 
químicas e mecânicas dos biomateriais. Experimentos de citocompatibilidade in vitro foram 
realizados com células-tronco mesenquimais de osso humano e células endoteliais da veia 
umbilical humana. O potencial antibacteriano dos biomateriais foi testado pela formação de 
biofilme de Streptococcus sanguinis para os revestimentos por PEO e Staphylococcus aureus 
para as membranas para ROG. One-way ANOVA e teste de Tukey foram usados para 
comparações múltiplas (p < 0,05). Os revestimentos para implantes dentários contendo Cu 
foram desenvolvidos por PEO empregando diferentes fontes de Cu, as quais foram capazes de 
afetar a morfologia e composição dos revestimentos, também influenciando seu efeito em 
células humanas e bactérias. A formação de biofilme bacteriano nos revestimentos 
experimentais dependeu da rugosidade superficial gerada e liberação de íons de Cu pelas 
diferentes fontes utilizadas para funcionalizar o Ti. Uma topografia otimizada do revestimento 
produzida com CuAc levou à inibição na formação de biofilme e aumento da resposta celular. 
As membranas para ROG contendo Cu em diferentes concentrações foram sintetizadas com 
sucesso pela técnica de eletrofiação. A concentração de Cu foi crucial para as respostas 
biológicas, em que altas concentrações demonstraram melhor atividade antimicrobiana, mas 
baixa citocompatibilidade. As membranas com baixa concentração de Cu apresentaram boas 
propriedades mecânicas, suportando e estimulando a adesão e proliferação de células 
humanas, bem como a angiogênese. Os resultados deste estudo são promissores no que diz 
respeito ao emprego do Cu como um agente de funcionalização para dois biomateriais 
diferentes. Ambas as estratégias apresentadas neste trabalho podem ser alternativas valiosas 
para diminuir o risco de infecções e melhorar o processo de osseointegração e regeneração 
tecidual, consequentemente, acelerando o tratamento reabilitador com implantes dentários. 

 
Palavras-chave: Biomateriais. Implante Dentário. Regeneração Óssea. Biofilme. 



ABSTRACT 

 

Biofilm accumulation is one of the main factors involved in the failure of dental 
implant rehabilitation. Surface treatments for implants and membranes for guided bone 
regeneration (GBR) in current clinical use do not have antimicrobial capacity. Thus, the need 
to develop biomaterials that could assist in recruiting endogenous stem cells, supporting and 
stimulating the innate bone regeneration is still ongoing. Therefore, this work aimed: (1) to 
synthesize and characterize antimicrobial and bioactive coatings onto titanium (Ti) to be 
applied as surfaces for dental implants produced by plasma electrolytic oxidation (PEO) and 
using different copper (Cu) sources: copper acetate (CuAc), copper sulfate (CuS), and copper 
oxide (CuO); (2) to develop and evaluate membranes containing Cu oxide (CuO 1%, CuO 
0.5%, CuO 0.1%, and CuO 0.05%; wt. %) for GBR formed by electrospinning technique. The 
morphological, structural, chemical and mechanical properties of the biomaterials were 
evaluated. In vitro cytocompatibility experiments were performed with human bone 
mesenchymal stem cells and human umbilical vein endothelial cells. The antibacterial 
potential of biomaterials was tested by biofilm formation of Streptococcus sanguinis for PEO 
coatings and Staphylococcus aureus for GBR membranes. One-way ANOVA and Tukey test 
was used for multiple comparisons (p < 0.05). Cu-containing coatings for dental implants 
were successfully developed by PEO using different Cu sources, which were able to affect the 
morphology and composition of the coatings, also influencing their effect on human cells and 
bacteria. The surface roughness of the coating and Cu ions release generated by distinct 
sources used to functionalize the Ti influenced the biofilm formation. An optimized 
topography of the coating produced with CuAc led to biofilm formation inhibition and an 
increase in cellular responses. Cu-loaded GBR membranes with different concentrations were 
successfully synthesized by the electrospinning technique. Cu concentration was crucial for 
biological responses, in which higher concentrations showed better antimicrobial activity, but 
decreased cytocompatibility. Membranes with a lower concentration of Cu showed good 
mechanical properties, supporting and stimulating human cell adhesion and proliferation, as 
well as angiogenesis. The use of Cu as a functionalizing agent for two different biomaterials 
seems to be promising. Both strategies presented in this study may be valuable alternatives to 
reduce the risk of infections and improve the process of osseointegration and tissue 
regeneration, consequently, accelerating the rehabilitation treatment with dental implants. 

 
Keywords: Biomaterials. Dental implant. Bone Regeneration. Biofilm. 
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1 INTRODUÇÃO 
 

A reabilitação com implantes dentários de pacientes desdentados, total ou 

parcialmente, tornou-se um padrão ouro de atendimento em odontologia nos últimos 20 anos 

para repor dentes perdidos (Bornstein et al., 2008). Apesar da previsibilidade dos tratamentos 

com implantes dentários, as falhas podem acontecer pela associação de alguns fatores, tais 

como: história pregressa de doença periodontal, bruxismo, tabagismo, diabetes mal 

controlada, radioterapia (Kullar and Miller, 2019), envelhecimento (Howe et al., 2019), 

qualidade e volume ósseo deficiente (Van Steenberghe et al., 2002). Outro fator que pode 

comprometer o sucesso do tratamento é a presença de deficiências ósseas, um dos cenários 

clínicos mais desafiadores devido às dificuldades nas técnicas de regeneração e presença de 

limitações anatômicas decorrentes de atrofia óssea, trauma, ressecção tumoral ou doença 

periodontal (D’Mello et al., 2015). Neste contexto, um estudo retrospectivo demonstrou que 

cerca de 52% dos implantes instalados (939) necessitam de aumento ósseo como parte da 

reabilitação do paciente (Bornstein et al., 2008). 

Diversas abordagens têm sido exploradas para aprimorar o processo de 

osseointegração e garantir o sucesso e a sobrevivência do implante em situações desafiadoras. 

A utilização de biomateriais com o objetivo restabelecer a integridade estrutural do osso ou 

substituí-lo (Kumar et al., 2020) é uma estratégia cada vez mais presente na prática clínica. 

Por exemplo, nos casos de defeitos verticais e/ou horizontais, nos quais é necessário a 

regeneração óssea para colocação de implantes dentários, algumas técnicas têm se mostrado 

eficazes quanto ao ganho ósseo e sobrevivência do implante. A regeneração óssea guiada 

(ROG) tem sido considerada a técnica mais previsível em termos de estabilidade óssea, 

garantindo menor reabsorção óssea e baixo número de complicações após sua aplicação 

(Clementini et al., 2012; Elangovan et al., 2013).  

A ROG tem sido estudada desde o final dos anos 1980 e é baseada no uso de uma 

membrana não reabsorvível ou reabsorvível para estabilizar o coágulo sanguíneo e criar um 

espaço isolado no local da ferida, evitando a invasão de células dos tecidos moles e 

favorecendo a proliferação de células envolvidas na formação de osso (Castro et al., 2018; 

Clementini et al., 2012). Embora uma alta taxa de sucesso (90 a 100%) tem sido observado 

para os implantes colocados em cristas ósseas aumentadas por ROG (Clementini et al., 2012; 

Elnayef et al., 2017), essa técnica não é isenta de complicações. Uma revisão sistemática 

mostrou que as complicações dos tecidos moles (por exemplo, exposição da membrana, 
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deiscência dos tecidos moles e infecção aguda) estão presentes em 16,5% dos casos (Lim et 

al., 2018). 

Para se alcançar o sucesso do tratamento, além de um sítio favorável, a superfície 

do implante também precisa estimular a osseointegração e controlar possíveis infecções que 

podem levar ao insucesso do tratamento. Os tratamentos de superfície são usados na 

implantodontia para criar revestimentos bioativos semelhantes ao osso, que podem melhorar 

as respostas celulares, promover uma maior e mais rápida diferenciação celular, mineralização 

e aposição óssea, bem como acelerar a osseointegração (Hu et al., 2019; Kunrath et al., 2021; 

Spriano et al., 2018). Além disso, modificações e revestimentos de superfície para implantes 

dentários têm sido propostos como uma promessa para aumentar a sobrevivência de implantes 

dentários pela criação de superfícies antimicrobianas, prevenindo infecções relacionadas ao 

acúmulo de biofilme. No entanto, não há consenso quanto ao melhor tratamento de superfície 

disponível para reduzir o acúmulo de bactérias orais e prevenir infecções microbianas (Costa 

et al., 2021).  

Considerando este cenário, seria válido desenvolver biomateriais que 

apresentassem potencial regenerativo e que pudessem atuar clinicamente recrutando células 

endógenas e estimulando a regeneração óssea e osseointegração, bem como evitando 

infecções bacterianas. Sendo assim, a funcionalização dos tratamentos de superfície para 

implantes dentários e membranas para ROG apresentariam como vantagem a possibilidade de 

induzir o efeito biológico desejado pela ativação de constituintes moleculares e células 

envolvidas no processo de regeneração/osseointegração. Proteínas orgânicas, produtos 

naturais e íons inorgânicos tem sido incorporados a biomateriais com essa finalidade (O’Neill 

et al., 2018; Xu et al., 2018a). Íons inorgânicos, como boro (B3+), cálcio (Ca2+), cobalto 

(Co2+), cobre (Cu2+), fluoreto (F-), lítio (Li+), magnésio (Mg2+), nióbio (Nb5+), fosfato (PO43-), 

silicato (Si4-), prata (Ag+), estrôncio (Sr2+), vanádio (V5+) e zinco (Zn2+), tem chamado a 

atenção devido aos custos de tratamento reduzidos e menor risco de efeitos colaterais 

biológicos quando comparados ao uso de fatores de crescimento ou abordagens de engenharia 

genética (Wang et al., 2014), apresentando maior simplicidade, maior estabilidade e maior 

eficácia em baixas concentrações (Hoppe et al., 2011; O’Neill et al., 2018). Em geral, a 

liberação de íons inorgânicos estáveis para um ambiente fisiológico impulsiona sua função 

como cofatores enzimáticos (Gérard et al., 2010) e induz a sinalização de vias bioquímicas 

envolvidas na diferenciação de células, resultando na estimulação da osteogênese e 

angiogênese e, consequentemente, o crescimento e regeneração do tecido ósseo (Gérard et al., 

2010; Hoppe et al., 2011; O’Neill et al., 2018). 



 
 

 

14 

Dentre os íons metálicos citados acima, o cobre (Cu) é um oligoelemento de alta 

abundância e baixo custo, apresentando aplicações que abrangem os mais diversos campos da 

pesquisa eletroquímica, biotecnologia e medicina (Ojha et al., 2017; Tamayo et al., 2016; 

Zhou et al., 2019). Na Odontologia, Cu tem sido utilizado em sistemas adesivos (Gutiérrez et 

al., 2019), tratamentos de superfície (Prinz et al., 2017; Wojcieszak et al., 2017), ligas para 

implantes (Luo et al., 2018; Wang et al., 2019; Xu et al., 2018a), substitutos ósseos (Zhang et 

al., 2019), “scaffolds” (Bari et al., 2017; Wang et al., 2014; Wu et al., 2013) e barreiras 

metálicas usadas na ROG (Xu et al., 2018b). Especificamente para a regeneração óssea, a 

ampla aplicação do Cu está relacionada aos seus múltiplos estados de oxidação (Cu, Cu2O, 

CuO) que apresentam capacidade angiogênica, osteoestimuladora, atividade antibacteriana e 

biocompatibilidade em uma concentração adequada (Tamayo et al., 2016; Wang et al., 2014; 

Wu et al., 2013; Zhang et al., 2019). Estudos in vivo mostraram que implantes e “scaffolds” 

dopados com Cu são opções favoráveis para a prevenção de infecção bacteriana e estimulação 

de processos regenerativos (Prinz et al., 2017; Wang et al., 2014). Dessa forma, a 

incorporação do Cu pode ser crucial em aplicações clínicas não só pelo seu potencial em 

estimular a formação óssea, mas também pela sua excelente resposta antibacteriana, uma vez 

que a cavidade oral é uma área com alta acessibilidade de micro-organismos que podem 

aumentar o risco de infecções (ex.: osteomielite e peri-implantite) e resultar na falha da 

regeneração tecidual e reabilitação com implantes dentários (Bari et al., 2017; He et al., 2015; 

Jin et al., 2018; Wu et al., 2013; Xu et al., 2018b). 

Para garantir o comportamento biológico desejado, é importante que as técnicas 

utilizadas para confeccionar o revestimento do implante e a membrana utilizada na ROG 

sejam suficientemente versáteis para permitir a incorporação e liberação sustentada dos íons 

em função do tempo (O’Neill et al., 2018). Dentre as técnicas disponíveis para incorporação 

de íons metálicos, permitindo sua posterior liberação, pode-se destacar a oxidação por plasma 

eletrolítico ou oxidação por microarcos (PEO ou MAO, respectivamente) para o tratamento de 

superfícies de implantes e a eletrofiação para o desenvolvimento de membranas. 

O plasma eletrolítico é eficaz para a confecção de tratamentos de superfície pela 

oxidação anódica de alta tensão de um substrato metálico imerso em soluções eletrolíticas 

sem a necessidade de equipamentos altamente complexos (Fig. 1a). O PEO  permite a criação 

de revestimentos duráveis, espessos, uniformes, rugosos e fortemente aderentes (Clyne & 

Troughton, 2019). Além disso, esta técnica permite a incorporação de elementos bioativos (Ca 

e P) e antimicrobianos (Cu, Ag, Bi e Zn) na camada de óxido de metais como o titânio (Ti) 

pela sua adição ao eletrólito (Lu et al., 2016; Marques et al., 2015; Nagay et al., 2019; Yao et 
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al., 2014). Geralmente, os revestimentos por PEO fornecem uma área de superfície maior para 

fixação do implante ao osso, melhor resistência à corrosão, excelente biocompatibilidade e 

maior contato osso-implante (Beline et al., 2016; Liu et al., 2015; Polo et al., 2020). Estudos 

que incorporaram Cu ao substrato de Ti por meio de PEO ainda são escassos (Huang et al., 

2018; Sedelnikova et al., 2019; Zhang et al., 2018) e nenhum deles avaliou a influência de 

diferentes fontes de Cu nas propriedades superficiais e biológicas do revestimento. 

