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Abstract  

The development of alternatives to conventional antibiotics against superbugs represents an important step to avoid 

the increasing resistance of bacteria observed in conventional treatments. Herein, it was evaluated the influence of 

different combinations of two active antibacterial components (chitosan and zinc oxide) and a host poly (vinyl alcohol 

- PVA) in membranes produced by the solvent casting technique. Those systems were evaluated in terms of the 

biofilm inactivation, kill-time assays and inhibition haloes against S. aureus (ATCC 25923) in membranes that must 

release reactive components while preserving their integrity and favoring the generation of reactive species to improve 

the antibacterial activity. The results suggest the potential of the combination of chitosan, zinc oxide and poly (vinyl 

alcohol) to inhibit the growth of S. aureus colonies since the PVA improved the dispersion of the components, 

whereas chitosan-ZnO chelate improves the mutual activity of the metal oxide and the natural polymer template. 

Keywords: Membranes; Biomaterials; Surfaces and interfaces; Blends. 

 

Resumo  

O desenvolvimento de alternativas aos antibióticos convencionais contra superbactérias representa um passo 

importante para evitar o aumento da resistência das bactérias diante dos tratamentos convencionais. Neste trabalho, 

avaliou-se a influência de diferentes combinações de dois componentes antibacterianos ativos (quitosana e óxido de 

zinco) e uma matriz de álcool polivinílico (PVA) em membranas produzidas pela técnica de evaporação de solvente. 

Esses sistemas foram avaliados em termos de inativação do biofilme, ensaios de tempo de morte e halos de inibição 

contra S. aureus (ATCC 25923) em membranas que devem liberar componentes reativos, preservando a integridade 

do material e favorecendo a geração de espécies reativas para melhorar a atividade antibacteriana. Os resultados 

sugerem o potencial da combinação de quitosana, óxido de zinco e álcool polivinílico para inibir o crescimento de S. 

aureus, uma vez que o PVA melhorou a dispersão dos componentes, enquanto o quelato de quitosana-ZnO melhora a 

atividade mútua do óxido metálico e do polímero natural. 

Palavras-chave: Membranas; Biomateriais; Superfícies e interfaces; Misturas. 
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Resumen  

El desarrollo de alternativas a los antibióticos convencionales contra las superbacterias representa un paso importante 

para evitar la creciente resistencia de las bacterias observada en los tratamientos convencionales. En esta invención, se 

evaluó la influencia de diferentes combinaciones de dos componentes antibacterianos activos (quitosano y óxido de 

zinc) y una base de alcohol polivinílico (PVA) en membranas producidas por la técnica de evaporación de disolvente. 

Estos sistemas se evaluaron en términos de inactivación de biopelículas, ensayos de tiempo de muerte y halos de 

inhibición contra S. aureus (ATCC 25923) en membranas que deben liberar componentes reactivos preservando su 

integridad y favoreciendo la generación de especies reactivas para mejorar la actividad antibacteriana. Los resultados 

sugieren el potencial de la combinación de quitosano, óxido de zinc y alcohol polivinílico para inhibir el crecimiento 

de S. aureus, ya que el PVA mejoró la dispersión de los componentes, mientras que el quelato de quitosano-ZnO 

mejora la actividad mutua del óxido metálico y el polímero natural. 

Palabras clave: Membranas; Biomateriales; Superficies e interfaces; Mezclas. 

 

1. Introduction  

The resistance of bacteria against antibiotics has been considered one of the most important challenges to global 

human health (Kadiyala et al., 2018), since it is observed through a diversity of mechanisms, such as the expression under 

degradation, modification, or inactivation of antibiotics (Godoy-Gallardo et al., 2021; Niño-Martínez et al., 2019). Skin and 

soft tissues are the most common parts of the body affected by bacterial infections, which can reach since smallest extent until 

severe conditions (Burnham & Kollef, 2018). Staphylococcus aureus is one of the most common infectious agents (Brandt et 

al., 2018) while biofilms have been considered the most critical source of failure in antibacterial therapy (particularly in skin 

wounds) (Bhattacharya et al., 2015; Wang et al., 2018). 

The use of nanomaterials represents a new and promising strategy for the development of alternative antibacterial 

agents to conventional antibiotics (Djurišić et al., 2015). The bactericidal and bacteriostatic effects of several nanomaterials 

have been reported in the literature, as observed from experimental systems based on Ag2O, CuO, MgO, TiO2 and ZnO 

nanoparticles (Dadi et al., 2019; Dharmaraj et al., 2021; Hajizadeh et al., 2020; Maji et al., 2020). 

