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Abstract

:

Good hand hygiene has proven to be essential in reducing the uncontrolled spread of human pathogens. Cold atmospheric plasma (CAP) may provide an alternative to disinfecting hands with ethanol-based handrubs when handwashing facilities are unavailable. CAP can be safely applied to the skin if the energy is well controlled. In this study, radio frequency (RF) and direct current (DC) plasma sources were built with a pin-to-mesh electrodes configuration inside a fused silica tube with a 5 mm inner diameter. Microbiological assays based on EN 13697:2015+A1:2019 using Escherichia coli DSM 682 or Staphylococcus epidermidis DSM 20044 were used to examine the antimicrobial effect of various plasma conditions. Metal and silicone disks that model skin were used as inoculation matrices. The prototype air RF CAP achieved significant disinfection in the MHz range on stainless steel and silicone substrates. This is equivalent to half the performance of direct current CAP, which is only effective on conductive substrates. Using only electricity and air CAP could, with further optimization to increase its efficacy, replace or complement current hand disinfection methods, and mitigate the economic burden of public health crises in the future.
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1. Introduction


1.1. Hand Hygiene


Carrying more than 10,000 organisms per cm2 of normal skin, hands are an important transmission site for communicable diseases [1]. Promoting hand hygiene in public and private environments has proven to be essential in reducing the uncontrolled spread of human pathogens [2]. The practice of handwashing at regular intervals, and in particular after coughing or sneezing, caring for the sick, after using the toilet, before eating, while preparing food and after handling animals or animal waste, has a significant effect on the reduction of transmission rates of pathogenic bacteria, viruses, and fungi. Similarly, handwashing after touching fomites such as doorknobs or handles, or after one comes back home from visiting a public place, provides effective protection. As such, hand hygiene, a very simple action, has been well documented to be one of the primary modes of measures for enhancing public safety [3,4]. With hydro-alcoholic gels becoming widespread once industrial production was able to meet the quantities needed for public use, there are conflicting guidelines for their use [5]. While the alcoholic gel disinfects, it leaves the dead microorganisms on the skin. Handwashing with soap and water, on the other hand, will allow a significant quantity of microorganisms to slide off and be eliminated [6]. While a systematic review of the hand disinfection potential of various products on the market found no difference in their disinfection efficiency, handwashing followed by air-drying was still the most preferred way to clean hands, as shown in a study involving random adults [5,6]. This may be due to alcohol-based disinfectants causing increased skin susceptibility to hand eczema [7]. Unfortunately, since most facilities for handwashing are located inside restrooms, which tend to be highly contaminated areas, the risk of recontamination is evident. For example, studies have found that on average, only about 20 percent of people in airports have clean hands—defined as hands that have been washed with soap and water, for at least 15 s, within the last hour. The other 80 percent are potentially contaminating everything they touch with whatever microorganisms and potential pathogens they may be carrying [4]. Alternative technologies for handwashing are thus needed to increase the capacity of hand disinfection facilities outside washrooms and without alcohol to allow more effective and frequent handwashing [8].




1.2. Cold Atmospheric Plasma for Hand Disinfection


A recent pilot study of virus transmission to the hospital environment found that the use of paper towels resulted in lower rates of contamination than a standard jet air dryer [9]. It is obvious that the integration of a disinfection module would be a radical change. Interesting disinfection capabilities have been obtained with a cold atmospheric plasma (CAP): Beginning with the patent of Menashi [10], research has intensified in the application of plasma for antimicrobial treatments, primarily in low-pressure applications. In 2022, Laroussi et al. concluded that the use of CAP could overcome exceptional health, safety, and medical challenges in the future [11]. Research has shown that CAP can be safely applied to the skin if the energy is well controlled [12]. However, long-term studies still need to be performed to conclusively exclude the risk of carcinogenesis and mutagenesis of CAP [12]. Two types of plasma sources are suitable: APPJ (low-temperature Atmospheric Pressure Plasma Jet) and DBD (Dielectric Barrier Discharge plasma) [13]. DBD has been successfully implemented in the development of a hand hygiene device for hospitals [14]. However, DBD has the disadvantage of generating ozone as a toxic by-product at particularly high concentrations, from the oxygen present in the air. In order not to exceed 5 ppm, the limit of danger specified by the Centers for Disease Control and Prevention (CDC), the device works with a misting module that humidifies the air before the plasma treatment. The steam traps the ozone and converts it into free radicals, thus reinforcing the disinfection. However, this requires water, which necessitates the connection of the device to the sanitary water distribution network. In order to replace the use of hydro-alcoholic gels, the device must be installed in places people pass through, such as entrance halls and corridors, in places that are well chosen from a practical point of view, for example, near doors to avoid contamination of fomites such as door handles. These are areas where there is usually no access to the sanitary water system, but where an electrical connection can be added at little cost [14].