A eletrofiação é uma tecnologia simples e robusta desenvolvida para gerar micro e 

nanofibras usando soluções poliméricas (Fig. 1b). Estas soluções são sujeitas a altas tensões 

para superar sua tensão superficial e criar um jato eletricamente carregado que ejetará através 

de uma agulha de pequeno diâmetro em direção a um coletor (condutor de carga oposta) (Lim 

et al., 2004; O’Neill et al., 2018; Patil et al., 2017; Zou et al., 2018). Antes de chegar ao 

coletor, o jato de solução evapora e se solidifica, sendo coletado como uma rede 

interconectada de fibras finas (Lim et al., 2004). As nanofibras produzidas por eletrofiação 

tem porosidade, topografia e área de superfície diferentes, sendo densamente coletadas para 

formar uma membrana que pode limitar a infiltração celular (Lian et al., 2019). Trabalhos 

anteriores com nanofibras contendo Cu foram focados em “scaffolds” (Weng et al., 2017) ou 

delineados para diferentes propósitos biomédicos (Ahire et al., 2016; Amna et al., 2014; 

Gönen et al., 2016; Kharaghani et al., 2018; Li et al., 2016). Além disso, estes estudos não 

realizaram uma avaliação completa das nanofibras contendo Cu com relação ao 

comportamento mecânico e à resposta biológica considerando a aplicação na ROG.  

 

 

Figure 1. Ilustração das tecnologias usadas para a obtenção de biomateriais: a) 

oxidação a plasma eletrolítico, consistindo em uma fonte de alta tensão, suporte para amostra 

e cuba eletrolítica; b) eletrofiação, consistindo em uma fonte de alimentação, seringa e placa 

coletora. Reimpresso com modificações de Nagay et al., 2019 e Patil et al., 2017. 

 



 
 

 

16 

Recentemente, os implantes dentários e as membranas para ROG em uso clínico 

não apresentam efeito intencional na regulação funcional das células que participam da 

osseointegração e regeneração óssea. Mais esforços devem ser dedicados à criação de 

implantes bioativos e membranas funcionais para ROG que possam estimular 

simultaneamente a osteogênese e a angiogênese, e minimizar a atividade bacteriana (Lian et 

al., 2019; Shao et al., 2017). Portanto, este trabalho teve como objetivos: (1) sintetizar e 

caracterizar revestimentos antimicrobianos e bioativos no Ti para o emprego como superfícies 

de implantes dentários produzidas por PEO e diferentes fontes de Cu; (2) desenvolver e 

avaliar membranas contendo óxido de Cu para ROG formadas por meio da técnica de 

eletrofiação. É esperado que a incorporação de íons Cu na superfície de Ti e na membrana 

para ROG fornecerá ação antibacteriana e melhores comportamentos biológicos no que diz 

respeito às células ósseas e endoteliais.  
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Abstract 

Implant-related infections at the early healing period are considered one of the main risk 

factors in implant failure. Designing coatings that control bacterial adhesion and have cell 

stimulatory behavior remains a challenging strategy for dental implants. Here, we used 

plasma electrolytic oxidation (PEO) to produce antimicrobial coatings on commercially pure 

titanium (cpTi) using bioactive elements (calcium and phosphorus) and different copper (Cu) 

sources: copper acetate (CuAc), copper sulfate (CuS), and copper oxide (CuO); coatings 

containing only Ca and P (CaP) served as controls. Cu sources drove differential physical and 

chemical surface features of PEO coatings, resulting in tailorable release kinetics with a 

sustained Cu ion release over 10 weeks. The antibacterial effects of Cu-containing coatings 

were roughness-dependent. CuAc coating exhibited optimal properties in terms of its 

hydrophilicity, pores density, and limited surface roughness, which provided the most robust 

antibacterial activity combined with appropriate responses of human primary stem cells and 

angiogenic cells. Our data indicate that Cu source selection largely determines the 

functionality of Cu-containing PEO coatings regarding their antibacterial efficacy and 

cytocompatibility. 

 

Keywords: Titanium, Microarc oxidation, Dental implant, Biomimetic Material, 

Osseointegration, Biofilm 
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Highlights 
 

• The best source of Cu to create an antimicrobial and bioactive PEO coating was 

defined. 

• Surface morphology and chemistry were altered by increased electrolyte conductivity. 

• Coatings produced with copper acetate and copper oxide improved cell responses. 

• The bacterial adhesion of Cu-containing coatings was roughness-dependent. 

• Cu-containing coatings can be a valuable strategy to prevent or diminish implant 

infection. 

 

Graphical abstract 
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1 Introduction 

Designing implants with specific biology-related physical and chemical surface properties 

has attracted attention for the application in the biomedical field. Coating technologies have 

been applied in dental implantology to create bioactive surfaces similar to the bone in terms of 

topography and composition, which can improve cellular responses or the growth of new 

natural bone on and around the implant surface, increasing implant stability and 

osseointegration [1–3]. In fact, surface modifications for dental implants enable steering 

desired biological responses by activating specific molecular pathways and cells involved in 

bone healing and remodeling. For example, several biomaterials have aimed at stimulating 

angiogenesis due to their key roles in repairing tissues, supporting the delivery of nutrients 

and signaling factors, and removing bioproducts, thus promoting neo-tissue formation [4]. 

Even with the ongoing advances in the biomedical field, titanium (Ti) implants still undergo 

some undesirable biological responses and treatment failure, such as implant-related 

infections, which also impair the osseointegration due to the challenging physiological 

environment established by the biofilm accumulation and inflammatory process [5]. 

Commercially available implants have shown improved osseointegration and success rates by 

tuning their surface chemistry and topography [1,6]. On the other hand, no Ti dental implants 

currently exist in the market with proven reliable antimicrobial properties for clinical use [7]. 

In this context, designing coatings with combined cell stimulatory capacity and antibacterial 

potential remains a feasible but challenging strategy for implantable materials.  

Surface coatings for dental implants can be achieved by various techniques, which may be 

physical, chemical, mechanical, or a combination of these [8]. When designing an 

antimicrobial coating, three major strategies can be considered: antimicrobial agent release, 

bacteria repelling/non-adhering surface properties, and contact-killing surfaces [2]. Several 

methods can be applied to achieve these outcomes: from dipping/soaking the implant into an 

antibacterial solution for drug immobilization to surface modifications based on chemical 

reactions and physical alterations (e.g., ion implantation, magnetron sputtering, plasma 

electrolytic oxidation, electrophoresis, plasma spraying, electrospinning, sol-gel, covalent 

immobilization, hydrothermal method, vapor deposition, polyelectrolyte, and so on) [9–11]. 

Among the current techniques used for coating production, plasma electrolytic oxidation 

(PEO), also known as microarc oxidation, is an effective technique that allows the 

incorporation of bioactive and antimicrobial elements to Ti-based alloys [12,13]. Furthermore, 

PEO forms a porous, rough TiO2 layer on Ti surface [14–16] with strong bonding to the 

substrate owing to the localized high energy given by spark discharges that create a fusing 
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effect of the oxide films produced on the metallic substrate [17]. PEO coatings have a 

favorable surface area for implant bonding to the bone and are highly biocompatible for bone 

formation and maturation [18,19]. Moreover, earlier work [13] showed that PEO coating has 

the potential to promote a positive oral biofilm modulation with decreased pathogenic 

potential. However, due to their increased surface area, these rough implant surfaces increase 

the risks of microbial adhesion and, hence require additional surface functionalization to 

reduce microbial loads [14,20]. 

The possibility to incorporate several functional compounds into PEO coatings to boost 

their antibacterial efficacy evidence this technology as a promising strategy for dental implant 

manufacturing. Inorganic ions have attracted attention because of their low costs and 

diminished risk of biological side effects compared to growth factors or genetic engineering 

approaches [21], presenting greater simplicity, higher stability, and more efficacy at low 

concentrations [22,23]. Among metal ions, copper (Cu) is a highly abundant trace element 

with low cost that has been used in a broad range of dental applications: adhesive systems 

[24], implant surface treatments [25,26], alloys design [27], metallic barriers used in guided 

bone regeneration [27], bone grafting biomaterials, and scaffolds [21,28].  

The broad application of Cu is related to its multiple oxidation states (Cu, Cu2+, Cu+) that 

have demonstrated effective antibacterial capacity combined with cell compatibility in 

scaffolds [21]. In coatings, Cu has presented long-term antibacterial ability and antifouling 

property by ROS generation and down-regulation of genes involved in the biofilm formation 

of both gram-positive (e.g., Staphylococcus aureus) [29–33] and gram-negative bacteria (e.g., 

Escherichia coli and Porphyromonas gingivalis) [30,32,34,35]. Regarding the effect of Cu on 

cells, it has been tested in several cell lines, such as osteosarcoma [30,36], fibroblast [29], 

bone marrow stem cells [34,37], macrophages [33], osteoblast [5,35,38,39], and endothelial 

cells [5,38], stimulating their metabolic activity, adhesion, and proliferation, as well as the 

expression of specific proteins and genes in a Cu-dependent manner. 

Cu has been incorporated into coatings on Ti-based materials employing PEO [29,30,36] or 

as an additional layer using hydrothermal [33,39] or galvanic [37] treatment after PEO. Those 

studies have demonstrated that Cu effectively increases angiogenesis, favoring osteoblastic 

responses, modulating inflammation responses, and minimizing bacterial adhesion. Studies 

incorporating Cu ions within PEO coatings focused on concentration-dependent effects 

[29,30,38] or the association of different metal ions [5,20,40,41] on surface features and their 

biological behavior. Remarkably, the influence of different Cu sources on PEO coating 

functionalization and efficacy has been neglected. Since the electrolyte solution used during 
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PEO treatment significantly affects the nature of the discharge and resultant coating [18,42–

44], it is straightforward to assume that altering the Cu source will affect the physico-

chemical properties of the coating, and hence its biological function. Consequently, it is 

crucial to investigate how different Cu sources affect key features of PEO surfaces toward 

developing a bioactive coating that combines optimal osseointegration with minimizing 

implant-related infections. Here, we show for the first time that tailoring Cu-containing 

coatings with suitable features by changing the Cu source during coating production 

differentially affects coating physicochemical properties and functional efficacy. 

 

2 Material and Methods 

2.1 Synthesis of PEO coatings 

Commercially pure titanium (cpTi) grade 2 discs (∅10 mm ×1 mm; Realum Ind. e Com. de 

Metais Puros e Ligas Ltd., Brazil) were submitted to grinding with #320- and #400-grit SiC 

abrasive papers (Buehler, USA) [14] to standardize the surface finishing (Ra 0.24 ± 0.01 µm). 

Samples were randomly divided into four groups according to the composition of the 

electrolytic solution used for PEO treatment (Table 1). Cu-containing coatings were obtained 

by using different Cu sources: copper(II) acetate (CuAc; 99.99% purity), copper(II) sulfate 

(CuS; 98.9% purity), and copper(II) oxide (CuO; 99.6% purity), all from Dinâmica Ltd. 

(Brazil). The concentration of each source was defined after a pilot study that considered the 

incorporation of ~1 at.% of Cu for all groups, which has been reported to exhibit antibacterial 

properties without being cytotoxic [38,45]. This standardization was adopted to focus on the 

major effect of Cu sources on response variables and exclude the possible influence of their 

concentration. PEO treatment was carried out in a glass beaker with the cpTi disc as the anode 

and a steel cylinder as the cathode. The electrolytic solution (1 L) was prepared following two 

steps. First, Na2(EDTA) [Na2(C10H14N2O8)2H2O] (99.8% purity; Química Moderna Ltd., 

Brazil) was dissolved in 500 mL of distilled water followed by the addition of the copper 

source, which was kept under agitation for 30 min at room temperature. Separately, calcium 

acetate [Ca(CH3CO2)2] (99.5% purity; Dinâmica Ltd., Brazil) and glycerophosphate disodium 

(C3H7Na2O6P) (99.0% purity; Sigma-Aldrich, USA) were dissolved in 500 mL of distilled 

water. Then, both solutions were mixed and used during PEO deposition. PEO process was 

conducted by a pulsed AC power supply (PlasmaTechnology Ltd., China) [12,46,47] for 10 

min with a negative and positive pulse voltage (-100 V/+500 V), unipolar frequency (600 Hz), 

and alternate duty cycle: 10% (+) and 20% (-). Calcium and phosphorus (CaP) coating was 
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used as a control. The PEO-treated discs were washed with deionized water and air-dried. 

Samples were sterilized in an autoclave (121 °C for 15 min) before the experiments. 

 

Table 1. Experimental groups and electrolyte composition used for PEO treatment. 

Group 
Na2(EDTA) 

(M) 

C3H7Na2O6P 

(M) 

Ca(CH3CO2)2 

(M) 

Cu(CH3COO)2 

(M) 

CuSO4 

(M) 

CuO 

(M) 

Electrolyte 

conductivity 

(mS cm−1)* 

CaP 0.15 0.01 0.05 - - - 14.81 ± 0.05 

CuAc 0.15 0.01 0.05 0.04 - - 18.38 ± 0.09 

CuS 0.15 0.01 0.05 - 0.03 - 17.14 ± 0.03 

CuO 0.15 0.01 0.05 - - 0.1 15.24 ± 0.01 

* Data are expressed as mean ±standard deviation. 

 

2.2 Characterization of coatings topography 

Surface morphology was observed by scanning electron microscopy (SEM; ZEISS Sigma 

300, Carl Zeiss Microscopy GmbH, Germany) under an accelerating voltage of 3.0 kV (n = 

1). ImageJ 1.53e software (NIH, USA) was used to verify pore counts, area, and length of five 

random regions. Three-dimensional images, roughness line profiles, coatings surface 

roughness, and area were assessed using confocal laser scanning microscopy (CLSM; VK- 

X200 series, Keyence, Japan) (n = 3). After obtaining images from each sample, it was 

processed with the VK Analyzer v3.3.0.0 software (Keyence) to obtain the surface area and 

roughness (average roughness - Ra parameter) that was presented as a mean value of the three 

samples [16,48]. 

