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Abstract

:

(1) Background: An aerogenic way is one of main rout of spreading microorganisms (including antibiotic resistant), that cause healthcare-associated infections. The source of microorganisms in the air can be patients, personnel, visitors, outdoor air, hospital surfaces and equipment, and even sink drains. (2) Methods: The standardized suspensions (0.5 McFarland) of the examined strains (Enterococcus spp., Clostridioides difficile, Staphylococcus aureus) were nebulized in sterile chamber. Then the Induct 750 (ActivTek) device, generating RCI (radiant catalytic ionization) phenomenon, was used for 20 min. Next, the number of bacteria in the air was calculated using collision method. The percentage of reduction coefficient (R) was calculated. (3) Results: In case of enterococci, the R value was >90% and there are no statistically significant differences among tested strains. For C. difficile strains the R value range from 64–95%. The R value calculated for hypervirulent, antibiotic resistant CDI PCR 27 strain was statistically significantly lower than for other examined strains. For S. aureus non-MRSA the R value was 99.87% and for S. aurues MRSA the R value was 95.61%. (4) Conclusions: The obtained results indicate that the use of RCI may contribute to reducing the occurrence of dangerous pathogens in the air, and perhaps transmission and persistence in the hospital buildings environment.
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1. Introduction


Healthcare-associated infections (HAIs) are a very serious medical problem. HAIs pose a threat to hospitalized patients. They mainly affect person with a weak immune system. Hospital infections most often affect people in intensive care units. They are usually caused by multi-resistant bacteria with high spreading potential. One of the directions of action is striving to limit patients’ contact with pathogenic microorganisms in the air. The problem of nosocomial infections can be minimized through appropriate control and monitoring systems [1].



Many actions are taken to prevent spread of microorganism. These activities include: antibiotic prevention and therapies, cleaning and disinfection of the surface, hygiene of the hands and clothing of the staff, separation of special areas, isolation of patients with diarrhea, etc., [1].



However, one of the main ways of spreading microorganisms that cause HAI—an aerogenic path—is often overlooked. Unfortunately, for many years, the transmission of pathogenic microorganisms by air was not considered a serious health risk [2]. However, there is a lot of evidence that suggests that both Gram-negative and Gram-positive bacteria are often spread by air in the hospital environment [1]. The hospital environment is a very dynamic environment from the microbiological point of view. The composition of bioaerosol generated in hospital rooms is usually very diverse. The source of microorganisms present in the air can be patients, personnel, visitors, outdoor air, hospital surfaces and equipment, and even sink drains [3,4]. Factors affecting the presence of microbes in hospital air include seasons, weather conditions (e.g., temperature, humidity), efficient ventilation system, humidity, number of patients and guests, as well as activities such as how often the door is opened or staff and guests move [5,6]. Microorganisms can get into the air during medical treatments and even during simple maintenance activities, such as changes in bedding or clothing [7]. It was also shown that contaminated air-conditioning devices were the source of P. aeruginosa infection [1]. It was shown that in the environment of patients infected with methicillin-resistant Staphylococcus aureus (MRSA), 4.7 CFU m3 of MRSA, and during bed turn down the number of bacteria increased up to 116 CFU m3 [7]. The problem of bioaerosol formation by Gram-negative bacteria is particularly dangerous in relation to medical equipment, e.g., humidifiers, nebulizers, respirators, which is associated with respiratory infections [1]. The main route of infectious bioaerosol spread in the hospital are ventilation systems. There are two main types of ventilation systems—natural and mechanical [8], which choice depends on the type of room. Mechanical fans can be installed directly in windows or walls or installed in air ducts to supply air to or extract air from the room [9,10]. Through ventilation system, pathogenic microorganisms from one patient can spread to other rooms or even other floors of the building, and can also sediment on various surfaces in other rooms, causing their contamination [9]. Proper maintenance of ventilation systems can help to reduce infection [10].



Among the microorganisms spreading through the aerogenic pathway in hospitals, multi-drug resistant (MDR) enterococci, C. difficile and MRSA are important.



