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Abstract

:

Millions of people use public transportation daily worldwide and frequently touch surfaces, thereby producing a reservoir of microorganisms on surfaces increasing the risk of transmission. Constant occupation makes sufficient cleaning difficult to achieve. Thus, an autonomous, permanent, antimicrobial coating (AMC) could keep down the microbial burden on such surfaces. A photodynamic AMC was applied to frequently touched surfaces in buses. The microbial burden (colony forming units, cfu) was determined weekly and compared to equivalent surfaces in buses without AMC (references). The microbial burden ranged from 0–209 cfu/cm2 on references and from 0–54 cfu/cm2 on AMC. The means were 13.4 ± 29.6 cfu/cm2 on references and 4.5 ± 8.4 cfu/cm2 on AMC (p < 0.001). The difference in microbial burden on AMC and references was almost constant throughout the study. Considering a hygiene benchmark of 5 cfu/cm2, the data yield an absolute risk reduction of 22.6% and a relative risk reduction of 50.7%. In conclusion, photodynamic AMC kept down the microbial burden, reducing the risk of transmission of microorganisms. AMC permanently and autonomously contributes to hygienic conditions on surfaces in public transportation. Photodynamic AMC therefore are suitable for reducing the microbial load and closing hygiene gaps in public transportation.
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1. Introduction


Microbes are present not only on surfaces in hospitals but also in all public areas including public transportation. In the Journal Nature, Rachel Ehrenberg mentioned a survey of genetic material from surfaces in the New York City’s subway system that found more than 1000 taxa, of which half were known and half of them were unknown [1,2]. More recently, researchers from all over the world created a global atlas containing 4728 metagenomic samples from mass-transit systems in 60 cities over 3 years [3]. The study identified the most common antimicrobial resistance (AMR) genes among the metagenomic samples, which refer to antibiotics such as macrolides, lincosamides, streptogramins and β-lactams [3]. Another study by Panagiotou and colleagues demonstrated that surfaces in public transport systems in the Mass Transit Railway of Hong Kong contribute to the spreading of antimicrobial resistance genes (ARG). Most likely due to hand-to-surface transmission, bacteria with these ARG are disseminated among different lines. Particularly, ARG transmission for antibiotics such as tetracycline and vancomycin seems to be fostered by public transportation [4]. Furthermore, the same study as well as the mentioned global atlas showed that most of bacterial contamination on surfaces originated from human skin as the most abundant metagenomes are derived from skin commensals [3,4].



In the United States of America, people took almost 10 billion trips on public transportation in 2018, knowing that buses, subways and trains are—even macroscopically—not always the cleanest spaces [5]. In public transportation, people frequently touch different surfaces such as buttons, railings, handgrips and seats. Being constantly occupied throughout the day, sufficient cleaning inside vehicles is often difficult to achieve. Consequently, inanimate surfaces in public transportations are contaminated with microorganisms and viruses [5].



Unfortunately, only a few peer-reviewed studies are available quantifying the contamination of surfaces in public transportation with culture-based methods. An investigation on the public transport system and in public areas of a hospital in central London revealed a mean microbial burden on frequently touched surfaces of 12 colony-forming units per cm2 (cfu/cm2), whereas 8% of samples showed the presence of S. aureus [6]. A large-scale study on inanimate surfaces in different railway stations in England and Scotland revealed a bacterial contamination of up to 107–108 cfu/cm2, whereas the sampling sites were excluded from daily cleaning routine [7]. Another study from Bangladesh found a median microbial load of 3 × 105 cfu/cm2 on handrails in public transport buses without cleaning [8]. Concerning the bacterial species, the metro in Mexico showed mainly Cutibacterium, Corynebacterium spp., Streptococcus spp., and Staphylococcus spp. [9], in New York city mainly Enterobacter cloacae [2] and Acinetobacter spp., and Methylobacterium in the subway of Barcelona [10]. When sampling surfaces in buses in Ohio, 17% of samples showed S. aureus [11].