 

2.3 Coatings thickness measurement 

To measure coating thickness, additional samples (n =1) were included in poly(methyl 

methacrylate) resin (PMMA; Sigma-Aldrich, The Netherlands) and cross-sectioned using a 

microtome (Leica RM2165, Germany). SEM images were acquired from five random regions 

and then analyzed by ImageJ. 

 

2.4 Surface wettability 
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The wettability (distilled water) of PEO coatings was evaluated via a goniometer (Ramé-

Hart 100-00; Ramé-Hart Instrument Co., USA) by the sessile drop (2 μL) method (n = 5) [46]. 

 

2.5 Elemental and crystalline phases detection 

The oxidation state of the elements composing the PEO coatings was investigated by X-ray 

photoelectron spectroscopy (XPS) in a UNI-SPECS UHV Surface Analysis System using the 

Al Kα line (1254.6 eV) and pass energy for high-resolution spectra of 10 eV (n = 1). The 

composition was determined from the peak intensities using Scofield’s atomic sensitivity 

factors of the corresponding elements. Energy-dispersive X-ray spectrometry (EDS; Bruker, 

Germany) was performed in the order of 1 µm3 to verify the semi-quantitative composition of 

coatings surfaces (n = 1). Elements distribution through coating was observed via the 

mapping technique of cross-sectional images (n = 1). X-ray diffraction (XRD; X'pert3 

powder, PANalytical, The Netherlands) was used to identify PEO coating crystalline phases 

(n = 1) [49]. 

 

2.6 Compositional analysis of PEO coatings 

Since EDS is a semiquantitative method, coatings were digested to precisely quantify the 

chemical composition by inductively coupled plasma optical emission spectrometry (ICP-

OES; iCAP 6000, Thermo Fischer Scientific Inc., USA). PEO coatings were digested using 

45% HNO3 to measure elements concentration. Samples (n = 3) were placed in hermetically 

closed glass tubes with 20 mL of HNO3 and kept under continuous stirring for 24 h. After the 

completed digestion of the coating, the solution was diluted in deionized water, and Ca, Cu, 

Ti, and P concentrations were determined by ICP-OES. Digested samples (n = 1) were 

analyzed using SEM and EDS (both sides) to confirm whether the digestion process was 

effective in dissolving the coating completely. 

 

2.7 Cu ion release 

To access Cu ions release from coatings, sterilized samples (n = 3) were placed in 

hermetically closed tubes containing 3 mL of phosphate-buffered saline (PBS) pH 7.4 

(Gibco™, Life Technologies, The Netherlands). The tubes were maintained under agitation 

(90 rpm) at 37 °C, and samples were moved to another tube with 3 mL of fresh solution in 

defined periods (2 h, 6 h, 24 h, 48 h, 72 h, 96 h, 7 days, 14 days, 28 days, 56 days, and 70 

days). Aliquots were diluted in HNO3 65%, and the Cu release content was measured using 

ICP-OES [13]. 
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2.8 Cell culture experiments 

Two cell lines that have been extensively investigated for their role in the regenerative and 

wound healing properties were used to assess the biocompatibility of PEO surfaces. Firstly, 

human bone mesenchymal cells (hBMSC) were isolated and cultured from bone fragments 

according to an approved ethical protocol (CMO Radboudumc; dossier# 2017‐3252), while 

human umbilical vein endothelial cells (HUVEC-2) were purchased from Becton Dickinson 

Biosciences (The Netherlands). The hBMSCs were cultured in minimum essential medium 

eagle – alpha modification (Alpha MEM; Gibco™) supplemented with 10% fetal bovine 

serum (FBS; Gibco™) and 1% penicillin/streptomycin. HUVECs were cultured in medium 

200 (Gibco™) supplemented with 1% penicillin/streptomycin (Gibco™) and a low serum 

growth supplement (LSGS; Gibco™). Cells were kept in a humidified incubator at 37 °C and 

5% CO2 atmosphere. After cell expansion, a low passage of hBMSCs and HUVECs were 

counted and seeded on autoclaved discs in triplicate (n = 3) at 2×104 and 4×104 cells/mL, 

respectively. Cells were incubated for 1 and 3 days. Then, the cell counting kit 8 (CCK-8; 

Abcam plc, China) assay was performed according to the manufacturer's protocol. Cells from 

the same original culture growth on a 24-well plate and culture medium served as a positive 

and negative control, respectively, and it was used for data calculation. The cell metabolic 

activity (%) was expressed using the following formula (equation 1): 

         (1) 

Cell viability was assessed via LIVE/DEAD™ Cell Imaging Kit (Invitrogen™, Life 

Technologies) following the manufacturer's instructions. The assessment was carried out after 

a 1-day culture of hBMSCs and HUVECs. Four images from each PEO surface were acquired 

using a fluorescence microscope (Zeiss AxioImager Z.1, Carl Zeiss Microscopy GmbH). The 

percentage of live and dead cells was quantified using ImageJ software. 

The hBMSCs adhesion to coatings was observed by fluorescence staining as previously 

described [50]. Briefly, cells were washed twice in PBS and fixed for 20 min with 4% 

formaldehyde after 1 and 4 days. Alexa Fluor® 568 phalloidin (1:200 dilution; Thermo 

Fischer Scientific Inc., The Netherlands) was used for the cell cytoskeleton staining (20 min) 

and 5 mg/mL of 4,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich) for the nucleus 

staining (10 min). Samples were washed twice in PBS before analysis. Then, cells were 

imaged with a fluorescence microscope. Additionally, the number of nuclei was counted 
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using ImageJ software in four different images, and the quantification of nuclei/mm2 was 

calculated. 

To check the non-cytotoxicity effect of Cu concentration used, an additional experiment 

was carried out with different Cu2+ concentrations for reference purposes and to understand 

the dose-response relationship of Cu ions on hBMSC metabolic activity. Copper acetate was 

chosen as the source due to its ease of dissolution in distilled water and the absence of 

secondary elements that can influence the results. Thus, copper acetate was used to prepare a 

0.1 M stock solution that was filtered with 0.22 μm filter and serially diluted in alpha MEM at 

final concentrations of 0 µM, 25 μM, 50 μM, 250 μM, and 500 μM. The hBMSC were seeded 

at a density of 5×103 cells/well in a 96–well plate (n = 4). After incubation for 24 h, the culture 

medium was removed and replaced with the Cu-containing medium. Then, the CCK-8 assay 

(Tokyo Chemical Industry Co., Japan) was executed as above mentioned after 6 h, 24 h, 48 h, 

and 72 h. 

 

2.9 Antibacterial assay 

The antibacterial activity of PEO coatings was tested against Streptococcus sanguinis 

(strain IAL 1832). S. sanguinis is considered an initial colonizer of oral surfaces and dental 

implant materials [51], presenting an important role in the co-adhesion process of other 

micro-organisms [52] and has been found in health and disease implant sites [53]. For this 

investigation, the study was approved by the University Research and Ethics Committee 

(79224917.0.0000.5418/2017). The experiments were performed following a previous 

protocol [16]. Briefly, discs (2 independent experiments, n = 3/experiment) were coated with 

human saliva collected from 3 volunteers to allow protein adsorption and promote microbial 

adhesion mimicking in vivo conditions. Firstly, the collected saliva was previously 

centrifuged (10,000g for 10 min at 4 °C) and filter-sterilized to remove microorganism and 

keep only proteins. Then, discs were transferred to wells containing S. sanguinis inoculum 

(107 cells/mL). Samples were incubated for 24 h (10% CO2 at 37 °C) to form biofilm. Then, 

samples were vigorously vortexed and sonicated. Finally, solutions were serially diluted and 

plated to count colony-forming units (CFU). Biofilms were visualized by confocal 

microscopy. Live/dead cells, biovolume measurements, and three-dimensional (3D) structure 

analyses of 24 h biofilms were evaluated using CLSM (DMI 6000, Leica Microsystems, 

Germany) [13,14]. Viable cells were stained using SYTO-9 green-fluorescent nucleic acid 

(480−500 nm; Thermo Fischer Scientific Inc.), and the nonviable cells were stained with 

propidium iodide solution (490−635 nm; Sigma-Aldrich). At least 3 random regions were 
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selected to acquire stacks of the z-plane. Then, 3D images were reconstructed with the 

IMARIS software (Oxford Instruments plc, UK), and biovolumes (in µm3) of biofilms were 

calculated. 

 

2.10 Statistical analyses 

Data were analyzed with IBM SPSS Statistics for Windows (IBM SPSS Statistics for 

Windows, v.21.0., IBM Corp.; USA). The normality of all response variables was tested by 

the Shapiro-Wilk method. Statistical analyses were performed using one-way ANOVA 

followed by Tukey’s HSD test as a post-hoc technique for multiple comparisons. A mean 

significant difference at the 0.05 level was adopted for all tests. Final graphs were prepared 

using GraphPad Prism version 8.0.0 for Windows (GraphPad Software, USA). 

 

3 Results and discussion 

Dental implants have faced great advances in the last years regarding surface 

functionalization aiming to improve cellular responses, osseointegration process, and long-

term treatment stability. Studies have focused on achieving the best combination of surface 

features and function when modifying implants, considering their biocompatibility and 

antimicrobial efficacy. Herein, we adopted a well-established technique to incorporate 

bioactive elements with recognized cell-stimulatory and antibacterial effects at cpTi surfaces. 

We demonstrated that Cu source is a crucial factor influencing physicochemical properties of 

PEO coatings, which provides a facile way to construct implant coating for desired cell 

responses and antimicrobial efficacy. 

 

3.1 Cu sources affect structural and chemical features of PEO coatings 

The PEO technique used in this study has been widely applied in the biomedical field 

[19,54] due to the favorable structural properties of resultant coatings. PEO can be utilized for 

metallic devices with complex geometries such as implants, forming a highly porous, rough, 

and thick surface modification that is wear-resistant and strongly adherent to the substrate 

[18]. Herein, coatings were produced by PEO and characterized to verify whether different Cu 

sources affect coating surface morphology. A porous surface was formed for all groups (Fig. 

1a), regardless of the electrolyte composition and Cu source. The pore structures are produced 

by plasma micro-discharges that lead to substrate melting, eruption, and solidification [43]. 

As observed, PEO pores can vary regarding shape, size, and density depending on the 

discharge process. 
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Three-dimensional images obtained by CLSM (Fig. 1b) show more prominent vertical 

discrepancies for CuS (8.3 μm) and CuO (7.9 μm), which can be noted by the larger areas in 

black and dark blue or red and orange color that represent deeper valleys and higher peaks, 

respectively. In fact, roughness line profiles assessed from the 3D images (Fig. 1c) display a 

more homogeneous delineation with smaller vertical and horizontal distances between peaks 

for CuAc and CaP. Confirming these findings, CuS and CuO presented significantly higher 

surface roughness (Fig. 1d) and area (Fig. 1e) than CuAc and CaP (p < 0.01). Whereas CaP 

and CuAc showed a minimally rough (0.5–1.0 μm) surface, CuO and CuS exhibited a 

moderately rough (1.0–2.0 μm) profile [55,56]. CuS also exhibited the highest water contact 

angle among the groups (p < 0.01), but all groups displayed hydrophilic properties because of 

high numbers of hydroxyl (OH-) groups present in PEO coatings, which makes the surface 

more wettable [14,16]. Both roughness and wettability are relevant properties to consider in 

the design of implants due to their role in the first phase of cell-material interactions, 

especially protein adsorption and bone anchorage [57–59]. 

Fig. 2 shows micrographs and EDS maps from samples after cross-sectioning. PEO 

coatings showed a uniform bonding with Ti substrate. All chemical elements were distributed 

homogeneously along with coating thickness (Fig. 2b). The average coating thickness 

obtained from micrographs of cross-sectioned samples varied from 4.09 ± 0.41 μm to 7.4 ± 

0.82 μm (Fig. 3a). CaP and CuO presented the highest coating thickness across the groups (p 

< 0.001), as suggested by SEM images (Fig. 2a and 2b). Pore features (count, length, and 

area) were evaluated from SEM micrographs (Fig. S1). Micro-cracks can be observed for 

PEO coatings as a result of residual stress caused by the fast solidification of the molten 

substrate. CuAc had statistically significant more pores/cm2 compared to the other groups (p < 

0.01; Fig. 3c). This difference is mainly due to a higher number of small pores in the order of 

1-2 μm2 (Fig. 3b). On the other hand, CaP and CuO showed fewer but larger pores, reaching 

sizes exceeding 6 μm2. Pores in PEO coatings are known to vary substantially in size and 

distribution, typically becoming larger and more dispersed as the coating thickness increases 

[18]. 
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Fig. 1. Topographic characterization of PEO coatings. The surface morphology was inspected 

by (a) scanning electron microscopy (bar = 5 μm, 5000× magnification, WD = 12 mm, 3 kV). 

(b) Representative three-dimensional images and (c) roughness profile from each group 

obtained by confocal laser scanning microscopy (CLSM; 150× of magnification). (d) Surface 

roughness and (e) surface area were calculated from CLSM two-dimensional images (n = 3). 

(f) Water contact angle (n = 5) values and water drops onto PEO surfaces. Data are expressed 

as mean ±standard deviation. Statistically significant differences between groups are indicated 

by symbols: *p < 0.05, #p < 0.01. 
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Several factors may influence coating morphology, particularly electrolyte composition and 

conductivity. Herein, the high concentration of salts from CuAc and CuS sources enhanced 

the electrical conductivity of treatment solutions (Table 1), which affected the growth of PEO 

coatings and pore count and size (Fig. 3d). It is known that in solutions with high electrical 

conductivity, the applied voltage drops across the electrolyte due to an insulating barrier 

action, reducing the potential to create the (breakdown) field across the oxide layer and form 

the coating [18]. In line with this, CuAc and CuS led to higher values of electrolyte 

conductivity and hence thinner coatings because of the lower effectiveness of the applied 

potential. During the PEO process, a ‘bubble’ of water vapor grows at the top of the pore 

channel, where the discharge current is forced to flow through. The number of plasma 

discharges increases along with the increase of the electrolyte concentration, but the size of 

the gas bubble reduces, as well as the applied potential falls across the solution, as its 

conductivity increases [43]. Thus, a higher number of plasma micro-discharges with lower 

intensities may be observed for CuAc and CuS, forming a higher number of pores of smaller 

sizes [30,60]. On the other hand, as the discharge intensity becomes higher, more coating and 

substrate will be melted, and more gases will be generated, forming larger pore structures as 

found for CaP and CuO. Also, the temperature and the yield of the melt increase as the 

discharge intensity rises, which increases the reflux ability of the melt that can refill and block 

the discharge channels, lowering the porosity of the coating [43]. 

