

  processes-10-01788




processes-10-01788







Processes 2022, 10(9), 1788; doi:10.3390/pr10091788




Article



Combined Biocidal Effect of Gaseous Ozone and Citric Acid on Acinetobacter baumannii Biofilm Formed on Ceramic Tiles and Polystyrene as a Novel Approach for Infection Prevention and Control



Kaća Piletić 1[image: Orcid], Bruno Kovač 1[image: Orcid], Matej Planinić 1, Vanja Vasiljev 2, Irena Brčić Karačonji 3,4[image: Orcid], Jure Žigon 5[image: Orcid], Ivana Gobin 1,6,*[image: Orcid] and Martina Oder 7[image: Orcid]





1



Department of Microbiology and Parasitology, Faculty of Medicine, University of Rijeka, 51000 Rijeka, Croatia






2



Department of Social Medicine and Epidemiology, Faculty of Medicine, University of Rijeka, 51000 Rijeka, Croatia






3



Toxicology Unit, Institute for Medical Research and Occupational Health, 10000 Zagreb, Croatia






4



Department of Basic Medical Sciences, Faculty of Health Studies, University of Rijeka, 51000 Rijeka, Croatia






5



Department of Wood Science and Technology, Biotechnical Faculty, University of Ljubljana, 1000 Ljubljana, Slovenia






6



Faculty of Health Studies, University of Mostar, 88000 Mostar, Bosnia and Herzegovina






7



Department of Sanitary Engineering, Faculty of Health Sciences, University of Ljubljana, 1000 Ljubljana, Slovenia









*



Correspondence: ivana.gobin@medri.uniri.hr







Academic Editor: Agnieszka Zgoła-Grześkowiak



Received: 12 August 2022 / Accepted: 1 September 2022 / Published: 5 September 2022



Abstract

:

Acinetobacter baumannii is a prominent emerging pathogen responsible for a variety of hospital-acquired infections. It can contaminate inanimate surfaces and survive in harsh environmental conditions for prolonged periods of time in the form of biofilm. Biofilm is difficult to remove with only one method of disinfection, so combined disinfection methods and biocidal active substances are needed for biofilm eradication. Additionally, having in mind ecological demands, legislators are more prone using fewer toxic substances for disinfection that produce less solid waste and hazardous disinfection byproducts. Gaseous ozone and citric acid are natural biocidal compounds, and the purpose of this study was to determine their combined biocidal effects on A. baumannii biofilm formed on ceramics and polystyrene. Twenty-four-hour A. baumannii biofilm formed on ceramic tiles and polystyrene was exposed to different combinations of disinfection protocols with 25 ppm of gaseous ozone for 1 h exposure time and 15% citric acid for 10 min exposure. The total number of bacteria was counted afterwards and expressed as CFU/cm2. The determined disinfection protocols of A. baumannii biofilm with combined citric acid and gaseous ozone caused reduction of 2.8 to 5.89 log10 CFU (99.99% inhibition rate) of total viable bacteria for each method, with the citric acid–ozone–citric acid disinfection protocol being most successful in eradication of viable bacteria on both ceramics and polystyrene. In conclusion, gaseous ozone and citric acid showed good combined biocidal effects on A. baumannii biofilm and successfully reduced early A. baumannii biofilm from ceramic and polystyrene surfaces. The given combination of active substances can be a good option for eco-friendly disinfection of hospital inanimate surfaces from A. baumannii biofilm contamination with prior mechanical cleaning.
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1. Introduction


