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Abstract

[bookmark: _Hlk113059822][bookmark: _Hlk113562313]This study assessed a continuous in-line decontamination system for food contact surfaces and processing equipment that utilized cold atmospheric pressure plasma (CAP) generated from ambient air. The plasma system was evaluated against two common foodborne pathogens (Salmonella Typhimurium, Listeria monocytogenes) on stainless steel surfaces and against S. Typhimurium on commercial poly[ether]-thermoplastic poly[urethane] (PE-TPU) conveyor belts, under simulated conditions of a food-processing facility. A significant level of microbial inactivation was achieved, up to 3.03±0.18 and 2.77±0.71 logCFU/mL reductions of L. monocytogenes and S. Typhimurium respectively within 10 sec total treatment on stainless steel surfaces, and a 2.56±0.37 logCFU/mL reduction of S. Typhimurium within 4 sec total treatment on the PE-TPU material, according to a procedure based on the well-established EN 13697:2015 industrial protocol. CAP exposure was shown to have a minor impact on the morphology and composition of the treated surfaces. The results indicated that CAP can be applied for effective and continuous disinfection against common foodborne pathogens in food-processing facilities.

[bookmark: _Hlk113565096][bookmark: _Hlk113051779]Industrial relevance: Low temperature plasmas have shown great promise for microbial decontamination, yet industrial uptake of the technology has been limited due to scaling limitations. In this study, a prototype conveyor-based CAP decontamination system was developed and tested under realistic conditions expected within a food-processing facility. The results showed a high level of antimicrobial action against two common foodborne pathogens within a few seconds of CAP exposure, a timescale in line with industrial line processing speeds. Our findings demonstrated that CAP shows great promise for the continuous in-situ decontamination of food contact surfaces, with the potential to mitigate against the costly downtimes incurred in current production line practices implementing chemical disinfectants. 
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1. Introduction