The pores formed in PEO coatings and their surface chemistry are known to enhance 

protein adsorption [14,16,46,61], which is a fundamental step in the interaction of implantable 

biomaterials with the biological environment guiding the following biologic and molecular 

processes [58]. Even though bigger pore structures can provide favorable space for cell 

migration and growth [5], a higher pore count may be capable of increasing the adsorption of 

proteins due to an enhanced number of active sites [58] and a larger surface area. Correlating 

with roughness, CuS showed a moderately rough surface with a higher area that can improve 

bone-material interactions by biomechanical interlocking [62] and, consequently, provides 

high primary stability that creates possibilities for early loading [55,63]. On the other hand, 

the less rough surfaces observed for CuAc may mediate the best combinatory activity of cells 

involved in the bone formation and remodeling around the implant [64]. 
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Fig. 2. Cross-sectional analyses of PEO coatings. (a) SEM micrographs (bar = 5 μm, 5000× 

magnification, WD = 7 mm, 3 kV) and (b) EDS maps of cross-sectioned samples, merged 

(left) and individual elements (right) (n = 1). 
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Fig. 3. PEO coating features. (a) Coating thickness was measured from SEM cross-sectional 

micrographs (n = 5) from Fig. 2a. (b) Pores area, length, and (c) count were calculated from 

micrographs of 10,000× magnification (Fig. S1; n = 5). (d) Schematic representation of pores 

formation considering the electrolyte conductivity: higher solutes element concentration 

(colored spheres) and hence increased electrical conductivity of the electrolyte forms an 

insulating barrier around the sample. The electrical resistance of this barrier decreases the 

applied voltage and micro-discharge intensity and, consequently, impairs the growth 

(thickness) of the coating. In electrolytes with higher conductivity, a higher frequency of 

micro-discharges with a lower intensity may be generated, creating a higher number of pores 

but with smaller sizes. Data are expressed as mean ± standard deviation. Statistically 

significant differences between groups are indicated by symbols: *p < 0.05, #p < 0.01, §p < 

0.001. 
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Besides altering the topography, the electrolyte composed of different Cu sources may 

influence the coating chemical composition. XPS analysis (Fig. 4, Table 2) was used to access 

the oxidation states of the elements composing the PEO coating, while the EDS technique 

was employed to confirm their element composition (Table S1; Fig. 5a). Besides the elements 

added to the electrolyte (Ca, P, Cu, and S), Ti was also incorporated within the coating. Fig. 4 

represents the deconvoluted O1s, Ti2p, Cu2p, Ca2p, P2p, and C1s spectra from each group, 

and Table 2 shows the atomic concentration (%) of the elements composing the coatings. The 

band S2p was also found for the CuS group (Fig. S2). The presence of approximately 65 at.% 

of oxygen in both techniques confirms the complete oxidation of the surface layer by the PEO 

process [12], which can be verified by the absence of metallic peaks of Ti. The oxide states 

were formed by Ti (TiO2 at 458.7 eV), Cu (Cu2O at 931.5 eV and CuO at 933.4), Ca (CaO at 

347.1 eV), and P (PO4 at 14.4 eV). Moreover, two shake-up satellite peaks of Cu(II) from 

CuO phase were detected at ≈ 939 eV and 942 eV. A similar distribution of the elements and 

oxide states can be observed among the coatings, but a higher proportion of the CuO phase, 

from 5% to 13%, was displayed by the CuS group. Other components detected are related to 

calcium phosphate, surface hydroxyl and O-C, O-C=O, and C-H derived from environmental 

contamination. 

Herein, Ca and P elements were chosen to compose the electrolyte to create a coating that 

has similarities with bone mineral in terms of chemical composition (hydroxyapatite and/or 

calcium phosphates) and structure (hierarchical topography), which are known to have 

osteoconductive properties and facilitate the integration between the material and tissue, 

respectively [42]. Accordingly, these elements may compensate the negative effects of Cu 

while maintaining the optimum antibacterial activity [5]. Few PEO coatings containing Cu 

have incorporated concomitantly Ca as a bioactive element due to their competitive reactions 

in the electrolyte and on the anode. To avoid this behavior, EDTA was employed as a 

chelating agent since it can combine with cations in the solution and turn them negatively 

charged for entering into the coating by diffusion and electromigration [65]. 
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Fig. 4. XPS spectra of PEO coatings (n = 1). 

 

Table 2. Atomic concentration (%) of the elements composing the PEO coatings obtained by 

X-ray photoelectron spectroscopy (n = 1) after correction using the C1s spectrum. 

Peak CaP CuAc CuS CuO 

O1s 67.4 65.2 62.5 63.7 

Ti2p 12.5 11.6 12.4 9.9 

Ca2p 10.5 9.2 8.8 11.3 

P2p 9.6 10.9 8.8 11.9 

Cu2p - 3.1 5.6 3.2 

S2p - - 2.0 - 

Ca/P 1.1 0.8 1.0 0.9 

Note: Data extracted from high resolution spectra. Error: ±5%. 

 

Since EDS is a semiquantitative method and XPS only represents the outmost oxide layer of 

the sample, coatings were digested to quantify their full chemical composition by ICP-OES 

(Fig. 5b). Fig. S3 shows the micrographs after coating digestion. It is apparent that the pores 

produced during the micro-discharges grew into the substrate, but the remaining Cu in the 

surface was extremely low (0.02-0.03 at.%), confirming the near-complete dissolution of 

coatings. Although Cu was incorporated to achieve ⁓1 at.% for all groups (Table S1), CuO 

had a significantly lower Cu concentration (83.77 ± 2.27 μg) in its composition compared to 

CuS (118.92 ± 5.74 μg) and CuAc (108.50 ± 8.75 μg; p < 0.001). Considering that in the PEO 

process, an electric field between the anode and the cathode pushes the negatively charged 
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complexes toward the anode where the oxidation reaction takes place [60], the high Cu 

concentration in CuS and CuAc may be related to higher amounts of Cu ions in the electrolyte 

and their superior conductivity that promotes the electromigration of Cu ions into the coating. 

In addition, the presence of SO42ˉ and CH3COOˉ complexes associated with EDTA as a 

chelating agent in the electrolyte may participate in reactions with Cu species to form a 

complex anion that could promote its migration towards the anode, consequently increasing 

Cu content [40,43]. The same can be stated for the higher Ca content incorporated in the CuS 

group and, hence, its higher Ca/P ratio (p < 0.001; Fig. 5c). The differences found between 

EDS/XPS data and ICP-OES quantification are related to the fact that the first techniques 

consider only a small order of the coating, and the atomic element weight of all elements 

influences their proportion on the surface. On the other hand, the ICP-OES assessment 

contemplated the whole coating and identifies elements individually. 

Concerning PEO crystalline composition, all surfaces exhibited similar diffraction peaks for 

anatase (∼25°; JCPDS 83-2243) and rutile (∼27°; JCPDS 73-1765) TiO2 phases (Fig. 5d). 

The presence of both phases simultaneously in coatings for dental implants has shown to be 

the best strategy to improve the physico-chemical and biological properties of cpTi surfaces 

[66]. While the anatase phase has been associated with superior biocompatibility [59], rutile is 

strongly related to increasing coating resistance [15,49]. It seems that Ca, P, and Cu may exist 

only in amorphous states since no specific peak was identified. CaP and CuO coating present 

the highest intensity for the rutile phase, while CuAc showed larger peaks for anatase. The 

rutile to anatase ratio depends on several factors, such as the discharge strength and the 

temperatures and pressures generated by the sparks that could transform anatase to rutile. The 

coating thickness is another factor that influences TiO2 crystallinity since as the oxide 

becomes thicker, its resistivity increases, therefore a more powerful driven voltage is needed 

to keep the high current [67] and, therefore, a higher level of anatase to rutile transformation 

occurs. CuS seems to have the lowest degree of crystallinity, probably due to its reduced 

coating thickness [65] and increased amorphous Ca-P phases that present insulating properties 

that may inhibit TiO2 crystallinity. 

Fig. 5e shows the cumulative release profile of Cu in PBS over 70 days. Cu ions into the 

sample surface may diffuse into the solution upon immersion by gradual dissolution and/or 

reaction with OHˉ  in the solution [35]. Cu-containing coatings showed similar Cu release 

profiles in PBS, but with a higher absolute release for CuS followed by CuAc and CuO. This 

result may be related to the larger surface area of the CuS group that already has a higher Cu 

concentration. In general, a high Cu2+ release was observed in the first hours, keeping sharp 
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until 4 days, but not in the general “burst” way that may evoke cytotoxicity in the short term 

[5]. Less than 3% of Cu was released from the coatings for 7 days (Fig. S4). After that, the 

release continued steadily increasing without a clear plateau, proving that PEO coatings 

provide a sustained Cu2+release for at least 10 weeks. This release profile may guarantee 

continued antibacterial action and stimulation of cells during and after the remodeling phase, 

which represents the best scenario for the long-term success of an implant [57]. 

 

 
Fig. 5. Chemical composition and Cu release profile of PEO coating. (a) EDS spectra (n = 1). 

(b) Chemical elements concentration and (c) Ca/P ratio quantified by ICP-OES after coating 

digestion (n = 3). (d) XRD diffraction (n = 1) and (e) Cu ions release in PBS over 10 weeks (n 

= 3). A = anatase, and R = rutile. Data are expressed as mean ±standard deviation. Please note 

that some standard deviations are too small to be seen. Statistically significant differences 

between groups are indicated by symbols: *p < 0.05, #p < 0.01, §p < 0.001. 

 

3.2 Cu sources influence cells response of PEO coatings 

The effect of Cu-containing coatings on cell behavior was assessed with hBMSCs (Fig. 6) 

and HUVECs (Fig. 7). Cu-containing coatings did not significantly affect the metabolic 

activity of hBMSC compared to CaP on days 1 and 3, except for the CuS group that slightly 

decreased cell activity (86.00 ± 2.52 %) compared to CaP (100.00 ± 7.42 %) after day 1 of 
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culture (p < 0.05; Fig. 6a). Although CuS continued evoking lower cell metabolic activity 

(75.65 ± 4.53) among groups on day 3, it cannot be considered cytotoxic. The Live/Dead 

assay (Fig. 6b) also suggests acceptable in vitro cytocompatibility of all coatings. Besides not 

affecting cell metabolic activity, CuAc had considerably fewer dead cells on the surface after 

day 1 (Fig. 6c). None of the surfaces impaired cell adhesion and spreading after 1 and 4 days 

(Fig. 6d). Cells cultured on the surfaces also displayed an organized cytoskeleton with well-

developed stress actin fibers that turned a more elongated spindle shape after day 4 [5], 

reflecting adequate cell behavior. In general, cells might extend across the microporous 

structure to be anchored on the surface, forming a bridge structure, and then spread out in the 

region between pores or directly into the pores through the filamentous and tabular 

pseudopodia [5]. After day 4, a significantly higher number of cells was observed for CuAc 

and CuO (p < 0.05; Fig. 6e), demonstrating that these coatings provide an appropriate surface 

(chemistry, roughness, and Cu release) for cellular adhesion and proliferation. 

 

 
Fig. 6. Effect of PEO surfaces on hBMSCs. (a) Cell metabolic activity (%) evaluated by 

CCK- 8 assay (n = 3). (b) Cell viability (n = 1) after 1 day of culture via live/dead analysis 

(green for live cells, red for dead cells). (c) Percentage of live and dead cells on surfaces after 

1 day of culture assessed from fluorescence images (n = 3). (d) hBMSC adhesion on coating 

surfaces after days 1 and 4 (cell nuclei are stained in blue and the cell cytoskeleton in red). (e) 

Quantification of nuclei from fluorescence images (n = 3). Data are expressed as mean 

±standard deviation. Statistically significant differences between groups are indicated by 

symbols: *p < 0.05, #p < 0.01. 
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Cu-containing surfaces had a noticeable effect on HUVECs metabolism. After day 1, all 

experimental groups reduced cell metabolic activity compared to CaP, but strong recovery at 

the third day of culture, except for CuS that continued showing a statistically significant 

difference with controls (p < 0.05; Fig. 7a), possibly due to the higher Cu2+ concentration in 

this group. Regardless of metabolism reduction, the experimental surfaces were not cytotoxic 

to HUVECs after day 1, meaning that the Cu levels released from coatings are within a safe 

concentration for endothelial cell growth [5]. Actually, CuAc and CuO showed a higher 

number of cells on their surface (Fig. 7b) and significantly fewer dead cells (Fig. 7c; p < 

0.05), showing that their surface and Cu2+ concentration may be more favorable to HUVECs. 

These outcomes may be predictive for their ability to stimulate angiogenesis and wound-

healing processes since Cu ions have been found to bind and interact with several growth 

factors involved in blood vessel formation [68]. Besides, the surfaces developed in this study 

display innate characteristics (tailoring pore structure and physico-chemical properties) 

favorable for angiogenic responses [4]. 

 

 
Fig. 7. Effect of PEO surfaces on HUVECs. (a) Cell metabolic activity (%) evaluated by 

CCK- 8 assay (n = 3). (b) Cell viability (n = 1) after 1 day of culture via live/dead analysis 

(green for live cells, red for dead cells). (c) Percentage of live and dead cells on surfaces after 

1 day of culture assessed from fluorescence images (n = 3). Data are expressed as mean 
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±standard deviation. Statistically significant differences are indicated by symbols: *p < 0.05, 
#p < 0.01, §p < 0.001. 

