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Slightly acidic electrolyzed water (SAEW), an effective non-thermal virucidal treatment, is used widely to prevent infectious viral cross-contamination. Surface disinfection technologies using ultraviolet C-light-emitting diode (UVC-LED) irradiation have recently attracted considerable attention. The SAEW sprayer technique is an efficient approach to preventing the spread of infectious viral pathogens in the public healthcare sector. Therefore, we investigated a small-scale system comprising sprayed SAEW disinfection combined with UVC-LED irradiation to inactivate the human norovirus (HuNoV) in the environment. A stainless-steel surface was inoculated with a HuNoV genogroup II genotype 4 (GII.4) to achieve maximum reduction values of 3.21 log10 genomic copies. For optimal disinfection conditions, the response surface methodology based on the Box–Behnken design revealed that the specific treatment conditions for inactivation of HuNoV GII.4 were an SAEW droplet volume of 180 μL, 30 ppm available chlorine concentration of SAEW, and a UVC-LED exposure dose of 2 mJ/cm2. The results indicate that the combined disinfection treatment could efficiently prevent the spread of HuNoVs in environment. Furthermore, the quadratic polynomial equations of the 3-D response surface can be employed to predict the effects of combined disinfection treatment on HuNoV contamination on environmental surfaces. Therefore, sprayed SAEW disinfection combined with UVC-LED irradiation proposed in this study may offer insights for designing optimal control strategies and techniques to prevent the transmission of infectious diseases, particularly HuNoV.
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INTRODUCTION

Human norovirus (HuNoV), which has characteristics such as high viral load excretion, tenacious environmental sustainability, rapid propagation, and short-term immunity, causes sporadic cases of viral gastroenteritis. Owing to its high contagiousness and rapid spread around the world, it infects humans regardless of gender or age (Hartmann et al., 2015). HuNoV infection is the most common cause of acute gastroenteritis, causing approximately 680 million cases per year (CDC, 2021). Particularly, the Centers for Disease Control and Prevention report that one in five cases of acute gastroenteritis (inflammation of the intestines or stomach), which causes vomiting and diarrhea, is caused by HuNoV infections worldwide. Furthermore, in most developing countries, approximately 200 million outbreaks are recorded among children under the age of 5 years, and approximately 50,000 deaths are estimated every year.

The virus causing gastroenteritis is known to spread mainly via environmental or waterborne routes, direct transmission between people, or fecal–oral routes (Dewey-Mattia et al., 2018). Among the various transmission routes, the airborne fomite route includes aerosol droplets. Several studies demonstrate that viruses in the form of aerosol particles are a remarkable characteristic of HuNoV transmission (de Graaf et al., 2016). Bonifait et al. (2015) demonstrates that intact HuNoV particles can be aerosolized from vomit and accumulate in the upper respiratory tract during respiration and in saliva of patients. By quantifying HuNoV RNA in air samples, it was demonstrated that the HuNoV epidemic was caused by aerosol contamination of the virus in healthcare settings (Bonifait et al., 2015). In addition, Simmons et al. (2020) demonstrate that HuNoV contamination on various surfaces in airplane cabins is caused by aerosol particles via RNA quantification. Bonifait et al. (2015) emphasize that NoVs remain contagious after aerosolization in environmental fomite, where the concentrations of airborne viral particles are ample to affect humans. Aerosol droplets containing NoV particles can accumulate on certain fomites, thereby directly causing contact transmission. In such cases, viral infection occurs by touching the nose and/or mouth with hands contaminated by viral particles after touching fomites. In numerous previous studies, secondary contamination of environmental fomites by HuNoVs aerosol is proven to be a significant route of infection (Bonifait et al., 2015; Kirby et al., 2016; Simmons et al., 2020).

Recently, owing to its considerable antimicrobial effects on pathogenic microorganisms and the non-formation of disinfection by-products, slightly acidic electrolyzed water (SAEW) treatment has been considered a successful method of disinfection in healthcare settings. Particularly, among the common chemical disinfectant materials, including ethanol, chlorine and its compounds, iodine, electrolyzed water, organic compounds, hydrogen peroxide, and quaternary ammonium compounds, SAEW shows broad-spectrum virucidal efficacy against a range of viral pathogens, such as non-enveloped viruses. Several studies also suggest that SAEW disinfection has virucidal activity against pathogenic viruses, including hepatitis C and hepatitis B viruses (Morita et al., 2000; Tagawa et al., 2000; Sakurai et al., 2003). SAEW virucidal efficacy against cultivable HuNoV surrogate (e.g., murine norovirus 1; MNV-1) is verified, and sufficient virucidal efficacy against HuNoV genogroup II genotype 4 (GII.4) Sydney on stainless-steel surfaces and in suspension is reported in several studies (Montazeri et al., 2017; Moorman et al., 2017). Based on previous scientific studies, the Japanese Ministry of Health, Labor, and Welfare (June 2002) approved SAEW as a food additive to eliminate pathogenic microbial populations in foods. Furthermore, the U.S. Environmental Protection Agency authorized the use of electrolyzed water generators for inactivation of pathogens in the environmental sectors.