Microbial contamination poses a major challenge for the food industry. Several biological contaminants, including bacteria, fungi, and viruses cause serious illnesses to over 2 billion people annually, through the consumption of contaminated food (FAO, 2021). These contaminants hinder global food production, generating food waste during processing (e.g., 16% of the food waste in the UK is produced during processing) (WRAP, 2021). With estimates suggesting that the global food production needs to increase by 50% until 2050 (Holban & Grumezescu, 2017), control of microbial contamination during production is of paramount importance for the sustainability of the food supply chain (Elkhishin, Gooneratne, & Hussain, 2017).
Inside food-processing facilities, microorganisms that are naturally present on foods or carried by personnel can contaminate processing surfaces and equipment. As such, sanitation of these is of vital importance, yet some equipment is difficult to sanitize. Many studies indicate that traditional sanitation methods cannot completely eradicate microorganisms from food-processing surfaces (Fagerlund, Møretr, Heir, Briandet, & Langsrud, 2017); (Corcoran et al., 2014). To minimize the risk to consumers, food manufacturers comply with legal guidelines to provide safe food, whereby specific rules must be applied through the whole production line (e.g., Good Manufacturing Practices - GMPs) (Holban & Grumezescu, 2017); (Lelieveld, Holah, & Gabric, 2016). The choice of materials is a key design constraint, with only selected materials being permitted, including metallic alloys (e.g., austenitic stainless steel types 304 & 316), plastics (e.g., poly[propylene] (PP), poly[carbonate] (PC), high-density poly[ethylene] (HDPE), poly[tetra-fluoro-ethylene] (PTFE) & poly[vinyl-chloride] (PVC) and elastomers (e.g., natural rubber, silicon rubber and nitrile rubber). All food-processing surfaces must be smooth, finished, and free from pores, pits and crevices. Additionally, they must be easy-to-clean and have a mean roughness value of ~0.8 μm or proof that they can be adequately cleaned (Lelieveld et al., 2016). 
Apart from manufacturing demands, the food industry has to implement and frequently apply costly sanitation schemes to ensure microbial levels are below critical points. Studies estimated that the installation and annual operation costs for these in the US can be up to $860 and $650 million respectively, depending on the size of the company (Hessing et al., 2018). It is estimated that sanitation schemes can require up to 500 hours downtime per year, resulting in up to $10 million losses (Lowe, 2019).
Despite all the above efforts, outbreaks of foodborne illnesses continue to occur. For example, in the US more than 60 outbreaks have been reported since 2018 (“List of Selected Multistate Foodborne Outbreak Investigations | Foodborne Outbreaks | Food Safety | CDC,” 2021) and many have led to costly product recalls, with estimated losses of $10 and $100 million per recall for direct and indirect costs, respectively (Wood, 2017). In many outbreaks of foodborne illness, the source can be traced back to contaminated food-processing surfaces, especially on ready-to-eat products. For example, contaminated fresh produce with L. monocytogenes from slicers (Buchanan, Gorris, Hayman, Jackson, & Whiting, 2017) or contaminated diced celery with L. monocytogenes from machine cut that resulted in five deaths in the US in 2010 (Gaul et al., 2013).
In order to better control cross-contamination from processing surfaces and reduce the financial burden associated with sanitation, manufacturers constantly seek novel systems that offer effective decontamination of food-processing surfaces and equipment, preferably in a continuous in-line process, negating the need to halt production for sanitation. Several systems have been developed to meet these requirements; for example, the use of mechanical brushing for conveyor belts (e.g., Patents US3583555A, US8240460B1 & US5497872A), Cleaning-In-Place systems which employ chemicals (Leadley, 2016) and specialized systems to apply chemicals for the cleaning of conveyor belts (Patent US6971503B2). For disinfection, examples of continuous in-line systems include solutions that utilize steam (Lelieveld et al., 2016), UV-C (Koutchma, 2014) and ultrasound in combination with steam (Musavian, Butt, Larsen, & Krebs, 2015).
A promising emerging decontamination technology is cold atmospheric plasma (CAP). Plasma, also known as the “4th state of matter”, has a gaseous form and contains ions, electrons, free radicals, excited species, atoms, molecules and photons. In low temperature (or cold) plasmas, only the electrons have a high temperature, while heavier particles have a temperature close to ambient. A consequence of this non-equilibrium characteristic is that target materials subjected to CAP treatment experience very little temperature increase and thus the approach is ideal for the treatment of thermo-sensitive materials (Ekezie, Sun, & Cheng, 2017); (Misra, Schlüter, & Cullen, 2016). In CAPs generated from ambient air, a vast array of reactive species are produced based on Oxygen (ROS – e.g., O●, O*, 1O2, O3, OH●, H2O2) and Nitrogen (RNS – e.g., N, N*, NO●, NOx, ONOO-, HNO3). Production of these (RONS) depends on the physical properties of CAP, including the energy and density of electrons, as well as the air temperature and humidity (Hasan & Walsh, 2016); (Misra et al., 2016). Typical CAP sources that can be used to create stable air plasma include Dielectric Barrier Discharges (DBDs), Atmospheric Plasma Jets (APJs) and gliding arcs. Among them, DBDs are widely used for surface treatment, as they offer uniform treatment of large areas, are low-cost, easy to build, flexible, scalable and can operate using low input powers (Ekezie et al., 2017); (Misra et al., 2016).
A number of previous studies have shown that CAP generated in atmospheric air possesses antimicrobial properties, linked to the synergistic action of RONS, UV photons and charged particles. Amongst them, RONS are typically considered to play a key role in inactivation, due to their high oxidation potential (e.g., OH●, O●, O3, ONOO-, H2O2 etc.) (Bourke, Ziuzina, Han, Cullen, & Gilmore, 2017); (Ekezie et al., 2017); (Misra et al., 2016); (Scholtz, Pazlarova, Souskova, Khun, & Julak, 2015). RONS react initially with the outer cell membrane/wall, causing peroxidation of phospholipids and lipopolysaccharides, denaturation of glycoproteins, break of peptidoglycan bonds and creation of openings and legions through etching (Šimončicová et al., 2018); (Han et al., 2016); (Yusupov et al., 2013). At later stages they are transferred inside the cell and react with internal components, causing peroxidation of fatty acids, denaturation of proteins, change in activity of enzymes, peroxidation of lipids, DNA damage and disruption of respiration (Šimončicová et al., 2018).
Studies at the laboratory scale have shown air CAP can be used for inactivation of foodborne pathogens on various food-processing surfaces, including stainless steel and polymers (Kordova et al., 2018); (Dasan et al., 2017); (Gabriel et al., 2016). Other CAP systems have been developed for specific applications within a food-processing facility, for example the inactivation of Listeria innocua on stainless steel rotating knives (4 logCFU reduction within 68 sec) (Leipold, Kusano, Hansen, & Jacobsen, 2010),  the inactivation of L. monocytogenes on plastic trays (>7 logCFU reduction within 90 sec) and aluminium foils (3.0 logCFU reduction within 90 sec) (Yun et al., 2010), and the use of a microwave plasma system for decontamination of glass bottles (3.0, 4.0 and >5.5 logCFU reduction of Bacillus atrophaeus spores, Escherichia coli K12 and Staphylococcus aureus respectively within 7 sec) (Schnabel, Andrasch, Weltmann, & Ehlbeck, 2014). Despite these promising studies, there are several challenges to be overcome in order to fully realize industry implementation of CAP sanitation technology. Most notably, the required treatment time to achieve the desired antimicrobial effect is usually high. In addition, the final outcome depends on critical parameters that are difficult to control in real-world processing conditions, such as the microbial population density, the nature of the microorganisms and the air environmental conditions within the facility. 
This study explores a CAP system integrated within a moving conveyor for the decontamination of food-processing surfaces, it was evaluated against two common foodborne pathogens under conditions typically found within a food-processing facility. The influence of treatment time, continuous in-line operation, localized microbial density, the facility’s cleanliness state, the target microorganism and target surface were considered. Finally, the effects of CAP treatment on the exposed surface materials were examined using X-ray Photoelectron Spectroscopy (XPS), Atomic Force Microscopy (AFM) and water contact angle measurements to assess the potential CAP-induced changes to the material surface.