In this study, we aim to contribute to the global public health effort by developing a new type of air hand dryer with a disinfection function using CAP that operates without the need for water and soap facilities. While applications of CAP have been found in many food processes, applications using only ambient air as a gas source are still rare and at present, no CAP system can be integrated into an air jet dryer to disinfect hands.





2. Materials and Methods


2.1. Plasma Source and Design


The project was carried out in several phases, with the goal of developing a radio frequency (RF) CAP plasma jet for hand disinfection. Initially, we realized a direct current (DC) atmospheric plasma assembly based on the device developed by Deng et al. [15]. Simpler than an RF device, this prototype gave a good disinfection performance, but it was limited to electrically conductive surfaces [16]. Then, in a second step, a CAP jet of Argon operating at 10 kHz was realized based on the development of Qian et al. [17], as an intermediate step of AC electronic development for non-conducting surfaces, but not stable using air as the plasma gas. The final goal, i.e., using air as plasma gas, was achieved by operating at 15.6 MHz through the development of a specific RF impedance matching device (Figure 1). Two power levels were tested: 50 W and 90 W. To measure the plasma jet temperature, a fiber optic thermometer (FISO FTI-10, FISO, Quebec, QC, Canada)) was placed 5 mm from the tube outlet. In addition, the temperature of the exposed surfaces was controlled using a FLIR A8580 IR camera (Tele-dyne FLIR, Wilsonville, OR, USA). The optical emission spectra analysis of the plasma jet suggested the presence of reactive oxygen and nitrogen species, which are much sought after for disinfection [18,19]. A mounting with drives completed the experimental device, allowing the exposure of the plates to the CAP jet in a controlled manner. An ozone detector (Trotec OZ-ONE, Heinsberg, Germany) was utilized to measure ozone levels during the tests.




2.2. Microbiological Testing


Microbiological assays were based on the standard EN 13697:2015+A1:2019 “Chemical disinfectants and antiseptics, Quantitative non-porous surface test for the evaluation of bactericidal and/or fungicidal activity of chemical disinfectants used in food, industrial, domestic and institutional areas (phase 2/step 2)” [20].




2.3. Microbial Cultures


Cultures of Escherichia coli DSM 682 or Staphylococcus epidermidis DSM 20044 were grown at 30 °C for 24 h in Tryptic Soya broth (Casein soya bean digest medium; Oxoid, Basel, Switzerland). Culture cell densities were determined using a Neubauer improved counting chamber with a chamber depth of 0.02 mm (Assistent, Glaswarenfabrik Karl Hecht GmbH & Co KG, Sondheim vor der Rhön, Germany). Suspensions containing approximately 1 × 106 cells/mL E. coli DSM 682 or S. epidermidis DSM 20044 were prepared using physiologic saline solution (pH 7.0; Sigma-Aldrich Chemie GmbH, Buchs, Switzerland).




2.4. Pre-Assays Using Petri Dishes


Initial experiments surveyed the effect of CAP applied directly on Petri dishes inoculated with a 1 mL suspension containing approximately 1 × 106 cells/mL E. coli DSM 682 or S. epidermidis DSM 20044. After treatment, agar plates were incubated 24–48 h at 30 °C. In further preliminary experiments, sterilized stainless steel disks were inoculated with 1 mL of suspensions containing approximately 1 × 106 cells/mL E. coli DSM 682 or S. epidermidis DSM 20044. Afterwards, disks were exposed to CAP treatment for 30 s, 60 s, 90 s, and 120 s before the disks were turned onto Tryptic Soya Agar and left for 1 min. A set of disks were left untreated as a negative control. Replicates of four plates were tested for each type of bacteria with scanning times ranging from 30 to 120 s with an increment of 30 s. These scanning times correspond to the duration necessary to scan the 25 cm2 area of the plate with a 1 cm·s−1 decreasing scanning rate, starting at 4 cm·s−1 for a 30 s scanning time and ending at 1 cm·s−1 for 120 s. Afterwards, the disks were removed and agar plates with the transferred microorganisms were incubated 24–48 h at 30 °C. The distance between the plasma jet and Petri dish was adjusted to 13 mm for both assays.