Amongst the many virulence factors that make Acinetobacter baumannii interesting for hospital infection control and prevention is its ability to form biofilm on abiotic and biotic surfaces [1,2,3,4]. This Gram-negative opportunistic pathogen, during its evolution, acquired characteristics such as flagella and pili, adhesins on bacterial surface) and certain genes that allow it to successfully adhere to surfaces and then form biofilm [3,4,5,6]. Because of biofilm formation, A. baumannii can survive long stretches of time in harsh environments such as hospital inanimate surfaces [4,5,7,8,9]. Biofilm represents bacterial congregation embedded in a self-produced extracellular polymeric substance (EPS) that serves as a shield and protects bacteria within from environmental influences [5,10,11,12,13]. A. baumannii in biofilm form can withstand prolonged and frequent use of antibiotics and prolonged and frequent disinfection and expresses a high survival rate in environments without nutrients or water availability [2,3,4,5,9,14]. It is hypothesized that capability of biofilm formation of A. baumannii is one of the factors responsible for the remarkable ability of A. baumannii to acquire multidrug resistance [15]. A. baumannii is one of the nosocomial pathogens that has rapidly developed resistance to multiple available antimicrobial agents and poses great challenge for therapy and outcome of hospital acquired infections [6,16,17]. Even though A. baumannii is considered to be a low-virulent bacteria, its ability to rapidly form resistance factors has made it endemic to many hospitals, especially intensive care units, despite implemented infection control strategies [15,18]. The main sources of A. baumannii in hospital environment are infected patients and staff, contaminated surfaces, and previous room occupancy by colonized patients [19,20]. Key strategies to stop the spreading of A. baumannii contamination through hospital environment are staff hand hygiene and frequent mechanical cleaning and surface disinfection [15,21,22,23]. These infection control measures can only be achieved by frequent use of antiseptics and disinfectants [15,23], but sometimes frequent or incorrect use of the same available disinfectants can result in development of bacterial resistance towards it [8,24,25,26,27,28]. Additionally, the ability of A. baumannii to form biofilm on abiotic hospital surfaces can be related to greater resistance to available disinfectants [9,29]. Numerous studies highlight the fact that bacteria in biofilm are more resistant to disinfectants, potentially due to EPS production that limits disinfectant penetration into biofilm [30,31,32,33,34,35]. Some authors reported that in Gram-negative bacteria, concomitant antibiotic and antiseptic/disinfectant resistance can occur, and that high multidrug resistance can also result in higher resistance towards disinfectants [8,19,36]. Usually, the introduction of novel disinfection methods to hospital environments can be a potential solution to this challenge [30,37,38], so the occurrence of resistant A. baumannii towards standardly used disinfectants in hospitals can possibly be mitigated with the introduction of innovative technologies to fight A. baumannii biofilm in hospitals. Such innovative strategies can involve application of gaseous disinfectants, hot vapor, and combinations of the effects of two biocidal active substances trying to evade A. baumannii resistance mechanism [22,23,30,39]. Ozone gas is the strongest known oxidizing agent and has proven antimicrobial properties against planktonic bacterial forms and certain biofilms [40,41]. Even though ozone is toxic to humans, it rapidly dissociates into oxygen and is considered environmentally friendly [40]. It achieves its oxidizing action through molecular ozone or free oxygen radicals. An antimicrobial effect is expressed by the oxidation of glycolipids and glycoproteins, and by oxidizing sulfhydryl groups and amino acids of enzymes and oxidizing peptides and proteins. It is also toxic to nucleic acids [42,43,44,45]. Due to modern legislators’ strategic goals of uses of efficient but less environmentally toxic biocidal substances producing less solid waste, ozone can be considered as a potential good novel disinfectant in A. baumannii infection prevention and control [46]. Citric acid is a weak organic acid and a natural compound widely distributed in plant and animal material. It is considered safe to humans and the environment with no toxic residues and has good antimicrobial properties [47,48]. Citric acid achieves its antimicrobial effect by lowering intracellular pH and subsequently damaging proteins, DNA and membranes, leading to cell death [13,49]. It also exhibits chelating activity sequestering metal ions such as calcium, iron and magnesium ions which are (e.g., Ca2+, Mg2+, Fe3+) essential for bacterial homeostasis [50,51]. The antibiofilm action of citric acid has been studied against, Gram negative bacteria like Pseudomonas aeruginosa, Klebsiella pneumoniae, Escherichia coli and Gram positive bacteria such as Staphylococcus aureus, mostly in food processing industry [35,49,51,52], but less frequently in hospital acquired infection prevention and control or wound treatments [47,48,53,54]. The combination of two different biocidal substances, as compared with a single biocidal substance, may result in more efficient antibacterial activity that can allow the use of lower doses of each biocidal substance [13,49]. The combined effect of gaseous ozone and citric acid on A. baumannii biofilm has not been previously described, so the main objective of this study was to investigate the combined biocidal effect of gaseous ozone and citric acid on A. baumannii biofilm formed on ceramics and polystyrene, which are relatively frequently used materials in healthcare settings, as a potential novel environmentally friendly strategy for infection prevention and control.