The surface and morphology-based properties of these materials affect the reactivity in response to high pores density 

and surface area of materials with the production of reactive oxygen species (ROS), as a result of the partial reduction of 

oxygen (Soren et al., 2018). For example, superoxide anion (O2−), hydrogen peroxide (H2O2) and hydroxyl radical (HO•) can 

induce damage to the bacterial cell envelope by lipid peroxidation, leading to the intracellular leakage of the content and 

subsequent death of the microorganism (Singh et al., 2019). These ROS can be efficiently transported to the aqueous medium, 

provoking the death of bacteria (Milionis et al., 2020).  

Amongst metal oxide nanoparticles, zinc oxide has been considered a material with cytocompatibility and 

antibacterial behavior that presents selective toxicity to prokaryotic cells in comparison to eukaryotes (Dharmaraj et al., 2021; 

Jiang et al., 2018). Reddy et al. (2007) reported that human cells are considerably more resistant to ZnO nanoparticles toxicity 

than Escherichia coli and Staphylococcus aureus, suggesting that these materials are useful as selective therapeutic dosing 

regimens. In addition to the prevailing hypothesis of ROS production, it is reported the actuation of different mechanisms in  

zinc oxide that are attributed to their toxicity in prokaryotes. Zn2+ ions have intrinsic antimicrobial properties due to the 

specificity of certain proteins to cofactors such as zinc, which, at toxic levels, can bind to the polypeptide chain, damaging 

functional groups such as amine, hydroxyl, and sulfhydryl (Lemire et al., 2013; Qi et al., 2017). At a high concentration in the 

extracellular medium, this compound can also induce competitive inhibition in the assimilation of other metal ions, inhibiting 

the growth of bacterial cells (McDevitt et al., 2011). The therapeutic window of zinc oxide is reported to be dependent on the 

preparation method. Disposed of nanoparticles, the antibacterial effectiveness is established at low concentrations (0.16–5.00 

mmol/L) (Gudkov et al., 2021). For samples prepared by the wet chemical method, it is reported values in the order of 0.1 to 

0.4 g/mL against E. coli on MHA medium (Souza et al., 2019) while for samples produced by the sol-gel method, 

concentrations in the order of 0.5 mg/mL were tested against B. subtilis, E. coli and C. albicans (Khan et al., 2016). 
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Kadiyala et al. (2018) reported cytotoxicity mechanisms through the analysis of gene expression in methicillin-

resistant S. aureus in response to ZnO nanoparticles. The authors identified a lower expression of amino acid synthesis and a 

higher expression of sugar degradation. This observation reinforces nanoparticles' biomimetic mode of action that can be 

similar in size, shape and charge to certain globular proteins (Kotov, 2010). 

On the other hand, chitosan is a linear polymer consisting of N-acetylglucosamine and glucosamine monomers joined 

by β-(1–4) glycosidic bonds, observed in fungi (Mucoraceae) (Xia et al., 2020). Due to its low toxicity, biodegradability and 

antibacterial properties, chitosan and its derivatives have been considered promising systems for different applications (Moeini 

et al., 2020). 

In particular, the strong bacterial inhibitory activity of chitosan is observed in acidic media, in which chitosan is 

soluble with a positive liquid charge net (Sahariah et al., 2014). The advantages of chitosan over other types of biocides are its 

strong antibacterial activity, the broad spectrum of action and the lower toxicity against mammalian cells (Bhattacharjee et al., 

2021). Chitosan can alter cellular permeability by blocking nutrient flow and provoke the disruption of the membrane of 

microorganisms (Inbaraj et al., 2020), acting as a chelating agent that can bind to traces of dispersed metals in the cytoplasm, 

inhibiting toxin production and microbial growth (Cuero et al., 1991). In addition, chitosan interacts with the microbial 

nucleoid and inhibits mRNA synthesis, with direct consequences on protein synthesis (Ma et al., 2017). 

In addition, it is worth mentioning that chitosan plays a significant role in the controlled release of active components 

and the chemical stability of the therapeutic agents as the core is surrounded by a chitosan shell (Raza et al., 2020). However, 

chitosan has drawbacks such as mechanical weakness, low stability in acid medium, and resistance to mass transfer, which are 

circumvented by physical and chemical approaches observed by incorporation of materials in different supports such as 

membranes, beads, and sponges, including metal incorporation, cross-linking and grafting (Ayub et al., 2020) that are useful in 

tailoring the swelling capacity of the chitosan (Ayub & Raza, 2021). 