The use of ultraviolet C-light-emitting diode (UVC-LED) has emerged as the optimal alternative approach and is recognized as a durable UV source to replace mercury UV lamps. It is environment-friendly and relatively cost-effective (Song et al., 2016) since conventional mercury UV lamps can cause chemical pollution, have a short bulb lifetime, and have low energy efficiency (Vilhunen and Sillanpää, 2010). In addition to preventing mercury disposal, UVC-LED irradiation has numerous advantages, including lesser warmup time, better device operation, lower power consumption, higher stability, and lower operating voltage than that of mercury UV lamps (Khan, 2006). Therefore, UVC-LED treatment (ranging between 100 and 280 nm) is broadly used in various sectors to block infection transmission and ensure public health. Across the entire UVC radiation spectrum, UVC-LEDs of wavelengths 269–276 nm are highly effective for inactivating infectious viruses in water and air and on any type of environmental surface (Bhardwaj J. et al., 2021).

To date, no studies have investigated the optimal disinfection characteristics of the hurdle approach combining the sprayed SAEW treatment and UVC-LED irradiation against HuNoV on stainless-steel surfaces. The objective of the present study was to determine the optimal conditions for inactivating HuNoV droplets on stainless-steel surfaces. To verify the optimal parameters and correlation between experimental variables, including the UV dose (mJ/cm2), available chlorine concentration (ACC) of SAEW (ppm), and sprayed SAEW amount (μL), a multivariate statistical analysis based on a combination of the response surface methodology (RSM) and the Box–Behnken design (BBD) technique was applied.



MATERIALS AND METHODS


Viral Stock Preparation

The stock sample of HuNoV GII.4 was diluted in RNase-free water (Qiagen, Hilden, Germany) and vortexed briefly. The viral supernatant suspension (approximately 6.58 log10 genomic copies/μL) was stored in 0.5-mL aliquots at −70°C until use. HuNoV GII.4 was obtained from the Catholic University of Korea (Seoul, South Korea).



Inoculation on Stainless-Steel Chips

For spiking the prepared viral suspension onto the stainless-steel surface, which was cut from an SUS ANSI 304SS 2B stainless-steel plate sheet (Posco Co., Ltd., Pohang, South Korea), all stainless-steel chips (3 × 3 cm pieces) were disinfected by soaking thoroughly with 20,000 ppm sodium hypochlorite and further wiping with 70% ethanol. Finally, all chip samples were sterilized in an ultrasonic cleaning solution (Fisher Scientific, Pittsburgh, PA, United States) for 5 min and rinsed in RNase-free water. Prior to the experiment, each sterilized chip was further wrapped with UVC disinfection-treated aluminum foil packed in a glass container to decontaminate in an autoclave at 121°C. To obtain a HuNoV GII.4 suspension (300 μL), 30 μL of HuNoV sample was added to 270 μL of RNase-free water and inoculated with the approximately 5.58 log10 genomic copies/μL viral suspension on the prepared surface. To dry the spiked HuNoV GII.4 suspension from the surface, all artificially contaminated chips were stored in a laminar flow hood for 1 h at 18 ± 3°C.



Experimental Design and Data Analysis

This study used the BBD combined with RSM to analyze and investigate the optimal parameters for virucidal effects of HuNoV GII.4 based on different variables, including the amount of sprayed EW droplets, ACC of sprayed EW, and UVC-LED dose as suggested by Song et al. (2018). In this study, we selected a three-level BBD, three-parameter set of points located at the midpoints at each end, and the midpoints of the replicated centroids to obtain a quadratic polynomial regression model. The experimental design was established using Minitab 19 (Minitab LLC., version 19, Systat Software, State College, PA, United States). We also investigated the interrelationship between the experimental parameters for the combined disinfection treatment of HuNoV. A laboratory scale SAEW generator (Purester m-Clean; Morinaga Milk Industry Co., Ltd., Tokyo, Japan) was used for SAEW generation, at 4.2 A and 11.7 V, and a flow rate of 10.0 L/min. The ACC was measured based on the colorimetric method using a digital chlorine test kit (RC-3F; Kasahara Chemical Co., Saitema, Japan). Maximum SAEW had an ACC of 30.16 ± 0.34 ppm. After production, the SAEW was placed in a custom stainless-steel tank for disinfection. The independent variables were the amount of SAEW droplets (60, 120, and 180 μL), ACC of the sprayed SAEW (4, 17, and 30 ppm), and UVC-LED dose (1.08, 2.16, and 3.24 mJ/cm2). Statistical processing of data was conducted at three levels with the three independent parameters: −1 and + 1 indicate high and low levels, respectively, and 0 denotes the midpoint for determining the experimental error (Table 1). The following second order polynomial regression model was employed to analyze the influence of the three independent variables on the combined disinfection treatment of HuNoV inactivation:
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TABLE 1. Parameters and levels used in the Box–Behnken desig (BBD) matrix for the inactivation of the human norovirus (HuNoV).
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where YHuNoV is the HuNoV inactivation response; β0 is the constant term; and βi, βii, and βij are the linear, quadratic, and interaction coefficients of the regression, respectively. Independent variables are denoted Xi and Xj, and ε is the error. A statistical analysis of variance (ANOVA) based on the BBD was conducted using Minitab 19 (Minitab LLC.) to demonstrate the suitability and fitness of the regression model coefficient. Various statistical parameters, including the lack-of-fit test, multiple determination coefficient (R2) tests, and ANOVA were applied to analyze the second order regression model significance.