2. Materials and Methods


2.1. Bacterial Strains and Biofilm Formation on Ceramic Tile and Polystyrene


Two standard strains of A. baumannii obtained from culture collection of the Department of Microbiology, University of Rijeka used in this study were A. baumannii ATCC BAA-1605 and A. baumannii ATCC 19606. Materials used for biofilm formation were upper smooth surface mosaic ceramic tile (2.5 cm × 2.5 cm) and standard 96-well microtiter plates for polystyrene (Pierce™ 96-well polystyrene plates, Thermofisher Scientific, Whaltmann, MA, USA). Prior to the biofilm formation on ceramic tiles, tiles were washed and sterilized, and then a modified method previously described by Ivanković et al. [29] was used. Briefly, 2% agar was melted in autoclave and when cooled, poured aside three mosaic tiles in petri dish, leaving upper surface of the tile’s agar free. Then, around 105 CFU/mL of diluted overnight bacterial suspension was poured over upper ceramic tiles side and incubated for 24 h at 25 ± 2 °C. Ninety-six-well microtiter plates were used for biofilm formation on polystyrene. In sterile microplates, around 105 CFU/mL of diluted overnight bacterial suspension was poured and incubated for 24 h at 25 ± 2 °C.




2.2. Ozone Treatment Test Protocol (Protocol A)


A sealed off experimental chamber with volume of 125 L was used for ozone treatment [55]. Ozone was generated using a mobile ozone generator, model Mozon GPF 8008 (Mozon d.o.o., Sisak, Croatia), and insufflated into the chamber via 6 mm silicone tube. Before the ozone treatment, both ceramic tiles and microtiters plates were rinsed off with saline and dried out for 1 min in a sterile chamber before the ozonation. 24-hour old biofilm on ceramic tiles and microtiters plates re e exposed to ozone action with following parameters: 25 ppm ozone, 1 h exposure time, relative humidity 55–57% and room temperature of 23 ± 5 °C. During the experiment, ozone concentration was monitored with mobile detector model Keernuo GT901 (Shanghai, China), relative humidity and temperature was monitored with an Auriol 4-LD5531 (Berlin, Germany). After the treatment, ceramic tiles were aseptically removed from agar, rinsed off with saline and placed in 50 mL tube with 10 mL saline (1 tile per 1 tube). Tubes containing tiles were then sonicated at 40 kHz/1 min to detach leftover biofilm from the tiles. Afterwards, tiles were once again homogenized using vortex and ten-fold serial dilutions were prepared. Process was similar with microtiter plates. After ozone treatment, saline was added in microplates, then microplates were sonicated at 40 kHz/1 min. After homogenization, bottom of the microplates was scraped off with sterile pipette tip to enhance biofilm detachment. Afterwards, ten-fold serial dilutions were made. When samples were prepared, the number of bacteria was determined, and results were expressed as CFU/cm2. Non treated biofilm on ceramic tiles and microtiter plates within the same environmental parameters (temperature and relative humidity) served as control. The experiment were done in triplicate.




2.3. Citric Acid Treatment Test Protocol (Protocol B)


Twenty-four-old biofilm of two standard A. baumannii strains (ATCC BAA-1605 and ATCC 19606) formed on three ceramic tiles and polystyrene microtiter plates were treated with previously prepared 15% citric acid solution for 10 min exposure time, according to the manufacturer’s instructions regarding the usual concentration and exposure time that exhibits adverse biocidal effect. Ceramic tiles were then further processed according to Section 2.2.




2.4. Combined Ozone–Citric Acid Test Protocols (Protocols C–E)


Different combinations of ozone -citric acid disinfection protocols were performed to determine biocidal effect of both active substances. Twenty-four-hour-old biofilms of A. baumannii ATCC BAA-1605 and A. baumannii ATCC 19606 formed on ceramics and polystyrene were exposed to the following treatments: citric acid–ozone (Protocol C), ozone–citric acid (Protocol D), and citric acid–ozone–citric acid (Protocol E). For Protocol C, biofilm was firstly exposed to 15% of citric acid as described in Section 2.3. After the treatment, ceramic tiles and polystyrene were rinsed off with sterile saline, dried off for 1 min in a sterile environment, and exposed to gaseous ozone as described in Section 2.2. Afterwards, ten-fold serial dilutions were made and inoculated on MH agar and then incubated for 24–48 h at 35 ± 2 °C. For Protocol D treatment, 24 h-old biofilm of A. baumannii formed on ceramic tiles and polystyrene was first exposed to gaseous ozone action as described in Section 2.2. Ozone treated biofilm on both materials was removed from the chamber and then exposed to citric acid treatment as described in Section 2.3. In Protocol E, biofilm of A. baumannii was first exposed to citric acid as described in Section 2.3, then to gaseous ozone as described in Section 2.2, and then again to citric acid. After all combinations used in this study and after the incubation period, the number of cultivable bacteria was expressed as CFU/cm2.




