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Abstract

:

(1) Background: Applications using touch screens are increasingly deployed in medical facilities, as well as in public areas. When touching the display with fingers, potentially pathogenic microorganisms such as methicillin-resistant Staphylococcus aureus (MRSA) can be transmitted. An automated process to decontaminate the device in between users would be highly useful. (2) Methods: Thin glass plates were superficially contaminated with the non-pathogenic Staphylococcus carnosus in a controlled manner. Subsequently, UVA radiation of 400 or 380 nm was laterally coupled into the glass plate, which acted as a light guide. Contact agar plates recorded the change in the staphylococci concentration over time. Additionally, the UVA radiation emitted by the glass plates was measured and the potential risk to humans assessed. (3) Results: Staphylococci concentration decreased as a result of UVA radiation for both wavelengths. At 400 nm, it took about 7.5 h and at 380 nm about 1 h until a reduction of 90% was reached. To meet higher disinfection requirements, disproportionately longer irradiation times were necessary. The potential UVA irradiation of humans in front of the glass pane was about 35 µW/cm2 or less and posed no risk to humans. (4) Conclusions: Side-coupled UVA radiation is in principle capable of safely automatically disinfecting microorganisms on touch screens. However, the required irradiation times are still in the hour range, so that a rapid disinfection within a minute or less is not yet possible with the presented setup. However, higher UVA intensities might reduce the current disinfection durations.
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1. Introduction


Worldwide, the use of touch screens continues to increase [1,2]. Touch screen applications affect all areas of everyday and professional life. They are not only found on private notebooks, smartphones and tablets, but also, for example, on public vending machines for tickets for public transportation or other products. Medical devices employed in hospitals or doctors’ offices also increasingly feature touch screens [2].



When touching these screens, potentially pathogenic microorganisms and thus diseases can always be transmitted. All studies conducted to date, both inside and outside the healthcare sector, have found bacterial strains on touch screens, including the so-called ESKAPE pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp.), which are of particular concern in medical environments [3]. Hitherto, none of the studies have reported even a single touch screen without microbial contamination. Staphylococci have always been detected [4].



To prevent the transmission of pathogens via displays, there would have to be fast automatic disinfection between two users. In theory, it is possible to reduce bacteria on surfaces within seconds by using strong UVC radiation sources (UVC: ultraviolet radiation between 100 and 280 nm) such as mercury vapor lamps, as has already been proven by Rudhart et al. (2022), Petersson et al. (2015), Moore et al. (2012) [5,6,7] and others. Unfortunately, UVC radiation could also harm humans in case of an accidental irradiation [8,9,10,11,12].



UVA radiation (UVA: ultraviolet radiation between 315 and 400 nm) poses a much smaller risk to humans compared to UVC [13], and all of the most often observed bacterial strains on touch screens can also be inactivated by UVA irradiation. These most frequently found bacterial strains and their necessary UVA log reduction doses can be found in Table 1. Unfortunately, the UVA log reduction doses are in the range of tens of J/cm2 and are therefore three to four orders of magnitude higher than typical UVC log reduction doses, which are in the range of several mJ/cm2 [14,15]. Therefore, the application of UVA radiation for disinfection requires significantly longer irradiation durations. Humans in front of or near the screen should be irradiated as little as possible and existing daily UVA exposure limits [13] should not be exceeded.



The aim of this study is to investigate the disinfection performance of UVA radiation without endangering/irradiating humans. The experiments were carried out with staphylococci on a transparent glass pane. UVA LED radiation of different wavelengths was coupled laterally into the glass plate, which acts as a light guide, as illustrated in Figure 1. The UVA radiation is assumed to remain within the glass plate due to total internal reflection. In principle, the radiation only escapes at the points where microorganisms or other contaminations are present. From a wave-optical point of view, this is not quite true. The so-called evanescent field protrudes slightly beyond the glass plate. Ideally, no human should be irradiated besides the short moment when the display is touched.