Sequential Disinfection Using Sprayed Slightly Acidic Electrolyzed Water and Ultraviolet C-Light-Emitting Diode

The combined disinfection treatment using sprayed SAEW and UVC-LED is illustrated in Figure 1. SAEW (ACC, 30 ppm) with a pH range of 5.40 and an oxidation reduction potential of 1,230 mV was obtained by electrolysis of 6.3% hydrochloric acid in a chamber without a membrane using electrolyzed water equipment (Purester m-Clean; Morinaga Engineering Co., Ltd., Tokyo, Japan) set at 11.5 V and 4.5 A. The sprayed SAEW droplet (droplet size, approximately 70 ± 20 μm; maximum discharge capacity, 1,200 mL/60 s) was produced using an electric ultralow volume (ULV) sprayer (Atomer-2 RA04HS, JY Industry Co., Seoul, South Korea). A modified quantitative disk carrier test (ASTM E2197), a globally recognized disinfectant testing protocol, was employed in the present study. For SAEW droplet generation, virucidal efficacy experiments were conducted in a 2.5 m3 chamber, in which the air ventilation had been blocked to completely control airflow for the spraying test. The chips inoculated with HuNoV GII.4 allowed contact between HuNoV GII.4 and SAEW droplets following spraying-disinfection with SAEW droplets. Concurrently, UV-LED irradiation (wavelength of approximately 265–270 nm) experiments were performed to inactivate HuNoV GII.4. Artificially contaminated individual stainless-steel chips were treated in the following designed experimental set: The amount of SAEW droplets (60, 120, and 180 μL), ACC of the sprayed SAEW (4, 17, and 30 ppm), and UVC-LED dose (1.08, 2.16, and 3.24 mJ/cm2). The fronts of the disinfected chip samples sprayed with SAEW were irradiated by UVC-LEDs with intensities of 18 μW/cm2 for 60, 120, and 180 s. Triplicate disinfection experiments were conducted to evaluate the virucidal activity.
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FIGURE 1. Schematic representation of the experimental devices. (A) Spraying slightly acidic electrolyzed water (SAEW) treatment and ultraviolet C light-emitting diode (UVC-LED) irradiation system for norovirus (HuNoV), and (B) UV irradiation performance under UVC-LED light.




Enumeration of Human Norovirus Populations


Recovery of HuNoVs

To concentrate, elute, and quantify HuNoV GII.4, individual treated chip samples were prepared as described in a previous experiment (Moon et al., 2020). Immediately following sprayed SEAW disinfection combined with UVC-LED irradiation, the Enviro-Max Environmental sampling cotton swab kit (Puritan Medical Products Company LLC, ME, United States) was used to collect the viral particles of HuNoV GII.4 from each stainless-steel chip. The virucidal activation was terminated immediately after the disinfection treatment was completed so that the SAEW remaining in the coupon did not damage the viral particles and affect the recovery rate of the infectious virus particles, and then the virus was captured. Each chip was swabbed horizontally, vertically, and diagonally on both sides of the cotton swab, 20 times in each direction. Subsequently, 20 mL of 0.05 M Glycine-0.14 M NaCl (pH 7) solution was employed to elute the viral particle of HuNoV GII.4 from the Enviro-Max Environmental sampling cotton swab, followed by immersion in a transport tube at 18°± 3°C for 3 min with constant shaking (approximately 70 rpm) and intense vortexing for 60 s. To obtain the whole liquid from the cotton swab, it was squeezed to completely release the liquid against the inside of the tube. The remaining HuNoV GII.4 on each stainless-steel chip was repeatedly wiped using a new 20-mL elution buffer with a silver swab, and the 20-mL secondary suspension was added to a 50-mL tube containing 20 mL primary elution buffer.



Optimized Quantitative RT-qPCR of HuNoVs

An anionic polymer-conjugated magnetic beads separation (MBS) assay with Viro-adembeads (Ademtech, Pessac, France), which were prepared by conjugation of poly(methyl vinyl ether-maleic anhydride) [poly(MVE-MA)]) was employed to recover and capture the HuNoV GII.4 from the obtained test suspension to concentrate the HuNoV viral particles. In the MBS technique, to concentrate the viral particles of HuNoV GII.4, 30 mL of the viral particle suspension was mixed with 50 μL of anionic polymer-coated MBS (final concentration: 15 mg/mL) in a 50-mL conical tube and agitated for 60 min at 18°± 3°C. The LifeSep MBS stand (Sigma-Aldrich) was employed to distinguish the magnetic beads and the supernatant in the captured HuNoV viral particle suspension. The magnetic beads captured HuNoV viral particles and were resuspended in 280 μL of RNase-free water. Immediately following inactivation tests, RNA isolation and virucidal analysis were performed to prevent the influence of sample freezing. Optimal quantification analysis of viral particles by treatment with SAEW and UVC-LED against HuNoV GII.4 was conducted as demonstrated in a previous study: an MBS/real time-reverse transcriptase polymerase chain reaction (RT-qPCR) method with a pretreatment combining propidium monoazide (PMA) (MBS/PMA/RT-qPCR) (Moon et al., 2020). Based on the intercalating dye (PMA) assay, Moon et al. (2020) demonstrate that treatment with 0.2 mM of PMA (Biotium, Hayward, CA, United States) is optimal for quantifying with minimum damage to the intact HuNoV viral particle. PMA dye was added to each viral suspension sample that was concentrated by the MBS assay. The suspension was immediately mixed with 0.2 mM PMA and incubated in the dark at 5°C for 15 min to penetrate the dye into viral particles. Photo-activation between PMA dye and viral nucleic acid was induced with a high-power LED light (45-W lamp) in a photoactivation system (PhAST Blue; GenIUL, Barcelona, Spain) at a wavelength of 460 nm for 15 min at 4°C for photoactivation. Consecutively, viral RNA extraction and quantitative RT-qPCR were conducted following the protocol detailed at the ISO 15216-1:2017 (ISO15216-1:2017., 2017). Probe (Bioneer Inc., Daejeon, South Korea), and primers (Bioneer Inc.) were used as described previously (Lee et al., 2018).