2.5. Cell Viability Using Propidium Iodide Dye


Propidium iodide (PI) dye (Molecular Probes, Eugene, OR, USA) was used to determine cell viability and to detect dead bacterial cells. Briefly, following the treatment with ozone gas and citric acid, ceramic tiles and microtiter plates were rinsed off with sterile saline solution and fluorescent dye PI was applied to biofilm on both materials and incubated in the dark for 15 min. After the incubation, to remove the excess dye, both materials were rinsed off with sterile saline. For fluorescence observation, an inverted microscope at 20× magnification (Olympus IX51, Tokyo, Japan) was used. The obtained images were analyzed in ImageJ 1.47 (National Institute for Health, Bethesda, MD, USA). Untreated biofilm represented control samples.




2.6. Crystal Violet Staining and Digital Microscopy


A. baumannii biofilm formed on polystyrene and ceramic tiles was stained with crystal-violet (CV) dye to perform digital microscope images. Treated biofilm from ceramic tiles was rinsed off with sterile saline and then fixated in a dry heat sterilizer (ST-01/02, Instrumentaria, Zagreb, Croatia) at 80 °C for 30 min, while on polystyrene, a blow dryer was used for fixation. Following fixation, biofilm was stained with 0.1% CV for 30 min.



Ceramic surfaces were microscopically examined with a DSX 1000 digital microscope (Olympus, Tokyo, Japan) at 20× magnification with 2-dimensional and 3-dimensional images with the digital microscope. Polystyrene surfaces were examined with an inverted microscope (Olympus, Tokyo, Japan) at magnification 20×.




2.7. Statistical Analyses and Graphing


For evaluation of both combined biocidal effects and solitary effects of gaseous ozone and citric acid, data were analyzed using Wilcoxon signed rank tests (p < 0.05), while Microsoft Excel, version 11.00 (Microsoft Home Office, 2021) was used for graphic images. For evaluation of differences between the used material and methods between one strain, Mann-Whitney test was performed (p < 0.05), as well as for determination of differences between tested strains and used methods. For determination of differences between the tested methods, Kruskal-Wallis multiple comparison test were performed (p < 0.05).





3. Results


To determine the biocidal effects of gaseous ozone and citric acid as solitary disinfectants, and to determine the combined biocidal effects of both disinfectants, a series of experiments with different disinfection protocols with both disinfectants was done, all resulting in significant reductions of viable bacteria in biofilm in comparison to the control (Wilcoxon signed rank test, p < 0.05).



3.1. Viable Bacteria Reduction with Gaseous Ozone–Citric Acid Solitary Effect and Combinations on Ceramic Tiles


Tested strains of both A. baumannii ATCC BAA-1605 and A. baumannii ATCC 19606 showed biofilm reduction on ceramic tiles after the disinfection protocols. The combined biocidal effects of gaseous ozone and citric acid are shown in Figure 1 with the highest log10 CFU reductions of both strains observed with protocol E (combination of pretreatment with citric acid, main treatment with gaseous ozone, and then posttreatment with citric acid). Both citric acid and gaseous ozone in combination, regardless of disinfection protocol used, showed greater biofilm reduction in comparison to solitary gaseous ozone and citric acid treatments. There was a significant difference observed between the two bacterial strains of A. baumannii on ceramics and the used disinfection protocols (Mann–Whitney, p < 0.05), as well as significant difference between different disinfection protocols on each bacterial strain used on ceramics (Kruskal–Wallis multiple comparison test was performed, p < 0.05).