Besides the chitosan, poly (vinyl alcohol) (PVA) has been considered as a host for the incorporation of metal oxide 

particles to obtain desirable features such as tensile strength, thermal stability, hydrophilic nature and minimum aggregation. 

The PVA chain has an abundance of hydroxyl groups that can make hydrogen bonds with oxide in a wide range of composites 

(Aslam, Kalyar, et al., 2021; Mushtaq et al., 2022). For example, ZnO-loaded PVA nanocomposite films have enhanced tensile 

strength and Young’s moduli (Aslam et al., 2018). These composites, combined with natural materials (e.g. chitosan), offer a 

route to integrate the characteristics of components (Aslam, Raza, et al., 2021). Solvent casting, electrospinning, gas foaming, 

and melt modeling are conventional techniques applied in the fabrication of PVA scaffolds applied in the biomedical field 

(Aslam et al., 2018, 2019). 

Under the association of zinc oxide and chitosan, the controlled release of Zn2+ can be achieved by coating chitosan 

nanoparticles with ZnO (Barreto et al., 2017). The bonding between Zn ions with the amines and hydroxyl groups of chitosan 

can generate free electron donors, improving the biological activity of the chitosan-ZnO compound (Krishnaveni & 

Thambidurai, 2013). The biocidal activity of these complexes against S. aureus has been attributed to the loss of bacterial cell 

integrity, the release of ions and oxidative stress (Ahmad Yusof et al., 2019; Karthikeyan et al., 2020; Li et al., 2010). 

Poly(vinyl alcohol) (PVA) has been considered in different biomedical applications, such as wound dressing and drug 

delivery, due to its biological advantages such as nontoxicity, noncarcinogenicity, biodegradability, and bioadhesiveness 

(Fahmy et al., 2015). The combination of PVA and natural/ synthetic polymers confers advantages such as hydration and 

controlled release of antiseptics (Kamoun et al., 2015). Furthermore, the ZnO powder can be incorporated into PVA to obtain 

the desired characteristics of wound dressings, such as absorbing the wound fluids and exudates, as well as improving 

mechanical stability and flexibility (Khalilipour & Paydayesh, 2019). 
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Herein, it is introduced the novelty of an alternative system of membranes composed of combinations of PVA, zinc 

oxide and chitosan as a part of a strategy to reach the adequate activity of membranes against S. aureus. The objective of this 

work is focused on the optimization of the combination of components to reach the more effective antibacterial activity of 

nanocomposites. With this aim, experiments of inhibition haloes, kill-time kinetic assays and biofilm inhibition were 

performed to evaluate the efficiency of different experimental systems as antibacterial agents, which were explored from 

different combinations of components to reach an optimized response in terms of the kinetics of bacterial kill-time and the 

inhibition in the biofilm formation. 

 

2. Methodology  

2.1 Materials 

Chitosan polymer (C6H11NO4)n of low molecular weight (175.16 g.mol-1) and deacetylation degree of 93% (Exodus 

Científica, Brazil), poly(vinyl alcohol) – PVA (C2H4O)n, with a degree of hydrolysis of 86.5% - 89.0% and average molecular 

weight of 30,000-70,000 (MH3 Industrial, Brazil), and zinc oxide (ZnO) with purity higher than 99.0% (Sigma-Aldrich, USA) 

were used as received. The solutions were prepared in Milli Q® ultrapure water (resistivity of 18.2 MΩ.cm-1) and P.A. acetic 

acid (CH₃COOH) (Vetec, Brazil). 

 

2.2 Membranes preparation 

The standard methodology for the production of nanocomposites based on conventional polymers and metal oxides 

has been reported in the literature (Abdeen et al., 2018; Abureesh et al., 2018; Ahmad Yusof et al., 2019). Modifications in the 

general procedures were provided in a complete group of quantitative experiments, described as follows: six different types of 

membranes were prepared, described as follows: the pure PVA membrane (sample P) was prepared from the dispersion of 

PVA (0.10 g mL-1) in 20 mL of water at 95 °C for 1 h. The membrane of PVA and ZnO (PZ sample) was prepared under the 

same concentration of the pure PVA (0.10 g mL-1), with the previous dispersion of 0.5% w/v of the metal oxide at 

corresponding experimental conditions for sample P. 

The preparation of the membrane of PVA with chitosan (PC sample) was established as follows: PVA (0.10 g mL-1) 

was initially dispersed in water (10 mL) at 95°C for 1 h. After that, the temperature of the solution was reduced to 60 °C and a 

corresponding volume of 1% acetic acid in 10 mL was added to the initial solution. As a following step, 1% w/v of chitosan 

was added and the solution was stirred for an additional 1 h. The membrane with three components (PCZ sample) was 

prepared with the dispersion of 0.5% w/v of ZnO after the addition of the acetic acid solution to the PVA solution with the 

chitosan incorporated after the complete dispersion of the oxide at corresponding conditions for the preparation of sample CZ. 

