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Abstract

:

During the COVID-19 pandemic, microbiological controls neglected the spread of viruses through the air. Techniques to identify this threat required additional research to enable control measures to be introduced to protect against the spread of disease through this route. Due to the very high level of risk occurring during research on the COVID-19 and SARS-CoV-2 viruses, it seems necessary to use analogous microorganisms that will allow, through an experiment, to validate or challenge a method that stops the spread of infectious microorganisms, without unnecessary risk to research staff. The presented work was carried out to assess the possibility of using airborne microorganisms that are safe for humans for this type of research. The work presents the selection process of bacteria and viruses (bacteriophages) that have the greatest potential for use in experimental studies on airborne-droplet transmission indoors, especially in hospital facilities. In the study, it was assumed that determining the survival rates of groups of organisms would allow them to be used as a proxy for studying more dangerous bacteria and viruses. Survival studies of selected microorganisms were carried out, and the paper selected microorganisms with the highest survival rate in a given environment.
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1. Introduction


Since the outbreak of the COVID-19 pandemic in December 2019, the world has continued to face the acute upper respiratory syndrome caused by SARS-CoV-2, which is currently spreading. To date, research worldwide in the field of evaluating the transmission of SARS-CoV-2 microorganisms, conducted through numerous scientific experiments, has allowed for a deeper understanding of this subject. Studies in the area of computational fluid dynamics (CFD) simulations have allowed the analysis of the risk of releasing airborne pathogens in enclosed spaces [1,2,3,4,5,6,7]. Research has also been conducted on the use of aerosol particle generators and counters to assess the quantity and shape of particles [8,9,10,11] or has been based on statistical data related to infection rates correlated with the level of protection and isolation [12,13]. The COVID-19 pandemic has revealed numerous knowledge gaps in our understanding and the need to update the traditional perspective on viral transmission methods.



Previous definitions of droplet and airborne transmission do not account for the mechanisms by which contaminated droplets and aerosols from the respiratory tract move through the air and lead to infections. Aerosols are so small that they can remain suspended in the air, accumulate in poorly ventilated spaces, and be transmitted over short and long distances [14,15]. Defining the problem in this way creates an urgent need to include aerosol precautions in current respiratory infectious disease control protocols. During the COVID-19 pandemic, controls focused mainly on preventing droplet and germ-borne transmission [16,17]; airborne transmission required further research before control measures could be implemented to prevent disease spread through this route. Due to the high risk associated with the study of COVID-19 and SARS-CoV-2 viruses, it is necessary to employ similar microorganisms that, through experimentation, allow us to confirm or refute a method that stops the spread of infectious microorganisms without unnecessarily exposing research personnel. The role and mechanisms of airborne transmission in spreading infectious viral diseases are not well understood, and the level of scientific information available about their airborne transmission differs substantially for each specific virus. In laboratories working with aerosol-transmitted microorganisms, it is usual to apply control measures at the appropriate biosafety level (BSL), depending on the pathogens you are working with. It is important to follow strict safety procedures and adhere to the guidelines specified for the BSL level. A critical review of what is known about the airborne transmission of dangerous infectious viruses from an engineer’s perspective will help researchers understand the similarities and general identification gaps in knowledge about airborne virus transmission, as well as gaps specific to individual viruses. But to make this possible, a repeatable research method is needed that allows for research in conditions that are safe for research personnel. This method will enable the development of safety systems for patients and medical staff in various rooms individually adapted to the conditions. This creates the basis for the development of unconventional but effective methods of preventing the spread of viruses. In the work, microorganisms that do not threaten human life were used and all safety measures were observed.