Enterococcus spp. are a natural microbiota of the digestive tract of humans and animals. Enterococcus spp. may be the etiological factor of various forms of clinical infections, especially urinary tract, endocarditis, peritonitis, and burn wound infections. Most nosocomial infections are caused by biofilm forming bacteria, which allows them to survive in the urinary tract, avoiding the host’s immune response. Increasingly, MDR strains of Enterococcus spp. are isolated in the hospital environment. Currently, enterococci are classified as alarm pathogens. They are among the most dangerous multi-drug resistant pathogens, called the ESKAPE acronym (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacter spp.), responsible for infections associated with healthcare (HAIs) [11].



The majority of enterococcal infections are endogenous, however, exogenous infections are more frequently found in hospitalized patients and result from transmission of strains from other patients or the hospital environment. The primary mode of spread from patient-to-patient occurs through the hands of healthcare workers [12]. In recent decades, an increase in isolation of Enterococcus spp. resistant to ampicillin and vancomycin from the hospital environment was noticed. This tendency applies in particular Enterococcus faecium strains. This applies mainly to the acquisition of vancomycin resistance among these strains (Vancomycin Resistant Enterococcus, VRE) [11]. A frequent among enterococci is the simultaneous occurrence of several mechanisms of resistance to antibiotics from different chemical groups [13].



C. difficile is currently one of the most important pathogens responsible for antibiotic-associated diarrhea and pseudomembranous colitis, mainly in hospital patients, but increasingly also in non-hospital patients, including persons without risk factors [14]. Pathogenic C. difficile strains produce toxin A (TcdA, encoded by the tcdA gene) and/or toxin B (TcdB, encoded by the tcdB gene). Toxins cause, among others, destruction of the cytoskeleton, apoptosis of epithelial cells, induction of proinflammatory cytokine production, recruitment of inflammatory cells, contributing to the destruction of intercellular connections, which, with the participation of hydrolytic enzymes, leads to the development of colitis, pseudomembrane, and diarrhea [14,15]. Since the emergence of hypervirulent ribotype PCR 027 in Europe, there has been an increase in C. difficile infection (CDI) cases, mortality, and further evolution of strains to increase virulence, the possibility of spreading in the environment and resistance to antibiotics [15]. Resistance to moxifloxacin may be a marker of increased virulence of C. difficile strains [16]. Roberts et al. [17] and Best et al. [18] demonstrated that C. difficile can easily spread in the hospital environment through aerogenic pathways. Spores play a major role in the spread and maintenance of C. difficile strains in the hospital environment [19]. Spores are formed after 15 min of exposure of vegetative forms to oxygen, they are resistant to many hygienization and disinfection procedures [20]. Evidence for this is provided by the frequent isolation of C. difficile spores from ventilation ducts in hospitals and high horizontal surfaces [21]. The mean spore length is 1–1.5 mm and the mean diameter is 0.5–0.7 μm, although there is documented significant variation in individual sizes of spores both within and between strains. Fallout time of C. difficile spores in a still room from 1 m height range from 2.1 to 13.9 h [22]. Furthermore, it was suggested that aerial dissemination could play a role in the persistence of C. difficile in hospitals [19].



S. aureus is an opportunistic human pathogen [23,24], which can cause, among others, wound infections, pneumonia in immunocompromised individuals, chest abscess and bacteraemia [25]. S. aureus is listed as one of the most common pathogens responsible for nosocomial infections [23]. About a third of the population is carriers of S. aureus. It usually colonizes wet areas, such as armpits, groin, and nose, although it can also be found on other parts of the body, for example on the hands [23]. In contrast, MRSA (Methicillin-resistant Staphylococcus aureus) strains are of particular concern because of their resistance to β-lactam antibiotics, which makes treatment more difficult [25]. This pathogen is currently responsible for about 61% of staphylococcal infections [25]. The basic mode of transmission of MRSA strains within the hospital are temporarily colonized hands of hospital staff. In addition, it is believed that MRSA in the form of bioaerosol can pollute the air. Although the transmission of MRSA in the air is generally considered less frequent than the transmission by direct contact, it is considered that air is an important factor to be considered in hospital wards [26]. Both S. aureus and MRSA in the air are present in the form of particles with an aerodynamic diameter that can accumulate in the human upper respiratory tract, primary, secondary, and final bronchi and alveoli. The spherical cells of S. aureus are up to maximal 1 μm in diameter [23,24,25,26].