The chitosan membrane (sample C) was prepared with the dispersion of 2% w/v (20 mL) of the biopolymer in 1% 

acetic acid. The resulting system was stirred at 60 °C for 1 h. The membrane of zinc oxide and chitosan (CZ sample) was 

prepared by adding 0.5% w/v of ZnO into the 1% acetic acid solution (20 mL). After its complete dispersion, 2 % w/v of 

chitosan was added, and the solution was kept under stirring for 1 h at 60 °C. The resulting solution was placed in a Petri dish 

and allowed to evaporate the solvent at room temperature for 48 h. The overall process of membranes preparation is 

summarized in Figure 1 which is represented the structure of components, the process of preparation of solutions, the solvent 

casting in Petri dishes for the following evaporation of the solvent and the removal of the solid membrane (P, PZ, PC, PCZ, C 

and CZ).  
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Figure 1 - Schematic representation of the overall process of membranes preparation by solvent casting method, considering 

the combination of components (PVA, chitosan and ZnO). The steps of preparation are followed by the evaporation of the 

solvent that provides the adequate formation of the solid films. 

Source: Authors. 

 

2.3 Characterization 

All scanning electron microscopy images were obtained using a scanning electron microscope, Vega 3XM Tescan 

model equipment (Brno-Kohoutovice, Czech Republic) with an accelerating voltage of 20 kV that were explored to evaluate 

the morphology of the membranes. The FTIR spectrum was obtained to scrutinize the molecular structures using the KBr 

method in a Prestige-21 Fourier Shimadzu IR model equipment (Kyoto, Japan) and confirm the structure of the building blocks 

of the membrane. For the quantification of crystal violet-stained biofilms, the Hach DR5000 spectrophotometer (Manassas, 

VA, USA) was used, which recorded the spectrum of stained biofilm in the range between 200 nm and 800 nm, in steps of 1 

nm. These data are relevant since it represents a direct estimation of the relative concentration of remaining biofilm after 

treatment.  

 

2.4 Inhibition halo assays 

The bacterial inoculum of S. aureus (ATCC 25923) was prepared from a culture maintained in agar at 4 °C with a 

bacterial solution with a concentration of 108 CFU mL-1 homogeneously distributed with a swab on a Petri dish containing 

Mueller Hinton Agar. Five disk-shaped membranes of 0.8 cm in diameter were carefully deposited on agar for each sample. 

The plates were placed in an incubator for 24 h at 37 °C. The relevance of the components on the overall inhibition of bacterial 

growth was evaluated from the inhibition halo values provided by the membranes which were applied as an input for the 

analysis of variance (one-way ANOVA), with five replicates. This analysis aims to identify the statistical significance of at 

least one of the parameters, with a confidence of 95% ( =5%). 

 

2.5 Biofilm formation assays 

Using a bacteriological loop, S. aureus inoculum (ATCC 25923) was dispersed in 20 mL of Tryptic Soy Broth (TSB) 

in five test tubes. After preparing the bacterial solutions, membranes of PZ, PC, PCZ, CZ, and C were added to each tube. A 

Chitosan PVA ZnO
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preparation

Solvent

casting

PVA PVA

ZnO

PVA

Chitosan

PVA

Chitosan ZnO

Chitosan Chitosan

ZnO

P                      PZ                   PC                    PCZ                C                     CZ
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sixth tube containing the bacterial solution was used as a negative control sample. The six tubes were then incubated at 37 °C 

for 24 h. 

After this process, the quantification of the relative biofilm formation in the tubes was performed and bacterial 

solutions were discarded with the tubes washed with ultrapure water. After that, the tubes were kept in contact with the crystal 

violet solution (1%) for 3 min to stain the grown biofilms. Subsequently, the solutions were discarded, and the tubes were 

washed with water to remove residues of dye. Finally, an alcohol-acetone solution was prepared to remove the dye stained in 

the biofilms. The quantification of biofilms was determined by ultraviolet-visible (UV-vis) spectroscopy from the 

measurement of the absorbance of the solutions at 570 nm (characteristic peak of the dye). 