The selection of microorganisms for the study was preceded by an analysis that concluded that bacteriophage phi6 and SARS-CoV-2 virus are two different categories of viruses, but there are some similarities in their structure and function, although they are two completely different classes of pathogens. Both bacteriophage phi6 and SARS-CoV-2 are viruses. This means that they are microscopic organisms that do not have their own metabolism or ability to multiply on their own. Instead, they must infect host cells to multiply. Both phi6 and SARS-CoV-2 have a capsid, which is an outer protective layer. In the case of phi6, it is the capsid that surrounds its RNA genome, while in the case of SARS-CoV-2, it is the protein envelope that surrounds its RNA genome. Both phi6 and SARS-CoV2 contain an RNA nucleic acid-based genome. The phi6 bacteriophage has a three-segmented RNA genome, while SARS-CoV-2 is a single-stranded RNA virus. Both phi6 and SARS-CoV-2 need to infect host cells to multiply. Phi6 infects bacteria, while SARS-CoV-2 infects human cells. Both viruses bind to receptors on the surface of host cells, allowing them to enter the cell and begin the multiplication process. Phi6 is a bacteriophage that infects bacteria, while SARS-CoV-2 is a virus that infects humans. They have completely different replication mechanisms and effects on their hosts. In addition, SARS-CoV-2 is responsible for causing COVID-19 disease in humans, making it a pathogen of great health importance, while phi6 is relatively less harmful to humans because it infects bacteria [18,19,20].



The work presented here was carried out to assess the feasibility of using air-sprayed, human-safe microorganisms for this type of research. The process of selecting bacteria and a virus (bacteriophage) with the highest potential for use in experimental studies of airborne transmission within indoor environments is presented.




2. Materials and Methods


For the study, three bacterial strains were selected: Escherichia coli ATCC 26922 (PCM 2057), Micrococcus luteus ATCC 7468 (PCM 1143), and Staphylococcus aureus ATCC 6538 P (PCM 1932), as well as three bacteriophages (phage phi6, Escherichia phage phiX174, and phage T4). The bacterial strains were obtained from the Polish Microorganisms Collection of the Polish Academy of Sciences and stored in a biobank, while the phages were obtained from the German Collection of Microorganisms and Cell Cultures DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen). The bacterial strains (including those that act as hosts for the bacteriophages) were stored in a freezer at −20 °C, on agar slants and agar plates. Prior to freezing the strains, reduction inoculation was performed to verify their purity and surface inoculation was performed on the appropriate media (AO, TSB, LB). After incubation at the appropriate temperature (25 °C, 30 °C, 37 °C), the biomass was washed with 20% glycerol until an OD600 optical density of 1.5 was achieved; 1 mL of the suspension was poured into cryotubes. For ongoing studies, strains were screened on slants with AO and plates with TSB (Pseduomonas sp.). The DSMZ biobank phage suspension (1 mL) was stored in a refrigerator at 8 °C, according to the manufacturer’s requirements. Bacteriophages for ongoing research were stored in 10 mL aliquots in a refrigerator at 8 °C. Before actual phage propagation, host surface inoculation was performed on two TSB/LB plates (biomass) and incubated for 24 h at 25/37 °C. The biomass was collected in a bottle with sterile TSB broth and incubated for 2–3 h in a water bath with shaking at 25/37 °C. After the initial incubation, 50–100 µL of the phage suspension was added, followed by another 2–3 h of incubation with shaking in a water bath. Subsequently, the host plate biomass was added again and incubated in a water bath with shaking for 12 h at 25/37 °C. After incubation, the phage suspension was centrifuged (10,000–12,000 rpm, 30 min), and the supernatant was filtered through a sterile syringe filter (0.22 µm). The finished phage suspension was stored in the refrigerator. To determine the phage abundance in the suspension, phage nomination was performed. Sterile semi-solid agar was prepared in glass test tubes. Before nomination, the agars were dissolved in a Koch apparatus or drier and then stored in a water bath at 60 °C. The host culture was renewed (by collecting biomass into LB/TSB broth) and incubated for 2–3 h at 25/37 °C. A number of dilutions of the phage suspension in sterile saline solution (0.85% NaCl) were performed. Proper phage nomination was carried out as follows: after cooling the agar to 40–45 °C, 100µL of rejuvenated host culture and 100 µL of diluted phage were added, mixed on a shaker, and then poured onto an LB/TSB agar plate. After 24 h of incubation, plaques (clear zones) were counted and converted to pfu/ml (plaque formation unit) (Table 1).