3.2. Viable Bacteria Reduction with Gaseous Ozone–Citric Acid Solitary and Combination Effects on Polystyrene


The reduction of viable bacteria using different disinfection protocols on biofilm of A. baumannii ATCC BAA-1605 and A. baumannii ATCC 19606 formed on polystyrene is shown in Figure 2. Protocol E (combination of pretreatment with citric acid, main treatment with gaseous ozone, and then posttreatment with citric acid) caused a reduction greater than 5 log10CFU for both strains. Both strains showed slightly higher bacterial reductions of combined disinfection protocols on polystyrene in comparison to ceramics. There were statistically significant differences between A. baumannii ATCC BAA-1605 and A. baumannii ATCC 19606 for all protocols (Kruskal–Wallis multiple comparison test was performed (p < 0.05). Additionally, there was no statistically significant difference between the used materials and the efficacy of protocols for strain A. baumannii ATCC BAA-1605, while for strain A. baumannii ATCC 19606, there was a significant difference between the used materials and the efficacy of the tested methods (not shown).




3.3. Different Disinfection Protocols with Gaseous Ozone and Citric Acid Caused Different Inhibition Rates on Polystyrene and Ceramic Tiles


Gaseous ozone and citric acid used in different combinations of disinfection protocols on A. baumannii ATCC BAA-1605 and A. baumannii ATCC 19606 biofilms formed on polystyrene and ceramic tiles caused different inhibition rates (Table 1). The inhibition rates varied from 61.63% up to 99.99%, depending on solitary or combined use of biocidal active substances. Biofilm formed on polystyrene showed slightly higher inhibition rates for both strains than biofilm formed on ceramic tiles.




3.4. Combined Biocidal Effect of Gaseous Ozone and Citric Acid on Cell Viability


A representative strain of A. baumannii ATCC 19606 treated with different disinfection protocols (Protocol A (solitary ozone), Protocol B (solitary citric acid), Protocol C (citric acid–ozone), Protocol D (ozone–citric acid), and Protocol E (citric acid–ozone–citric acid)) is shown in Figure 3. Biofilm not exposed to disinfection with ozone gas and citric acid did not show dead bacterial cells (Figure 3CN), while clustered dead bacterial cells (red) could be seen in the treated biofilm (Figure 3A–E). The absence of dead bacterial cells marked the destruction of bacterial cells and biofilm detachment from the material.




3.5. Crystal Violet Microscopy


To determine changes in biofilm morphology after disinfection protocols (Protocol A—solitary gaseous ozone, Protocol B—solitary citric acid, Protocol C—citric acid–ozone, Protocol D—ozone–citric acid, and Protocol E–citric acid–gaseous ozone–citric acid), light microscopy was performed. Morphological changes in biofilm of representative strain A. baumannii ATCC 19606 formed on ceramics were found, where 3-dimensional images of Protocols A–D and E can be seen in Figure 4A–E. The distribution of crystal violet dye marked bacterial cell presence. The highest 3-dimensional peaks of A. baumannii biofilm were the first exposed to biocidal action and the first to deteriorate after the disinfection. Combined biocidal effects can be clearly shown in Figure 4E, where the absence of crystal violet dye and cells marked the disinfection effects of combined biocides and biofilm destruction and detachment from ceramics and polystyrene.



Figure 5 shows 2-dimensional images of representative A. baumannii ATCC 19606 biofilm on ceramics after disinfection protocols (Protocol A—solitary ozone, Protocol B—solitary citric acid, Protocol C—citric acid–ozone, Protocol D—ozone–citric acid, and Protocol E—citric acid–gaseous ozone–citric acid). The presented images show that the material surface of tile if rough or uneven can influence the distribution of bacterial cells. Cells were growing more easily in depressed areas or small cavities (crystal violet-stained parts).



Different combinations and application orders of gaseous ozone and citric acid on representative A. baumannii ATCC 19606 biofilm on polystyrene caused morphological changes in biofilm density (Figure 6). The best antibiofilm effect for both materials was observed for Protocol E.