 

2.6 Time kill kinetics assay 

The determination of the kinetics of the death of bacteria by their interaction with different membranes was conducted 

as follows: 106 CFU mL-1 of bacterial solutions were prepared and disposed of in five test tubes. The samples (PZ, PC, PCZ, 

CZ, and C) were added to their respective tubes and kept under stirring. Aliquots of 100 μL from each tube were removed at a 

specific time interval (from 15 min to 420 min) and placed in Petri dishes containing culture medium and incubated at 37 °C 

for 24 h. After that process, the viable colonies were counted, and the triplicate of each experimental group was considered to 

average the dynamics of viable bacterial cell reduction. 

 

3. Results and Discussions 

3.1 FTIR spectroscopic analysis of components 

The structure of additives incorporated in the PVA matrix was examined by the FTIR spectrum shown in Figures 2a 

and 2b for chitosan and zinc oxide, respectively. The characteristic functional groups in chitosan are shown in Figure 2a in 

which a broad absorption band between 3500 and 3300 cm-1 is observed, associated with stretching of the primary amine 

(NH2) and the hydroxyl groups (OH) (Delgadillo-Armendariz et al., 2014). 

 

Figure 2 - FTIR spectrum of components of antibacterial membranes: (a) chitosan, (b) ZnO, with the indication of the 

characteristic bands that confirm the natures of explored materials. The identification of compounds scrutinized in the spectra 

is highlighted by values incorporated in the bands. 

Source: Authors. 
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The absorption bands in 2925 and 2882 cm-1 in Figure 2a are assigned to symmetric and asymmetric stretching in the 

groups CH2 in the biopolymer (Feng & Peng, 2012). The spectrum also presents characteristic bands in 1656 and 1078 cm-1 

assigned to the C═O axial deformation in the primary amide and the C─O stretching, respectively (Gavalyan, 2016). The 

absorption signal near 1591 cm-1 is assigned to the N─H deformation of the primary and secondary amine groups (Bobu et al., 

2011).  

Furthermore, absorption is also perceived in 1421 cm-1, which is a characteristic sign of angular depletion of CH2 

and CH3 (Paul et al., 2014). The bands associated with Zn─O stretching vibration are visualized in 570 cm-1 (see Figure 2b) 

which are assigned to the characteristic ZnO signature (Kajbafvala et al., 2010). 

 

3.2 Morphology of membranes 

The morphology of membranes was evaluated by scanning electron microscopies. As shown in Figure 3a, 

homogeneous distribution of PVA on film is observed for the sample with pure PVA with a corresponding structure for 

chitosan film in which scarce grains are observed on its surface, indicating the good dispersion of material (see Figure 3b). In 

agreement with these findings, the presence of scarce grains of additives is also observed for samples prepared with the 

dispersion of zinc oxide in chitosan (Figure 3c), zinc oxide in PVA (Figure 3d), chitosan and zinc oxide in the PVA substrate 

(Figure 3e) and chitosan blended into PVA (Figure 3f).  

The presence of grains of various sizes in SEM image for sample chitosan + ZnO (Figure 3c) is due to the high 

molecular weight of chitosan that leads to bridge flocculation, in which the chains are adsorbed for different amounts of 

particles (Nasu & Otsubo, 2006). In addition, the low density of aggregates on the surface of membranes represents an 

important aspect of the homogeneous dispersion of antibacterial agents in the membrane, allowing a high density of available 

sites for bacterial capture and killing can be established. 

 

http://dx.doi.org/10.33448/rsd-v12i3.40720


Research, Society and Development, v. 12, n. 3, e23812340720, 2023 

(CC BY 4.0) | ISSN 2525-3409 | DOI: http://dx.doi.org/10.33448/rsd-v12i3.40720 
 

 

8 

Figure 3 - SEM images of surface membranes prepared with different combination of additives: (a) pure PVA (3 kx); (b) 

chitosan (3 kx); (c) chitosan+ZnO (1 kx); (d) PVA+ZnO (1 kx); (e) PVA+chitosan+ZnO (3 kx) and (f) PVA+chitosan (3 kx). 

The good dispersion of components on the surface of solid films is a general characteristic of the homogeneous dispersion of 

additives. 

Source: Authors. 
 

Other important parameters to be considered for membranes are the swelling ratio (measured from the relative 

variation in the diameter of disks after 24 h of immersion of membranes in culture media) and the liquid uptake (defined as the 

variation in the mass of membranes after 24 h of immersion in the culture media and the mass of the as-prepared membrane 

(dry condition)) since these parameters return valuable information about the permeability of membranes to liquids. As shown 

in Figure 4a (for the swelling ratio of the prepared membranes) the higher values are observed for samples prepared with 

chitosan, confirming the intrinsic property of the chitosan-based membranes to absorb liquids. 