The tests were carried out on a test stand, a diagram of which is shown in Figure 1. The following test elements were used in the test room: fans with a remote control and an oscillation of 90 degrees (placed on tripods with a height of 35 cm from the floor); an ozone generator with a capacity of 5–10 g/h ozone (with the possibility of switching on by remote control from outside the test room); an ozone meter with the possibility of remote start-up, reading and generation of a report (time of reaching the maximum concentration and its concentration); a probe for measuring low concentrations in the range of 0–20 ppm ozone (electrochemical sensor, accuracy ±15%) and an optionally (interchangeable) probe for measuring high concentrations of 10–1000 ppm (semiconductor sensor, accuracy ±15%); a device for actuating the electrovalve for compressed air cylinders (programmed times: 30 s, 90 s, 180 s); a temperature and humidity sensor with remote reading capability; wall-mounted stands for microbiological samplers (impactors); impactors (microbiological samplers) SAS Duo taking 3 dm3 per minute (180 L/min) simultaneously for two heads, placed on a wall-mounted stand. The apparatus allowed for the maintenance of repeatable experimental conditions. The test stand was supplemented with a survival analysis station, which allowed for the collection of bioaerosol samples at specified time intervals while avoiding the influence of the person conducting the test on the homogenization of the bioaerosol in the air. The bioaerosol survival analysis station included a table and sleeves that allowed the operator to change plates in the samplers outside the infectious room (bioaerosol station), as indicated in Figure 1.



2.1. Survival Studies of Bacterial Strains


Survival studies of bacterial strains in physiological fluid were performed as a surface culture on the appropriate medium incubated at the appropriate temperature (30/37 °C) and then a suspension was prepared with an OD600 optical density of 1.5. At time “0” and every hour, a series of 10-fold dilutions were performed in two replicates on AO plates, after incubation at the appropriate temperature (30/37 °C), colonies were counted and converted to cfu/mL. The analysis was carried out at a temperature of 22 ° C. To determine the survival rate of bacteria in the air, a test suspension was prepared with the appropriate optical density on the McFarland scale. The suspension was nebulized at a pressure of 20 psi for 30 s (other parameters were chosen so that quantifiable results could be obtained). After initial homogenization (1 min), samples were taken at time “0” and at 5, 10, 15, 20, 25, 30, and 35 min. The analysis was carried out using a survival analysis station, fans were turned on during the analysis to obtain a homogeneous bioaerosol. The McFarland scale, which is used to standardize microbiological methods by preparing standardized solutions (suspensions) was used to study bacterial strains. To determine the abundance of bacteria in the suspension according to the scale, a surface culture was performed on the appropriate medium, and incubated at the appropriate temperature (30/37 °C). After the specified incubation time (24/28 h), suspensions were prepared with OD550 optical densities of: 0.125; 0.25; 0.5; 0.75; 1; 1.25; 1.5; 1.75. From each prepared suspension, a series of 10-fold dilutions were made in two replicates on AO plates; after incubation at the appropriate temperature (30/37 °C), colonies were counted and converted to cfu/mL.




2.2. Survival Studies of Bacteriophages


To determine the amount of phage in suspension, phage nomination was performed. For this purpose, sterilized semiliquid agars were prepared in glass tubes. Before nomination, the agars were dissolved in a Koch apparatus and then stored in a water bath at 60 °C. The host culture was renewed (collecting the biomass into LB/TSB broth) and incubated at 25/37 °C. Several dilutions of the phage suspension were performed in sterile saline (0.85% NaCl). The actual nomination was performed as follows: after the agar was cooled to 40–45 °C, 100 µL of the rejuvenated host culture and 100 µL of the phage dilution were added to the agar, mixed well on a shaker and the suspension was transferred to an LB/TSB media plate. It was incubated for 24 h and the bald spots (translucencies) were counted and converted to pfu/mL. Preliminary analyses performed for different nebulization parameters in the infectious room (bioaerosol test stand; Figure 1) for phages included:




	
the phage used, the titer of the phage in the initial suspension;



	
the titer of the phage in the test suspension to be nebulized (dependent on the prepared starting suspension, which was obtained after the phage was cultured from the biobank);



	
the suspension of the dilution factor of the phage test (factor 1; 2.5; 5);



	
nebulization time in the test room (30/90/180 s);



	
homogenization (distribution) time of bioaerosol in the infectious room (bioaerosol test bed);



	
the volume of air taken by the microbiological sampler.