2. Materials and methods

2.1. Conveyor plasma system, power settings & environmental measurements

The CAP system consisted of a main conveyor unit and a custom-made DBD unit. The conveyor unit was a belted conveyor from Dorner (model 22EDU06), featuring a 2 mm thick poly[urethane] (PU) belt and a two-way motor with adjustable speed. The direct DBD featured a High Voltage (HV) electrode on top of the moving belt and a ground electrode underneath it. The HV electrode was comprised of a copper plate (50x50 mm) and a quartz dielectric (1 mm thick) inside a frame made from poly[ether-ether-ketone] (PEEK). A supporting aluminium frame was used to fix the HV electrode above the moving belt and the gap between them was adjusted to 2 mm (see Fig. 1(a)). For the electrical ground electrode, a copper sheet was placed underneath the belt.
The direct DBD was driven by a homemade power source, supplying a sinusoidal waveform up to 15 kV peek-to-peek at 33 kHz. The current and voltage were monitored by an oscilloscope from Tenma (model 72-7640) using a HV probe from Tektronix (model P6015A) and a current monitor from Pearson Electronics (model 2877). The dissipated power was held constant at ~15W for all investigated cases, which produced a uniform plasma across the entire electrode area, while ensuring the temperature of plasma treated samples moving through the plasma did not exceed 40 oC. To accurately control the speed of the belt, two IR light barriers from Velleman (model MK120) were used with a microcontroller to measure the time of travel between two fixed points. To facilitate rapid assessment of different surface materials, a circular hole of 30 mm diameter was cut into the conveyor belt, enabling coupons of different materials to be pulled through the onboard DBD by the conveyor. This approach overcame the need to repeatedly change the entire conveyor belt. The system was tested to produce uniform plasma while the belt was in motion, as shown in Fig. 1(a).
Ambient air was used as the working gas, with the temperature and relative humidity (RH) being monitored close to the point of plasma generation using a temperature & humidity sensor (model AM2302). 
[image: ]Fig. 1. (a) Photograph of the conveyor CAP system and schematic showing the dimensions of the plasma-generating electrode, and (b) outline of the microbiological experimental procedure; black arrows denote steps, red arrows denote parameters.


2.2. Bacterial strains, culture media & target surfaces

Stock cultures of Listeria monocytogenes (NCTC 11994) and Salmonella enterica serovar Typhimurium (NCTC 12023) were obtained from the Public Health England pathogen library. These were streaked on Tryptic Soy Agar (TSA) plates and incubated at 37oC overnight. From those, a second subculture was obtained using the same procedure on fresh TSA plates, and subsequently from that, the working microbial suspension with either L. monocytogenes or S. Typhimurium was prepared using a sterile diluent solution, comprising of 8.5 g/L NaCl and 1.0 g/L tryptone. This suspension was adjusted to 107-108 CFU/mL using a spectrophotometer from BMG LabTech (model SPECTROstar Nano). To verify its concentration, 10-fold serial dilutions were constructed and plated on TSA plates. The plates were subsequently incubated at 37oC overnight and counted for CFUs.
The microbial testing procedure was based on the EN 13697:2015 protocol for evaluating chemical disinfectants for use in food-processing environments (BS EN 13697:2015). As described in the EN 13697:2015 protocol, two solutions of Bovine Serum Albumin (BSA) were used as an interfering substance, namely “Clean” (0.6 g/L) and “Dirty” (6.0 g/L), in order to simulate best and worst case conditions respectively inside a food-processing facility (facility’s cleanliness state). These were made from stock BSA with sterile deionized water and sterilized by membrane filtration (0.45 μm pore size).
For target surfaces, two different surface materials were tested, namely stainless steel 304 (2b finish) and a food-grade conveyor belt made from PE-TPU polymer. These were small disks of 20 mm diameter and 2.0 and 1.0 mm height respectively. All surfaces were prepared according to the EN 13697:2015 protocol, namely submerged in 5%V/V Decon® 90 for 1 hour, rinsed twice with deionized water and sterilized using 70%V/V isopropanol for 15 min. Finally, they were left to dry inside a class-II microbiological cabinet from ESCO (model NC2-4L8) under laminar flow air. The TSA, BSA, tryptone and NaCl were bought from Merck, isopropanol from VWR and Decon® 90 from Decon Laboratories Ltd.