 

Besides surface topography, the results obtained with the cell culture experiments can be 

related to the slight difference in Cu concentration at the surface among groups, since it has 

been reported that PEO surfaces with lower concentrations of Cu can promote the adhesion 

and proliferation of cells, while surfaces with higher Cu content may be cytotoxic 

[5,29,35,38]. As reported previously [37], the role of Cu on hBMSCs proliferation and 

expression of osteogenic markers only was detected at a narrow concentration range (50 μM 

to 300 μM). In general, the release of Cu2+ observed in this study is not cytotoxic for 

hBMSCs, considering the experiment evaluating different levels of copper acetate in a culture 

medium (Fig. S5). The metabolic activity of hBMSCs started to reduce from 500 μM, which 

only could be reached with the total release of Cu present in the PEO coating. However, the 

sensitivity of hBMSCs to Cu may depend on the culture medium [37], since the presence of 

proteins can stimulate coating dissolution and Cu release. Nevertheless, it is important to 

point out that the Cu ion release here is not the only factor affecting cell behavior since Cu's 

mere presence on the surface might also present a robust cytotoxic effect. Additionally, we 

expect similar behavior of developed coatings on cell viability for more extended periods, 

since the highest amount of copper was released on the first day after incubation, and the 

release after 3 days is lower and very stably, suggesting that after 3 days, the concentration of 

Cu in the medium would not cause any harm to cells. 

 

3.3 Antibacterial efficacy of PEO coatings are optimized by Cu sources 

Cu-containing coatings demonstrated effective antibacterial activity against an important 

early colonizer of dental implants and oral surfaces (S. sanguinis) compared to CaP control. 

Inhibiting the adhesion of early colonizers might limit or weaken the attachment of late 

colonizers and co-aggregation processes and, thereby, the biofilm accumulation and 

maturation. CuAc significantly reduced almost 2 logs of CFU counts after 24 h of biofilm 

formation (p < 0.001), while CuO and CuS showed ⁓ 1.2-log reduction (p < 0.01; Fig. 8a). 

These results follow the CLSM images of the live/dead assay, in which a denser S. sanguinis 

biofilm can be observed on CaP after 24 h. In fact, all Cu containing experimental groups 

presented significantly lower live biovolume on their surface compared to control (p < 0.05), 

which can be related to the release- and contact-killing mechanism of Cu2+ [5,29]. S. 
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sanguinis is a gram-positive bacteria with a negatively charged cell surface due to the 

peptidoglycan layer (20–80 nm), which can easily absorb foreign material [28]. On the other 

hand, Cu2+ is a positively charged ion and thus attracted to negatively charged surfaces. 

Therefore, the mechanism behind Cu2+ antibacterial action may be associated with its release 

and entering into microbial cells or attachment to the charged outer surfaces by electrostatic 

attraction, resulting in cell membrane disruption, loss of cytoplasmic content, or production of 

reactive oxygen species (ROS) that leads to apoptosis via protein denaturation and DNA 

damage [30,68]. Also, Cu ions might impair the activity of respiratory chains and disturb the 

process of gene replication of the bacteria [35].  

 

 
Fig. 8. Antibacterial activity of PEO coatings on Streptococcus sanguinis biofilm. (a) Colony-

forming units count (Log10 CFU/mL) of S. sanguinis after 24 h of biofilm formation. (b) Two- 

(top) and three-dimensional images reconstructions (bottom) of live/dead bacteria after 24 h 

of S. sanguinis biofilm formation. Images were obtained by fluorescence staining (green for 
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live bacteria, red for dead bacteria) and merge of green and red channels. Scale bars are 50 

μm for X–Y surfaces and 70 μm for three-dimensional reconstructions. (c) Biovolume (μm3) 

of live and dead cells after 24 h of S sanguinis biofilm quantified from fluorescence images. 

(d) Schematic representation of bacteria adhesion to Cu-containing coatings with different 

surface areas and roughness. Data are expressed as mean ±standard deviation. Statistically 

significant differences between groups are indicated by symbols: *p < 0.05, #p < 0.01, §p < 

0.001. 

 

Among the experimental coatings, CuAc showed more dead bacterial cells than CuO by 

viable counts (p < 0.05). The difference in antibacterial effects among groups may be 

attributed to differences in surface chemistry, morphology, and roughness that are able to 

influence biofilm formation. For instance, a strong difference in contact killing behavior has 

been shown between CuO and Cu2O with higher antimicrobial efficacy for Cu2O [69]. This 

can be one of the reasons the CuS group showed lower antibacterial activity, even presenting 

a higher Cu content in its composition, which is mainly due to a higher concentration of CuO 

phase compared to CuAc as observed by XPS analysis. The higher tendency of bacterial 

adhesion to CuS and CuO surfaces due to a higher roughness and contact area between the 

coating and cells might be the other reason for the diminished antibacterial activity for these 

groups compared to CuAc (Fig. 8d). A previous study showed that smaller pores (15-25 nm) 

can even reduce bacterial attachment [70]. In this study, CuAc showed the highest number of 

pores smaller than 1 µm. Specifically, pores dimension does not seem to influence 

considerable the bacteria attachment once it presents a smaller size than the pore (Fig. S6). 

But the general complex geometry with increased roughness found for the CuS group tends to 

increase the formation of bacteria clusters. Generally, an increase in surface roughness can 

affect the in vivo rate of biofilm formation by protecting the bacteria against shear forces and 

facilitating it to reach an irreversible attachment (firm anchorage) on the material [71]. 

Roughness has been the most evaluated surface property to affect microbial adhesion to Ti 

surfaces [7], being one of the major factors underlying the adherence of bacteria to the 

samples in the initial phases of biofilm formation [14].  

 

3.4 Implications and future perspectives 

Several approaches to designing biocompatible surfaces with an antimicrobial activity or 

limited microbial adhesion have been focused on how human cells and bacteria interact with 
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the material surface characteristics, such as electrostatic interaction, surface energy, 

wettability, composition, pH, and topography [6,7]. Tailoring surface properties may be a 

strategy to control or affect biofilm accumulation or even microbial composition, and in turn, 

avoiding peri-implant infections [72], essentially when considering that the fabrication of 

bioactive and antimicrobial coatings cannot only lead to bacteria-killing but also induce the 

growth and proliferation of cells at the site of implantation, improving the tissue integration. 

In this study, we applied a feasible and straightforward one-step technique to produce an 

implant surface that mimics some of the inherent features of native bone minerals. Based on 

our findings, altering the electrolyte composition of the PEO process when incorporating 

functional elements can change coating features and hence affect coating effects on the 

biological environment. Thus, the selection of the right functional elements and source should 

be considered comprehensively by researchers that are developing and/or optimizing novel 

PEO coatings for implant surfaces. 

CuAc coatings showed promising results compared to the other groups by increasing 

hBMSCs and HUVECs adhesion and proliferation to the material surface. Both cell types are 

involved in the bone healing process after implantation through the secretion of factors that 

stimulate endogenous repair processes or through direct contribution to vascularization, which 

is essential to form new bone [37,63,73]. This finding is not only due to the chemical 

composition of the coating, but also related to its physical properties, such as hydrophilic 

profile, which enhances cell attachment. Evaluations of how these surfaces work, activating 

molecular constituents and cells involved in the regeneration/osseointegration process still 

need to be addressed in future studies. 

Concerning the intrinsic antibacterial activity of Cu-containing coatings, the release 

mechanism of Cu2+ presented in this study could minimize two critical periods associated 

with implants' biological complications. First, the substantial Cu release below the cytotoxic 

level in the first days is crucial for dental implant rehabilitation to effectively control 

microbial adhesion and accumulation at the initial stage of osseointegration, then the 

sustained release over 10 weeks is also essential to prevent the bacterial infection along with 

the gradual improvement of host defense ability [5]. Although minimally instead of 

moderately rough surfaces would not help prevent peri-implantitis [74], our data indicate that 

optimizing the surface chemistry and topography of coatings presenting antibacterial 

components is a straightforward alternative to reduce the biofilm formation and possibly to 

avoid implant-related infections. Despite the Cu-containing coatings having confirmed 

antimicrobial effects, most studies follow methodologies only useful for initial screening 
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purposes. In order to validate these results and make this coating clinically available, 

comprehensive investigations are necessary that consider co-culture models, the long-term 

results, and reusability of the coating, as well as the diversity of the oral microbiome and, 

especially, in vivo models and clinical trials [2,7]. 

 

4 Conclusions 

Cu-containing PEO coatings were developed employing different Cu sources and 

systematically characterized to further understand how the PEO process can be controlled to 

optimize biological responses and antibacterial function. Cu sources were capable of affecting 

PEO coatings morphology and composition, also influencing their effect on human cells and 

bacteria. Although Cu-containing coatings seem to decrease cell metabolic activity on the first 

day, they do not evoke cytotoxic effects. Actually, CuAc and CuO groups improved hBMSC 

and HUVECs interaction with the substrate compared to CuS. The bacteria number and 

biovolume of Cu-containing coatings were concentration- and roughness-dependent. The 

surface formed by CuAc exhibited an optimized topography that led to an optimal outcome in 

terms of antimicrobial activity, which could prevent early implant infections that are known to 

compromise treatment success. Overall, choosing the appropriate functional source to form 

PEO biomimetic coatings represents a valuable strategy to reduce biofilm development and 

enhance cell response to dental implant surfaces. 
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Supplementary material 

Fig. S1. Scanning electron micrographs of PEO surfaces (10.000 ×). 

Table S1. Semiquantitative element concentration (at.%) of PEO coatings measured by 

energy-dispersive X-ray spectroscopy (EDS).  

Element 
 

Groups 

CaP CuAc CuS CuO 

Ti 20.51 ± 0.15 18.99 ± 0.11 22.52 ± 0.59 14.08 ± 1.59 

O 66.83 ± 0.28 67.65 ± 0.10 66.09 ± 0.37 67.76 ± 0.17 

Ca 8.99 ± 0.16 7.88 ± 0.19 7.16 ± 0.15 10.12 ± 0.79 

P 3.68 ± 0.06 4.45 ± 0.12 3.08 ± 0.19 7.03 ± 0.63 

Cu - 1.02 ± 0.06 1.01 ± 0.01 1.00 ± 0.05 

S - - 0.14 ± 0.02 - 

Ca/P 2.45 ± 0.06 1.77 ± 0.02 2.33 ± 0.15 1.44 ± 0.04 
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Fig. S3. XPS spectra of S2p band from the CuS group. 

 

Fig. S3. Scanning electron micrographs of samples and Cu concentration (at.%) obtained by 

EDS after coating dissolution process. 
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Fig. S4. Cu ions release in PBS over 10 weeks expressed in percentage to the total Cu 

concentration in the coatings. Data are expressed as mean ±standard deviation. 

 

 

Fig. S5. CCK-8 assessment of hBMSC cultured with different concentrations of copper 

acetate in culture medium. Data are expressed as mean ±standard deviation. 
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Fig. S6. Micrographs of S. sanguinis biofilm formed on top of the samples after 24 h. Arrows 

indicate the interaction of the bacteria with the coating pores. 
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Abstract 

Copper (Cu)-loaded electrospun membranes were tailored for guided bone regeneration 

(GBR), targeting the stimulation of innate cells active in bone growth and the prevention of 

bacterial infections. Functional GBR membranes were produced via an electrospinning set-up 

using a silk-based solution associated with polyethylene oxide (Silk/PEO - control). 

Experimental groups were loaded with copper oxide using varying weight percentages (0.05% 

to 1% of CuO). The morphological, structural, chemical, and mechanical properties of 

membranes were evaluated. Direct and indirect in vitro cytocompatibility experiments were 

performed with primary human bone mesenchymal stem cells and primary human umbilical 

vein endothelial cells. The antibacterial potential of membranes was tested with 

Staphylococcus aureus biofilm. CuO was successfully incorporated into membranes as 

clusters without compromising their mechanical properties for clinical applicability. Increased 

Cu concentrations generated membranes with thinner nanofibers, greater pore areas, and 

stronger antimicrobial effect (p<0.01). Cu2+ ion was released from the nanofiber membranes 

during 1 week, showing higher release in acidic conditions. CuO 0.1% and CuO 0.05% 

membranes were able to support and stimulate cell adhesion and proliferation (p<0.05), and 

favor angiogenic responses of vascular cells. In addition, detailed quantitative and qualitative 

analysis determined that amount of the attached biofilm was reduced on the tailored 

functional Cu2+-loaded GBR membrane. Importantly, these qualities represent a valuable 

strategy to improve the bone regeneration process and diminish the risk of bacterial 

infections. 

 

Keywords: Bone regeneration; Copper; Electrospinning; Silk; Biofilm. 
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Highlights 

• Cu2+ ion release from electrospun membranes is sustained for up to 7 days 

and pH-sensitive. 

• Cu2+-loaded membranes display appropriate mechanical properties in dry 

and wet conditions. 

• The antibacterial activity of the guided bone regeneration membranes 

(GBRm) is Cu-concentration dependent.  

• Cu2+-loaded membranes have the potential to stimulate cell adhesion, 

proliferation, and angiogenesis. 

• GBRm containing Cu represent a promising approach for bone 

regeneration and prevention of bacterial infection. 

