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Cars with air conditioning systems have become the norm, but these systems can be dangerous for human health as a result of the accumulation of different microorganisms, including pathogenic ones, causing severe allergy or inflammation problems. The novel purpose of this study is 2-fold: on the one hand, to test different disinfection agents on a new area, that is, automobile cabins, and on the other, to compare activity in the gas phase of these agents for disinfection of car air conditioning and cabin surfaces. This study shown that tested disinfectant agents dedicated for decontamination medical areas (agent based on peracetic acid and an agent containing didecyldimethylammonium chloride, 2-phenoxyethanol with cinnamaldehyde) can be successfully used for disinfection car air conditioning and cabin surfaces. Both disinfectants were examined in comparison to a commercial “ready-to-use” spray from a local supermarket dedicated to car air conditioning disinfection. Our research found that very effective agents in this regard were acid stabilized by hydrogen peroxide applied by fumigator, and a combination of didecyldimethylammonium chloride, 2-phenoxyethanol, and cinnamaldehyde applied by atomizer. Tested disinfection procedures of car air conditioning significantly influence the quality of cabin air and surfaces by reducing the amount of microorganisms. The comparison of disinfection properties studied agents in the gas phase reveal statistically significant differences between it effect for disinfection car air conditioning and cabin surfaces. Our research found that very effective agents in this regard were acid stabilized by hydrogen peroxide applied by fumigator, and a combination of didecyldimethylammonium chloride, 2-phenoxyethanol, and cinnamaldehyde applied by atomizer. Tested disinfection procedures of car air conditioning significantly influence the quality of cabin air and surfaces by reducing the amount of microorganisms.
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INTRODUCTION

Air conditioners are equipment used in modifying air temperature inside buildings and vehicles. The present work focuses on car air conditioning systems, because air conditioning in cars has become the norm (1).

Many individuals spend significant percentages of their lives traveling inside vehicles. Vehicles are used for commuting from home to work, traveling, and pleasure and business activities. For the average person of driving age in the developed world, the automobile has become indispensable to daily life. Furthermore, professional drivers, including taxi drivers, public transportation drivers, and truckers, spend significantly more time inside motor vehicles compared to other individuals (2). Current health research in the area of in-vehicle air has intensified, but no standards have been drawn for automobile indoor air so far.

A car cabin is a specific environment with different surfaces that accumulate a variety of microorganisms. The high humidity and dust particles in car air conditioning systems create conditions conducive to growth of harmful microorganisms (3–5). Several studies have reported that passengers are exposed to different species of microbes and fungi in these indoor environments (2, 6, 7). However, passengers' immune systems play a crucial role in the exposure risk of passengers to airborne microorganisms within air conditioned vehicles. Depending on the immune system, adverse health effects can range from simple irritations, through allergic reactions, to infectious diseases or toxic response (2, 7, 8).

As early as 1987 scientists observed a relationship between bronchial disease and bacterial or fungal proliferation by the operation of air conditioning systems. Moreover, automobile heaters and air conditioning can induce air turbulence, which would suspend microorganisms from floor mats, seat covers, and occupants' clothes, thereby elevating microbiological pollution levels. In most cases, elevated microbiological concentrations occurred between 5 and 15 min after turning on the automobile air conditioning (9, 10).

Bacteria and fungi inside cars can emit organic compounds and affect vehicle cabin air quality. Many of these compounds are not harmful to human health; however, some of them are toxic. People sometimes can verify air quality on the basis of odor in a car cabin. One of the most sensitive odor detectors is the human nose. Perceivable malodor associated with mold is caused by odorous volatile compounds. The effects of odors usually spread faster than irritation and sensitization consequences (11, 12). The human nose is capable of sensing odorous substances at very low concentration levels. Conversely, odor detection is very subjective; thus, people can perceive differently the same smells (12).

There are many ways that airborne fungi affect human health: they can produce infection in humans, they may cause allergy reactions, fungi can be toxigenic, or they may be a determinant factor in inflammatory reactions (8). However, even non-pathogenic species have the ability to act as allergens and mycotoxin producers. Inhalation exposure to mycotoxins can turn dangerous when it follows inhalation of mycotoxin-containing mold or dust particles, because mycotoxins are relatively stable and do not evaporate from the mold spore. The literature data indicate that it is unlikely that a mycotoxin dose breathed in an indoor home, office, or school environment would produce an acute toxic response, even under the models with extreme conditions (13), although sometimes mycotoxins are involved in pathogenesis (14). Once colonized by fungi, automobiles emit different odors or sensitizing products that affect the passengers of the cars. The major factors of fungal colonization are undoubtedly airborne fungal populations and high air humidity (11).

The second group of microorganisms inside vehicles is bacteriaIt has been proven that frequently touched surfaces and infrequently cleaned sites accumulate a higher concentration of biological contamination (15, 16).