2.3. Preparation & surface inoculation

The microbial testing procedure was based on the EN 13697:2015 protocol and described in a previous study (Katsigiannis, Bayliss, & Walsh, 2021). Briefly, 1.0 mL of BSA solution (either “Clean” or “Dirty”) were mixed with 1.0 mL of the working microbial suspension (with either L. monocytogenes or S. Typhimurium) in a test tube, vortexed and left standing for 2 min. After the 2 min, the solution was vortexed again and 50 μL of it was placed on the test surface using a pipette, as a single spot or spread to completely cover the entire surface area, using the edge of the pipette’s tip. These inoculation modes were chosen to examine the effect of microbial density on inactivation; the spot inoculation represented a higher density and used in the EN 13697:2015 protocol, whereas the spread inoculation represented a lower density and used in the EN 17272:2020 air automated disinfection standard (BS EN 17272:2020). 
Additionally, a third inoculation method was investigated that involved a spray of the solution to the surfaces using a nebulizer from AnD Medical (model UN-014) in an airtight box (~4 L). Spraying was done in 5 cycles, using 5 min spraying time and 10 min settle time. On these, the working microbial suspension was higher (108-109 CFU/mL) to account for the increased desiccation stress from spraying. Following inoculation, the surfaces were left to dry, either inside an incubator at 37oC with an internal fan (spot) or inside the class-II cabinet under laminar flow air (spread & spray).


2.4. CAP treatment & recovery

Dried inoculated surfaces were placed in the hole of the conveyor belt and dragged through the CAP to simulate a continuous in-line treatment. The speed of the belt was adjusted to provide a 2 sec treatment (~25 mm/sec) and a scheme of repeated treatments was adopted (up to five passes for a 10 sec total treatment) to mimic a typical industry scenario where a contaminated belt would experience multiple passes beneath the plasma generating electrode.
The recovery of microorganisms from treated disks was performed according to the EN 1369:2015 protocol. The treated disk was placed inside a sterile pot that contained a layer of glass beads (~5 mm diameter) and 10 mL of the same diluent solution that was used for the microbial suspensions (section 2.2), with the treated side facing the glass beads. The pots were then sealed and shaken vigorously for ~15 min inside an orbital incubator from Stuart (model SI500). Finally, the solution of the pots was analysed for surviving microorganisms, by constructing 10-fold serial dilutions, plating them on TSA plates, incubating the plates at 37oC overnight and counting the CFUs.
Treatments were conducted in two groups with the belt moving in both cases. The first group of tests was performed on stainless steel disks only and investigated the effect of the different protocol parameters on inactivation of both target microorganisms (L. monocytogenes, S. Typhimurium). More specifically, the different facility’s cleanliness states (“Clean”, “Dirty”) were examined using spread inoculations to investigate the effect of the organic contamination simulating a food processing environment; and subsequently the different inoculation modes (spot, spread) were examined under “Clean” conditions to investigate the effect of the microbial density. It is known that both of these parameters can affect inactivation (Bourke et al., 2017); (Ekezie et al., 2017).
The second group of tests investigated the effect of different surface materials on inactivation and involved spray inoculations under “Clean” conditions against S. Typhimurium on different target surfaces (stainless steel, PE-TPU polymer). The use of spray inoculations was driven by the fact that the PE-TPU polymer was found too hydrophobic to allow for spread inoculations. A generic outline of the inactivation experiments is also shown in Fig. 1(b). Statistical analysis was performed using the Minitab software. All tests were performed in triplicates and all agar plates were tested in duplicate.


2.5. X-ray Photoelectron Spectroscopy

The chemical composition of both target surfaces was examined with XPS analysis. The surfaces were prepared by triple washing with distilled water for 15 min inside an ultrasonic bath from Ultrawave (model QS25). The surfaces were then CAP-treated for three different times: a 10 sec exposure, representative of five passes under the plasma generating electrode; a 15 min exposure of PE-TPU, equivalent to 450 passes under the plasma generating electrode; and a 30 min exposure of stainless steel, equivalent to 900 passes under the plasma generating electrode. 
After CAP treatment, the surfaces were wrapped in aluminium foil and transferred to the XPS (Stevie, Garcia, Shallenberger, Newman, & Donley, 2020). The analysis was performed using an XPS instrument from Physical Electronics Inc. (model TFA XPS, USA) employing a monochromatic Al Kα radiation source at 1486.6 eV and an analysis area of 400 μm in diameter. MultiPak version 9.9 software was used for the spectral analysis. To process the data, each spectra was aligned by fixing the C1s spectrum at 284.8 eV. Chemical compositions were calculated from peak intensities by considering the relative sensitivity factors provided by the manufacturer. Following the acquisition of the spectra at the surface, sputter depth profiles of elemental distribution were obtained for stainless steel samples. An Ar+ ion beam with an energy of 3 keV was rastered over a 3 x 3 mm2 area to etch the surface at a sputtering rate of 2.0 nm/min.