Based on the phage characteristics, the nebulization parameters were adjusted for verification on the bioaerosol analysis station. The aim of the preliminary studies was to verify the appropriate nebulization parameters for a given phage. If the phage count in the air sample was too low or too high, the test was repeated with adjusted parameters.



To assess the survival of the bioaerosol, a host strain test suspension and a phage suspension were prepared. The suspension was nebulized at a pressure of 20 psi for a time determined as optimal for the given bacteriophage (allowing for countable results). After an initial homogenization (1 min), samples were collected at “time 0” and at 5, 10, 15, 20, 25, 30, and 35 min. The analysis was carried out using the survival analysis station, with fans running during the analysis to ensure a uniform distribution of the bioaerosol. According to ISO 16000-36:2018, the result was presented as the number of colonies per cubic meter of air (cfu/m3) or the number of plaques per cubic meter of air (cfu/m3), taking into account correction tables (available in the standard) and using Formula (1). The colony count/plaque count after incubation (r), according to the impactor manufacturer’s recommendation, should be corrected to the most probable number (Pr) according to the table provided in the impactor manual [19].


  C =   P r · 1000  V   



(1)




where C is the number of colonies per cubic meter; V is the volume of the collected sample; Pr is the most probable number of colonies.



The research carried out aimed to identify groups of microorganisms and their testing possibilities in various settings, with a focus on result reproducibility, personnel safety, and testing conditions similar to real-world scenarios.





3. Results


3.1. Results of the Survival Analysis of Bacterial Strains in Physiological Saline and Air


The analysis of the results of the experiments with bacterial strains allowed for the development of a procedure demonstrating the survivability of each strain under test conditions. The following pictures show a reduction culture (Figure 2A,D,G), the purpose of which is to check the purity of the strain and describe its morphology; a plate after nebulization with normal results (Figure 2B,E,H) and a plate after nebulization with abnormal results (Figure 2C,F,I). The correct plates display individual bacterial colonies after air sampling from the bioaerosol using a microbiological probe. A proper reading indicates a countable number of colonies ranging from 20 to 219 (216 is based on the number of holes in the probe head and the probable number of colonies table (as cited)). Based on the results analysis, an acceptable number of colonies between 50 and 216 and an optimal range between 100 and 150 were adopted. The analysis of the abundance of bacterial strains in the saline fluid allowed us to determine the curve of the relationship between the number of colonies (cfu/mL) and the McFarland scale (Table 2). In subsequent studies, suspensions were prepared specifying the degree on the McFarland scale. Based on the survival results of the bacterial strains in saline, all strains were found to be stable in saline for up to 4 h. Based on the results of the survival of bacterial strains in the air, it was found that although all strains have a high survival rate in the fluid (reduction in abundance by no more than 20% in 2 h), the strain with the highest survival rate in the air is M. luteus TCC 7468. Strains E. coli ATCC 26922 and S. aureus ATCC6538P had a reduction in abundance after nebulization in the test room of more than 98%; M. luteus ATCC 7468 had a reduction of about 38% within 30 min (Table 3).




3.2. Results of Bacteriophage Survival Tests in Physiological Fluid and Air


During the preliminary analyses, effective nebulization (yielding countable plaques on the nutrient agar with the host from the air sample) was achieved only when the phage was undiluted and the maximum nebulization time was applied without homogenization (Table 4). This indicates insufficient nebulization of this phage and a very short survival rate, not enough to perform the test. Despite a very good survival rate in physiological fluid for the phage phiX174, no survival analysis was performed in the air and saliva (synthetic saliva reflects the spread of bioaerosol between the patients in the room). During the preliminary analyses performed, effective nebulization (obtaining countable bald spots on host nutrient agar with the host) was not achieved even in the absence of phage dilution and at the maximum nebulization time. The T4 phage exhibits low survivability in physiological fluid (reduction in bacteriophage quantity by more than 99% in 2 h) (Table 5). Due to unsatisfactory survival in physiological fluid and a lack of effective nebulization even at maximum nebulization parameters, a survival analysis was not performed in air (Table 6).