Pathogenic bacteria, in particular antibiotic-resistant bacteria, represent a major threat to human health [12]. When using public transportation, the touch of contaminated surfaces is unavoidable. Germs of colonized surfaces can be transferred by hands to mouth or nose, possibly causing infections. Thus, the use of public transportation adds an additional risk of transmission of pathogens via contaminated surfaces, as also shown for hospitals [13,14].



To mitigate such a pathogen transmission, frequently touched inanimate surfaces can be equipped with an antimicrobial coating (AMC), initially developed to protect inanimate surfaces in health-care settings [15]. An AMC acts permanently and autonomously and can thereby reduce the contamination of surfaces complementing cleaning and hygiene procedures. Several AMC are known. Some are based on complex polymer substances such as parylene-c, poly-dimethyl siloxane, or poly-methyl methacrylate [16]. Others focus on the use of metal-based coatings such as zinc pyrithione [17,18], zinc oxide [19], copper [20], titan dioxide [21,22,23], or silver [24,25]. Biocides such as diuoron, and Sea-Nine 211 were also effective [17,26]. Additionally, there is a vast amount of enzyme-based coating alternatives [27]. Another noteworthy common chemical group used in antimicrobial coatings are so-called quaternary ammonium compounds or QACs [28,29]. Just recently, photodynamic coatings became of interest to researchers, mainly as they bear important advantages over other coatings. Since singlet oxygen is a gaseous molecule, it can easily leave the coating and reach the microorganisms directly on the surface via diffusion [30]. Consequently, singlet oxygen does not require any transport medium such as water but can kill bacteria on dry surfaces [15]. Contrary to biocides, the active substance of a photodynamically active coating is only present in a very thin layer above the surface, therefore it does not interfere significantly with the environment [30,31]. An AMC technology which is based on the photodynamic principle was already successfully tested in a field study in two hospitals [32]. This thin AMC coating contains a special molecule called photosensitizer that generates the so-called singlet oxygen when the coating is exposed to ambient, visible light. The gaseous singlet oxygen molecule can leave the AMC via diffusion, reaching the microorganisms present on the coated surface and killing them via oxidative damages [32]. The results of that field study proved the action of singlet oxygen, which killed bacteria on the coated surface and thereby significantly reduced the contamination.



In this study, the same technology was applied in buses of the local public transportation in Regensburg, Germany. The antimicrobial efficacy of the AMC was tested under highly demanding real-life conditions via sampling of coated and control surfaces inside the buses by culture-based methods.




2. Materials and Methods


Four urban buses of Regensburg (das Stadtwerk Regensburg GmbH, Regensburg, Germany) were selected, showing comparable frequency of use. Six surfaces in all buses were exemplarily coated with DYPHOX® technology (Dyphox, Regensburg, Germany), which should be frequently touched by passengers and/or bus drivers (Figure 1A). The used photosensitizer class absorbs light in the visible spectrum from 400–460 nm and is characterized by a singlet oxygen quantum yields close to unity. The permanent character of the coating was, on the one hand, demonstrated in another field study that was conducted over 6 months in two hospitals with the same coating [32]. On the other hand, the manufacturer of the coating commissioned an external lab that used a standard protocol according to artificial aging corresponding to 12 months of real-time aging. Afterwards, the external, independent lab measured the antimicrobial activity to exceed 99.99% bacterial reduction according to ISO 22196. The buses were on the road from 5 a.m. to 2 p.m., which made it possible to map the traffic load at the core commuting time, as the sampling took place immediately after the bus arrived at the terminal.



Inanimate surfaces in two buses received photodynamic coatings of Dyphox® universal coating, which is a retrofit application possible on various surface materials. The coating is applied as a liquid that rapidly hardens as a micron-thin, nearly invisible layer. The other two buses with the noncoated corresponding surfaces were used for sampling. The stability of all coatings was regularly checked each sampling day during the field study by a visual examination of the macroscopic integrity of the applied coating. The coating is certified to be resistant against several cleaning and disinfectant agents (EN ISO 2812-3). The antimicrobial efficacy of the coating has been successfully certified in a standardized 12-month aging test using ISO 22196.