 

Graphical abstract 
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1. INTRODUCTION 

Regeneration of vertical alveolar bone deficiencies is one of the most challenging clinical 

scenarios due to difficulties in regeneration techniques and the presence of anatomical 

limitations resulting from atrophy, trauma, tumor resection, periodontal and peri-implant 

diseases.1 Several approaches have been explored to achieve bone formation/regeneration, 

which is required for dental implant placement in vertical and/or horizontal defects.2 Vertical 

bone regeneration techniques have shown efficiency regarding bone gain and implant 

survival, especially using guided bone regeneration (GBR) that has been considered as the 

most predictable technique in terms of bone stability (i.e. smaller bone resorption and lower 

number of complications after treatment).2,3 

The GBR technique has been studied since the late 1980s and is based on the application of 

a resorbable or non-resorbable barrier membrane to stabilize the blood clot and create a 

secluded space in the wound site to prevent the invasion of soft tissue cells and to favor the 

proliferation of bone-forming cells.2,4 The membranes applied in the current clinical practice 

act as a passive barrier and are not designed to regulate cells participating in bone growth or 

to avoid infections 5. Although most of the studies have shown a high success rate of implants 

placed in GBR augmented ridges (range 90–100%),2,6 this technique is not free of 

complications. A systematic review showed that soft tissue complications (e.g., membrane 

exposure, soft tissue dehiscence, and acute infection/abscess) are present in 16.5% of cases.7 

Specifically, the presence of infection during the healing period reduces the volume of the 

regenerated bone from 90-100% to 42%-62% of the possible amount of regeneration.8 In this 

perspective, multiple methods have been proposed to alter the membranes to create a 

favorable condition for the healing process, promoting an active role in the regenerative 

processes by hosting and stimulating the recruited cells in the underlying defect during GBR9 

and protecting the wound from environmental threats and penetration of bacteria.10 
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Inorganic ions, such as Cu2+, have been used to functionalize biomaterials to activate 

molecular constituents and cells involved in the regeneration process.11 In fact, Cu has gained 

attention in bone regeneration due to its broad application regulating many processes involved 

in angiogenesis, osteogenesis, and bone fracture healing, also avoiding infections.12,13 In vivo 

studies have shown that bone substitutes doped with Cu present a higher capacity to stimulate 

bone regeneration and angiogenesis compared to Cu-free ones, as confirmed with increased 

bone formation and mineralized tissue, and higher new bone volume/total volume.14 

Moreover, incorporating Cu in TiAlV metallic mesh used for GBR significantly inhibited the 

inflammatory response of non-osteoporotic and osteoporotic bone-related cells.5 In addition to 

the potential to regenerate lost bone, the incorporation of Cu can be crucial in clinical 

applications due to its excellent antibacterial efficacy,13 since the oral cavity is an area with an 

abundant presence of bacteria that can increase the risk of infections (e.g. osteomyelitis) and 

might ultimately impair bone regeneration and lead to implant failure.5 

To approach the desired biological behavior and reduce dosage-dependent toxicity, the 

technique used to fabricate the GBR membranes needs to be sufficiently versatile to allow the 

incorporation and sustained release of ions at desired dosages over time.11 Electrospinning is a 

robust, simple technology developed to generate micro- and nanofibers using polymeric 

solutions or melt polymers.11,15–17 The nanofibers produced by electrospinning have been 

applied as a drug delivery system, wound dressing materials, and regenerative medicine 

scaffolds.16,18 They have different porosity, topography, and surface area, being densely 

packed through a sheet-like assembly that may promote cell spreading but prevent cell 

infiltration into the wound.19 Interestingly, fiber functionalization can be achieved via 

supplementation of metallic ions to the polymer solution, enabling their subsequent release.20–

22 In this context, a silk-based solution has been widely used due to its excellent biological 
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properties as a GBR membrane, supporting osteogenic cell differentiation and proliferation, 

besides being stably doped with antimicrobial agents.23 

Recently, the main research focus of biomedical studies using electrospinning techniques is 

spotlighted on developing bone tissue scaffolds, grafting, and wound dressing.24–30 However, 

more efforts should be dedicated to creating functional membranes for GBR that could assist 

in recruiting and activating endogenous stem cells and support, guide, and stimulate tissue 

regeneration.18 Furthermore, the development of functional GBR membranes that could assist 

in recruiting endogenous stem cells to support bone regeneration and minimize bacteria 

colonization could overcome the challenges faced in implant rehabilitations, also accelerating 

the rehabilitation process.19,31 Consequently, we here tailored a resorbable Cu2+-loaded 

electrospun membranes for GBR, targeting the stimulation of regenerative and angiogenic 

cells active in bone formation and the prevention of bacterial infections. 

 

2. EXPERIMENTAL SECTION 

2.1. Electrospinning solutions preparation 

A silk fibroin-based solution was used for the electrospun membranes. Silk fibroin was 

extracted as previously reported.32,33 Briefly, the bombyx mori cocoons were boiled in 0.02 M 

of sodium carbonate (Na2CO3; 99.5% purity; Acros Organics, Belgium) solution for 30 min, 

followed by washing in distilled water 3 times. Then, degummed fibers were dissolved in a 

solution containing 9.3 M of lithium bromide (LiBr; 99.0% purity; Acros Organics) at 60 °C 

for 4 h and dialyzed against distilled water. After dialysis, silk fibroin solution was 

centrifuged twice at 5000 rpm and adjusted to a concentration of ~7% (w/v), determined by 

the wet weight methodology. 

The solution prepared from 7% silk and 7% polyethylene oxide (PEO; Mv: ~900,000) in a 

ratio of 4:1 was used as control (Silk:PEO). For experimental groups, a 7% PEO solution 
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containing CuO (PEO/CuO) was prepared by adding copper oxide (99.9% purity; Sigma 

Aldrich, The Netherlands) to distilled water and dispersing it under refrigerated condition for 

5 min at 50 Hz and 50% amplitude using a UP50H Compact ultrasonic lab homogenizer (50 

W, Hielscher-Ultrasound Technology, Germany) before adding PEO powder. Then, 7% silk 

solution was mixed with PEO/CuO (Silk:PEO = 4:1) and stirred to obtain a final Cu 

concentration (w/w) into solution of 0.05% (CuO 0.05%), 0.1% (CuO 0.1%), 0.5% (CuO 

0.5%),  and 1% (CuO 1%). 

  

2.2. Membrane generation 

Silk/PEO or Silk/PEO/CuO solutions were electrospun to form nanofiber membranes using 

electrospinning equipment (Fuence Esprayer ES-2000S, Japan).33 All parameters were 

optimized and settled to achieve stable and reproducible spinning: flow rate (20 µL/min), 

applied voltage (22 kV), and the distance between the tip (21 G) of the syringe and the 

grounded collector (20 cm). Aluminum foil was used to collect the fibers. Membranes were 

first water-annealed in a vacuum desiccator to ensure the nanofibrous membranes' mechanical 

and chemical stability. A sheet-like material was obtained after detaching it from the 

aluminum foil. Samples of 0.1 ± 0.01 mm of thickness were cut off into discs using a punch 

of ∅12 mm or ∅6 mm diameter. Samples were sterilized under UV-C light irradiation for 1 h 

on each side before further testing. 

 

2.3. Morphological and chemical characterization of membranes 

Samples were sputtered coated with chromium (~10 nm in thickness) and observed by 

scanning electron microscopy (SEM; ZEISS Sigma 300, Carl Zeiss Microscopy GmbH, 

Germany). SEM images were acquired from five random regions and then analyzed by 

ImageJ 1.53e software (NIH, USA) to measure fibers diameter and pore area of membranes. 
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Pore surface coverage was calculated by dividing the total pore area by the total area of the 

image dimension. The membranes' chemical composition was determined by energy-

dispersive X-ray (EDX; Bruker, Germany) and X-ray diffraction (XRD; X'pert3 powder; 

PANalytical, The Netherlands). Cu concentration in membranes was measured by digesting 

the membranes using 45% nitric acid (HNO3) for which samples (n = 3) were placed in 

hermetically closed glass tubes with 10 mL of HNO3 and kept under continuous stirring until 

complete digestion. The concentration of Cu was measured from diluted aliquots by 

inductively coupled plasma optical emission spectrometry (ICP-OES; iCAP 6000, Thermo 

Fischer Scientific Inc., USA).34 

 

2.4. Copper release kinetics of membranes 

Cu2+ ion release (n = 3) was evaluated in minimum essential medium eagle – alpha 

modification (Alpha MEM; Gibco™, Life Technologies, The Netherlands) at two pHs: ~8.0 

and ~4.0. The acidic pH was adjusted using a sterile-filtered hydrochloric acid solution. 

Samples were kept in tubes with 3 mL of medium and incubated under agitation (90 rpm) at 

37°C. Samples were transferred to a fresh solution at every sampling time point (4 h, 1 day, 2 

days, 4 days, and 7 days). Nitric acid 65% Suprapur® (Sigma Aldrich) was used to dilute 

samples before being analyzed using inductively coupled plasma mass spectroscopy (ICP-

MS; X series I, Thermo Fischer Scientific Inc.).34 

 

2.5. Mechanical characterization 

Mechanical properties of dry and wet electrospun membranes (n = 5) were evaluated using 

a Universal Testing Machine (LS5, AMETEK Lloyd Instruments Ltd., UK) following the 

ASTM D-882 protocol. Dumbbell-shaped samples (Figure S1) with a gauge length of 20 mm 

and cross-sectional areas of approximately 0.1 mm × 4 mm (thickness × width) were punched 
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from the membranes.35 Specimens (n = 6) in the wet state were obtained by reaching full 

hydration with 50 μL of distilled water before the test. A 100 N load cell was employed with a 

crosshead speed of 2 mm/min and 10 mm/min for the dried and wetted samples, respectively. 

Young's modulus, tensile strength, and percentage elongation at break were obtained from the 

corresponding stress/strain data. 

 

2.6. Microbiological assay 

Initially, the antibacterial action of membranes was assessed by a direct contact test with the 

Staphylococcus aureus strain (ATCC® 25923™). Bacteria were grown overnight under 10% 

CO2 and 37 °C in Mueller Hinton broth (Kasvi, Brazil). Then, 1 mL from the suspension was 

transferred to a new tube containing 9 mL of fresh medium and incubated for 4 h (exponential 

growth phase) in the same conditions. The bacterial inoculum was adjusted to a final 

concentration of 107 colony-forming units (CFU) per mL (OD630nm = 0.15) using a 96-well 

plate spectrophotometer. Next, S. aureus suspension was added to the electrospun membranes 

(3 experiments, n = 3/experiment) to form a biofilm. After 24 h of incubation, membranes 

were washed twice in sterile saline solution (0.9% NaCl) to remove non-adherent bacteria and 

transferred to cryogenic tubes containing 2 mL of 0.9% NaCl. The solution was vortexed for 1 

min to disaggregate bacteria, followed by serial dilution and plating in Mueller Hinton agar. 

Plates were incubated in an atmosphere of 10% CO2 at 37 °C for 24 h, and CFUs were 

counted. After biofilm formation, additional membranes (n = 2) from each group were 

washed twice and fixed with Karnovsky solution for 1 h and serially dehydrated with ethanol 

washes: 50%, 60%, 70%, 80%, 90% for 5 min each, and two washes in 100% solution during 

10 min. Then, the membranes were air-dried and gold-sputtered to be evaluated by SEM 

(JEOL JSM-6010LA, USA). 
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2.7. Biological assessments 

2.7.1. Direct cell biocompatibility 

Membrane biocompatibility was assessed by culturing primary human bone mesenchymal 

stem cells (hBMSCs) isolated and cultured from bone fragments according to an approved 

ethical protocol (CMO Radboudumc; dossier# 2017‐3252). Cells were cultured in minimum 

essential medium eagle – alpha modification (Alpha MEM; Gibco™, Life Technologies, The 

Netherlands) supplemented with 10% fetal bovine serum (FBS; Gibco™) and 1% 

penicillin/streptomycin (Gibco™). In addition, primary human umbilical vein endothelial cells 

(HUVECs-2; Becton Dickinson Biosciences, The Netherlands) were used for biological 

assessment. HUVECs were cultured in medium 200 (Gibco™) supplemented with 1% 

penicillin/streptomycin and a low serum growth supplement (LSGS; Gibco™). Cells were kept 

in a humidified incubator at 37 °C and 5% CO2 atmosphere.34 

Sterilized samples (∅6mm) were seeded at the density of 2 × 104 cells/well for hBMSCs. 

Before seeding HUVECs cells (4 × 104 cells/well), samples were incubated with 50 µL of 

FBS for 1 h. Cell metabolic activity (n = 3) was evaluated using the cell counting kit 8 (CCK-

8; Abcam plc, China) after 1, 4, and 7 days according to the manufacturer's protocol. The 

cellular DNA content was quantified (n = 4) in cell lysates by QuantiFluor® dsDNA System 

(Promega Benelux BV, USA) after 4 and 7 days. Cell lysates were prepared by transferring 

samples to tubes with demineralized water to be ultrasonicated for 10 min. Three freeze-thaw 

cycles (-20°C) were performed to disrupt cells before performing the analysis following the 

manufacturer's instructions. Cell morphology and adhesion onto membranes were verified by 

SEM (ZEISS Sigma 300, Carl Zeiss Microscopy GmbH, Germany) imaging after 1, 4, and 7 

days. Cells were fixed with 4% formaldehyde, dehydrated using a graded series of ethanol, 

covered with tetramethylsilane (TMS; Sigma-Aldrich, USA), and sputter-coated before 

observation by SEM.4 
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2.7.2. Indirect cell biocompatibility 

For indirect cytotoxicity testing, samples were immersed in the culture medium 

supplemented as previously described for each cell type, and solutions were collected and 

replaced with fresh medium on days 1, 4, and 7. Cells were seeded in 96-well plates as 

mentioned above and then incubated for 24 h. Subsequently, the culture medium was replaced 

by 200 μL per well of extract medium from each time point. The medium that was incubated 

without samples and wells treated with methanol for 30 min was used as positive treatment 

control and negative treatment control, respectively. Cell metabolic activity was verified by 

CCK-8 assay (n = 3) after 1, 4, and 7 days. Indirect cell viability of hBMSCs and HUVECs 

after 1 day in contact with extract medium from day 1 was observed using the LIVE/DEAD™ 

Cell Imaging Kit (Invitrogen™, Life Technologies) following the manufacturer's instructions. 

Four images from each well were acquired using a fluorescence microscope (Zeiss 

AxioImager Z.1, Carl Zeiss Microscopy GmbH, Germany). Live and dead cells were counted 

using ImageJ software.34 

 

2.7.3. HUVEC tube formation assay 

In vitro angiogenesis was tested by HUVECs tube formation assay according to the 

manufacturer’s instructions. Priorly, sterilized samples were immersed for 24 h in medium 

200 supplemented as stated before. Positive control (C+) was tested with medium incubated 

without samples. Geltrex™ (Gibco™) was thawed out at 4 °C, then added 250 uL of gel 

solution to prechilled culture chambers. After incubation for 1 h, HUVECs were seeded at 

4x104 cells/chamber and left to adhere for 3 h. Then, the culture medium was removed and 

replaced by the extracted medium. After another 18 h of incubation, samples were stained 

with Calcein AM (Invitrogen™) for 30 min and evaluated using a fluorescence microscope 
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(Zeiss AxioImager Z1, Carl Zeiss Inc., Germany).36 ImageJ was used to measure tube length 

and dots from five random images. 