2. Materials and Methods


2.1. Irradiation Setup


The irradiation setups consist of two glass plates; (1) white glass of BE Glass (Berlin, Germany) with the dimensions of 30 × 30 × 0.5 cm3, and (2) quartz glass of GVB (Herzogenrath, Germany) with the dimensions of 30 × 30 × 0.4 cm3. The spectrally resolved optical transmissions of both glasses is given in Figure 2. To the edges of the glass plates, two LED strips are pressed. The 71 LEDs of the first LED strip from Onfuro (Shenzen, China) exhibit a peak emission at about 400 nm with a UVA power of 9 mW at 3 mA per LED. The second LED strip of UnvarySam (unknown town, China) also contains 71 single LEDs with a peak emission at about 380 nm and an optical power of 9 mW at 10 mA each. The efficiency of coupling the LED radiation into the glass panes is unknown. The emission spectra of both LEDs can also be found in Figure 2, and a photograph of the combination of the white glass with the 71 × 400 nm LEDs in the dark is given in Figure 3. The temperature of the glass plates was measured with an infrared thermometer Ranger MX of Raytek (Berlin, Germany), and for measuring the UVA irradiation at a distance of 1–5 cm above the glass pane, an optical powermeter OPM150 from Artifex Engineering (Emden, Germany) was employed.




2.2. Microbial Procedures


As the available microbiology lab did not have the necessary biosafety level to work with pathogens such as Staphylococcus aureus, all experiments were performed with the non-pathogenic Staphylococcus carnosus (DSM 20501), which was provided by Deutsche Sammlung von Mikroorganismen und Zellkulturen (Brauschweig, Germany). S. carnosus was cultivated at 37 °C in M92 medium (trypticase soy yeast extract medium as described in [20]) up to an optical density of about 0.4. This corresponds to a concentration of about 6 × 107 colony forming units (CFU)/mL and was diluted 1:3000 in phosphate-buffered saline (PBS) to a final concentration of 2 × 104 CFU/mL.



For the purposeful contamination of the glass plates with staphylococci, the glass panes were first manually cleaned and disinfected with a 70% ethanol solution for about 10 min and thereafter exposed to the UVC radiation of a low-pressure mercury vapor lamp for at least half an hour. In order to obtain adequate bacterial concentrations and distribute them evenly over the glass plate surface, the following procedure was performed, which was previously described in [21]: An industrial paper towel (Glaeser, Ulm, Germany) was placed on the plate, and with a Pasteur pipette a volume of approximately 7 mL of bacterial test solution was manually and evenly distributed over the towel and the glass pane. After about 1.5 h, the towel was dry and was removed.



For the sampling, the glass plate was divided into 4 × 4 fields. The sampling was performed with caso contact agar plates of VWR (Darmstadt, Germany) at predefined time intervals of 0 h, 12 h, 24 h and 36 h for the 400 nm irradiation and for 0 h, 1 h, 2 h, 4 h and 6 h for the 380 nm irradiation. At 0 h, three samples were taken. For all other points of time, only two samples were taken: One at the outer row of sample fields, near the LEDs, and one at the four fields in the middle of the glass plate at the maximum distance from the LEDs. For each LED wavelength, five runs were performed and an additional 5 runs were performed without any LEDs as a reference. After sampling, the contact agar plates were cultivated at 37 °C in an incubator for around 20 h before colony counting for the unirradiated plates. The irradiated plates were cultivated for about 40 h. The reason for this procedure was that the unirradiated plates had up to a total of about 1000 colonies, which would have been difficult to count separately if the colonies had been too large. This was not a problem on the irradiated plates as the colony numbers were much lower. The intention of the longer cultivation time was to ensure that no staphylococci were missed, because they had suffered damage by the UVA irradiation, resulting in a prolonged growth but not in death. Additionally, plates were re-examined 1–2 days later for new colonies; however, none were observed.



As the experiment was not performed under the filtered air of a laminar flow box but on an open workbench in the lab, other microorganisms from the air could contaminate the glass plate and lead to colonies on the agar plates. However, all colonies that appeared different in color or morphology from familiar staphylococcus colonies were ignored and not counted. The risk of accidentally having counted contaminant colonies that looked very similar to S. carnosus colonies cannot be completely excluded and would have resulted in a seemingly slower bacterial reduction. However, we do not assume to have had a high concentration of bacteria in the air which form colonies that look like S. carnosus colonies, as we sometimes observed agar plates with zero colonies even after long irradiation.