On the other hand, the incorporation of PVA reduces the characteristic values for swelling ratio with the lowest value 

observed for sample PZ. The same behavior is observed for liquid uptake in membranes (see Figure 4b) with a strong variation 

in the mass of chitosan-based membranes and a reduction in this value for mutual incorporation of PVA and ZnO. These 

results indicate that high diffusion of components is favored by membranes that incorporate the chitosan while the combined 

action of PVA and ZnO with chitosan returns lower values for both swelling ratio and liquid uptake, as a result from 

competition established between the retention provided by PVA and the expansion of the chitosan-based compounds. The 

limited variation in the swelling ratio and liquid uptake offered by the combination of PVA and ZnO-based samples introduces 

advantages relative to the retention in the antibacterial activity of components (prolonged and continuous action against S. 

aureus). 
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Figure 4 - (a) Comparison of the swelling ratio of culture media (MHA) in different membranes (P, PZ, PC, PCZ, C and CZ) 

and (b) comparison of liquid uptake (MHA) in different membranes (P, PZ, PC, PCZ, C and CZ), confirming the high degree 

of swelling and liquid uptake for pure chitosan systems. 

Source: Authors. 
 

3.3 Antibacterial activity 

The antibacterial activity of membranes against S. aureus was first evaluated by inhibition halo assays, which can be 

considered an adequate tool to evaluate the diffusive activity of compounds in the membranes as isolated and combined 

species. As shown in Figure 5, for experiments carried out in quintuplicate, the PVA membrane returned negligible 

antibacterial activity against S. aureus, as expected. The incorporation of zinc oxide into PVA (sample PZ) results in a discrete 

inhibition halo due to the eventual aggregation of nanoparticles. Intermediate values for inhibition haloes are observed for 

samples of PVA impregnated with chitosan (sample PC) – with a disadvantage relative to the high swelling ratio and the 

characteristic liquid uptake (see Figs. 4a and 4b) in response to the combination of the high hydrophilic behavior of both 

components as observed from experiments of swelling/ liquid uptake. 

On the other hand, the best results (higher values for inhibitory haloes) are observed for samples CZ with an inhibition 

halo in order of 23.5 mm while for sample PCZ the value for inhibition halo is 26.3 mm, which is established as a result of the 

interaction of zinc oxide and chitosan. The characteristic high swelling ratio of the pure chitosan membrane was also observed 

in Figure 5 (sample C), revealing an apparent lower inhibition zone (in order of 12 mm) due to the variation in the chitosan 

disk dimensions as a result of the contact with the medium. 
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Figure 5 - Comparison of the inhibition haloes (performed in quintuplicate) for membranes with different compositions: P, PZ, 

PC, PCZ, PCZ, CZ, and C in plates containing cultures of S. aureus after interaction with membranes. The incorporation of 

component C (chitosan) reinforces the antibacterial activity of the compound. 

Source: Authors. 

 

Results of means and standard deviation for inhibition haloes are summarized in Figure 6a in which is possible to 

confirm the higher values for inhibition haloes in PCZ-based membranes following the order PCZ>CZ>PZ>PC>C, in an 

indication that incorporation of zinc oxide and the combination with chitosan are relevant to reach superior performance in 

terms of the inhibition halo. 
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Figure 6 - (a) The plot of the inhibitory halo diameter and corresponding standard deviation as a function of the type of 

membrane (C, CZ, PC, PCZ and PZ) and (b) The plot of the confidence intervals for differences between means of halo 

diameters with a confidence of 95%. 

Source: Authors. 
 

The statistical significance of data in Figure 6a was determined by the p-value that was calculated to assess the 

hypothesis which claims the inhibitory halo diameter means are all equal to the results of the analysis of variance (see Table 1). 

As the p-value ≤ 0.05, at least one statistically significant difference is established between the response of the membranes (the 

null hypothesis was rejected). In addition, a determination coefficient of 90.86% and a standard deviation of 0.196 were 

observed, indicating that the statistical model explains the variation observed for different inhibition zones obtained in 

analyzed membranes. 

 

Table 1 - The one-way ANOVA table of the Completely Randomized Design (CRD). 

SOURCE OF VARIATION DF SUM SQ MEAN SQ F-VALUE P-VALUE 

Sample 4 765.34 191.34 49.697 4.109 x 10-10 

Residuals 20 77.00 3.85   

Total 24 842.34    

Source: Authors. 
 