2.5. Disinfection Assays Using Steel and Silicone Disks


Sterilized stainless steel and silicone disks with a surface area of 25 cm2 were used. Silicone disks were stamped out from Tattoo Practice Skin with an original size of 15 × 15 × 0.3 cm3 and purchased from Amazon Germany (www.amazon.de (accessed on 26 July 2022)). Silicone elastomers were previously shown to simulate dry human skin sufficiently well but were incapable of simulating the behavior of moist human skin [21]. However, silicone is a highly porous water-absorbing hydrophilic material and decreases in friction with increasing water content [22]. Contaminated disks were air-dried in a Class II Type A2 Biological Safety Cabinet (Vitaris AG, Baar, Switzerland) before being used in the CAP disinfection assays. For assays using either the stainless steel or the stamped-out silicone, the disks were initially exposed to DC plasma for 0 s (non-treated control), 30 s, 60 s, and 120 s. Afterwards, the reaction time on the entire surface of the disks was reduced to 75 s for RF plasma assays to allow the surface temperatures of the disks to remain within a 50 °C limit. In all assays, the distance between the nozzle and the surface to be disinfected (d) was adjusted to a height of 14 mm. After CAP application, the disks were transferred into 10 mL of physiologic saline solution (pH 7.0) and placed in a stomacher for 1 min to wash off remaining viable microorganisms. Of the obtained bacterial suspensions, 1:10 dilutions were prepared in physiologic saline solution (pH 7.0) of which 1 mL were plated onto 9 cm Petri dishes before mixing the suspensions with Tryptic Soya Agar (Oxoid, Basel, Switzerland) with a maximum temperature of 48 °C. Plates were thoroughly dried before incubating 24–48 h at 30 °C. Plates with 10–300 colonies were counted to estimate the amount of cfu/mL in the samples. One-way Analysis of Variance (ANOVA) in the Microsoft Office Excel Analysis ToolPak (Microsoft, Redmond, WA, USA) was used to examine the differences between the untreated controls and CAP-treated, inoculated disks. The performance parameters from EN 13697:2015+A1:2019 corresponding to a 4 Log10 reduction of bacteria after treatment were utilized to better mirror the performance of CAP to hydro-alcoholic gels [20].





3. Results


3.1. Plasma Source and Design


The different spectra obtained with the three types of prototypes we have developed (DC, DBD or RF) are compared in Figure 2. The DBD spectrum is quite different from the other two since this torch requires the use of argon. The spectra of plasma jets using only ambient air, DC and RF at 15.6 MHz have similar structures, but the radiation proposition between the 200 to 450 nm range and the 450 to 900 nm range is not the same. In the more energetic photon range (200 to 450 nm), the RF plasma displays a higher concentration of free radicals. This suggested that ultimately more reactive oxygen species (ROS) and reactive nitrogen species (RNS) are formed that may be used for inactivating bacterial cells and viruses on the exposed surfaces [22,23].



Hence, further assays were performed only with RF design using an air-based CAP (RF AIR CAP). Assessment of surface temperatures of exposed metal and silicone discs showed that they remained below the limit that microorganisms can withstand, confirming that RF AIR CAP can be used for hand disinfection via the non-thermal action of reactive chemical species (Figure 1).




3.2. Pre-Assays


3.2.1. The Influence of Dying on Culture Viability


The use of air-drying the tested microorganisms in a Class II Type A2 Biological Safety Cabinet before testing was shown not to have any significant effect. When comparing the recovered microorganisms on either the dried surfaces of either the Petri dishes or the stainless steel and silicone disks (non-treated controls) to the calculated cell density of the inoculum, no significant reduction was observed. Hence, this technique was considered a valid method for testing, and was therefore used in all the proceeding steps.