 

2.8. Statistical analysis 

The Shapiro-Wilk test was used to verify the normality of all dependent variables and the 

one-way ANOVA was used to analyze the statistically significant differences among the 

groups. Tukey’s Honestly Significant Difference (HSD) test was used for post-hoc 

comparisons. A significance level of 5% was considered. Tests were performed using IBM 

SPSS Statistics for Windows (IBM SPSS Statistics for Windows, v.21.0., IBM Corp.; USA), 

and final graphs were prepared with GraphPad Prism version 8.0.0 for Windows (GraphPad 

Software). 

 

3. RESULTS AND DISCUSSION 

The electrospinning technique is a straightforward and effective strategy for developing a 

delivery system of functional elements in biological tissues. Herein, electrospun fibers were 

fabricated and functionalized with Cu2+ ion in a facile manner to achieve release for active 

participation in biological events involved in bone formation and prevent bacterial infections. 

Our findings clearly demonstrate that incorporating Cu2+ ion into GBR membranes is feasible 

in a facile manner and that fabricated membranes have beneficial effects on bone forming and 

angiogenic cells, as well as anti-bacterial effects on one of the most prominent pathogenic 

bacteria (S. aureus). 

 

3.1. Higher concentrations of CuO lead to greater pore areas of GBR membranes 

Adequate tissue integration and osteopromotive capacities are intimately related to GBR 

membranes features, such as surface topography, adequate porosity, relative occlusiveness, 
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sufficient stiffness, and chemical composition.37 Herein, uniform and homogenous 

electrospun membranes were successfully fabricated, showing a network of nanofibers 

comprising increased amounts of CuO particles depending on the CuO concentration used in 

the solution (Figure 1). The different amounts of CuO changed the membrane color from off-

white to shades of gray (Figure 1a and S1). CuO nanoparticles formed clusters that increased 

in number with higher concentrations of CuO in the solution (Figure 1b). In general, 

membranes were defect-free, but the aggregation of nanoparticles in the solution of CuO 1% 

led to some morphological changes38 such as the rupture of the nanofiber (Figure S2). Higher 

concentrations of CuO led to a membrane with greater pore area (Figure 1b) and higher pore 

surface coverage (Figure 1c), as well as thinner fiber diameter (Figure 1d). This is a result of 

an increase in solution conductivity by Cu addition that accelerates the liquid jet towards the 

collector reducing fiber diameter in the electrospinning process.39 The porosity of membranes 

for bone regeneration needs to be sufficient to facilitate nutrient uptake and oxygen diffusion 

for the wound, which is suitable for the regenerative process, but also capable of limiting the 

invasion of gingival epithelium and connective tissue cells into the wound that can impair the 

formation of new bone tissue.19,40 Even though our results indicate an increase in pore size for 

higher Cu concentrations (i.e., CuO 1% and CuO 0.5%), values were lower than 8 µm and for 

most pores lower than 3 µm. Besides that,  the assembly of multiple layers of nanofibers one 

on top of each other, densely packed, creates a membrane with an adequate cell-occlusive 

property (barrier effect) that also could avoid migration of bacteria into, or through, the 

membrane structure.41,42 
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Figure 1. Morphological features of Cu2+-loaded membranes: a) photography of membranes, 

b) SEM micrographs (top), pore area distribution (bottom), c) percentage of the area covered 

by pores, and d) fiber diameter. Yellow arrows indicate CuO nanoparticles clusters. 

Statistically significant differences between groups (n=5) are indicated by symbols: #p < 0.01, 

§p < 0.001. 

 

3.2. Acidic environment accelerates and increases the release of Cu2+ ion from GBR 

membranes 

It is worth noting that only aqueous solvents and bioresorbable materials were used to avoid 

toxicity and form an environmentally friendly membrane that follows the concept of green 
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electrospinning.43,44 To verify the incorporation of CuO into membranes, samples were 

investigated by EDX (Figure 2a) and XRD (Figure 2b). Cu was detected in the membranes 

following the expected at.% concentration and proportionally to CuO amounts (wt. %) in 

solutions (Table S1). Higher diffraction peaks (2θ = ≈35° and ≈38°) corresponding to (002) 

and (111) crystal planes of the CuO phase (JCPDS, No. 48-1548) are shown as the 

concentration of CuO nanoparticles increases in the membrane. Peaks corresponding to silk 

(2θ = ≈19° and ≈23°) did not change significantly with the increase of Cu into nanofibers. 

Cu2+ ion was released in culture media with two different pHs (Figure 2c), and the total 

amount of Cu in membranes (Figure 2d) was investigated by the ICP technique. In an alkaline 

environment, Cu2+ ion was released for up to 7 days showing a sustained release profile, 

which is instrumental for a prolonged Cu effect within the bone defect. Only ≈5% of Cu was 

released from CuO 1% and CuO 0.5%, while ≈8% and ≈12% of Cu incorporated into 

membranes were released from CuO 0.1% and CuO 0.05%, respectively (Figure S3). On the 

other hand, CuO was released from membranes much faster and completely within 4 days in 

an acidic environment. This phenomenon may be a consequence of the fast dissolution of 

PEO from the membrane fibers at a pH of 4 compared to a pH of 8, which accelerates the 

exposure of CuO nanoparticles to the medium. A more substantial release of Cu in acidic 

environments can be interesting to overcome the start of acute infections, in which pH 

decreases may occur due to lactic acid production and oxygen in the wound 45, leaching a 

higher concentration of Cu to kill pathogenic bacteria. 
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Figure 2. Chemical composition of Cu2+-loaded membranes: a) EDX; b) XRD spectra; c) 

cumulative Cu2+ ion release profile (n = 3) in alkaline and acidic conditions; d) relation 

between Cu2+ total content in membranes and Cu2+ ion release. 
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3.3. Cu2+-loaded GBR membranes demonstrate appropriate mechanical behavior 

GBR membranes are responsible for providing timely mechanical support at the implant 

site until the new bone is able to withstand mechanical load.46 Membranes were evaluated by 

mechanical tests to investigate if Cu incorporation into Silk:PEO membranes affect their 

integrity. Our data showed that Cu incorporation does not change tensile strength and total 

elongation in a dry condition, but low concentrations of incorporated Cu enhanced Young’s 

modulus (Figure 3). Generally, incorporating nanoparticles into polymeric nanofiber 

membranes increased their stiffness by a reinforcing effect.10 However, increasing Cu 

concentrations led to observable defects in the nanofibers that may affect the mechanical 

reinforcement for the CuO 1% and CuO 0.5% groups. Under wet conditions, lower tensile 

strength and total elongation were observed for membranes with low Cu content. It is possible 

that the swelling evoked by the water, facilitated the leaching of small amounts of Cu from 

the fibers for these groups, losing their strength. The effect of water in the structure of silk: 

PEO nanofibers33 and collagen membranes 47 has been studied before, showing a similar trend 

as observed here. While the tensile strength is higher for membranes in a dry state, the 

elongation at break showed greater values for the wet state membranes, indicating a strong 

ductile behavior of the membranes in humid environments.33,47 Although Cu2+-loaded 

membranes displayed slight changes among the groups in terms of fiber diameter, integrity, 

and porosity, CuO incorporation did not considerably impair the resistance and elasticity of 

the membranes. In fact, all groups showed mechanical behavior similar to commercially 

available GBR collagen membranes.47,48 While Cu2+-loaded membranes showed resistance to 

break closer to the Bio-Gide® (4.8 MPa), their Young’s modulus and elongation were higher 

than other two collagen membranes (158.5 – 178.9 MPa; 16.9 – 22.1 %, respectively),48 

demonstrating that despite being stiff their fibers are flexible and exhibit stretching ability. 

Therefore, the silk-based electrospun membranes apparently have appropriate mechanical 
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properties required to handle and adapt the membrane within a bone defect. It could be 

applied clinically for space maintenance, also bearing the forces submitted onto the 

membranes after being placed in position. 

 

 

Figure 3. Mechanical properties of Cu2+-loaded membranes in dry and wet conditions: a) 

tensile strength, b) Young’s modulus, and c) percentage of total elongation at break obtained 

from a universal tensile strength testing machine. Statistically significant differences between 

groups are indicated by symbols: *p < 0.05, #p < 0.01, §p < 0.001. 

 

3.4. The antibacterial activity of the GBR membranes is Cu-concentration dependent 

The antibacterial effect of the Cu2+-loaded GBR membranes was tested against S. aureus 

biofilm grown for 24 h. S. aureus is one of the dominant bacteria in bone infections, causing 

the majority of osteomyelitis cases by the colonization of the bone and expression of a vast 

array of virulence factors.49 Once the biofilm is formed, it facilitates the persistence of the 

infection, delaying the wound healing by inducing inflammatory cell recruitment, decreasing 

osteoblast activity, increasing osteoclastogenesis, and causing osteoblast death, which impairs 

osteoblast/osteoclast balance necessary for proper bone formation.50 

Herein, a less dense S. aureus biofilm was observed for Cu2+-loaded membranes with 

increasing amounts of incorporated CuO (Figure 4a). The CFU counts showed a Cu-

concentration-dependent antibacterial effect (Figure 4b). The highest concentration of Cu was 
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able to reduce ~1.5 logs of CFU (p < 0.05), but the lowest CuO amount (i.e. 0.05%) did not 

show a significant reduction in biofilm formation compared to Cu-free control membranes. 

These results might be related to the amount of Cu2+ ion released from the membranes, which 

either demonstrates bacterial toxicity or prevents bacterial adhesion and proliferation, mainly 

by three mechanisms of action: i) electrostatic attraction between S. aureus negatively 

charged cell surface and the positively charged ion (Cu2+) that attaches or enters into bacteria, 

resulting in cell membrane disruption and loss of cytoplasmic content;51,52 ii) production of 

reactive oxygen species (ROS) that lead to apoptosis via damage to lipids, proteins, 

membrane, and DNA;51 and iii) impairment of the respiratory chain activity and the gene 

replication process of the bacteria.53 

The microbiological assay used in this study only evaluated a single-species microbial 

biofilm (24 h) for screening purposes. Future research could contemplate more complex 

biofilm (e.g., polymicrobial and long-term results), co-culture and in vivo models to validate 

these findings. Since implant-related infections of bone tissue are extremely challenging to 

treat, avoiding bacterial infection from occurring or acting in the primary stage of bacterial 

infection is key to the treatment.54 As such, the reduction of bacteria load found herein by the 

sustained release of Cu can favor the host response to inhibit the progression of the bacterial 

infection when the immune system is still strong and bacterial levels are relatively low. In this 

way, it would be possible to prevent the start or progression of the bone infection from an 

acute to a chronic stage, when a continuous inflammatory process and spreading of bacteria 

generates the destruction of bone tissues.54  
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Figure 4. Antibacterial effect of Cu2+-loaded membranes: a) representative SEM micrographs 

and b) CFU counts after 24 h of S. aureus biofilm formation (n = 9). Statistically significant 

differences between groups are indicated by symbols: §p < 0.001. 

 

3.5. CuO 0.1% and 0.05% stimulate the behavior of bone and angiogenic cells 

Membrane biocompatibility (Figure 5) was evaluated by culturing two types of primary 

human cells (hBMSCs and HUVECs) related to the regenerative and wound healing 

processes. A higher number of cells, i.e. greater DNA content, was observed for membranes 

with low concentrations of Cu. In fact, CuO 0.05% presented higher DNA content than 

Silk:PEO after 7 days (p < 0.01; Figure 5a,c). In fact, Cu2+-loaded membranes with 0.1 and 

0.05% of CuO showed the highest increase in the amount of DNA from day 1, indicating 

these membranes stimulate cell proliferation. The specific role of Cu2+ ion in cell behavior is 

unclear, but these ions seem to improve the adhesion of cells to the fiber surface of the 

membranes, which corresponds to the first step in bone formation.51 While MSCs can migrate 

to defect sites with a high affinity to differentiate into an osteoblastic lineage, increasing 
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osteogenesis,55,56 the endothelial cells are known to form new blood vessel networks,57 

facilitating bone growth. SEM images confirm that CuO 0.1% and 0.05% supported cell 

adhesion and spreading, displaying cells that almost fully covered membrane surfaces within 

7 days of culture. In addition, by culturing the cells on the membrane surface, it was possible 

to confirm that they did not grow into the membrane, demonstrating an occlusive effect. On 

the other hand, CuO 1% and 0.5% groups were cytotoxic for hBMSCs and HUVECs, which 

can be confirmed by the round-shaped cells observed on SEM micrographs (Figure S4). Even 

though hardly any cells were found for CuO 1% and 0.5% membranes, it was possible to 

detect cell DNA content for these groups at all time points, possibly due to cells trapped 

within the nanofibers network after washing. 
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Figure 5. Effect of Cu2+-loaded membranes in the direct cell cultures. DNA content (n = 4) 

and SEM micrographs of hBMSC (a, b) and HUVEC (c, d). Cells adhered to membranes after 

1, 4, and 7 d. Statistically significant differences between groups are indicated by symbols: *p 

< 0.05, #p < 0.01, §p < 0.001. 