4. Discussion


Contamination of hospital environments with A. baumannii biofilm is a potential source of infections, especially in hospital wards with immunocompromised patients, so one way of infection prevention and control is keeping the wards free of biofilm [3,11,14,18]. Once formed on surfaces, A. baumannii biofilm is challenging to remove because of biofilm characteristics such as resistance to disinfectants, desiccation, long survival in nutrient free environments, and resistance to antibiotics [3,4,14]. Additionally, the survival of A. baumannii in hospital wards where high levels of conventional disinfectants are used on a daily basis can lead to acquired resistance of A. baumannii towards them, especially if disinfectants are used contrary to manufacturer’s instructions [1,15,16,29]. Thus, one of the main goals of infection prevention teams in hospitals is to maintain high levels of hand and environmental hygiene, choosing the correct disinfectant, and use the optimal concentration to fight biofilm contamination [23,38,56,57]. One of the novel trends in surface disinfection of both environment and foods is the use of environmentally friendly disinfectants such as ozone gas and organic acids such as citric acid [37,40,47,48,52,58,59,60]. When used in combination, two biocidal active substances can achieve stronger antimicrobial effects with smaller dosages of both disinfectants, which can also have better effects on chemical waste management, less toxicity for staff and the environment, and lower costs of disinfection [35,61]. The aim of this study was to investigate antibiofilm effects of combined disinfection with gaseous ozone and citric acid on early A. baumannii biofilm formed on ceramics and polystyrene, two relatively frequent materials in hospitals.



In trying to determine the optimal disinfection protocol for A. baumannii biofilm removal, different ozone gas–citric acid combinations were investigated (pretreatment with citric acid then treatment with gaseous ozone, pretreatment with gaseous ozone then citric acid, pretreatment with citric acid then gaseous ozone and posttreatment with citric acid, solitary citric acid treatment and solitary gaseous ozone treatment) using gaseous ozone in effective concentrations determined in a previous study done by authors and citric acid in concentrations according to the manufacturer’s instructions. Both ozone gas and citric acid when used in combination, showed good antibiofilm effects and caused significant reduction in viable bacteria count. Additionally, the combination of ozone gas and citric acid resulted in greater reduction of viable bacteria when used in combination in comparison to their effect as solitary disinfectants. These results were similar to the results of Britton et al., Vankerckhoven et al., Cho et al. and Jung et al., where greater antibiofilm effect were achieved when two biocidal active substances were used in combination [37,61,62,63]. Interestingly, there was no significant difference for both strains and used materials between Protocol C and Protocol D combined disinfection on the viable bacteria count, indicating that in achieving its antimicrobial effect, there was no difference in order of application of these disinfectants. Only the combination of citric acid–gaseous ozone–citric acid showed the highest reduction rates in elimination above 5 log10 CFU reduction of both materials, so only this disinfection protocol can be regarded as efficient according to the European Chemical Agency Guidance on the Biocidal product Regulation, Volume II—efficacy [64]. Additionally, this combined disinfection protocol showed a statistically significant difference in comparison to other protocols on both tested strains and materials.



Regarding differences between combined disinfection protocols and the tested materials for each tested bacterial strain (results not shown), there were no statistically significant differences between polystyrene and ceramics on A. baumannii ATCC BAA-1605 biofilm, while there were significant differences between the used combined disinfection protocols and A. baumannii ATCC 19606 biofilm grown on polystyrene and ceramic tiles, indicating that numerous factors, such as strain sensitivity, material selection, and sanitation protocol, can influence the success of sanitation and disinfection on formed biofilm, as previously emphasized by Gaddy et al., Qi et al., and Rodriguez-Bano et al. [2,3,65].



There is a lack of data on the combined effect of gaseous ozone and citric acid on A. baumannii formed on polystyrene and ceramic tiles. Some studies, such as Jung et. al. [61], explored the synergistic effects of sequential or combined uses of ozone and UV radiation on B. subtilis spores, and studies such as Cho et al. [63] explored the synergistic effects of citric acid and xenon light on the inactivation of food pathogens. Other studies such as Ha et al. [66] explored the synergistic effects of combined disinfection using sodium hypochlorite and ethanol with UV light to reduce Staphylococcus aureus, while Vankerckhoven et al. [61] studied the potential synergistic effects of chemical disinfectants and UV light on biofilm [62]. All these studies have similar conclusions, namely, when used in combination, two biocidal active substances yield better antimicrobial effects than when used alone.



Ozone gas achieves its antimicrobial action through oxidation, while citric acid achieves its action by lowering the intracellular pH and acting as a metal chelator, leading to membrane instability and cell death [35,43,47,48], as shown in Figure 7. Both ozone gas and citric acid achieve their biocidal effects with different mechanisms of actions, so it can be expected that this combination can have good antimicrobial effects on A. baumannii biofilm. Additionally, another element of good combined action of ozone and citric acid is emphasized in studies such as Hirahara et al. [67], where the authors underlined the fact that when used in aqueous form, citric acid enables ozone to have a longer half-life in water, which certainly enhances its antimicrobial action.