Statistical Analysis

For the analysis of RT-qPCR response data, the experimental result was denoted by log10 genomic copies/μL and illustrated using the Minitab 19 (Minitab LLC). Differences among mean response values were analyzed using a one-way ANOVA in Minitab 19. Each experimental trial of the designated test sets was performed in triplicate.




RESULTS


Statistical Analysis and Model Buildup

The experimental data, as determined by the BBD, are presented in Table 1, along with a comparison of the predicted and observed response variables, as an inactivation effect of HuNoV using the combination of sprayed SAEW treatment and UVC-LED irradiation. According to the experimental design illustrated in Table 1, the second order polynomial equation (YhuNoV) was determined for the response variable with a function of three independent parameters as presented below. The second order polynomial equation of regression analysis presenting the results of the response values on the disinfection efficacies of the HuNoV in terms of the coded values of variables is as follows:

YHuNoV = 0.915–1.410 X1 + 0.01012 X2 + 0.4037 X3 + 0.0895 X1*X1 + 0.000002 X2*X2–0.03765 X3*X3 + 0.0.003149 X1*X2–0.006 X1*X3–0.00111 X2*X3,

where X1, X2, and X3 are the uncoded values of the SAEW amount (μL), ACC of SAEW (ppm), and UVC-LED dose (mJ/cm2), respectively. Table 2 presents the statistical analysis results of the experiments evaluated using ANOVA to demonstrate the second order polynomial equation. The parameters for the reduction values of HuNoV inactivation response after treatment with sprayed SAEW and UVC-LED irradiation were estimated. According to the ANOVA results (Table 2), the F-value < Prob was less than 0.01 with F-values of 69.30, indicating an acceptable model fit and that the three experimental variables revealed a prominent effect of the sprayed SAEW treatment combined with UVC-LED irradiation on the HuNoV inactivation. Particularly, the proposed model with a considerably low P-value of < 0.0001 and a high F-value of 69.30 is significant, demonstrating that there is only a 0.01% chance that such a large “model F-value” could be due to noise factors. In a statistical assessment, Sahoo and Gupta (2012) demonstrate that a lower P-value and a higher F-value contribute more toward the response values of the corresponding model. In our study, both P- and F-values illustrate the importance of the variable coefficients. According to our results (Table 2), the order in which the experimental variables were involved in the response was ACC of SAEW (ppm) > UV dose (mJ/cm2) > SAEW amount (μL). Concerning the reduction of HuNoV population by disinfection treatment using SAEW and UVC-LED, the ACC of SAEW (ppm) revealed the most influential effects on the parameters of the reduction response value of HuNoV, with the highest F-value of 503.58. However, UV dose (mJ/cm2) and SAEW amount (μL) explained 62.05 and 15.12%, respectively, indicating that the influence on the virucidal effect was lower than that of the ACC of SAEW (ppm). With regard to the strength of interaction, the amount and ACC of SAEW were strongly affected by disinfection parameters in this second order polynomial equation with significant [F(18.20) and P (0.011)] values. A successful RSM approach of optimizing the working variables of microbial decontamination under various conditions using chemical disinfectant treatment is reported in various studies previously (Andres et al., 2016; Yawei et al., 2016; Swapnila et al., 2017). Considering the relatively different responses to the chemical disinfectant treatment under various conditions, the results of bactericidal effects in previous studies cannot be translated to virucidal effects. Furthermore, the results of bactericidal studies on the UVC-LED treatment demonstrated its effect on pathogenic bacteria. However, their data cannot be used to verify the efficacy of the combined disinfection technique on HuNoV.


TABLE 2. Matrix design results for the experiments performed according to the Box–Behnken experimental design for inactivation of human norovirus (HuNoV).
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Model Modification