3.2.2. DC Plasma Assays


To test the disinfection power of the DC plasma source, samples of E. coli DSM 682 or S. epidermidis DSM 20044 dried onto Petri dishes and exposed to 15 s, 30 s, and 45 s showed no effect while surface temperature levels remained around 45 °C. A series of qualitative trials was conducted on samples of E. coli DSM 682 or S. epidermidis DSM 20044 dried onto stainless steel and silicone disks. Decontamination experiments were carried out for 30 s, 60 s, 90 s, and 120 s. The results showed that CAP was able to reduce bacterial loads on stainless steel surfaces even after exposure with a duration as short as 30 s. Using a cutoff (α) for statistical significance of 0.05, it was observed that a statistically significant reduction was achieved on stainless steel disks, reaching a log10 1.99 (p = 0.006) reduction after 120 s for E. coli. For S. epiderminis, the reduction after 120 s was log10 1.81 (p = 0.019, Figure 3). However, ozone levels reached 0.5–0.6 ppm, which represents three times the tolerable limit value according to Swiss safety standards [24]. Additional ventilation of the surface treatment area diminished ozone levels to acceptable levels in further trials. Furthermore, temperature levels on the disks were in the vicinity of 60 °C, higher than the biological tolerance temperature of approximately 44 °C [25]. While the reduction in microorganisms was considered statistically significant, levels also did not approach the minimum 4 log10 reduction required by EN 13697:2015+A1:2019 [20].





3.3. Disinfection Assays Using RF AIR CAP


After a DC plasma source was rejected due to its incompatibility for human use due to exteme temperature development and ozone development, a CAP plasma jet using a 15.6 MHz radio refquency (RF) was developed. In all the tests we carried out with this plasma, the exposure times did not achieve the level of decontamination specified by EN 13697:2015+A1:2019. However, after 75 s, at a sweep speed of 20 mm/s, the disinfection effect was clear, with the reduction in colony numbers clearly visible (Table 1 and Figure 4). As expected, disinfection of the two types of material (stainless steel and silicone) was comparable: at 50 W, the colony-reduction rate averages 54% (0.34 log10 cfu/mL) on silicone and 64% (0.45 log10 cfu/mL) on stainless steel. At 90 W, these values rise to 87% (0.88 log10 cfu/mL) and 92% (1.12 log10 cfu/mL), respectively. In all RF AIR CAP assays, the temperature remained below the thermal inactivation limit of the bacteria used in the assay (approx. 50 °C). It is important to specify that these exposure times are not equivalent to a plasma projection on the same surface, but to a scan of the entire surface in a given time. Thus, the plasma activity on any spot on the disks is significantly less than the 75 s indicated and is equivalent to approximately 10–15 s of exposure to the RF CAP in a hand dryer. This exposure time is well suited to the equipment market for public places because it corresponds to the drying time with current hand dryers and falls within the 30 s application time for alcoholic gels.





4. Discussion


4.1. RF Plasma Mechanism of Inactivation


Based on the optical emission spectra obtained from the different plasma generated here, it may be speculated that the action of the plasma is indeed chemical, as it creates reactive oxygen species (ROS) and reactive nitrogen species (RNS), and not thermal. Reactive oxygen species (ROS), including hydrogen peroxide (H2O2), hydroxyl radical (OH−), singlet oxygen (1O2), and superoxide anion (O2−), endogenously produced by the organisms to be inactivated have previously been considered attractive weapons for pathogen clearance [26]. Similarly, reactive nitrogen species (NO2• and ONOO-/HOONO) have been shown to destroy DNA, and may completely suppress viable but nonculturable states of microorganisms and inhibit the reactivation of bacteria [27]. The exact process of inactivation using plasma has, however, not been fully understood, but is is believed that hydrophobic ROS oxidize the lipid bilayer of cells and decreased cell membrane thickness [28,29]. The same effects may be observed in people directly in contact with the plasma. Studies have shown that the ROS and PNS produced by plasma may penetrate and dissolve in some tissues up to 1.25 mm thick [30]. Thus, if not carefully controlled, these species cause tissue damage in skin treatments. However, plasma radiation and temperatures up to 45 °C did not cause any long-term changes [30].




4.2. Plasma Integration into a Hand Dryer


While the tests carried out well represent any use of the plasma on surface that may be found in high traffic public areas or food production sites, they did not correspond exactly to what might happen in a hand dryer. Only one nozzle was in operation and, above all, the aerodynamics of the plasma flow on the hands were not reproduced at all. Nevertheless, assuming there were two facing rows of at least twenty nozzles each, extending over a length of just over 30 cm, so as to expose both hands on each side in a single pass, it can be estimated that a sweep at a speed of approx. 2 cm/s would cover the hands up to the wrists in around 10 to 15 s, equivalent to the drying time required with a standard appliance; the disinfection performance of a hand dryer could therefore reach the levels shown in here.



In comparison, the recommended application time for alcohol gels is half a minute to achieve a level of disinfection that complies with the standard. It should also be noted that, since water vapor promotes the disinfection effect of plasma [14] and our tests were carried out with dry air, for reasons of reproducibility, disinfection should be more efficient using ambient air as the plasmagenic gas.