Therefore, it is important to look for the effective methods to maintain microbiological purity of the air and ventilation systems. One of them is radiant catalytic ionization (RCI). RCI [27] is an active method of air and surface cleaning. The RCI cell consists of matrices of elongated polycarbonate components, arranged in a parallel orientation resembling a honeycomb. A coating of matrices comprises a grouping of the materials: titanium dioxide, rhodium, silver, and copper. On the opposite site a broad-spectrum UV light source is located. The UV lamp utilizes argon gas with mercury and carbide filaments with a spectrum of 100 and 367 nm [28,29]. It works by creating a proper wavelength and using the photo-oxidation effect with the participation of UV light and appropriate photocatalysers such as TiO2, which are placed in the hydrophilic coverage of the RCI chamber [28]. The result is generation of biocidal reactive oxygen species (ROS), hydroxyl radicals (OH•), superoxide radicals (O2−•), hydro-peroxyl radical (HO2•), and hydrogen peroxide (H2O2) [28,29]. The manufacturer declares that the total number of generated ions is about 5.0 × 105 ions cm−3 of air. In addition, in photocatalytic oxidation also other secondary impurities aldehydes: acetaldehyde and formaldehyde are produced. Also aldehydes have harmful health effects [30,31]. Photocatalysis has been found to not only effectively eliminate Gram-positive and Gram-negative bacteria, spores, viruses, fungi, and protozoa but also inactivate prions and bacterial toxins [32]. Gram-positive bacteria have been shown to be more resistant to photocatalytic disinfection than Gram-negative [28]. Their action is related to the oxidation of coenzyme A molecules, which inhibits the respiratory pathway, oxidation of unsaturated phospholipids, interactions with extracellular polymeric substances (EPS), and causes the accumulation of DNA and RNA damage in the bacterial cell [32,33,34]. Despite the ozone generation during the operation of the device, it has been shown that it is not a main bactericidal agent, because at the time of air exchange its level does not exceed 0.05 ppm [28,33,35]. It is important that WHO Air Quality Quidelines 2005 gives for ozone 8-h mean limit of 100 μg/m3. WHO points out that sensitive individual may have health effects also in lower concentrations than the limit. It is very important that the producer of the equipment not only says, but also offers some reliably tested proofs about the measured levels of the produced ozone. According to USA EPA ozone generators have many harmful health effects [36]. In case of tested RCI device, its producer declares ozone production at a level below 0.04 ppm [35]. Currently, new version of RCI devices does not generate ozone.



The aim of the study is to assess the efficiency of RCI in eliminating enterococci resistant to selected antibiotics in the air compared to the antibiotic-susceptible strain, antibiotic-resistant, toxinogenic C. difficile in comparison with the non-toxinogenic, antibiotic-susceptible strain and elimination of S. aureus non-MRSA and MRSA strain.




2. Materials and Methods


2.1. Materials


The research material consisted of three Enterococcus spp. standard strains, three C. difficile strains isolated, and two S. aureus strains from a clinical specimen from the collection of the Department of Microbiology, Ludwik Rydygier Collegium Medicum. in Bydgoszcz, Nicolaus Copernicus University in Toruń:



Enterococcus faecalis PCM 1861, isolated from clinical material, susceptible to antibiotics.



Enterococcus faecalis ATCC 51299, isolated from a peritoneal fluid sample from a patient from Saint Louis, Missouri, USA, resistant to vancomycin, gentamicin, streptomycin, and erythromycin, with confirmed presence of genes: vanB i ant(6)-I acc(6′) aph(2′′′′).