The significance of the proposed second-order polynomial equation was evaluated using the regression coefficient (R2) value, which presented an extremely high coefficient (0.9911) for the uniformity of HuNoV inactivation obtained under various disinfection conditions (Table 1). Moreover, the high R2 obtained for the comparison of the experimental and predicted reduction values (R2 = 0.9918; Figure 2) indicates that this second order model can be used to predict the optimized experimental conditions for the sprayed SAEW treatment and UVC-LED irradiation. The R2 (0.9918) for the sprayed SAEW and UVC-LED irradiation implies that only 0.82% variation could not be explained by the proposed second order model. The Pareto analysis identified the HuNoV inactivation variables (SAEW amount, ACC of SAEW, and UVC-LED dose), which had the greatest impact on the efficiency and reliability of a coded disinfection treatment. The relative importance of the effects of SAEW treatment and UVC-LED irradiation on HuNoV inactivation is illustrated in the Pareto chart presented in Figure 3A. According to Song et al. (2021), the Pareto analysis, demonstrating the absolute value of the standardized influence factor, is used to determine the magnitude and importance of the response effect among the independent parameter, second order, and interaction effects. The vertical red baseline Pareto chart indicates a value of 2.57 with a 95% confidence level, whereas the horizontal bar chart indicates the analyzed t−values. Based on a comprehensive statistical analysis, the proposed model can be used to predict the optimal disinfection conditions for HuNoV inactivation. The results of disinfection demonstrate that the ACC of SAEW (ppm) was the main virucidal parameter and the influence of the dependent variables and their interactions were ranked as ACC of SAEW (X2) > UVC-LED dose (X3) > SAEW amount*ACC of SAEW (X1*X2) > UVC-LED dose*UVC-LED dose (X3*X3) > SAEW amount (X1) > ACC of SAEW*UVC-LED dose (X2*X3) (Figure 3A). The normal plot of the absolute standardized effects, i.e., significant parameters and interactions as a function of the standardized effects, is plotted in Figure 3B. The normal plot of absolute standardized effects is more accurate in separating the significant and non-significant response values, and the Pareto analysis can compare the absolute values of the effects of each factor or interaction of the BBD (Secula et al., 2013). In our results, the ACC of SAEW (X2) and the UVC-LED dose (X3) reveal significant deviations from the normal distribution, and additional significant parameters include interaction between SAEW amount and ACC of SAEW (X1*X2). The brown diagonal line shows a response that occurs when a factor changes from one level to another, and “non-significant data points” indicate that the points have no influence. Effects that are further from zero are statistically significant. On this plot, red squares, including SAEW amount (X1), ACC of SAEW (X2), UVC-LED dose (X3), SAEW amount*ACC of SAEW (X1*X2), ACC of SAEW*UVC-LED dose (X2*X3), and UVC-LED dose*UVC-LED dose (X3*X3) parameter are retained as significant factors at the α = 0.05 level.
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FIGURE 2. Fitted line plot presenting experimental and predicted values for the inactivation of human norovirus (HuNoV).
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FIGURE 3. Pareto chart of standardized effects for the response values of the combination of the sprayed slightly acidic electrolyzed water (SAEW) treatment and ultraviolet C light-emitting diode (UVC-LED) irradiation at optimized disinfection conditions. (A) Pareto chart of standardized effects, (B) normal plots for standardized effects.




Recovery Rate of HuNoV

To evaluate the elution recovery efficiency of HuNoV from the stainless-steel surface and recovery efficiency of the MBS/PMA/RT-qPCR assay, we first investigated the recovery rates from artificially inoculated surfaces and suspensions with HuNoV (approximately 5.58 log10), sequentially. As shown in Supplementary Figure 1, HuNoV was efficiently eluted from the stainless-steel surface when combined with the Enviro-Max Environmental sampling cotton swab and 0.05 M Glycine-0.14 M NaCl (pH 7) with mean recovery rates of 91.8 ± 1.3%. The mean recovery quantities of NoV determined using the MBS/PMA/RT-qPCR assay were 83.1 ± 2.5% for NoV (Supplementary Figure 1).



Parameter Optimization Using Response Surface Plots

The 3-D response surface plots for parameter optimization can be illustrated as a function of two parameters while maintaining all other parameters as fixed. The obtained response surface plots are useful for understanding the interaction response values of the two types of parameters. The response values of the SAEW amount compared with the ACC of SAEW, the SAEW amount compared with the UVC-LED dose, and the ACC of SAEW compared with the UVC-LED dose using the SAEW treatment and UVC-LED irradiation for the disinfection of HuNoV are presented in Figure 4A. The optimal plot for the target response values is illustrated in Figure 4B, which presents the individual and composite desirability (y) and the effect of each parameter (columns) on the corresponding responses. Additionally, the individual optimal parameters for target response values (i.e., 1 log, 2 log, 3 log, and maximum log reduction value of HuNoV) are listed in Table 1. The predicted target response values were calculated by optimizing the plot using the MINITA®B v19 profile optimizer tool to determine the optimal parameter values for inactivating HuNoV by combining the sprayed SAEW treatment and UVC-LED irradiation. As presented in Table 3, as the target response values increased, the optimal conditions of disinfection parameters changed. When the target reduction value was increased from 1 log to 3.21 log (MAX), the change ratio in the ACC of SAEW was the largest. The proposed model predicts the maximum reduction values of 3.21 log10 genomic copies by the combined treatment of SAEW and UVC-LED disinfection, which were determined at 180 μL of SAEW, 30 ppm ACC of SAEW, and 2 mJ/cm2 UVC-LED (Table 3). The change in the ACC of SAEW changed in proportion to the target reduction value, whereas the changes in the SAEW amount and UVC-LED dose revealed a different pattern in the change of the optimal value corresponding to the target response value.
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FIGURE 4. 3-D response surface plots for the inactivation of human norovirus (HuNoV) using the combination of the sprayed slightly acidic electrolyzed water (SAEW) treatment and ultraviolet C light-emitting diode (UVC-LED) irradiation presenting the interaction between process parameters: (A1) SAEW concentration and SAEW amount, (A2) UVC-LED dose and SAEW amount, and (A3) UVC-LED dose and SAEW concentration. (B) Calculated optimizing plot using the MINITAB 19 software profile optimizer tool for combining the sprayed SAEW treatment and UVC-LED irradiation.