Based on the results of the survival tests of bacteriophages in physiological fluid, the phages phi6 and phiX174 were found to be stable in physiological fluid for up to 4 h (reduction in the abundance of bacteriophages by no more than 30% during 2 h). In the case of phage T4, a significant decrease in phage abundance was observed in the suspension as early as the first hour of storage in physiological fluid (Table 7). Based on the results of bacteriophage survival in air, only bacteriophage phi6 showed survival in air after spraying in the bioaerosol form. Bacteriophage phi6 is able to remain stable in air for no longer than 10 min, with a noticeable decrease in abundance after 5 min.





4. Discussion


The analysis of the survivability of bacterial strains in physiological fluid and air showed that all bacterial strains remain stable in physiological fluid; however, in the air, only the M. luteus ATCC 7468 strain exhibits a slight decrease in quantity over 30 min. The initial population of strains is due to differences in suspension counts at the same turbidity on the McFarland scale. In the case of the M. luteus strain, the difference in the population in physiological fluid (the lowest quantity in physiological fluid but the best survivability in the air) may be due to variations in cell size compared to other strains, the formation of tetrads by cells, and the production of pigments that protect cells from UV light in the atmosphere [21]. This confirms that M. luteus is the best strain for testing in bioaerosol studies (Figure 3). In the case of phages, their survivability in the air is much shorter due to the capsid structure and higher sensitivity to environmental conditions (Figure 4). Research has shown that phage phi6 can also be used for bioaerosol studies, provided that the test is carried out in 5 min due to the decline in phage population over time and maintaining the appropriate parameters at the bioaerosol test station (such as humidity and temperature) [20].



In order to select test strains for further studies using a test bioaerosol, the following characteristics of bacterial strains were compared: the ability to obtain a quantifiable bioaerosol from a suspension with turbidity in the McFarland scale range, ease of colony description (color, shape, colony size), survival in physiological fluid, and survival in air. All assumptions were best met by Micrococus luteus strain ATCC 7468 (Table 8). For bacteriophages, the analysis included the ability to obtain a quantifiable bioaerosol, the number of phages in suspension (phage titer), ease of reading baldness (amount of transparency), survival in physiological fluid, and survival in air. Of this group, the bacteriophage phage phi6 scored the highest (Table 9).




5. Conclusions


Analyzing the results obtained for the tested bacterial strains, it was determined that the Micrococus luteus strain exhibits the highest survivability and, consequently, the greatest research potential. Taking into account the assessed characteristics of the bacteriophages, it was concluded that the phage phi6 strain has the best diagnostic characteristics because its survival in physiological fluids is comparable to the other examined phages (phiX174, T4), while the possibility of obtaining a ‘countable’ bioaerosol is significantly higher. It was also noted that due to the short survival time of phage phi6 in the air, the test should be performed within 5 min, as after this time there is a decrease in the phage by half.



Based on the conducted research, it was determined that the most effective strains to assess the effectiveness of the method to prevent the spread of microorganisms through nebulization are the bacteria strain Micrococus luteus ATCC 7468 and the bacteriophage phi6. The use of these microorganisms also ensures the safety of research personnel while maintaining the highest standards of repeatability of the experiment. The use of non-hazardous bacteriophages, with an accepted time limitation, will much better reflect the way pathogenic viruses propagate through the air (similar size). Having at one’s disposal the characteristics presented in the publication, it is possible to correct the concentration values for the effect of survival, isolating the influence of the tested protection agents. The results of the study will be used in the future to develop a universal procedure and testbed dedicated to devices for reducing the concentration of microorganisms in the air when exiting a room. Then, the effectiveness of the devices will be tested in different variants using selected bacteriophages and bacteria.
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Figure 1. Diagram of the construction of the bioaerosol test stand. 
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Figure 2. Sample bacterial strain streak plates. 
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Figure 3. Comparison of the Survival of Bacterial Strains in Physiological Fluid. 
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Figure 4. Comparison of survival rates of bacterial strains in air. 
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Table 1. Cultivation Conditions for Test Bacterial Strains and Bacteriophages.