Several research works have shown that bacteria in car air conditioning form biofilms that might release into the cabin air different microorganisms, including environmental strains as well as pathogens such as Legionella, but we have not found published studies linking cases of legionellosis with infection through the car air conditioning (17, 18). Results of biofilm formation tests by bacteria isolated from car air conditioning revealed that all bacterial species produced biofilms (19, 20). When these microorganisms enter the vehicle cabin air they can produce adverse health effects for the car users. The consequences of this effect may be nose and eye hypersensibility, asthmatic reactions, and allergic inflammation (5). It is a public health issue that viable and non-viable microorganisms adversely affect humans in the cabin environment of automobiles (21).

Car air conditioning systems involve filter systems protecting the passengers from biological and industrial air pollution. However, filters become a source of danger to the health of vehicle users if they are not regularly exchanged in a correct way (19, 22). Car cabin filters are capable of accumulating contaminants, including pollen, fungi, and microbial fragments, such as proteins (23).

To prevent the negative effects of air conditioning through the emission of microorganisms into the vehicle cabin, disinfection may be performed in different ways. Disinfection is a procedure that relies on killing infectious agents on a surface by direct exposure to chemical or physical agents. For example, fumigation decontamination is advantageous for disinfecting the inside of buildings because fumigation agents are easily dispersed, diffuse into difficult to access areas, decontaminate air and surfaces, and are less labor intensive than spray-based products (24). Fumigant consists of high particle densities of small droplets larger than 1 μm suspended in air (25). Fumigation is so effective that sterilization with fogging application is implemented in the food and pharmaceutical industries, at health care facilities, and other large-area decontamination sites (25, 26).

Fogging technology has the advantage over liquid forms of disinfectants in that the fogging particle size allows the use of lower amounts of disinfectant to be effective (25).

The aim of this study was to estimate the level of microorganism contamination before and after disinfection of car air conditioning systems and cabin surfaces by three different disinfectant agents. The evaluation is based on qualitative and quantitative analysis of microorganisms (bacteria and fungi) isolated from the air and surface samples.



EXPERIMENTAL PROCEDURES


Vehicle Characteristics

Thirty four air conditioned private vehicles were recruited and tested in our study. Vehicles were randomly selected and studied during the period of 2018 to 2020 in Bialystok (Poland). Cars were tested in the summer period. Air conditioning systems were turned on during the air measurements. Before cabin air testing samples were taken from such cabin surfaces as the dashboard, driver's seat, driver's door, and flooring behind the driver.



Disinfection Process Characteristics

Three types of air disinfectants were studied in this research. All disinfectants are registered with the Office for Registration of Medicinal Products, Medical Devices, and Biocidal Products.

1. PAA/HPO–Peracetic acid stabilized by hydrogen peroxide, applied with Aerosept fumigator produced by Laboratoires Anios (France). This method is normally used for the last stage of decontamination in hospitals. The product has a smell similar to vinegar. The disinfection taken place in such a way that a peracetic acid stabilized by hydrogen peroxide in the amount of 350 mL was fumigated by Airborne disinfection device in the closed car cabin.

2. DDAC/PHMB–Commercial “ready-to-use” 200 mL spray from a local supermarket based on alcohol, didecyldimethylammonium chloride, polyheksametylenebiguanide and aromatic composition intended for domestic car air conditioning disinfection. The spray smells very intense and it leaves a fresh scent. In accordance with the directions for use, the container was placed on the floor behind the driver‘s seat, the agent was sprayed for about 3 min. with a closed car cabin.

3. DDAC/CA–Didecyldimethylammonium chloride, 2-phenoxyethanol, and cinnamaldehyde applied with an atomizer. This agent is dedicated for maintenance-free surfaces and medical equipment disinfection. The product has a smell similar to cinnamon. The disinfection process took place as follows: 50 mL pack with disinfectant was applied by a one-time-use disinfection device in the closed car cabin, like as DDAC/PHMB.

The cars remained closed with the switched air conditioning (20 min for PAA/HPO and DDAC/CA and 15 min for DDAC/PHMB) at the medium level of air circulation speed in closed mode (3rd or 4th level of fan speed). After the disinfection process the cabins were opened and aired for 30 min.



Sampling Procedure

Air and surface sampling were conducted before and after disinfection. Bacteria and fungi were sampled from a 25 cm2 surface with Rodac contact plates (Oxoid, UK). A plate was pressed to the different surfaces using the Count-Tact Applicator (bioMérieux, France) for 10 s.

The total numbers colony forming units (CFU) of bacteria and fungi were determined by sampling the air with a MAS at 100 l/min for 10 min directly on plates with specific bacterial/fungal medium. The air conditioning system in each car was running at a temperature of 20°C, at average fan speed, and with cabin air recirculating through the air conditioning system. Air samples were taken in the same way before and after the disinfection process.