TABLE 3. Target response values according to combined disinfection conditions using sprayed slightly acidic electrolyzed water (SAEW) treatment and ultraviolet C-light-emitting diode (UVC-LED) irradiation.
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DISCUSSION

HuNoV GII.4 is recognized as a major cause of acute gastroenteritis outbreaks, and sporadic illnesses caused by HuNoV GII.4 are reported (Hartmann et al., 2015). To eliminate HuNoV contamination, a potentially contaminated matrix should be disinfected properly using various methods. To this end, establishing precise qualitative and quantitative assays with improved speed and accuracy as compared with cell culture–based methods is required. In addition, there is a growing awareness of the contribution of anionic polymer as a technical tool for viral particle capture. Anionic polymer [e.g., poly (methyl vinyl ether- maleic anhydrate)] and its derivatives are copolymers with molecular and physicochemical properties that enable their application as bio-adhesives (Nunez et al., 2000). In water, such polymers dissolve as they exist in the form of ionized free acids. Polar polymer free acids are highly negatively charged in water and can be used to impart anionic charge after grafting anionic polymers to magnetic beads. They also have numerous reactive groups and can efficiently trap biomolecules, including glycine, phosphatidylcholine, oligonucleotides, enzymes, and calcium. Although the mechanism via which Poly (methyl vinyl ether-maleic anhydrate)-coated magnetic beads bind to viral particles is still unclear, components on the viral surface, such as proteins, lipids, and sugar chains, may contribute to the binding process (Sakudo et al., 2009).

There is a growing consensus that adequate and efficient disinfection, in addition to preemptive prevention of fomites contaminated with viral pathogens, are indispensable in certain environments, including hospitals, nursing homes, schools, food industries, hotels, and complex multifacilities (Koide et al., 2011). Our findings in the present study suggest that optimal disinfection conditions for HuNoV inactivation can substantially prevent exposure to the risk of viral infection. In particular, a combination of the SAEW disinfection technique demonstrated in numerous previous studies and UVC-LED irradiation technology, which has recently begun to attract attention, effectively control HuNoV GII.4, which is present on stainless-steel surfaces and is the main transmission routes. Maximum reduction effects were sufficient to eliminate the HuNoV GII.4 by combining the SAEW treatment and UVC-LED disinfection in the present study because a requirement of ≥ 3 log10 reduction against infectious viral pathogens, such as HuNoV, hepatitis A virus, and rotavirus, has been considered acceptable for virucidal effects (Gulati et al., 2001). Moreover, Marks et al. (2000) demonstrate that a disinfection treatment is successful in disinfecting fomites carrying pathogenic viruses if it eliminates > 3 log10 of the viral population, considering the titer of pathogenic viruses spread into the environment. Notably, statistical analysis of the main virucidal effects of the combination of two disinfection techniques confirms that the effect of SAEW treatment is more significant than that of UVC-LED irradiation.

Additionally, SAEW plays an important role in the inactivation of bacterial pathogens, and there is sufficient evidence of the inactivation of infectious viruses in contaminated fomites (Wigginton et al., 2012; Hakim et al., 2015). The potential mechanisms underlying the SAEW disinfection of pathogenic viruses could include (1) destruction of the virus envelope, (2) damage of the surface protein, (3) inactivation of viral nucleic acids encoding enzymes, and (4) destruction of viral RNA (Hanson et al., 1989; Morita et al., 2000; Kitano et al., 2003; Sakurai et al., 2003). The virucidal efficacy of SAEW has been investigated in various viruses, including enteric, human immunodeficiency, hepatitis B, and herpes simplex viruses (Morita et al., 2000; Tagawa et al., 2000; Park et al., 2007). In the cases of HuNoV GII.4 in suspension and on stainless-steel surfaces, the virucidal effect of 250 ppm neutral electrolyzed water treatment has been evaluated and its effectiveness verified (Moorman et al., 2017). In addition, SAEW’s capacity to inactivate HuNov has been evaluated and significant virucidal effects observed (Park et al., 2007). Meanwhile, in the context of the COVID-19 pandemic, there has been increasing attention on the requirement of immaculate disinfection techniques in food manufacturing facilities and large public places. However, there is a lack of evidence related to disinfection techniques for the virucidal efficacy of HuNoV; however, ULV sprayer disinfection is a notable approach for blocking surface-based viral particle propagation. The efficiency of several technical methods, particularly the virucidal efficacy of the SAEW sprayer against HuNoVs on various fomites, has not been investigated although ULV spraying techniques for disinfection have numerous potential advantages. In virucidal studies using commercial disinfectants, including hydrogen peroxide (7.5%), instead of SAEW, hydrogen peroxide droplets diffused by a fogging disinfection system achieved promising virucidal activity against feline calicivirus (FCV) by achieving 4 log10 reduction criteria for an antinoroviral disinfectant (Montazeri et al., 2017).