Enterococcus faecium ATCC 51559, isolated from a patient from Brooklyn, New York, USA, resistant to vancomycin, teicoplanin, ampicillin, gentamycin, ciprofloxacin, and rifampicin, with confirmed presence of vanA gene.



C. difficile non-toxigenic strain (CDI tox(−)).



C. difficile strain producing A, B, and binary toxins and resistant to moxifloxacin (CDI MXF-R/tox A/B/bin(+)).



C. difficile PCR-ribotype 027 strain (CDI PCR 027).



S. aureus MRSA isolated from wound infection.



S. aureus non-MRSA isolated from wound infection.



All strains were plated on Columbia Agar with 5% sheep blood (Becton-Dickinson) and incubated at 37 °C for 24 h. After this time, the grown strains were transfer on the same type of medium, and the grown colonies were used in the next stages of the study. C. difficile was incubated under anaerobic conditions (Genbag anaer atmosphere generator (bioMérieux) at 37 °C for 48 h.




2.2. RCI Efficiently


For the purpose of the study, standardized suspensions of the examined strains were prepared from fresh culture in physiological saline (Polpharma) with an optical density of 0.5 McFarland standard using a densitometer (DEN-1B, Biosan). The bacterial concentration in the suspension was respectively for Enterococcus spp. 2.38 × 108 CFU cm−3 (±5.26 × 107); C. difficile 7.25 × 107 (±1.66 × 107) CFU cm−3; S. aureus 1.72 × 108 (±4.17 × 107) CFU cm–3. In case of C. difficile, the suspensions of vegetative cells of the tested strains were used. However, further handling with suspension lasting about 50 min was not conducted in anaerobic conditions, which could lead to the formation of spores. As a result, the spontaneously arose mixtures of vegetative forms and spores of C. difficile were RCI treated during the experiment. This reflected the actual conditions for the spread of C. difficile in hospitals.



Then, 4 mL of each suspension was placed individually in a sterile nebulizer chamber of the MONSUN MP1 (Medbryt) pneumatic inhaler. Nebulization was carried out until the inhaler chamber was completely emptied (about 15 min). The capacity of the nebulizer compressor is 15.5 L/min and the maximal aerosol capacity is 0.48 mL/min with a particle diameter of 1.4–2.4 μm.



The nebulizer chamber was placed in the test room, which was a hermetic chamber, with a volume of 1.4 m3 made of steel plates. The chamber is closed with a front wall made of polycarbonate placed in a metal frame. This wall is screwed and closed with side closures. All connections are sealed. The hermetic test was carried out using colored smoke generated by Björnax smoke candles. Before each subsequent nebulization, the walls of the chamber were disinfected chemically with an agent intended for disinfection of solid surfaces, and the air contained in it was subjected to UV-C lamp Philips TUV 36W/G36 T8 for 20 min. After this time, the chamber was opened for about 20 min to remove accumulated ozone. During ventilation the chamber, in the test room the airflow UV-C lamp, which does not generate ozone, was turning on. Moreover, the air and surfaces in the test room were subjected to UV-C radiation for 2 h, before the start the experiment. Before commencing nebulization a control assessment of microbiological purity of the air was carried out in order to check the so-called microbiological background level. A detailed experimental design is shown in Figure 1, and the appearance of research set is presented in Figure 2. Each experiment was conducted in triplicate for each strains.