Equipment for Sampling

The CFU of bacteria and fungi on the surfaces were tacked with Count-Tact Applicator (pressure 500 g, 10 s). Rodac contact plates were used for investigation of surface microbial pollution on the surface of 25 cm2. The plates contained trypticase soy agar (TSA) for bacteria (Oxoid, UK) and Sabouraud agar (Oxoid, UK) for fungi.

Air samples were taken using Microbial Air Monitoring System MAS-100 (Merck, Germany) based on impaction systems, with sampling times of 10 min equivalent to circulation of 1 m3 of air. Standard Petri dishes were used for growing microorganisms: with blood agar (COS-Columbia Agar + 5% sheep blood, bioMérieux, France) for bacteria and Sabouraud agar (Oxoid, UK) for fungi. During the experiment, the MAS-100 was placed in the middle of seats in such a way that air flowing from the air conditioning system was directed at the MAS-100 head and Petri dishes, with all doors and windows closed.



Sample Analysis

Airborne bacterial CFU/m3 were determined with blood agar and fungi CFU/m3 with Sabouraud agar; surface bacterial CFU/25 cm2 were determined with TSA and Sabouraud agar. After aerobic incubation at 35°C for 24–48 h for bacteria and at 30°C for 48–72 h for fungi, the bacterial and fungi colony units on the agar plates were counted. Bacteria were identified by Gram staining (Aqua-med, Poland; denatured alcohol, Hipernet Sp. z o.o., Poland). The number of colony forming units (cfu) was adjusted using Feller's conversion table, and expressed in CFU/m3 for air samples.



Statistical Analysis

Non-parametric statistics were used for hypothesis testing. Kruskal-Wallis one-way analysis of variance and post hoc test were used for comparing the three disinfection techniques.

The Wilcoxon signed-rank test was used for comparison of the microbiological pollution of in-cabin air and surfaces before disinfection and after disinfection. Statistical analyses were performed with the STATISTICA software package, version 13.3 (StatSoftPolska Sp. z o.o., Poland). A p-value < 0.05 was considered as the level of significance. Results are expressed as median, first (lower) quartile, and third (upper) quartile.




RESULTS

Comparison of the Biocidal Effect on Air and Surface Samples in the Car Cabin Before and After Application of Three Agents by Different Techniques.

1. In vehicle air: PAA/HPO showed a statistically significant reduction all examined groups of microorganisms, except for Gram-negative bacteria and Gram-positive Rod. In the case of DDAC/PHMB, we did not observe significant statistical differences in the amounts of microorganisms before and after its application. DDAC/CA statistically significantly reduced the number of microorganisms, except for Gram-negative bacteria and Yeasts.

2. Cabin surfaces: after applying PAA/HPO on all examined surfaces, we observed a statistically significant reduction of microorganisms. After the application of DDAC/PHMB, statistically significant differences were noted only in the case of Fungi on the dashboard and on the door. After applying DDAC/CA on all tested surfaces, except seats, we observed statistically significant differences.

The summary of results obtained during studies on air quality before and after application of agents by different techniques in the cabin of vehicles is presented in Table 1 (for air) and Table 2 (for surfaces).


Table 1. Median, quartiles and p-value of microorganism numbers in vehicle air before and after application of disinfectants (CFU/m3), level of statistical significance p < 0.05.
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Table 2. Median, quartiles and p-value of number of microorganisms on vehicle surfaces before and after application of disinfectants (CFU/25 cm2), level of statistical significance p < 0.05.
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Obtained data were evaluated using graphical method, box-plots showing the results of the Wilcoxon test in Figure 1 (for air) and Figure 2 (for surfaces).


[image: Figure 1]
FIGURE 1. CFU of microorganisms in vehicle air before and after application of disinfectants.
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FIGURE 2. CFU of microorganisms on vehicle surfaces before and after application of disinfectants.


The Comparison of Three Disinfection Technics and Their Effects on Air and Surface Samples in Car Cabin.

1. The comparison of the effectiveness of three disinfection technics on air from car cabins reveal statistically significant differences between the effects of agents DDAC/PHMB - DDAC/CA on bacteria and agents PAA/HPO - DDAC/PHMB and DDAC/PHMB - DDAC/CA on fungi. In other cases the differences in the effects of the three disinfecting agents were statistically insignificant.

2. The comparison of the effectiveness of three disinfection technics on surfaces show statistically significant differences between the effects of agents PAA/HPO - DDAC/PHMB on all microorganisms on surfaces, except Fungi on seats; statistically significant differences between the effects of agents DDAC/PHMB - DDAC/CA on dashboard Bacteria and floors Bacteria and PAA/HPO - DDAC/CA on seats Bacteria. In other cases the differences were statistically insignificant.