3. Results


During irradiation, the temperature of the glass plates increased by about 0.5 °C to approximately 20 °C, which was assumed to have no large impact on bacterial survival. The UVA irradiation measured near the pane (distance 1–5 cm) varied between 20–35 µW/cm2 for different positions (corners, edges and center) above the glass plate that was visibly contaminated with bacteria. At a distance of 20 cm and 50 cm, the irradiation dropped to about 50% and 10%, respectively, of these maximum values.



The change in staphylococci concentration on the glass plates as a function of time can be found in Table 2 and Figure 4 for both wavelengths and without irradiation. Even without irradiation, the number of staphylococci decreases. The decrease appears to be approximately exponential. The plotted straight line with a slope of 0.0055/h in the semi-logarithmic plot corresponds to a log reduction duration of about 180 h.



When irradiated by the side-mounted LEDs, the staphylococci reduction is significantly faster. However, the course seems not to be exponential here, since the plotted linear trend line in this half-logarithmic representation describes the actual reductions poorly. The reduction is strong at the beginning and then slows down. If only the first measurement points for the shortest irradiation are considered, the log reduction time for irradiation of the 5 mm white glass plate with 400 nm is approximately 7.5 h, and for the staphylococci on the quartz glass plate approximately 1 h of 380 nm irradiation is required for a 90% decrease. For higher reduction demands, such as a 99% reduction, much higher irradiation durations are needed. For 400 nm, it would probably take around 20 h, and for the 380 nm LEDs, about 4–5 h.




4. Discussion


The staphylococcal reduction is much stronger with lateral coupling of the LED radiation than without radiation, and 380 nm irradiation reveals a three to four times stronger impact than 400 nm irradiation. This is perhaps an unexpectedly large difference, given that the total irradiated powers of both LEDs are the same and the two LED emission spectra even overlap. Presumably, the actual difference in antimicrobial efficacy between the two LED types might be smaller, but is amplified here by the different glass plates with their different thicknesses and absorption spectra.



In order to be able to compare the efficiency of this approach of lateral coupling of LED radiation with transillumination from above or below, the average energies required for a log reduction per area are considered. During the log reduction times for Staphylococcus carnosus of about 7.5 h (400 nm) and about 1 h (380 nm) determined here, each of the 71 LED strips emitted a total of 17,200 J (400 nm) and 2300 J (380 nm), respectively. Unfortunately, there are no published UVA disinfection results for S. carnosus or S. aureus. However, Santos et al. have published LD50 doses for irradiation of Staphylococcus saprophyticus in a NaCl solution [16], and these can be converted to a log reduction dose of 45.9 J/cm2. Irradiation was performed from above with a 365 nm UVA lamp. If Santos et al. had also applied this dose to an area of 30 × 30 cm2, the energy required for this would have been 41,310 J. Assuming that S. carnosus and S. saprophyticus have comparable log reduction doses, and the UVA-sensitivity of bacteria in saline solutions and on surfaces are similar, lateral coupling of LED radiation might be much more efficient than direct irradiation from above.



One can raise the question whether the assumption made above—S. carnosus and S. saprophyticus having comparable log reduction doses—is realistic, or if the non-pathogenic S. carnosus is possibly much more sensitive to UVA than, e.g., the pathogens S. saprophyticus or S. aureus. So far, there are no suitable studies on S. saprophyticus or S. aureus in the UVA range, but there are investigations for bacteria in solutions in adjacent spectral ranges at 222 nm (UVC), 254 nm (UVC), 405 nm (visible light) and 450 nm (visible light) [22,23]. At 222 nm, S. carnosus and S. aureus are equally photosensitive, at 254 nm, S. carnosus is more susceptible, and at 405 and 450 nm, S. aureus is more sensitive. So far, there has been no indication that pathogenic and nonpathogenic staphylococci exhibit large differences in the UVA photosensitivity.



In this study, only staphylococci were examined because staphylococci have been found most frequently on touch screens and because S. aureus, in the form of MRSA, is one of the best reported and most important pathogens. Table 1 shows that other relevant microorganisms require higher UVA log reduction doses in some cases, but these are not orders of magnitude higher, so it can be assumed that other relevant bacteria are also reduced with this kind of UVA irradiation.