The air samples were sampled using the collision method with MAS-100 Eco (Merck) device. The nominal air flow through the sampler head is 100 L/min. In order to assess the microbiological purity of the air after using Philips TUV 36W/G36 T8 UV-C lamps and Induct 750 devices, 0.2 and 0.5 m3 were taken. However, in order to assess the level of bacterial contamination in the chamber after nebulization of the bacterial suspension, 0.01 and 0.05 m3 were sampled. Enterococcus spp. bacteria were cultured on Enterococcosel Agar (Becton-Dickinson) at 35 °C for 24 h. C. difficile were grown on chromID® C. difficile (bioMérieux) under anaerobic conditions generated with Genbag anaer atmosphere generator (bioMérieux) at 37 °C for 48 h. S. aureus strains were cultured on mannitol salt agar (Becton Dickinson). The colonies growing on the agar were counted and converted into colony forming units (CFU) m−3 of air. Effectiveness was expressed by giving the number of CFU before and after using the Induct 750, and calculating the percentage reduction (R [%]) according to the formula:


   R  RCI    [ % ]  =   A − B  A  × 100  



(1)




where: A—the initial number of microorganisms [CFU m−3], B—the number of microorganisms after using the device [CFU m−3].



The positive control in the study was suspensions of the microorganisms tested, which were nebulized and not exposed to RCI. Samples in the volume of 0.2 and 0.5 m3 were taken after 20 min. In this way, spontaneous precipitate overtime was evaluated. Precipitate factor was expressed by giving the number of CFU directly after neubulization and 20 min after nebulization, and calculating the percentage reduction Rwitout RCI [%] according to the formula presented above, where B was the number of microorganisms after 20 min from nebulization without RCI action [CFU m−3].




2.3. Experimental Environment Conditions


In addition, negative ion concentration was measured in the chamber air before and after the RCI technology usage. The measurement was made using air negative ion measuring instrument KT-401 AIR (VKTECH)—measurement range 104–106 ions cm−3. The air temperature and humidity in the chamber was also measured using the thermo-hygrometer LB-710AL (Lab-El).




2.4. Statistical Analysis


The obtained results were subjected to statistical analysis in the STATISTICA 13.0 PL (TIBCO Software, Palo Alto Networks, Inc., Santa Clara, CA, USA). The significance of differences between the values of R coefficients calculated for the strains of a given species was checked based on Tukey’s test at the significance level of 0.05.





3. Results


3.1. Experimental Environment Coditions


The experimental environment conditions are presented in Table 1.




3.2. Changes in the Number of Enterococcus spp. in the Air


The obtained results showed some fluctuations of the CFU number of tested enterococci present in the air after nebulization of suspensions (Table 2). For this reason, it was decided to introduce an absolute reduction measure in the form of R [%].



After the nebulization, it was found that the tested strains of Enterococcus spp. in a similar number spread in the form of an aerosol (Table 2).



The use of RCI resulted in a significant decrease in the CFU number both E. faecalis and E. faecium strains in the air. CFU number of all tested strains decreased by over 90%. The highest decrease was observed in the E. faecalis PCM 1861 strain, susceptible to antibiotics, and the lowest in the E. faecalis ATCC 51299 strain. The differences between the strains were not statistically significant (Table 2).




3.3. Changes in the Number of C. difficile in the Air


The obtained results showed, similarly as in the case of Enterococcus spp., some fluctuations in the CFU number of tested bacilli present in the air after the suspension nebulization (Table 3). For this reason, it was decided to introduce an absolute reduction measure in the form of R [%].



After the nebulization, it was found that the CDI strain MXF-R/tox A/B/bin (+) most intensively formed bioaerosol, and the CDI PCR 027 strain—the worst (Table 3).



The use of RCI resulted in a decrease in the CFU number of all C. difficile strains tested in the air. The highest decrease, amounting to almost 95%, was found for the CDI MXF-R/tox A/B/bin(+) strain, and the lowest (over 64%) for the CDI PCR 027 strain (Table 3). The non-toxigenic CDI tox(−) strain was more resistant than the CDI MXF-R/tox A/B/bin(+) strain producing all toxins. Percentage reduction coefficients for the number of CDI tox(−) and CDI MXF-R/tox A/B/bin(+) strains were statistically significantly higher compared to the coefficient calculated for the CDI PCR 027 strain (Table 3).