Using the Kruskal-Wallis test, the disinfection effects of three agents on the air from air conditioning systems and on in-cabin surfaces were compared. The effects of three disinfectants on vehicle air and surfaces are shown in Table 3 (for air) and Table 4 (for surfaces).


Table 3. Median, quartiles and p-value of differences among disinfectants affecting the air (CFU/m3), level of statistical significance p < 0.05.
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Table 4. Median, quartiles and p-value of differences among disinfectants affecting surfaces (CFU/25 cm2), level of statistical significance p < 0.05.
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It was found that the data were non-normally distributed, so the Kruskal-Wallis test was used to determine whether there was a significant difference among the effects of the three agents. Significant differences suggested only that at least one group differed from the other groups. Therefore, post hoc tests were performed to determine which groups differed from one another.

Obtained data were evaluated using graphical method, box-plots showing the results of the Kruskal–Wallis test in Figure 3 (for air) and Figure 4 (for surfaces).


[image: Figure 3]
FIGURE 3. Differences among disinfectants affecting air disinfection.
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FIGURE 4. Differences among disinfectants affecting surface disinfection.




DISCUSSION

The effectiveness of PAA/HPO is demonstrated by the synergistic activity of peracetic acid in combination with hydrogen peroxide. Reports in the literature indicate that the combination of peracetic acid and hydrogen peroxide acts synergistically in comparison to using either agent alone, improving their bactericidal and sporicidal activities (27, 28). The effectiveness of peracetic acid and hydrogen peroxide when used separately is profoundly different, although the substances share mechanisms of action consisting of chemical oxidation of cellular components (29, 30). The advantage of PAA/HPO is its high effectiveness and eco-friendly properties, because its decomposition products are water, oxygen, and carbon dioxide. However, it can be aggressive for metal equipment parts, causing corrosion and leaving an intense vinegar smell after disinfection.

DDAC/PHMB produces a didecyldimethylammonium chloride effect, because this compound is a membrane-active agent resulting in disinfectant properties (31). Literature data have shown that didecyldimethylammonium chloride–based disinfectants produced significant activity against Gram-positive bacteria and were ineffective against Gram-negative strains. Due to its antimicrobial effect and its low irritation, corrosiveness, and toxicity, didecyldimethylammonium chloride is used in healthcare, veterinary, and food facilities (32). However, our research showed no statistical significance differences between the number of bacteria and fungi before and after air and surface disinfection. Our results suggested an ineffectiveness by DDAC/PHMB application on the studied microorganisms in-vehicle.

The disinfection properties of DDAC/CA are the result of the combination of didecyldimethylammonium chloride and cinnamaldehyde. The cinnamaldehyde component is characterized by anti-inflammatory, antioxidant, and antimicrobial properties (33). Cinnamaldehyde can be used in air care products, perfumes, waxes, washing and cleaning products, cosmetics, personal care and household products, pharmaceuticals, and biocides. A higher reduction of microorganisms was observed when biocide containing a combination of didecyldimethylammonium chloride with cinnamaldehyde in comparison with didecyldimethylammonium chloride alone was used. This synergistic effect between a biocidal product and cinnamaldehyde was previously known to scientists (34).

The low level of disinfection observed on seats could be caused by the soft surface of the seats, which reduces the disinfecting effect, because many small holes and gaps in the material allow pathogens to hide.

The use of a combination of disinfectant and cinnamaldehyde with didecyldimethylammonium chloride to improve efficiency in air and surface disinfection in-vehicle is also approved for food use, as it is harmless for humans in addition to leaving a pleasant cinnamon flavour. It was noted for the vehicles that received fragrance in our study that disinfectant with cinnamaldehyde reduced bad odours. An additional advantage of using a biocide in combination with phytochemical is reducing the concentration of synthetic disinfectants and its negative environmental and public health impacts (34).



CONCLUSIONS

Our study presented evidence that disinfection of car environments is very important for users to prevent the health risks associated with using air conditioning systems. Neglect or over-used car air conditioning can result in dust and microorganism accumulations. For this reason, vehicle users are exposed to different harmful species. Disinfection procedures of car air conditioning significantly influence the quality of cabin air and surfaces by reducing the amount of microorganisms. Our research found that very effective agents in this regard were acid stabilized by hydrogen peroxide applied by fumigator, and a combination of didecyldimethylammonium chloride, 2-phenoxyethanol, and cinnamaldehyde applied by atomizer. PAA/HPO it is an effective disinfectant but requires the use of a specialized device, peracetic acid is aggressive toward metal surfaces and leaves intense vinegar smell. On the other hand, the DDAC/CA is also effective, does not require any additional device and leaves a pleasant cinnamon scent.

With frequent use of car air conditioning, it is important to practice regular maintenance; otherwise, car drivers and passengers may be exposed to the unhealthy influence of microorganisms, which is especially dangerous in the context of COVID-19 pandemic.
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