The measured maximum UVA irradiation of below 35 µW/cm2 above the glass plate can be applied to calculate a theoretical UVA dose of 3 J/cm2 for a human that would stay for 24 h at a distance of 5 cm in front of it. However, even in this unrealistic scenario, the human irradiation is well below the allowed daily limit of 47 J/cm2 at 380 nm [24]. So this irradiation would be very safe and could continue even in the presence of humans.



We should mention that this irradiation was observed for a glass plate with bacterial contamination visible to the human eye. For a cleaned pane, it was much smaller and for a glass plate full of fingerprints, it was about 5× times higher (and revealed a slight fluorescence in a dark environment). Nevertheless, there is still no risk of exceeding daily exposure limits even under extreme circumstances. Additionally, there would be the option to turn off the UVA LEDs automatically if the display is touched or if someone is very near to the touch screen.



Unfortunately, the required disinfection durations of 7.5 and 1 h are still very long for a pathogen reduction of only 90%. They allow automatic disinfection over night or over the weekend, but not between different users who come every minute, even by applying more UVA LEDs and/or higher LED currents. Although UVA intensity might be increased by an order of magnitude, presumably resulting in an inverse decrease in disinfection time, this would still be insufficient for a disinfection within one minute.



It is also an open question as to whether such a glass panel, which exhibits little absorption in the UVA range and is at the same time a good light guide, can actually be integrated into touchscreens. Further development efforts and investigations are necessary here.




5. Conclusions


In UVA–transparent glass panels, the lateral coupling of UVA LED radiation is possible and can inactivate the staphylococci that are always detected on touch screens, which also include the well-known methicillin-resistant Staphylococcus aureus (MRSA). This is apparently done much more efficiently and safely than with direct UVA irradiation from below or above. However, disinfection in the minute range is not possible, at least not yet, and it remains to be seen whether the approach can be well integrated into touch screens.
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Figure 1. Schematic representation of a microbially contaminated glass plate with UVA LEDs attached to the side. Due to total internal reflection, the glass plate acts as a light guide. At spots where contaminants are present, the radiation can escape and thus microorganisms can be irradiated. Top: cross-section of the glass plate and LEDs, bottom: top-view of the glass plate and LEDs. 
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Figure 2. Transmission spectra of glasses and emission spectra of single LEDs. Both LED types emit 9 mW each. 
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Figure 3. Photograph (in the dark) of irradiation setup with 400 nm LED strips around the glass plate. The visible dark lines on the glass plate define fields for sampling. 
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Figure 4. Change in the S. carnosus concentration on glass plates over time for the unirradiated plate and the plates irradiated by the laterally attached 400 and 380 nm LEDs. The given error bars illustrate the standard deviation of the single measurements. The dotted lines are linear fits in this half-logarithmic representation that would be exponential curves for a non-logarithmic Y axis. 
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Table 1. Bacterial strains most often found on touchscreens—sorted by observation frequency—and their necessary log reduction doses. (Modified after [4]).
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	Bacteria Most Often Found on Touch Screens
	UVA Log Reduction Doses [J/cm2]
	





	Staphylococcus spp.
	45.9
	[16]



	Bacillus spp.
	50.7
	[16]



	Micrococcus spp.
	98.8
	[16]



	Pseudomonas spp.
	73.5
	[16]



	Escherichia coli
	38.9
	[17]



	Enterococcus spp.
	42
	[18]



	Klebsiella spp.
	60
	[19]



	Streptococcus spp.
	unknown
	



	Corynebacterium spp.
	unknown
	



	Acinetobacter spp.
	52.9
	[16]
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Table 2. Change in the S. carnosus concentration on glass plates over time for the unirradiated plate and the plates irradiated by the laterally attached 400 and 380 nm LEDs. (The starting concentrations at 0 h were always set as reference without errors.).
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Irradiation

	
Time [h]

	
Average Log Change

	
Standard Deviation of Single Measurements






	
no irradiation

	
0

	
0

	




	
12

	
−0.117

	
0.110




	
24

	
−0.119

	
0.158




	
36

	
−0.190

	
0.137




	
400 nm

	
0

	
0

	




	
12

	
−1.611

	
0.170




	
24

	
−2.210

	
0.096




	
36

	
−2.578

	
0.316




	
380 nm

	
0

	
0

	




	
1

	
−1.128

	
0.545




	
2

	
−1.383

	
0.361




	
4

	
−1.867

	
0.363




	
6

	
−2.277

	
0.366
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