Laboratory tests. Prior to the microbial sampling in the buses, the coating was validated concerning the antimicrobial activity in the laboratory. The coating was applied on a commercially available melamine resin-based laminate. Staphylococcus aureus (ATCC® 25923TM) were resuspended in Millipore water + 0.1% Tween20. 50 µL of the suspension, approximately corresponding to 105 colony forming units/mL, were placed on the coating, and kept in the dark until the samples were visibly dry. Afterwards, the samples were irradiated with a blue LED-based light source at a radiant exposure of 12 J/cm2. Dark controls and reference were kept in the dark for the same time. After light exposure, the bacteria were recovered using a sterile cotton-tipped swab that was resuspended in 0.9 % sodium chloride solution. A 10-fold dilution series was prepared and plated onto Mueller–Hinton agar plates which were incubated at 37 °C for 24 h. The colonies were counted and the cfu/mL value was calculated, followed up by a calculation of the logarithmic reduction referenced to a coated surface that did not contain photosensitizer. In total, 5 independent experiments were conducted and used to calculate means and standard deviation.



Routine cleaning. During the whole study, the routine cleaning procedures were left unchanged in the buses to avoid any potential bias on the study results. The buses were cleaned daily after the sampling was performed by first using a cleaning solution containing <5% anionic surfactants followed up by treatment with 70% (v/v) ethanol.



Sampling and quantification of bacteria. The samples were collected over two months in 2021. The evaluation of bacterial counts was based on the European standard EN 13697 [17,33]. All tested surfaces were sampled using a liquid-based collection and transport system (eSwab regular, Mast Diagnostica GmbH, Reinfeld, Germany) according to the manufacturer’s instructions. Collected samples were diluted in duplicates up to 10−2 and 500 µL of each dilution was plated on tryptone soy agar (TSA). Colonies were counted after 24 and 48 h, and only agar plates with a colony count of 14 to 330 were considered except for the undiluted sample. Counted values were converted into cfu/cm2 depending on the size of the respective sampled area. For sampling surface 1, an area of 4 cm2 was sampled, surface 2 had a total sampling surface of 3.14 cm2, the sample from surface 3 was obtained from an area of 12 cm2, surface 4 was sampled on 6 cm2, and surfaces 5 and 6 were sampled in a 16 cm2 area (Figure 1A). To ensure sufficient bacterial contamination of the surfaces to be tested, prior to the study itself the cfu/cm2 were evaluated on the same yet untreated surfaces over three days in two different buses.



Statistical Analysis. All bacterial counts are presented as median and mean ± SD. Values were compared between photodynamic coating and uncoated surface using the nonparametric Mann–Whitney-U test. Bacterial counts were further dichotomized using the cutoffs >5 cfu/cm2 and >2.5 cfu/cm2. The benchmarks were chosen according to the scientific literature [34,35,36,37,38]. Absolute and relative risk reductions for high counts of bacteria on surfaces as well as odds ratios were calculated as effect estimates. p-value < 0.05 was considered statistically significant. All analyses were performed using SPSS statistics software version 26.0.0 (IBM SPSS Software, Armonk, NY, USA).




3. Results


Prior to experiments with coated and uncoated surfaces, six samplings (n = 36) were performed in order to evaluate the surfaces in respect of their suitability for the actual study. The microbial burden on the six sampled surfaces ranged from 0.1 to 77.1 cfu/cm2. The median of the microbial burden was 5.75 cfu/cm2 and 12.6 ± 19.6 cfu/cm2 for the mean value (Figure 1B).