Several mechanisms (e.g., damage to the viral genome and/or damage to viral proteins) of virus inactivation by UVC irradiation are reported, and UVC-induced virucidal mechanisms vary among different types of viruses (Sano et al., 2010; Wigginton et al., 2010; Tanaka et al., 2018). For instance, first, UVC disinfection causes oxidative damage to the viral capsid protein, which is linked with the reduction of virus infectivity in norovirus and bacteriophage MS2 (Wigginton et al., 2010) and HuNoV surrogate FCV (Sano et al., 2010; Tanaka et al., 2018). Second, UVC irradiation destroys MNV-1 viral capsid protein. The reduction of poliovirus infectivity is reported to be secondary to viral protein-genomic crosslinking by UVC irradiation (Wetz and Habermehl, 1982). UVC-induced damage to the viral genome is observed in influenza viruses (Nakaya et al., 2020). The mechanism of UVC activation against SARS-CoV-2 is reported to be induced by viral genomic damage without apparent effects on viral morphology and proteins (Gidari et al., 2021).

Surface disinfection technology using UVC-LED irradiation has recently been highlighted (Bhardwaj S. K. et al., 2021). Particularly, Kim and Kang (2021) report that conventional mercury lamps used for UV emission are currently being replaced by UVC-LED lamps, which have higher viral decontamination efficiency and emit light sources stably and efficiently in the disinfection wavelength range of 260–275 nm. UV dose uniformity with respect to time and area is the most significant variable, which must be considered before employing UVC-LED irradiation (Araud et al., 2020). Furthermore, the fomite type should be considered an important variable because irradiation efficiency differs based on whether the fomites are porous (e.g., clothes and papers) or non-porous (e.g., glass, stainless steel, plastic) Bhardwaj J. et al. (2021). Moreover, (Bhardwaj J. et al., 2021) demonstrate that non-porous fomites are the main contributors to the transmission of viral infection because the survival duration of infectious viruses on them is much longer than that on porous fomites. To investigate the survivability of HuNoV, Ha et al. (2015) report that HuNoV GII.4 exists on artificially contaminated stainless-steel surfaces for up to 4 weeks following artificial inoculation. Previous studies have already investigated the use of UVC light to disinfect noroviruses (Jean et al., 2011; Bosshard et al., 2013). Although it cannot be compared with the direct virucidal effect of UVC-LED on HuNoV, studies of human enteric virus surrogates in a water disinfection system have been conducted to determine the virucidal effects of UVC-LED. Kim et al. (2017) report that populations of human enteric virus surrogates, including MS2, upphiX174, and Qβ, of the three viruses significantly decreased as the UVC-LED dose increased. Particularly, the virucidal efficacy of UVC-LED against human enteric virus surrogates was significantly inactivated by up to 7 log10 following treatment with 1 mJ/cm2 for ΦX 174 and 9 mJ/cm2 for Qβ and MS2 (Kim et al., 2017). For UVC-LED disinfection of SARS-CoV-2 on a rubber surface, Trivellin et al. (2021) study the design, characterization, and validation of UVC-LED disinfection and demonstrate that a 3 log10 reduction could be achieved following 60 s of irradiation with a 8.31 mJ/cm2 dose. Although UVC-LED disinfection can effectively inactivate infectious viruses, the shortcoming of UV irradiation is that there is no durative antimicrobial activity because the DNA damage of the microbial cells caused by UV irradiation can be repaired through photoreactivation or nucleotide excision repair. Although studies on the photoactivation properties of infectious viruses are limited., hurdle technology using chemical disinfection treatment, considering the shortcomings of UV disinfection, has recently been reported (Li et al., 2018; Nyangaresi et al., 2018; Wan et al., 2020).

To the best of our knowledge, this is the only study to investigate the virucidal efficacy of the combined technique of sprayed SAEW and UVC-LED irradiation against HuNoV strain GII.4 on stainless-steel surfaces. Our experimental results reveal the effective reduction values under optimal combination conditions (180 μL of SAEW, 30 ppm ACC of SAEW, and 2 mJ/cm2 UVC-LED dose) for HuNoV inactivation by 3.21 log10 genomic copies. Our experimental study included three scientific aspects: (i) Use of HuNoV to evaluate effective and promising virucidal techniques, including SAEW and UVC-LED, simultaneously; (ii) determination of the optimal parameters and correlation among experimental variables, including UV dose, SAEW concentration, and sparked SAEW amount, based on the BBD technique combined with RSM; and (iii) evaluation of the virucidal efficacy of SAEW ULV sprayer techniques on HuNoV-contaminated surfaces. However, we cannot guarantee that our results will lead to the inactivation of HuVoV under all environmental conditions owing to the lab scale. Therefore, further research is required after scaling up the SAEW ULV sprayer and UVC-LED disinfection system to a level appropriate for application in the field.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



AUTHOR CONTRIBUTIONS

HS and Y-MD conducted the experiments and were responsible for assessing the experimental data, and wrote the first draft of this manuscript. SH was responsible for assessing the experimental data. J-HH was responsible for data coordination, experimental design, analysis, data interpretation, writing, revision, and finalization of the manuscript. All authors have read and approved the final manuscript.