3.4. Changes in the Number of Staphylococcus aureus in the Air


Like in the case of species mentioned above, some fluctuations in the CFU number of tested S. aureus strains in the air after the suspensions nebulization were observed (Table 4). For this reason, it was decided to introduce an absolute reduction measure in the form of R [%].



The number of S. aureus reisolated from bioaerosol, after nebulization, range from 4.70 × 105 CFU m−3 for MRSA strain to 5.10 × 105 CFU m−3 for non-MRSA strain (Table 4).



The use of RCI resulted in a decrease in the CFU number of both S. aureus strains tested in the air. The greater number reduction (99.87%) was observed in case of non-MRSA strain. The statistically significant differences in R[%] were not shown among the tested strains (Table 4).





4. Discussion


Microbiological air pollution in hospitals plays an important role in the spread of healthcare-associated infections [38,39,40]. Despite the methods of air purification used so far, e.g., ultraviolet germicidal irradiation (UVGI), HEPA filters, it is necessary to look for new, more effective technologies that enable the fight against increasingly virulent microbial strains that can spread through the aerogenic route. It is also important that new techniques are safe for people, because we spend over 90% of our time indoors and can be used while people are inside. RCI technology, unlike passive air purification methods, is an active method that purifies the air not only inside, but also outside the device. RCI has been shown to be an effective method for eliminating microbial contaminants, including viruses, vegetative forms, and persistent bacteria, from the surface [37,41,42,43,44,45]. It was found that this technology can be successfully used in many industries.



RCI method is quite a new approach to the indoor air disinfection issue. There are only very few publications in the available literature regarding the use of this method, and especially in relation to the experimental layout adopted in this research. Therefore, there are difficulties with regard to the results of own research to the work of other authors.



In the conducted experiment, the effectiveness of RCI against different strains of Enterococcus spp. and vegetative forms of C. difiicile were evaluated, paying attention to their virulence and resistance to antibiotics. The study showed the highest efficacy of RCI against E. faecalis PCM 1861 susceptible to antibiotics (R [%] = 99.76), but for all tested strains of Enterococcus spp., more than 90% efficiency in reducing the number of microorganisms in air after RCI has been demonstrated. In contrast, the lowest RCI efficacy was demonstrated for the C. difficile strain ribotype 027 (R [%] = 64.45). The use of RCI resulted in a decrease in the CFU number of both S. aureus strains tested in the air. The greater number reduction (99.87%) was observed in case of non-MRSA strain. Skowron et al. [37], higher efficacy of RCI against other spore forming bacteria, such as Bacillus subtilis, has been demonstrated (R [%] = 98.92). The lower susceptibility of C. difficile to RCI may be related to the virulence factors of these microorganisms, whereas this mechanism should be explained in subsequent studies. C. difficile rybotype 027 is an epidemic, high virulent strain that is characterized by more intense sporulation and production of large amounts of toxin A and B (16–23 times higher in vitro concentration than in case of other strains) [19,46,47,48]. The risk of aerogenic transfer of these microorganisms has been demonstrated by Roberts et al. [17], where the presence of these microorganisms in air samples collected in a hospital environment in Great Britain was demonstrated. Skowron et al. [37] showed the lowest RCI efficacy against Clostridium sporogenes spores (R [%] = 71.73). In other studies [44], we showed a reduction of Klebsiella pneumoniae NDM strains in the air at the level of 1.80 log CFU m−3 after using RCI technology. Skowron et al. [37] for S. aureus and S. epidermidis found a decrease in number amounted to 4–5 logarithmic units, and the percentage reduction rate was 99.9%. Also Grinshpun et al. [27] indicated that RCI technology caused a reduction of the B. subtilis spores in the 2.75 m3 chamber. In the study, a chamber with a cubic capacity of 1.4 m3 was used. The device manufacturer declares the device’s efficiency to 70 m3 (ActivTek, instruction of use Induct 750).