Assuming that at least one significant sample is present in the group of the prepared membranes, the comparison of 

the means of the inhibition haloes of the groups was provided by Tukey's test. As shown by the Tukey grouping (summarized 

in Table 2 and Figure 6b) the confidence intervals of the difference between the mean responses of the samples revealed that 

only the pairs of the PCZ/CZ and PC/C groups showed no significant differences. This result reveals that the PVA has a 

negligible effect on the halo diameters, although the presence of the polymer in the membrane composition introduces a critical 

role in the retention of the properties of the resulting membranes (lower swelling rate). 
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Table 2 - Results of Tukey´s test applied in the inhibition halo assays for different membranes (PCZ, CZ, PZ, PC and C) in 

terms of the means/ standard deviation and the corresponding Tukey grouping, confirming pairs (PCZ/CZ and PC/C). 

SAMPLE REPEATS MEAN (MM) STANDARD 

DEVIATION 

TUKEY GROUPING 

PCZ 5 26.3 2.960 A 

CZ 5 23.5 0.800 A 

PZ 5 17.5 0.800 B 

PC 5 13.6 0.880 C 

C 5 12.0 1.200 C 

Source: Authors. 
 

The results also show that there is a statistically significant difference between samples prepared with the combination 

of chitosan and zinc oxide in comparison with samples prepared in the presence of isolated components (chitosan or zinc 

oxide), confirming that the mutual incorporation of chitosan and zinc oxide can be considered an important condition to reach 

the maximum in the diffusion of the ROS components in the agar and that interaction of ZnO and chitosan introduces 

promising synergistic effects on the overall antibacterial activity of the material. 

As reported in the literature, the antibacterial properties of chitosan are mainly due to the positive charge of its amine 

group, which reacts with the bacterial membrane affecting its permeability and inhibiting its growth (Hemmati et al., 2020; 

Sahariah et al., 2014). Relative to zinc oxide, it is worth mentioning that metal oxides are effective components against 

bacteria. However, in absence of a proper polymeric template or chelating agent, the components tend to agglomerate, 

reducing their antibacterial activity and effectiveness (Abureesh et al., 2018). Therefore, the use of a stabilizing agent has been 

necessary to prevent the coalescence of thermodynamically unstable nanoparticles in an aqueous medium (Rac-Rumijowska et 

al., 2017). The improvement in the antibacterial activity observed from the association of zinc oxide and chitosan can be 

considered a consequence of the reduction in the aggregation level of zinc oxide due to the dispersion of nanostructures in 

chitosan and the subsequent reduction in the hydrophilic behavior of chitosan with the dispersion of zinc oxide into the 

polymeric matrix. The superior performance of PVA-based membranes makes use of an additional component (polymeric 

matrix) that reduces the zinc oxide aggregation degree. On the other hand, the interaction of the polymeric template with zinc 

oxide restricts the strong mutual swelling of chitosan and PVA in an aqueous medium (Abdeen et al., 2018). 

In addition to the inhibition halo assays, the kinetics of reduction in the number of viable bacterial cells (kill time 

assays) was determined from the counting of viable bacterial cells after a fixed exposure time of bacteria to solid membranes. 

Results summarized in Figure 7 indicate that a characteristic time interval of 420 min is required to observe a slight variation in 

the bacterial counting of the membranes composed of PZ and CZ. Intermediate performance is observed for membranes 

prepared with chitosan (complete elimination of bacteria after 240 min of treatment) while the best performance (faster 

removal of viable bacterial cells) was observed for samples PC and PCZ with the complete elimination of viable bacterial cells 

after 120 min of treatment, with the indication of fast kinetics for the antibacterial activity at the beginning of the reaction (less 

than 100 viable bacterial cells are present in the medium after 15 minutes of treatment), confirming the information provided 

by the inhibitory halo assays (strong antibacterial activity). 

As reported in the literature, the presence of PVA can increase the mobility of cations as much as avoid unwanted 

agglomerations of metal oxides (Ciciliati et al., 2015), which degrade the antimicrobial activity of these oxides (Abureesh et 

al., 2018) while chitosan is reported to be a metal ion chelating agent (Ngah et al., 2011). Being assumed that Zn2+ chelation 

improves the biocompatibility of the chitosan-ZnO complex in comparison with the pure oxide (Zhong et al., 2018; Perelshtein 

et al., 2013). As a consequence, the incorporation of PVA in the membrane improves not only the retention of components for 
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a sustainable activity but also provides active sites (due to the homogeneous dispersion of components) for reactions of 

chelation of zinc by chitosan that potentialize the antibacterial activity of diffusive species. 

 

Figure 7 - Dependence of the number of viable cells as a function of treatment time of membranes (PZ, PC, PCZ, CZ and C) – 

kill time kinetics against S. aureus. 

Source: Authors. 
 