2.6. Water contact angle tests

The water contact angle of both surfaces pre- and post-plasma treatment were examined for changes in their hydrophobicity. Samples were prepared according to the EN 13697:2015 protocol (see section 2.2), treated for 10 sec and analysed through water contact angle tests. For these, a 50 μL water drop was placed in the middle of the surface and a picture was taken from a close distance (10 cm), using a DSLR camera from Nikon (model D7000). The contact angles were calculated from the photographs using the ImageJ software with the Low-Bond Axisymmetric Drop Shape Analysis (LB-ADSA) plugin that applied a drop fitting based on the Young-Laplace equation (Stalder et al., 2010).


2.7. Atomic Force Microscopy

The surface microstructure and roughness of both surfaces were examined through AFM. Surfaces were prepared and treated similarly with the samples for XPS analysis (see section 2.5) and analysed with an AFM from NT-MDT (model Solver PRO). Images were acquired using silicon cantilevers with 240 kHz resonant frequency and 11.8 N/m spring constant in semi-contact mode at 1.5 Hz scanning rate under ambient conditions. Analysis was performed using the Gwyddion software on randomly selected points on the sample measuring 3 x 3 μm2.


3. Results and discussion

3.1. CAP antimicrobial effects on stainless steel

Preliminary tests on stainless steel without applying CAP treatment shown in Fig. 2(a), revealed that the microbial recoveries from control surfaces significantly varied from the theoretically expected values of a complete deposition. For example, in case of L. monocytogenes on “Clean” spot conditions, a 5.90 logCFU/mL was theoretically expected, but only 4.40±0.42 logCFU/mL were recovered. Additionally, the differences in recoveries further varied among the different conditions and microorganisms examined; with “Dirty” conditions and spot inoculations generally resulting in values closer to the theoretical ones (see supplementary Table S.1). This implied that in some cases the microorganisms did not survive the drying stages of the experimental procedure very well. Nevertheless, these results are in agreement with previous studies that used the same bacterial strains and showed that it is possibly due to the stress from the desiccation procedure (Katsigiannis et al., 2021); (Laguerre et al., 2017); (Margas, Meneses, Conde-Petit, Dodd, & Holah, 2014). 
Initial tests with the conveyor CAP were made to compare the chosen moving treatment mode and a stationary mode of operation, in order to confirm belt movement had no impact on the antimicrobial potential of CAP. These were conducted on stainless steel disks under “Clean” spread conditions against S. Typhimurium. The comparison between the two modes was based on the total treatment time. Between the two modes, a <0.21 logCFU difference was observed across a number of time points (Fig. 2(b)), confirming that the moving belt did not statistically influence inactivation. 
Tests conducted on moving stainless steel examined the effect of key parameters affecting inactivation, including the impact of facility’s cleanliness state and the microbial population density. As noted in section 2.4, both of these parameters can influence the inactivation efficacy of the system and indeed both of them were found to affect it significantly. Fig. 2(c-f) shows the resulting inactivation curves obtained for both microorganisms in all conditions examined. Both microorganisms were tested under both facility’s cleanliness states (“Clean” & “Dirty”) on spread inoculation and subsequently on both inoculation modes (spot & spread) under “Clean” conditions (see supplementary Table S.2). Generally, the system produced considerable reductions against the examined foodborne pathogens, given the short-duration treatments. For “Clean” spread conditions, the system achieved 3.03±0.18 and 2.77±0.71 logCFU/mL reductions of L. monocytogenes and S. Typhimurium respectively after 5 passes through the plasma (10 sec total treatment). It is also worth noting that the system yielded around 1.0 logCFU/mL reduction on both microorganisms under these conditions on a single pass (2 sec treatment). 
These results obtained exceed many previous CAP studies exploring the inactivation of common foodborne pathogens on food contact materials. For example, in a study using an air APJ against E. coli on various surfaces, 3.40 logCFU were achieved within 60 sec on stainless steel, however 2.70 logCFU within 90 sec on mild steel, indicating differences between steel types (Cahill et al., 2014). Higher levels of reduction have been observed on stainless steel (e.g., air indirect DBDs achieved 5.6 logCFU against E. coli K12, or 6.5 logCFU against Salmonella Heidelberg), however they required considerably more treatment time (5 and 3 min respectively) (Aboubakr et al., 2020); (Pavlovich, Chen, Sakiyama, Clark, & Graves, 2012).