Table 1. Cultivation Conditions for Test Bacterial Strains and Bacteriophages.





	Bacterial Strain (Host)
	Phage
	Medium
	Temperature
	Incubation Time [h]





	Pseudomonas sp. DSM 21482
	fag Phi6
	TSB/TSA Merck
	25 °C
	24



	E. coli DSM 13127
	fag PhiX174
	LB broth/LB with agar Merck
	37 °C
	18–24



	E. coli DSM 613
	fag T4
	TSB/TSA Merck
	37 °C
	18–24










 





Table 2. Survival of bacterial strains in physiological saline.
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	Time, h
	Average Survival Rate of Escherichia coli ATCC 26922–cfu/mL
	Average Survival Rate of Micrococcus luteus ATCC 7468–cfu/mL
	Average Survival Rate of Staphylococcus aureus ATCC 6538 P-cfu/mL





	0
	1.08E+09
	1.10E+08
	2.67E+09



	1
	1.04E+09
	1.66E+08
	2.84E+09



	2
	9.25E+08
	2.00E+08
	2.34E+09



	3
	9.53E+08
	1.54E+08
	2.31E+09



	4
	8.85E+08
	8.90E+07
	2.07E+09










 





Table 3. Survival of bacterial strains in the air.






Table 3. Survival of bacterial strains in the air.





	Time, min
	Average Survival Rate of Escherichia coli ATCC 26922–cfu/mL
	Average Survival Rate of Micrococcus luteus ATCC 7468–cfu/mL
	Average Survival Rate of Staphylococcus aureus ATCC 6538 P-cfu/mL





	0
	1.31E+04
	8.8E+02
	6.65E+02



	5
	1.31E+05
	9.5E+02
	5.9E+02



	10
	2.91E+03
	1E+03
	2.95E+02



	15
	5.3E+02
	7.2E+02
	1.7E+02



	20
	1.9E+02
	7.05E+02
	1.05E+01



	25
	7.5E+01
	6.2E+02
	6.5E+01



	30
	4.5E+01
	5.5E+02
	1E+01










 





Table 4. Bacteriophage Survivability at Various Bioaerosol Nebulisation Parameters.






Table 4. Bacteriophage Survivability at Various Bioaerosol Nebulisation Parameters.





	Fag
	Phage Titer, pfu/mL
	Dilution

Factor
	Nebulisation Time, s
	Homogenisation Time, min
	Air

Volume, L
	Average pfu/Plate
	Bioaerosol Concentration, pfu/m3





	phi6
	7E+07
	2.5
	30
	5
	100
	>219
	>1307



	phi6
	7E+07
	5
	90
	0
	200
	114
	800



	phiX174
	2.5E+05
	5
	180
	3
	200
	0
	0



	phiX174
	2.5E+05
	1
	180
	0
	200
	94
	610



	T4
	1.6E+06
	1
	180
	3
	200
	0
	0



	T4
	1.6E+06
	1
	180
	3
	500
	0
	0










 





Table 5. Bacteriophage Survivability in Physiological Solution.






Table 5. Bacteriophage Survivability in Physiological Solution.





	Time, h
	Phi6 pfu/mL
	PhiX174 pfu/mL
	T4 Phage pfu/ml





	0
	1.65E+06
	9.5E+04
	3.37E+08



	1
	2.00E+06
	7.5E+04
	3.46E+06



	2
	1.83E+06
	7.2E+04
	2.49E+06



	3
	6.25E+05
	7.7E+04
	2.78E+05



	4
	8.75E+05
	7.8E_04
	4.62E+05










 





Table 6. Bacteriophage Survivability in Air.






Table 6. Bacteriophage Survivability in Air.





	Time, min
	Phi6 pfu/mL
	PhiX174 pfu/mL
	T4 Phage pfu/mL





	0
	680
	0
	0



	5
	895
	0
	0



	10
	0
	0
	0



	15
	0
	0
	0



	20
	0
	0
	0



	25
	0
	0
	0



	30
	0
	0
	0










 





Table 7. Bacteriophage Phi6 Survivability in air withi