 

In Figure 6, the results from the indirect culture experiments tested with the extract medium 

containing Cu released after 1, 4, and 7 days of incubation are presented. Cu2+ ion released 

from membranes affected cell metabolic activity measured by CCK-8 assay, especially for 

membranes with higher concentrations of CuO that diminished cell function (Figure 6a). For 

hBMSCs, Cu2+ ion released from both CuO 0.05 and 0.1% did not change the cell metabolic 

activity, also presenting practically only live cells in the live/dead experiment (Figure 6b). For 

HUVEC cells, a more sensitive response to Cu2+ ion release was observed. The extract 

medium collected from CuO 0.1% and 0.05% after 1 day of immersion improved HUVECs 

metabolic activity compared to Silk:PEO, but media from CuO 1% and 0.5% membranes 

inhibited cell metabolic activity. Although the amount of Cu2+ ion released from the CuO 

0.5% membrane showed a cytotoxic effect, cells showed adequate metabolic activity when 

cultured with the extracted media from days 4 and 7. In fact, the amount of Cu2+ ion released 

within the first day was crucial for compatibility with the tissues. Therefore, controlling the 

Cu release (concentration and kinetics) from the nanofibers might be an attractive approach to 

enhance the biological capability of membranes for bone tissue engineering.58 

When testing the in vitro angiogenic effects, endothelial cells assemble into a vascular 

labyrinth (e.g., vasculogenesis) with subsequent sprouting that ensures expansion of the 

vascular network, known as angiogenesis.59 Herein, the extract medium from day 1 was used 

to culture HUVEC cells on a reduced growth factor basement membrane matrix. CuO 0.1% 

and 0.05% extracted mediums supported and stimulated angiogenesis, presenting greater tube 
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length vs. Silk:PEO, demonstrating that Cu has a clear role in forming blood vessels 

underlying the membrane. Angiogenesis influences cell growth and differentiation by 

delivering all the essential elements (vascular growth, oxygen, nutrients, cytokines, and 

several types of cells) needed for osteoblast maturation to form new bone.51,57 Cu2+ ion seem 

to bind to and interact with several growth factors, proteins, and enzymes involved in blood 

vessel formation (i.e. VEGF, angiogenin, and matrix metalloproteinases), modulating and 

coordinating their expression and activity to stimulate the angiogenesis, and hence bone 

remodeling.51 

 

Figure 6. Effect of Cu2+-loaded membranes on the indirect culture of hBMSC and HUVEC: 

a) hBMSC metabolic activity (%) evaluated by CCK- 8 assay after culturing with extract 
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medium from 1, 4, and 7 d (n = 3) and b) live/dead analysis after culture with extract medium 

from day 1 (green for live cells, red for dead cells); c) HUVEC metabolic activity after culture 

with extract medium from 1, 4, and 7 d  (n = 3) and (d) fluorescence images of tube formation 

assay and e) tube length after 18 h of contact with extract medium from day 1. Statistically 

significant differences between groups are indicated by symbols: #p < 0.01, §p < 0.001. 

 

3.6. Clinical relevance and future perspectives 

Our results demonstrate, for the first time, the advantage of loading Cu nanoparticles in a 

silk-based nanofibrous membrane fabricated by electrospinning technique to launch new 

possibilities for regenerative treatments. Figure 7 summarizes the biological effects of the 

tailored Cu2+-loaded membranes. Here, we show that using a facile approach to fabricate 

Cu2+-loaded GBR membranes with tailorable Cu concentration, such GBR membranes 

improve the regeneration process by supporting the adhesion and proliferation of cells directly 

and stimulating angiogenesis indirectly, all very important for the formation of blood vessels, 

bone growth, and hence regeneration of a bone defect. Still, further investigations in 

comparison to the commercially available materials (gold standards) are necessary to examine 

their efficacy, advantages, and limitations. Additionally, future studies could address 

biomolecular mechanisms underlying the effects of Cu on cell responses and evaluate in vivo 

efficacy of Cu2+-loaded GBR membranes. 
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Figure 7. Schematic representation of Cu2+-loaded GBR membrane and its biological effects. 

 

Additionally, these membranes may be a valuable strategy to diminish the risk of infection 

by a direct killing contact and indirect action of Cu released into the environment. Infections 

in bone sites are challenging to treat because of their deep localization in the tissue, bacteria 

immune cell evasion, and protection from antibiotic treatments.49,51,60 Although the 

membranes developed here did not eliminate bacteria completely, they reduced the microbial 

load, facilitating the immune system to fight against bacterial infection. Even though this 

membrane was developed to be applied for GBR in dental applications, our results also 

translate toward other rehabilitative procedures in e.g. the orthopedic area. Additionally, GBR 

membranes can be combined with additional therapeutic approaches, such as bone grafting, 
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aiming to mitigate or compensate the impact of bone defects, leading to new paths for bone 

tissue regeneration strategies.46  

 

4. CONCLUSIONS 

We here successfully synthetized Cu2+-loaded GBR membranes using the electrospinning 

technique with different Cu concentrations (0.01 – 1 wt.%). Although, the functional Cu2+-

loaded GBR membranes with tailorable Cu-amounts exhibited slight antibacterial capacity in 

the non-cytotoxic concentrations, these results are very encouraging, considering the 

importance of appropriate mechanical properties, cell adhesion stimulation and proliferation, 

and angiogenic responses. Consequently, fine-tuning the Cu concentration in fibers may be a 

valuable strategy to diminish the risk of infections and improve the bone regeneration process 

in bone defects underneath a GBR membrane, and hence accelerate the rehabilitative 

treatment providing long-term success. 
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Supplementary material 

 

Figure S1. Dumbbell-shaped samples from membranes used for the mechanical characterization. 

 

 

Figure S2. Scanning electron micrographs of Silk:PEO and CuO 1.0% electrospun membranes (10.000 

×). 

 

Table S1. Atomic concentration (at. %) and weight concentration (wt. %) of Cu determined by 

energy-dispersive X-ray. 

 CuO 0.05% CuO 0.1% CuO 0.5% CuO 1% 

at. % 0.05 (0.01) 0.09 (0.01) 0.51 (0.02) 1.02 (0.04) 

wt. % 4.65 (0.18) 2.57 (0.33) 0.43 (0.06) 0.24 (0,05) 

 



 
 

 

84 

 

Figure S3. Cumulative Cu2+ ion release in alkaline and acidic pH over 7 days expressed in percentage 

to the total Cu2+ concentration in the membranes. Data are expressed as mean ±standard deviation. 

 

 

Figure S4. SEM images (n = 2) of hBMSC (a) and HUVEC (b) adhesion to membranes after 1d (1.000 

×). 
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3 DISCUSSÃO 

  

Biomateriais funcionais tem sido cada vez mais adotados como uma solução 

terapêutica inovadora, uma vez que estes materiais são versáteis e podem ser adaptados para 

aplicações específicas, como a distribuição farmacêutica direcionada, “scaffolds” para 

regeneração musculoesquelética, cardiovascular e nervosa, ou ainda podem ser empregados 

como substratos biodegradáveis para a atenuação das respostas do tecido hospedeiro 

(Castagnola et al., 2021). Segundo Konh (2019), um biomaterial ideal deve satisfazer alguns 

requisitos quando desenvolvidos: (i) biocompatibilidade e capacidade de reduzir respostas 

inflamatórias; (ii) capacidade de guiar a fixação e proliferação de células (condutividade); (iii) 

capacidade de incorporar fatores indutivos para direcionar e aumentar o crescimento de novos 

tecidos (indutividade); (iv) suportar o crescimento vascular para transporte de oxigênio e 

biomoléculas; (v) integridade mecânica para suportar cargas; (vi) taxa de degradação 

controlada, previsível e reproduzível; e (vii) processamento fácil e econômico. Neste trabalho, 

dois biomateriais voltados para a odontologia foram desenvolvidos na tentativa de suprir os 

critérios acima citados. Ambos foram funcionalizados com Cu com o intuito de melhorar as 

respostas biológicas dos implantes dentários e da ROG, bem como garantir uma atividade 

antimicrobiana importante para se evitar infecções relacionadas ao tratamento reabilitador. 

O combate à infecção, inflamação e perda óssea requer uma solução 

multifuncional por meio do desenvolvimento de biomateriais quem não apenas combatem a 

inflamação, mas também catalisem a formação óssea (Kohn, 2019). A obtenção de um 

biomaterial que tenha requisitos biológicos opostos, como ser antimicrobiano versus 

promover a proliferação e diferenciação celular é um dos maiores desafios da atualidade. 

Neste trabalho, estas propriedades combinadas foram obtidas pelo uso do Cu, um 

oligoelemento requerido para a saúde do corpo humano que não só possui atividade 

antimicrobiana de amplo espectro, mas que também tem demonstrado propriedades de 

estimulação angiogênica e osteogênica favoráveis quando incorporado a um biomaterial 

(Jacobs et al., 2020; Jin et al., 2016; Vincent et al., 2016; Wang et al., 2021).  

O Cu incorporado aos biomateriais e liberado para o ambiente foi responsável por 

reduzir a formação de biofilme de duas espécies bacterianas, Streptococcus sanguinis e 

Staphylococcus aureus, no revestimento para implante dentário e na membrana para ROG, 

respectivamente. No primeiro caso, o efeito antimicrobiano é importante para prevenir o 

desenvolvimento de possíveis doenças peri-implantares nos estágios iniciais da 
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osseointegração em decorrência da formação de biofilme, o que pode ameaçar a durabilidade 

a longo prazo dos implantes devido uma  inflamação grave que está frequentemente associada 

à perda óssea e, eventualmente, falhas terapêuticas (Huang et al., 2020). Já na ROG, a redução 

da carga bacteriana é crucial para a diminuição do risco de infecções ósseas, como a 

osteomielite, que podem impedir o processo regenerativo sob a membrana (Wen et al., 2020). 

Um fator crítico no desenvolvimento dos biomateriais antimicrobianos contendo 

Cu é o seu potencial citotóxico. Em ambos os estudos, foi possível observar que a resposta 

celular e antimicrobiana é dependente da quantidade de Cu incorporado ao material. Enquanto 

concentrações mais altas de Cu aumentaram o efeito bactericida e diminuíram a atividade 

celular, concentrações mais baixas reduziram o efeito inibitório na formação de biofilme, mas 

foram mais propensas a suportar e promover a fixação e proliferação de células ósseas e 

endoteliais. De uma forma geral, o Cu gera uma toxicidade distinta em células diferentes, 

havendo também uma concentração mínima para exibir atividade antibacteriana (Li et al., 

2019).  Isto foi verificado principalmente com as membranas para ROG, em que foi avaliado 

o efeito dose-resposta do Cu. 

No que diz respeito às reabilitações com implantes dentários, a sua integração ao 

osso a longo prazo é um objetivo fundamental na implantodontia. Desta forma, o uso de 

tratamentos de superfície para se obter maiores taxas de sucesso e sobrevivência tem sido uma 

abordagem frequentemente utilizada. Especificamente, superfícies com propriedades 

antimicrobianas, com a capacidade de matar as bactérias planctônicas e inibir diretamente a 

adesão e agregação bacteriana, são idealizadas para superar os problemas relacionados ao 

biofilme, que podem prejudicar o processo de osseointegração, (Huang et al., 2020). 

Idealmente, além da capacidade antibacteriana, os revestimentos devem apresentar boa 

biocompatibilidade. Neste estudo, a avaliação e definição de uma fonte adequada de Cu para a 

biofuncionalização do Ti mostrou ser crucial para se obter as melhores respostas biológicas: 

maior atividade antibacteriana e estimulação da proliferação celular. 

Com relação às membranas utilizadas na ROG, os biomateriais desenvolvidos 

com este intuito além de serem biocompatíveis, devem cumprir alguns requisitos específicos: 

apresentar fácil manuseio e flexibilidade adequada para se adaptar e cobrir de forma ideal um 

defeito do tecido ósseo, serem resistentes para a manutenção de espaço durante a cicatrização, 

além de oferecerem função oclusiva e fácil bioativação (Aprile et al., 2020; He et al., 2017). 

De uma forma geral, as membranas criadas por meio da associação de uma solução de 

fibroína de seda com o óxido de polietileno tem preenchido estas características ideias para 

aplicação na ROG (Serôdio et al., 2019; Zheng et al., 2019). Mesmo assim, este estudo propôs 
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o aprimoramento destas membranas pela incorporação direta do Cu como um composto ativo 

afim de melhorar os resultados clínicos. De uma forma geral, a membrana funcionalizada com 

Cu manteve as propriedades mecânicas necessárias para sua aplicação clínica, mas também 

mostrou funções antimicrobianas e angiogênicas decisivas para os processos regenerativos. 

O impacto deste trabalho é maior do que o desenvolvimento e aplicação específica 

de biomateriais odontológicos antimicrobianos que podem proporcionar o sucesso do 

tratamento a longo prazo e qualidade de vida ao paciente. Os resultados apresentados podem 

ainda ser aproveitados para difundir o Cu como um funcionalizador eficiente, bem como as 

técnicas por PEO e eletrofiação como alternativas no desenvolvimento de novas estratégias de 

tratamento com implantes dentários em defeitos ósseos. Estudos in vitro, como os 

apresentados aqui, são indispensáveis para compreender as propriedades dos materiais 

experimentais e verificar se estes alcançaram os requisitos mínimos para a sua aplicação.  

Estudos in vivo em animais e ensaios clínicos randomizado continuam sendo mandatórios 

para avaliar o potencial e eficcácia do tratamento de superfície para implantes dentários e da 

membrana para ROG. Além disso, estas pesquisas são decisivas para a validação da segurança 

para uso na prática clínica. 
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4 CONCLUSÃO 
 

Os resultados deste trabalho são promissores no que diz respeito ao emprego do 

Cu como um agente de funcionalização para dois biomateriais diferentes, mas com objetivos 

similares: melhorar a integração do implante, a formação de novo osso e a prevenção de 

infecções. 

Os revestimentos depositados em Ti contendo Cu para aplicação como implantes 

dentários foram desenvolvidos por PEO empregando diferentes fontes de Cu, que foram 

capazes de afetar a morfologia e composição dos revestimentos, também influenciando seu 

efeito em células humanas e bactérias. A formação de biofilme nos revestimentos 

experimentais dependeu da concentração de Cu e da rugosidade superficial gerada pelas 

diferentes fontes utilizadas para funcionalizar o Ti. Uma topografia otimizada do revestimento 

produzida com acetado de Cu levou à inibição na formação de biofilme e aumento da resposta 

celular. 

As membranas para ROG contendo Cu em diferentes concentrações foram 

sintetizadas com sucesso pela técnica de eletrofiação. A concentração de Cu foi crucial para 

as respostas biológicas, em que altas concentrações demonstraram melhor atividade 

antimicrobiana, mas baixa citocompatibilidade. As membranas com baixa concentração de Cu 

apresentaram boas propriedades mecânicas, suportando e estimulando a adesão e proliferação 

de células humanas, bem como a angiogênese.  

Ambas as estratégias apresentadas neste trabalho podem ser alternativas valiosas 

para diminuir o risco de infecções e melhorar o processo de osseointegração e regeneração 

tecidual, consequentemente, reduzindo o tempo do tratamento reabilitador com implantes 

dentários. 



_______________________  
* De acordo com as normas da UNICAMP/FOP, baseadas na padronização do International Committee of Medical Journal Editors - 
Vancouver Group. Abreviatura dos periódicos em conformidade com o PubMed. 
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