To determine the effect of ozone and citric acid combination on cell membrane permeability, propidium iodide staining was performed. The combined effect of ozone gas and citric acid led to a greater number of dead bacterial cells as a result of disturbed membrane permeability, which was also previously confirmed by studies such as Piletić et al. and Nagayoshi et al. [67,68]. Additionally, this combination of biocides, in combination citric acid-ozone gas-citric acid, caused total destruction and biofilm detachment from the material, which indicated good practical potential for eradication of biofilm from inanimate surfaces.



To determine how the combined biocidal effect of gaseous ozone and citric acid influenced A. baumannii biofilm morphology, light microscopy of all sanitation protocols was performed. All treated biofilms showed reductions in numbers of viable bacteria, clearly visible as blank areas in biofilm surfaces, and the combination of citric acid-ozone gas-citric acid caused total biofilm destruction and detachment from the surface. Additionally, using 3D imagery of treated biofilm, it was clearly shown that both ozone gas and citric acid attacked the topologically highest peaks of biofilm, starting to degrade it from the top, possibly because the highest parts are the first contact points for both biocides. These findings are in line with a previous study done by the authors on gaseous ozone efficacy on K. pneumoniae biofilm formed on ceramics, where most morphological changes were observed at the highest topological points of 3D biofilm structures [55].



Regarding the cost effectiveness of using this combination for disinfection protocols in hospitals or other healthcare facilities, there are some issues to address. Ozone gas is relatively cheap to produce with an ozone generator, and it rapidly dissociates to oxygen, therefore leaving no solid waste. In gaseous form it can reach all surfaces in hospital wards, and it is considered to be environmentally friendly [40,58,59]. Additionally, it can be used for air disinfection, which is especially important during hospital-acquired infection outbreaks or COVID-19 outbreaks [69]. Negative side effects are that ozone gas is toxic and must be administered with qualified personnel and can leave an odor, but this can be mitigated with ozone quench gas [55]. Citric acid has numerous advantages; it is not toxic to humans and can be used without the usual precautions, and it is also considered to be environmentally friendly [48]. Both biocides can be favorable according to new policies regarding the usage of chemicals and chemical waste of the European Commission Chemicals strategy for sustainability, which is part of the European Union’s zero pollution ambition [46].



Although ozone gas is a strong oxidative agent, and citric acid is known to be a good food disinfectant and to successfully reduce the number of viable bacteria, they failed to completely eradicate early A. baumannii biofilm from ceramic tiles and polystyrene in the designed concentrations and exposure times for all tested protocol. This issue can potentially be overcome with thorough mechanical cleaning and prior disinfection using stronger detergents, as surfactants can make changes in membrane permeability and make them more susceptible to biocidal effects.




5. Conclusions


Gaseous ozone and citric acid show good antibiofilm effects when used in sequential, combined disinfection and in comparison, to when used as solitary disinfectants.



The best results, achieving almost eradication of A. baumannii biofilm, were observed while using the sequential combination protocol of citric acid–gaseous ozone–citric acid, causing almost full destruction and detachment of biofilm from the surfaces. This combination of biocides has the most implications for practical applications of both biocides, especially for infection prevention and control in healthcare settings.



All tested protocols of combined and solitary used gaseous ozone and citric acid caused biofilm reduction and morphological changes in biofilm structure and made changes in the membrane permeability.