[image: ]
Fig. 2. Conveyor CAP tests on stainless steel: (a) control recoveries from surfaces among all conditions studied, (b) comparison of moving and stationairy treatment modes, (c) against S. Typhimurium under spread inoculations, (d) against S. Typhimurium under “Clean” conditions, (e) against L. monocytogenes under spread inoculations and (f) against L. monocytogenes under “Clean” conditions.


Concerning the “Dirty” spread conditions, the system achieved lower microbial reductions on these, compared with the “Clean” spread conditions. For the “Dirty” spread conditions, the system yielded only 2.01±0.09 and 1.33±0.03 logCFU/mL reductions of L. monocytogenes and S. Typhimurium, respectively after five passes, whereas for “Clean” spread conditions the same treatment resulted in 3.03±0.18 and 2.77±0.71 logCFU/mL reductions, respectively. Additionally, for “Dirty" spread conditions, a 1.0 logCFU/mL reduction required two passes for L. monocytogenes and three passes for S. Typhimurium (i.e., 4 and 6 sec treatments, respectively), while for “Clean” spread conditions a single pass was sufficient on both. The results are in agreement with previous studies that have shown that presence of organic substances, like BSA, are able to scavenge RONS and thus offer a level of protection to the microorganisms (Katsigiannis et al., 2021). 
The two different inoculation modes were also found to affect inactivation performance. After five passes, the system yielded only 1.73±0.13 and 1.11±0.15 logCFU/mL reductions of L. monocytogenes and S. Typhimurium respectively under “Clean” spot conditions, which is considerably lower than the reductions achieved under “Clean” spread conditions shown above (3.03±0.18 and 2.77±0.71 logCFU/mL reductions of the same bacteria for the same treatment, respectively). This result is in agreement with previous studies that have shown higher population densities (e.g., spot inoculations) cause microorganisms to form multi-layers, with the outer layers significantly reducing the transport of CAP species to the internal layers (Kramer, Hasse, Guist, Schmitt-John, & Muranyi, 2019).
With regard to the two microorganisms examined, S. Typhimurium was found to be slightly more resistant to CAP treatment compared to L. monocytogenes. This is contrary to previous studies that suggest that generally Gram+ bacteria, such as L. monocytogenes, can be slightly more resistant to CAP, compared with the Gram– bacteria, such as S. Typhimurium (Han et al., 2016); (Misra et al., 2016). Nevertheless, these differences were not statistically significant, while the drying stress sensitivity of L. monocytogenes in combination with CAP exposure may explain its increased inactivation, compared with S. Typhimurium.
A final parameter investigated was the impact of air temperature and humidity on inactivation. None of these parameters were found to significantly affect inactivation. It is known that the formation and exact composition of RONS produced depend on the ambient temperature and humidity. Increased temperature favours a transition from ROS generation towards less reactive RNS (e.g., from O3 to NOx) which has the potential to reduce inactivation, while humidity contributes to the formation of highly reactive species such as OH● and HO2 that can enhance inactivation (Shimada et al., 2019); (Hasan & Walsh, 2016); (Misra et al., 2016).
For example, a study using an air indirect DBD against Bacillus spores on poly[ethylene-terephthalate] (PET) films showed that >3 logCFU reduction could be achieved within 2 min in humid air (>90% RH), yet the treatment had negligible effect when dry air was used right up to 10 min of exposure (Kramer et al., 2019). A similar effect is produced on moist surfaces, compared to dry ones. For that reason researchers recommend the application of CAP after a pre-cleaning stage to benefit from residual water molecules (Aboubakr et al., 2020). 


3.2. Comparison of inactivation between stainless steel and PE-TPU materials

While stainless steel is frequently used for food-processing equipment, the vast majority of conveyor systems employ belts made from polymeric materials, such as PVC, HDPE and PU (Lelieveld et al., 2016). To assess the performance of the prototype CAP system on polymeric belt materials, samples of commercial food-grade PE-TPU material were acquired. Critically though, this material is favoured for its excellent resistance properties to water (Røn, Javakhishvili, Jeong, Jankova, & Lee, 2021) and indeed was found to be too hydrophobic to allow for spread inoculations; therefore, the spray inoculation mode was adopted to enable complete surface coverage. In order to provide a means of comparison between polymeric and metallic surfaces, the previous stainless steel surfaces were also tested using spray inoculation. Only S. Typhimurium was examined on these, as previous results showed that they are more resistant to the experimental procedure and CAP treatment.
Fig. 3(a) shows the results for both polymeric and metallic belt materials. For stainless steel, the level of inactivation achieved using spray inoculation was similar to those obtained using the spread inoculation method. The system yielded a 2.19±0.25 logCFU/mL reduction of S. Typhimurium under “Clean” spray conditions after 5 passes (10 sec total treatment) and a 1.22±0.08 logCFU/mL on a single pass. Generally, inactivation seemed to initially follow the spread inoculation and then the spot one, falling in-between the two (2.77±0.71 and 1.11±0.15 logCFU/mL reductions respectively). A possible explanation for this is that, as shown in Fig. 3(b), the spraying did not result in the same even spread of the inoculum on the surface, rather created many small spots that resulted in higher localized population densities, although not as high as those created by a single large spot as observed on the spot-inoculated surface.
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Fig. 3. (a) Reduction of S. Typhimurium under “Clean” spray conditions on various target surfaces, (b) stainless steel after spray inoculation and (c) PE-TPU polymer after spray inoculation.