The bacterial recovery with swabs from the coated surfaces in laboratory tests were excellent, with a loss equivalent to a bacterial reduction of 0.1 log10 steps (Figure 2). Laboratory tests further revealed that the surface had no detrimental dark toxicity effect with no measurable bacterial reduction compared to the reference sample (no light, no photosensitizer). Overall, under the given laboratory conditions, the tested coating led to a reduction of over 99.99 % of the bacteria (4.3 log10 steps).



Overall, 14 samplings of the surfaces in the buses were performed at regular time intervals of one week to measure the bacterial counts on all included 24 surfaces of all buses. This yielded a total quantity of sample 336 bacterial samples, 168 on uncoated references and photodynamic coatings each.



The values of microbial burden ranged from 0–209 cfu/cm2 on uncoated references and 0–54 cfu/cm2 on sites with photodynamic coating. The median of bacterial burden on uncoated references or photodynamic coating was 3.8 or 1.8, respectively. The mean values of bacterial counts were 13.4 ± 29.6 cfu/cm2 on noncoated surfaces and 4.5 ± 8.4 cfu/cm2 on photodynamic AMC. The difference between mean values on photodynamic coating and noncoated surfaces was statistically significant with p < 0.001 (Figure 3). The obtained values obtained for the noncoated surface matched well with the results obtained from the initial sampling as mentioned above.



Bacterial counts were further dichotomized using the following cut-offs. The frequency of numbers with bacterial counts of >5 cfu/cm2 or >2.5 cfu/cm2 were significantly less on sites with AMC compared to uncoated references. When applying a benchmark of 5 cfu/cm2, the data yield an absolute risk reduction of 22.6% and a relative risk reduction of 50.7% for high bacteria counts on surface with an odds ratio of 0.35 (p < 0.001) (Table 1). Considering a benchmark of 2.5 cfu/cm2, the data yield an absolute risk reduction of 23.2% and a relative risk reduction of 39.0% for high bacteria counts on surface with an odds ratio of 0.39 (p < 0.001) (Table 1).



The mean values of microbial burden vary from sampling to sampling. However, the regression lines indicate an almost constant difference between the microbial burden found on uncoated references and photodynamic coating sites during the entire study (Figure 4).




4. Discussion


The present study clearly provided evidence that the photodynamic AMC can significantly decrease the bacterial burden on environmental surfaces in public transportation. Considering the study time of 2 months, the mean cfu value on the uncoated surface sites was 13.4 ± 29.6 cfu/cm2, comparable to 12 cfu/cm2 found on surfaces in other public transportation [6]. In contrast, the surfaces with photodynamic AMC showed a mean of 4.5 ± 8.4 cfu/cm2 only.



It is reasonable that the risk of microorganisms’ transmission should increase with the microbial burden on touched surfaces. Therefore, surfaces in hygiene-sensitive areas such as food industry and health-care settings should not exceed certain benchmarks, for instance 2.5 cfu/cm2 in hospitals [35,36] and 5 cfu/cm2 on food-processing equipment [37]. These internationally recognized figures can also serve as a starting point for environmental surfaces in public transportation. According to these proposed values, statistical analysis of our study data yielded a relative risk reduction of about 51% for high bacteria counts on surface when considering a benchmark of 5 cfu/cm2 (odds ratio 0.35, p < 0.001) (Table 1). Even for the smaller benchmark of 2.5 cfu/cm2, the relative risk reduction was 39% (odds ratio 0.38, p < 0.001) (Table 1) for high bacteria counts on surface.



The standard deviation of 29.6 cfu/cm2 on uncoated surfaces indicates a clear fluctuation of the respective microbial burden, ranging from 0–209 cfu/cm2. This should be nothing out of the ordinary, because the actual microbial burden depends on the touch frequency, the survival time of the germs, the cleaning cycles and the cleaning quality. Without cleaning or disinfection, the survival time of microorganisms on environmental surfaces ranges from hours to several months, and even viruses may stay infectious for up to several days [37,38]. Thus, regular sampling of the surfaces at fixed times should randomly detect the actual microbial burden.