Gaseous ozone and citric acid, when used in the proposed combinations, have good potential to be used for combined disinfection as eco-friendly disinfectants to fight A. baumannii biofilm formed on polystyrene and ceramics.
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Figure 1. Viable bacteria count expressed as log10 CFU reduction of Acinetobacter baumannii ATCC BAA-1605 and Acinetobacter baumannii ATCC 19606 with standard deviation. Protocol A marks disinfection with gaseous ozone, Protocol B disinfection with citric acid, Protocol C a combination of citric acid–gaseous ozone, Protocol D a combination of gaseous ozone–citric acid, and Protocol E a combination of citric acid–gaseous ozone–citric acid. Lowercase letters (a–e) express statistically significant differences between disinfection protocols for one bacterial strain (Kruskal–Wallis U, p < 0.05). Capital letters (A, B, C) mark statistically significant differences between different bacterial strains per used Protocols C, D, and E. 
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Figure 2. Viable bacteria count expressed as log10 CFU reduction of Acinetobacter baumannii ATCC BAA-1605 and Acinetobacter baumannii ATCC 19606 formed on polystyrene with standard deviation. Protocol A marks disinfection with gaseous ozone, Protocol B disinfection with citric acid, Protocol C a combination of citric acid–gaseous ozone, Protocol D a combination of gaseous ozone–citric acid, and Protocol E a combination of citric acid–gaseous ozone–citric acid. Lowercase letters (a–f) express statistically significant differences between disinfection protocol and bacterial strain (Kruskal–Wallis U, p < 0.05). Capital letters (A, B, C, D, and E) mark statistically significant differences between different used bacterial strain per disinfection protocol. 
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Figure 3. Viability of A. baumannii ATCC 19606 biofilm treated with different disinfection protocols ((A) solitary ozone, (B) solitary citric acid, (C) citric acid–ozone, (D) ozone–citric acid, (E) citric acid–ozone–citric acid) using propidium iodide staining. The control group was non-treated biofilm (CN). Red fluorescence indicates dead cells with permeable membranes. Magnification 20×. 






Figure 3. Viability of A. baumannii ATCC 19606 biofilm treated with different disinfection protocols ((A) solitary ozone, (B) solitary citric acid, (C) citric acid–ozone, (D) ozone–citric acid, (E) citric acid–ozone–citric acid) using propidium iodide staining. The control group was non-treated biofilm (CN). Red fluorescence indicates dead cells with permeable membranes. Magnification 20×.



[image: Processes 10 01788 g003]







[image: Processes 10 01788 g004 550] 





Figure 4. The 3-dimensional images of ceramic tile surface with formed 24 h A. baumannii ATCC 19606 biofilm treated with different disinfection protocols (Protocol (A)—solitary ozone gas, Protocol (B)—solitary citric acid, Protocol (C)—citric acid–ozone, Protocol (D)—ozone–citric acid, Protocol (E)—citric acid–ozone–citric acid) and non-treated control (CN). Magnification 20×. 
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Figure 5. Images of ceramic tile surface with formed 24 h A. baumannii ATCC 19606 biofilm treated with different disinfection protocols (A–E). The control was provided with non-treated biofilm (CN). Magnification 20×. 
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Figure 6. The 2-dimensional images of 24 h representative strain A. baumannii ATCC 19606 biofilm formed on polystyrene treated with different disinfection protocols (A–E). (CN) marks control group. The dark blue stains present the bacteria stained with crystal violet. The control was provided with A. baumannii ATCC 19606 biofilm not exposed to combined or solitary ozone gas and citric acid effects. Magnification 20×. 
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Figure 7. Schematic representation of combined effect of gaseous ozone and citric acid on A. baumannii biofilm formed on ceramic tiles. 
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Table 1. Percentages of inhibition of both A. baumannii strains of biofilm formed on polystyrene and ceramics after disinfection protocols. Protocol A marks disinfection with gaseous ozone, Protocol B disinfection with citric acid, Protocol C a combination of citric acid–gaseous ozone, Protocol D a combination of gaseous ozone–citric acid, and Protocol E a combination of citric acid–gaseous ozone–citric acid.






Table 1. Percentages of inhibition of both A. baumannii strains of biofilm formed on polystyrene and ceramics after disinfection protocols. Protocol A marks disinfection with gaseous ozone, Protocol B disinfection with citric acid, Protocol C a combination of citric acid–gaseous ozone, Protocol D a combination of gaseous ozone–citric acid, and Protocol E a combination of citric acid–gaseous ozone–citric acid.





	
Surfaces

	
A. baumannii ATCC BAA1605

	
A. baumannii ATCC 19606




	
Treatments (% Biofilm Destruction)




	
Protocol

	
Protocol




	

	
A

	
B

	
C

	
D

	
E

	
A

	
B

	
C

	
D

	
E






	
Polystyrene

	
61.6

	
94.06

	
99.4

	
99.33

	
99.98

	
80.32

	
97.35

	
99.02

	
99.13

	
99.93




	
Ceramic tiles

	
89.9

	
82.7

	
98.29

	
98.53

	
99.77

	
73.3

	
93.77

	
96.16

	
97.4

	
99.99
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