For PE-TPU polymer, the spray inoculation was more uniform (Fig. 3(c)); however, the microbial recovery was considerably lower than those observed on stainless steel samples. Despite this shortcoming, the conveyor CAP performed equally well, resulting in a 0.87±0.50 and 2.56±0.37 logCFU/mL reduction after 1 and 2 passes, respectively (2 and 4 sec total treatments).
In an attempt to improve control recoveries, larger strip surfaces were additionally examined (40x100 mm), which provided ~10x more available area, compared with the previous disks. These allowed more microorganisms to settle after spraying, and ultimately improved the control recoveries (~5.50 logCFU/mL). Tests on these surfaces resulted in 1.12±0.36 and 3.53±0.62 logCFU/mL reductions after 1 and 2 passes, respectively (see supplementary Fig. S.1). Nevertheless, this increase of the efficiency was expected due to the lower initial population density per unit area, similar with the previously observed differences between spread and spot inoculations.


3.3. Impact of CAP exposure on target surfaces

In order for CAP to be used within an industrial context, it must have minimal impact on the surface properties of the food contact surface. Previous studies have shown that CAP treatment can have an impact on both metallic and polymeric surfaces. Nevertheless, it has also been shown that these effects are not permanent and materials tend to recover to their initial state in time (Scholtz et al., 2015); (Kostov, Nishime, Hein, & Toth, 2013). 
XPS analysis shown in Fig. 4 was employed to assess the impact of CAP exposure on the surface chemistry of both polymeric and metallic samples. For stainless steel, the depth profile of control samples revealed a thin carbon-based layer of contamination about 1 nm thick. Beneath this layer was the Cr/Fe-oxide passivation layer followed by the steel matrix, consisting of iron, chromium and nickel. The curve for oxygen indicated the thickness of the oxide layer was about 2.0±0.5 nm. The same analysis for the 10 sec treated samples revealed an increase in thickness of the Cr/Fe-oxide layer to 3.0±0.5 nm, a higher concentration of oxygen in the top layer of the surface, with concurrent lower concentration of carbon and a small increase in the concentration of iron, which relates to additional Fe-oxide formation. Following a further CAP exposure up to 30 min, the XPS analysis revealed that there were negligible further changes to the surfaces. This was a key finding, indicating that the surface composition of CAP treated stainless steel does not substantially change following multiple successive CAP exposures.  
For PE-TPU polymer, high-resolution spectra of carbon shown in Fig. 4 revealed that the area percentage of the C1 peak corresponding to C-C/C-H bonds was decreased significantly following a 10 sec CAP exposure, but further CAP treatment up to 15 min, showed little change. The area percentages of the C2 and C3 peaks corresponding to C-O/C-OH and O-C=O/C=O bonds, respectively, were increased significantly following a 10 sec treatment, but showed minimal difference following 15 min of exposure (from 5.78% to 11.51% and 12.89% for C2 and from 1.61% to 2.23% and 2.42% for C3 respectively). The observed changes in the chemical composition of the top layers of the surfaces agree with previous studies that examined the effects of CAP on both metallic and polymeric materials. For example, an indirect Ar & O2 CAP on stainless steel 304L resulted in decreased C-C bonds and increased C-O, C=O bonds and Fe oxides on the treated samples (Tang, Kwon, Lu, & Choi, 2005). Similarly for polymeric surfaces, a direct air-based DBD operating at 36 kV peek-to-peek and 17 kHz resulted in introduction of oxygen-related bonds on PP within some seconds and introduction of a thin top layer of oxidized material (Kostov et al., 2013).
Changes to the surface composition of a material can affect its hydrophilicity. To investigate this, water contact angle tests were performed on both materials following a 10 sec CAP exposure, shown in Fig. 4. It was found that the stainless steel became significantly more hydrophilic immediately after exposure (from ~65o to ~11o). Nevertheless, subsequent periodic tests indicated that the surfaces had mostly recovered after approximately 90 min (see supplementary Fig. S.2). On the other hand, the PE-TPU was unaffected by a 10 sec treatment, remaining hydrophobic at ~98o. Extended treatments for up to 2 min caused only a slight reduction to ~91o. This increase in hydrophilicity of the material correlates with the observed changes due to chemical oxidation and agrees with previous studies (Kostov et al., 2013); (Tang et al., 2005). However, it is interesting to note that the change in the water contact angle of the PE-TPU material was considerably less than what has been previously reported for other polymers. For example, a direct air-based DBD operating at 36 kV peek-to-peek and 17 kHz caused a decrease of the water contact angle to PP from ~105o to ~65o within some seconds (Kostov et al., 2013). It is anticipated that these differences arise due to the chemical nature of the commercial PE-TPU material that provides resistance to water. 