Air-blade hand dryer models are ideal for integrating plasma nozzles in the mouthpiece aeraulic channels, with a CAP source at each air jet. It should be noted that, as this is a cold plasma, additive 3D printing in plastic can be used to speed up nozzle design [16]. In fact, the design of the aeraulic circuit should be reworked to optimize device ergonomics, hand exposure and air recycling, in order to deactivate ozone with a filter. Of course, the power electronics generating the RF induction will also have to be integrated. They will take the place of the now-useless heating system, whose energy consumption will be reallocated to plasma production. On the basis of a commercial hand dryer with an electrical power rating of 1.5 kW, it is estimated that total power could remain below 3 kW.





5. Conclusions


The disinfection tests presented here were carried out with a CAP using air as the plamagenic gas, which was stabilized by increasing the induction frequency in the megahertz range. This technology, which is compatible with delicate surfaces, is much more environmentally friendly than traditional wet chemical processes, while reducing the risk of contamination of adjacent surfaces through aerosol formation [31]. However, while CAP showed a reduction in cell counts, the activity was less than that observed with currently available methods for surface or hand disinfection. Consequently, the technology presented here needs further optimization to achieve a higher reduction of contaminants. Once optimized, however, it could replace or complement current hand disinfection methods and mitigate the economic burden of public health crises in the future [23]. Furthermore, by increasing disinfection power, it is possible to consider more demanding sanitary applications, such as hand hygiene in hospitals. The exposure time and number of CAP nozzles can be increased to achieve the decontamination rate required for these applications. Furthermore, since CAP has proved to be an effective tool for inactivating pathogens (bacteria, fungi, viruses, etc.), the plasma generators developed here could be of interest to other sectors, such as the food industry, particularly in situations in which heat treatment is not applicable. However, the impacts of this technology will need to be further studied prior to regulatory approval and consumer acceptance [31].
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Figure 1. Overview of RF plasma jet and nozzle outlet temperature. 
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Figure 2. Optical emission spectra obtained with (a) DC, (b) DBD and (c) RF plasmas. 
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Figure 3. Direct DC-type CAP treatment on stainless steel for 0 s (control), 30 s, 60 s and 120 s. The vertical scale is logarithmic (unit: log10 cfu/25 cm2). Uncertainty bars indicate standard deviations. 
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Figure 4. RF CAP disinfection (15.6 MHz) on stainless steel and artificial skin (silicone) for 75 s. The vertical scale is logarithmic (unit: log10 cfu/mL). Uncertainty bars indicate standard deviations. (a) RF power at 50 W and (b) RF power at 90 W (right). 
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Table 1. Microbial load reduction with a 15.6 MHz RF-type CAP using dry air at a sweep speed of 20 mm/s, at two RF power levels: 50 and 90 W.
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Silicone Discs

	
Stainless Steel Discs




	
RF Power (W)

	
E. coli DSM682

	
S. epiderminis DSM20044

	
E. coli DSM682

	
S. epiderminis DSM20044




	

	
Log10 cfu/ Disk ± SD

	
Log10 Reduction

	
Log10 cfu/ Disk ± SD

	
Log10 Reduction

	
Log10 cfu/ Disk ± SD

	
Log10 Reduction

	
Log10 cfu/ Disk ± SD

	
Log10 Reduction






	
Negative contol

	
6.06 ± 0.233

	

	
6.37 ± 0.162

	

	
6.12 ± 0.113

	

	
6.56 ± 0.127

	




	
50

	
5.65 ± 0.092

	
0.41

	
6.09 ± 0.190

	
0.28

	
5.98 ± 0.283

	
0.14

	
5.98 ± 0.148

	
0.58




	
50

	
5.58 ± 0.184

	
0.48

	
6.19 ± 0.141

	
0.18

	
5.57 ± 0.001

	
0.55

	
6.04 ± 0.007

	
0.52




	
Average

	

	
0.45

	

	
0.23

	

	
0.35

	

	
0.55




	
90

	
5.09 ± 0.360

	
0.97

	
5.67 ± 0.162

	
0.7

	
4.99 ± 0.389

	
1.13

	
5.46 ± 0.071

	
1.1




	
90

	
4.97 ± 0.360

	
1.09

	
5.60 ± 0.311

	
0.77

	
5.14 ± 0.120

	
0.98

	
5.31 ± 0.042

	
1.25




	
Average

	

	
1.03

	

	
0.74

	

	
1.05

	

	
1.18
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