Skowron et al. [37] also demonstrated the differential efficacy of RCI on microorganisms in the air. The highest reduction coefficient (R [%] = 100) was demonstrated for Escherichia coli and Candida albicans. Effective elimination from the air was observed for E. faecalis ATCC 29212 (R [%] = 99.99), which, like E. faecalis PCM 1861, is sensitive to antibiotics [37]. Barabasz et al. [48] indicated that RCI was effective in rooms of cubature 20 and 45 m3. The percentage reduction rate for the total number of Staphylococcus spp. and fungi ranged from 73.1% to 82.0% [42]. In turn, Wiktorczyk et al. [49] used the RCI module as a built-in element of the cabinet for storing endoscopes. The treatment influenced the meeting of microbiological criteria of air in the wardrobe [49].



In this study, the chamber nebulization time was 20 min, this is one of the parameters that can affect the effectiveness of eliminating pathogens from the air. In Skowron et al. study [37], the exposure time was also 20 min. However, in another study, we evaluated different exposure times [50] for the effectiveness of RCI technology. Skowron et al. [50], showed that the number of bacteria decreased with RCI exposure over time, which confirms previous studies. Skowron et al. [50] showed that the reduction of S. aureus from a stainless steel surface after 20 min exposure to RCI was 5.20 log CFU cm−2. At the same time, Skowron et al. [50] found that S. aureus was the most resistant to RCI on the rubber surface. Grinshpun et al. [27] found that increasing the exposure time from 10 to 30 min increased the reduction in B. subtilis from 75 to 90%. Ortega et al. [34] showed that the 2 h RCI activity allowed a reduction of 90% of bacterial stainless steel plankton cells. The duration of RCI technology is crucial at the site of its application, especially in hospitals.



RCI technology based on reactions of photooxidation may in the near future become one of the most popular methods of air and surface cleaning, which is already in use in hospitals, museums, and schools [51]. Skorwon et al. [44] demonstrated the effectiveness of eliminating K. pneumoniae NDM from the materials used as hospital room equipment, including bedding. The effectiveness of this technology seems to be particularly important for highly virulent and antimicrobial resistant organisms that pose the greatest challenge for modern microbiology. In addition, Dimitrakopoulou et al. (2012), showed that the use of photocatalysis methods using UV-A/TiO2 plays a role in the degradation of antibiotics present in the environment [52]. It is possible to use this technology in ventilation systems as support for existing solutions, e.g., HEPA filters, which will enable inactivation and removal of dead microorganisms from the air at the same time. RCI technology is mainly intended for cleaning inside the rooms and preventing the spread of microorganisms present in the hospital environment, e.g., between rooms, by personnel. RCI technology is based on photocatalysis. The emission of harmful substances has been proven, such as, ozone, aldehydes—formaldehyde and acetaldehyde, during photocatalysis, if this process occurs in an environment where a high concentration of volatile organic compounds (VOCs) is stated [30]. However, there is no research in the available literature on the production of such substances during the operation of RCI in rooms where there are people. A safe solution would be monitoring the concentrations of hazardous substances in places where RCI technology is used continuously when people are present in the room.




5. Conclusions


The obtained results indicate that the use of RCI may contribute to reducing the occurrence of dangerous pathogens (including MRSA) in the indoor air, and perhaps transmission and persistence in the environment. It is worth noticing that the RCI device should be taken into account in case of ventilation systems designing. However, in the future, more strains from different species should be examined. In addition, research is needed in real indoor environments.
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Figure 1. Detailed experimental design according [37]. 
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Figure 2. Appearance of research set according [37]. 
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Table 1. Basic experimental environment conditions.






Table 1. Basic experimental environment conditions.





	
Parameter

	
RCI Technology Usage




	
Before

	
After






	
Negative ions concentration [ion cm−3]

	
<1.0 × 104

	
7.2 × 105

(±0.7 × 105)




	
Temperature [°C]

	
25.3

(±0.4)

	
24.8

(±0.2)




	
Relative humidity [%]

	
50.4

(±1.1)

	
49.2

(±0.8)
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Table 2. The number of Enterococcus spp. recovered from air and the percentage reduction coefficient R [%].