[image: ]
Fig. 4. XPS spectra showing depth profiles for stainless steel and high-resolution carbon spectra for PE-TPU polymer; inserts show water contact angle photographs: (a) Untreated stainless steel, (b) untreated PE-TPU, (c) 10 sec treated stainless steel, (d) 10 sec treated PE-TPU, (e) 30 min treated stainless steel, and (f) 15 min treated PE-TPU.


Beyond the composition of the surface, plasma exposure has the potential to alter the morphology of the surface. AFM analysis indicated that a 10 sec CAP treatment had negligible effect to the average roughness of stainless steel surfaces (~13.50 nm); however, it caused a modest increase in the average roughness of PE-TPU surfaces, from 4.00±0.61 nm to 6.12±0.87 nm. Extended treatment up to 15 min further increased average roughness to 12.35±3.69 nm. While average roughness is a useful metric to compare surfaces, it does not fully reflect the impact of the treatment on the nanoscale topography of a sample. Fig. 5 shows AFM topography data over a 3 x 3 µm2 area. Stainless steel samples showed little change following CAP exposure, whereas PE-TPU samples showed formation of mountain-like globular structures that are possibly due to polymeric low molecular weight oxidized materials (Kostov et al., 2013). Extended treatments did not show significant changes in comparison with the 10 sec treatments for both materials. The obtained AFM results are in agreement with previous studies that noted no significant morphological changes to the microstructure of stainless steel following CAP treatment (Tang et al., 2005). For polymeric materials exposed to CAP, such as PP, it has been reported that roughness increases (from ~5 to ~25 nm) and small features appear on the nanoscale (Kostov et al., 2013). 

[image: ]
Fig. 5. AFM analysis of surface microstructure: (a) Untreated stainless steel, (b) untreated PE-TPU, (c) 10 sec treated stainless steel, (d) 10 sec treated PE-TPU, (e) 30 min treated stainless steel and (f) 15 min treated PE-TPU.


Analysis of the microstructure of the surface is vital, as surfaces that contain microscale cracks and crevices provide opportunities for microorganisms to hide and gain protection against CAP treatment. For that reason, CAP is more effective on smooth surfaces, compared with rough ones (Dasan et al., 2017); (Cahill et al., 2014). Additionally, the aforementioned changes on the surfaces may have a direct impact on the ability of the microorganisms to settle on them. For example, an increase in the hydrophilicity of the surface from CAP treatment might enhance the attachment of microorganisms on it (Scally, Gulan, Weigang, Cullen, & Milosavljevic, 2018). On the other hand, some plasma treatments might induce changes in the microstructure of the surface that lead to reduced attachment of microorganisms on it (e.g., up to 99.74% for Enterobacter sakazakii on stainless steel and 70% for Pseudomonas aeruginosa on PVC) (Masák, Čejková, Schreiberová, & Řezanka, 2014); (Şen, Bağcı, Güleç, & Mutlu, 2012), or even cell death due to rupture of cell membranes (Vassallo et al., 2017).
From the surface analysis shown in Fig. 4 and 5, it is clear that direct CAP exposure caused a change to both the composition and morphology of the treated surface. Both surfaces showed an increase in hydrophilicity following CAP exposure, indicating an increase of oxygen-related bonds and/or a change in the microstructure of the surface. However, extended treatments showed only minor changes compared with the initial 10 sec treatments. While further work is required to assess how these changes affect the mechanical properties of the surfaces or the ability of bacteria to colonise them, it is encouraging to note that extended treatments, representing hundreds of passes through the plasma, did not cause an increasing level of damage to both surfaces examined. 


4. Conclusions

[bookmark: _Hlk113565473][bookmark: _Hlk113565421]This study presented an effective and efficient CAP prototype decontamination system for food-processing surfaces and equipment against two common foodborne pathogens, which was designed to run in parallel with the production line and negate the need for costly production downtimes for decontamination procedures. This system produced up to 3.03±0.18 logCFU/mL within a short timescale, depending on the various factors examined. However, it was shown that CAP exposure caused some effects on the morphology and composition of the surfaces. Although further research is vital to understand the long-term effects of CAP exposure on the surfaces, it is clear that CAP is highly effective at eliminating microorganisms on food contact surfaces, while is clearly capable of meeting industry requirements, both in terms of decontamination level and treatment duration.
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