In contrast to uncoated surfaces, the standard deviation was clearly smaller for the AMC (8.4 cfu/cm2) and the microbial burden ranged from 0–54 cfu/cm2 only. Thus, the photodynamic AMC can reduce the peak values of high bacterial counts and hence should reduce the risk of transmission through surfaces via the hands of any passenger or staff in public transportation. In addition, the regression analysis of the microbial burden on AMC and uncoated surfaces revealed that the AMC showed no decline in efficacy (Figure 4).



The microbial burden on surfaces in public areas coheres with the skin microbiome due to recurrent touches [4]. In addition, sneezing and coughing deposits microorganisms and viruses along with droplets on inanimate surfaces in the environment [39]. In health-care settings, clear evidence exist that contaminated human hands are a major vehicle for germs to inanimate surfaces [40,41]. Nevertheless, even in health care the compliance of hand hygiene and surface cleaning is not sufficient [42,43].



Good hand hygiene is also important in public areas, as it prevents the spread of diseases especially when travelling [44], studies suggest that 22% to 64% of international travelers become ill during or after travel [45]. However, the rates of hand washing in the general population is highly varying. For instance, among food workers, appropriate hand washing varied from 10 to 37% [46]. Well-executed hand hygiene and compliance can reduce the risk of diarrheal disease transmission by between 23% and 48% [47,48].



A self-reported survey among the general population in the UK reported that only 61% wash their hands after toilet use [45]. A comparable study investigated the compliance rate of hand washing in Germany, and women reported ‘almost always’ with a compliance of 30.8% (men: 20.3%) in situations such as public restroom visits [49], but one should consider the weaknesses of self-reported compliance compared to observational studies [45]. Currently, the situation might have improved due to the COVID-19 pandemic. A study in 2020 showed that approximately 85% of U.S. adults are frequently engaged in handwashing or using hand sanitizer after contact with high-touch public surfaces, including only 72.4% of those aged 18–24 years [50]. It was shown elsewhere that such a high hand hygiene compliance, induced by a pandemic, can decrease over time when the fear of infection with SARS-CoV-2 decreased [51].



In the light of the low compliance rates of hand hygiene, the presence of microbes on inanimate surfaces in public transportation is unavoidable. Cleaning or disinfection of all these numerous surfaces in buses, subways and trains seems to be a giant undertaking that would require substantial human resources and logistics. In addition, the disinfection of a surface acts only at the time of its execution, and recontamination inevitably occurs.



Thus, AMC can complement routine cleaning and disinfection procedures. AMC act independently and autonomously without assistance of the staff, in particular in the time gap of routine disinfections. This produces a permanent reduction in the mean number of microbes on such coated surfaces, thereby reducing the risk of transmission [15].



The antimicrobial efficacy of photodynamic AMC was already proven in laboratory experiments, showing up to 4 log10 of bacterial reduction for bacteria such as S. aureus [32]. Such laboratory tests are necessary to conduct research and development linked to AMC. However, laboratory tests are intrinsically artificial as it is impossible to mimic real life conditions in laboratories [15]. Thus, testing the efficacy of AMC should be mandatory in the subsequent field of application. The photodynamic AMC was recently tested in a field study in two hospitals on different surfaces for several months, revealing that the photodynamic AMC reduced the mean cfu/cm2 and its standard deviation statistically significantly [32].



At present, different technologies exist to equip inanimate surfaces with AMC, which may contain biocidal substances such as silver, copper, titanium dioxide or quaternary ammoniums. Many of these AMC technologies were tested under laboratory conditions only, in particular with procedures using wet conditions only such as ISO 22196 (bacteria) or ISO 21702 (virus) [15,52,53]. In case of silver AMC, it has already been shown that the antimicrobial efficacy disappeared when surfaces are dry, as in reality under normal ambient humidity conditions [54]. This is not surprising, as most of the AMC biocides need a liquid on the inanimate surface for transportation of the biocidal substance from the AMC to the microbes. In addition, most laboratory tests were performed on thoroughly cleaned AMC, because soiling hampers the antimicrobial efficacy, in particular for copper and quaternary ammoniums [15].