Table 2. The number of Enterococcus spp. recovered from air and the percentage reduction coefficient R [%].





	Strain
	The Average Number of Bacteria after Nebulization [CFU m−3]
	The Average Number of Bacteria after 20 min without RCI
	Precipitate Factor RwithoutRCI (K+) [%]
	The Average Number of Bacteria after Using the Induct 750 [CFU m−3]
	Percentage of Reduction in the Number of Bacteria RRCI [%]





	Enterococcus faecalis PCM 1861
	3.64 × 105

(±5.31 × 104) *
	2.89 × 105

(±2.31 × 104)
	20.60 a
	8.72 × 102

(±7.05 × 103)
	99.76 b



	Enterococcus faecalis ATCC 51299
	3.91 × 105

(±7.13 × 104) *
	3.04 × 105

(±3.16 × 104)
	22.25 a
	3.89 × 104

(±7.05 × 103)
	90.05 b



	Enterococcus faecium ATCC 51559
	3.18 × 105

(±8.23 × 104)
	2.58 × 105

(±5.31 × 104)
	18.99 a
	1.25 × 103

(±9.63 × 102)
	99.61 b







*—standard deviation. a,b—values marked with different letters differ statistically significant (p ≤ 0.05).
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Table 3. Number of Clostridioides difficle recovered from the air and the percentage reduction coefficient R [%].






Table 3. Number of Clostridioides difficle recovered from the air and the percentage reduction coefficient R [%].





	Strain
	The Average Number of Bacteria after Nebulization [CFU m−3]
	The Average Number of Bacteria after 20 min without RCI
	Precipitate Factor RwithoutRCI (K+) [%]
	The Average Number of Bacteria after Using the Induct 750 [CFU m−3]
	Percentage of Reduction in the Number of Bacteria RRCI [%]





	CDI tox(−)
	3.14 × 104

(±3.54 × 102) *
	2.28 × 104

(±1.11 × 102)
	27.36 a
	5.15 × 103

(±7.21 × 102)
	83.57 b



	CDI MXF-R/ tox A/B/bin(+)
	2.43 × 105

(±2.47 × 104)
	1.74 × 105

(±2.26 × 104)
	28.42 a
	1.30 × 104

(±1.85 × 103)
	94.65 b



	CDI PCR 027
	8.20 × 103

(±4.24 × 102)
	6.03 × 104

(±3.81 × 102)
	26.46 a
	2.92 × 103

(±1.87 × 102)
	64.45 b







CDI tox(−)—C. difficile non-toxinogenic strain; CDI MXF-R/tox A/B/bin(+)—C. difficile strain producing A, B and binary toxins and resistant to moxifloxacin; CDI PCR 027—C. difficile strain PCR-rybotype 027; *—standard deviation; a,b—values marked with different letters differ statistically significant (p ≤ 0.05).
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Table 4. The number of Staphylococcus aureus recovered from the air and the percentage reduction coefficient R [%].






Table 4. The number of Staphylococcus aureus recovered from the air and the percentage reduction coefficient R [%].





	Strain
	The Average Number of Bacteria after Nebulization [CFU m−3]
	The Average Number of Bacteria after 20 min without RCI
	Precipitate Factor RwithoutRCI (K+) [%]
	The Average Number of Bacteria after Using the Induct 750 [CFU m−3]
	Percentage of Reduction in the Number of Bacteria RRCI [%]





	Staphylococcus aureus MRSA
	4.70 × 105

(±7.16 × 104) *
	3.65 × 105

(±3.44 × 104)
	22.34 a
	2.06 × 104

(±1.72 × 104)
	95.61 b



	Staphylococcus aureus non-MRSA
	5.10 × 105

(±1.12 × 105)
	3.90 × 105

(±1.89 × 105)
	23.60 a
	6.50 × 102

(±9.22 × 101)
	99.87 b







*—standard deviation; a,b—values marked with different letters differ statistically significant (p ≤ 0.05).
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