In addition to the diffusion of components and the kinetics of the antibacterial activity, the inhibition in the biofilm 

formation represents another important characteristic required for membranes with application in smart wound dressings. The 

measurement of biofilm inhibition was provided from a comparative experiment between biofilm formation on reactors 

(negative control) and the action of the corresponding systems with membranes applied as templates for the bacterial capture – 

the positive charge of chitosan, as an example, can be strongly explored for this purpose.  

Due to the adhesion of crystal violet on biofilms, the intensity of absorbance at 570 nm provides an estimate of the 

concentration of adhered biofilms. Based on this aspect, the relative variation in the intensity of absorbance at characteristic 

peaks can be considered in the measurement of the antibiofilm activity of each material.  

Figure 8 summarizes the relative variation in the absorbance at 570 nm (in %) for samples treated with different 

membranes and the negative control. As can be seen, pure PVA reduces the biofilm formation by 22.3% while stronger 

inhibitory activity is observed for samples prepared in the presence of chitosan, following the order PC>CZ>C>PZ>PCZ. The 

good performance in antibiofilm activity is observed for samples prepared in the presence of chitosan, as evidence that the 

positive net charge introduces electrostatic interaction activity with negatively charged bacterial cells in biofilms, that are 

attracted to the membrane surface, improving the antibiofilm activity of the resulting material.  
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Figure 8 - Relative variation in the absorbance of stained bacterial cells for experimental systems treated with different 

membranes (P, PC, PZ, PCZ, C and CZ) in comparison with the control experiments (absence of antibacterial membranes) 

Source: Authors. 
 

These results are in agreement with data reported in the literature in which a strong reduction in the biofilm formation 

of S. aureus is observed with values of 67% for chitosan-zinc oxide nanocomposites (Hemmati et al., 2020). SEM images 

(shown in Figure 9) for samples C and CZ confirm the adhesion degree of bacterial cells on the membranes´ surface. There are 

a few bacterial cells and a high number of lysed cells on the chitosan membrane whereas few traces of bacteria can be found on 

the chitosan-ZnO composite. It is worth mentioning that the presence of PVA favors the dissolution of the membrane after 

continuous stirring in the biofilm formation essay due to the hydrophilic nature of the polymer (after 24 h of contact with an 

aqueous solution). 

 

Figure 9 - Comparison of the membrane surfaces after contact with S. aureus for samples (a) chitosan and (b) chitosan+ZnO. 

20 mm 20 mm

 

Source: Authors. 
 

The reduction in the biofilm formation has been attributed to the creation of several water channels in the biofilm that 

facilitates the migration of nanoparticles, the diffusion of the reactive species along with pores of bacteria (explored for 
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transportation of nutrients), and the inhibition of efflux pump processes. The strong interaction of zinc oxide and chitosan 

immersed in a PVA matrix returned a lower performance in comparison with PC and CZ due to the restrictions in the volume 

variation due to the mutual interaction of the three components. The use of a combinatory antibiofilm strategy in S. aureus may 

be better to maintain the balance of microbiota and to perform a better control of microbial infections (bacterial and viral) in 

comparison with monotherapy (Wang et al., 2018). As a consequence, the reduction in the swelling of the membrane reduces 

the effective area for biofilm removal from reactors. On the other hand, the preserved structure of the membrane favors the 

complete removal of the material after treatment (an advantage for chitosan-based membranes). 

Based on these aspects, it is possible to observe that the reported properties of the complex of chitosan and zinc oxide 

(in terms of diffusion of reactive species and fast kinetics of antibacterial activity) can be conveniently explored in the presence 

of a polymeric template of PVA. The association of components in PCZ membranes circumvents typical drawbacks related to 

swelling of PC and C membranes, introducing an additional advantage for the removal of the membrane after treatment (for 

the prototype of wound dressing systems) and the minimal aggregation of the active antibacterial agents. 

 

4. Conclusion  

The good performance observed for mixed compounds of PVA/ZnO/chitosan in terms of the diffusion of species, kill 

time and antibiofilm activity is a result of the effects of positive net charge of chitosan and its chelating behavior in association 

with the production of Zn2+ ions and reactive species that makes use of the retention in the swelling ratio provided by the 

PVA. The combined activity of the PCZ sample returned important results for the fast kinetics of the bacterial kill time and a 

strong reduction in the viable bacterial cells from 106 CFU to 102 CFU after 15 min of treatment, confirming the promising 

application of membranes against bacterial proliferation and biofilm formation with the reduction in the order of 67% for 

sample PC with the improved antibiofilm activity assigned to the cationic charge of the chitosan-based membranes. 
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