The photodynamic approach is effective on normal dry surfaces because the biocidal singlet oxygen is a gaseous molecule, escaping the AMC after generation by the photosensitizer. Any soiling present on surfaces during the study obviously did not hamper the antimicrobial efficacy, as shown by the significant reduction in microbial burden on the photodynamic AMC.



Another advantage of singlet oxygen is the fact that this molecule approaches the microbial cells from outside and oxidizes any double bonds in the microbial envelope. The cells are damaged without the need for penetration of singlet oxygen into the cells. Therefore, the photodynamic approach is considered to provoke no resistance in microorganisms [55].



This is an important issue when AMC technologies will be used on surfaces in public areas including public transport. Various microorganisms already show reduced sensitivity or resistance to biocidal substances such as chlorhexidine, triclosan, silver, copper, and quaternary ammonium compounds [56,57]. In 2021, the European Medical Association stated that metals such as copper, zinc and silver, which were used in AMC, are also known to elicit coselection for AMR genes and thus might play a role in the development and spread of AMR [58]. The co- or cross-resistance induced by such metals may lead to bacteria that also show an increased resistance to antibiotics [15,59].



Biocidal substances with a long-term stability such as metals and quaternary ammonium may also reach the environment, and thereby for example influence wastewater treatment plants in a detrimental manner [60]. In addition, EU authorities demand safe chemicals while preventing harm to humans and the environment by avoiding substances of concern for nonessential use [61]. Singlet oxygen is short-lived and therefore remains active only in a thin layer of a few millimeters above AMC and cannot accumulate in the environment [31]. Singlet oxygen has been safely applied in medicine, such as for photodynamic treatment of tumors and age-related macular disease of the retina, for many years [62,63].




5. Conclusions


The photodynamic AMC significantly reduced the mean bacterial burden on different inanimate surfaces in urban buses under real-life conditions. In addition, the maximal detected bacterial burden (cfu/cm2) was clearly reduced by photodynamic AMC, as shown by the reduced standard deviation. Photodynamic AMC are therefore not only suitable for reducing the microbial load in health-care-associated environments but also for closing hygiene gaps in public transportation.
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Figure 1. (A) Sampling sites of the public transport buses. Sites 1–3 were surfaces frequently touched by the operator including two door opening buttons (1, 2) and the steering wheel (3). Sampling sites 4–6 were frequently touched surfaces in the passenger part of the bus, including a stop button (4), a textured handrail (5) and a nontextured handrail (6). (B) The values of microbial burden of the prestudy sampling are shown as box plots with the median and the quartile ranges. 
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Figure 2. Results from laboratory experiments. The illuminated sample with photosensitizer in the coating achieves a logarithmic reduction exceeding 4 log10 steps (blue bar), while dark control (pink bar) and the recovery control (recovery control) led to no noteworthy bacterial reduction. Error bars represent the standard deviation of the experiments (n = 5). 
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Figure 3. The values of microbial burden on uncoated references and on antimicrobial coatings are shown as box plots with the median and the quartile ranges. 
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Figure 4. The mean values for all 14 samplings. The regression line indicates an almost constant difference between uncoated references without antimicrobial effect and the sites with the antimicrobial coating. 
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Table 1. Microbial burden regarding different benchmarks. The numbers given are the events concerning the given benchmark.
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Benchmarks

	
Uncoated

(n = 168)

	
Antimicrobial Coating

(n = 168)




	

	
Number

	
Percent

	
Number

	
Percent






	
cfu/cm2 ≤ 2.5

	
68

	
40.5%

	
107

	
63.7%




	
cfu/cm2 > 2.5

	
100

	
59.5%

	
61

	
36.3%




	
cfu/cm2 ≤ 5

	
93

	
55.4%

	
131

	
78.0%




	
cfu/cm2 > 5

	
75

	
44.6%

	
37

	
22.0%
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