FUNDING

This research was supported by grants from the World Institute of Kimchi (KE2102-2 and KE2202-2) and funded by the Ministry of Science and ICT, the Republic of Korea.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.841108/full#supplementary-material



REFERENCES

Andres, S., Alis, P., and Andres, L. (2016). Electrocoagulation photocatalytic process for the treatment of lithographic wastewater optimization using response surface methodology (RSM) and kinetic study. Catal. Today 266, 120–112. doi: 10.1016/j.cattod.2015.09.016

Araud, E., Fuzawa, M., Shisler, J. L., Li, J., and Nguyen, T. H. (2020). UV inactivation of rotavirus and Tulane virus targets different components of the virions. Appl. Environ. Microbiol. 86:e02436-19. doi: 10.1128/AEM.02436-19

Bhardwaj, J., Seongkyeol Hong, S., Junbeom Jang, J., Chang-Ho Han, C. H., Jaegil Lee, J., et al. (2021). Recentadvancements in the measurement of pathogenic airborne viruses. J. Hazard. Mater. 420:12657. doi: 10.1016/j.jhazmat.2021.126574

Bhardwaj, S. K., Singh, H., Deep, A., Khatri, M., Bhaumik, J., Kim, K. H., et al. (2021). UVC-based photoinactivation as an efficient tool to control the transmission of coronaviruses. Sci. Total Environ. Sci. 792:14854. doi: 10.1016/j.scitotenv.2021.148548

Bonifait, L., Charlebois, R., Vimont, A., Turgeon, N., Veillette, M., Longtin, Y., et al. (2015). Detection and quantification of airborne norovirus during outbreaks in healthcare facilities. Clin. Infect. Dis. 61, 299–230. doi: 10.1093/cid/civ321

Bosshard, F., Armand, F., Hamelin, R., and Kohn, T. (2013). Mechanisms of human adenovirus inactivation by sunlight and UVC light as examined by quantitative PCR and quantitative proteomicsAppl. Environ. Microbiol. 79, 1325–1332. doi: 10.1128/AEM.03457-12

CDC (2021). Trends and Outbreaks. Available online at: https://www.cdc.gov/norovirus/trends-outbreaks/index.html. [accessed on Mar 5, 2021]

de Graaf, M., van Beek, J., and Koopmans, M. P. (2016). Human norovirus transmission and evolution in a changing world. Nat. Rev. Microbiol. 14, 421–443. doi: 10.1038/nrmicro.2016.48

Dewey-Mattia, D., Manikonda, K., Hall, A. J., Wise, M. E., and Crowe, S. J. (2018). Surveillance for foodborne disease outbreaks—United States, 2009–201. MMWR Surveill. Summ. 67, 1–11.

Gidari, A., Sabbatini, S., Bastianelli, S., Pierucci, S., Busti, C., Bartolini, D., et al. (2021). SARS-CoV-2 survival on surfaces and the effect of UV-C light. Viruses 13:40. doi: 10.3390/v13030408

Gulati, B. R., Allwood, P. B., Hedberg, C. W., and Goyal, S. M. (2001). Efficacy of commonly used disinfectants for the inactivation of calicivirus on strawberry, lettuce, and a food-contact surface. J. Food Prot. 64, 1430–1143. doi: 10.4315/0362-028x-64.9.1430

Ha, J.-H., Kim, M.-L., Choi, C., Choi, I.-S., Myoung, J., and Ha, S.-D. (2015). Recovery of structurally intact norovirus from food-contact surfaces. Food Control 47, 564–556. doi: 10.1016/j.foodcont.2014.07.044

Hakim, H., Thammakarn, C., Suguro, A., Ishida, Y., Nakajima, K., Kitazawa, M., et al. (2015). Aerosol disinfection capacity of slightly acidic hypochlorous acid water towards Newcastle disease virus in the air: an in vivo experiment. Avian Dis. 59, 486–489. doi: 10.1637/11107-042115

Hanson, P. J., Gor, D., Jeffries, D. J., and Collins, J. V. (1989). Chemical inactivation on HIV on surfaces. BMJ 298, 862–864.

Hartmann, E. M., Colquhoun, D. R., Schwab, K. J., and Halden, R. U. (2015). Absolute quantification of norovirus capsid protein in food, water, and soil using synthetic peptides with electrospray andMALDI mass spectrometry. J. Hazard. Mater. 286, 525–553. doi: 10.1016/j.jhazmat.2014.12.055

ISO15216-1:2017. (2017). Microbiology of the Food Chain - Horizontal Method for Determination of Hepatitis A Virus and Norovirus Using Real-time RTPCR - Part 1: Method for Quantification. Geneva: ISO.

Jean, J., Morales-Rayas, R., Anoman, M. N., and Lamhoujeb, S. (2011). Inactivation of hepatitis A virus and norovirus surrogate in suspension and on food-contact surfaces using pulsed UV light (pulsed light inactivation of food-borne viruses). Food Microbiol. 28, 568–572. doi: 10.1016/j.fm.2010.11.012

Khan, M. A. (2006). AlGaN multiple quantum well based deep UV LEDs and their applications. Phys. Status Solidi A 203, 1764–1177. doi: 10.1002/pssa.200565427

Kim, D. K., and Kang, D. H. (2021). Investigation of a new UVC LEDs array continuous type water disinfection system for inactivating Escherichia coli O157:H7 according to flow rate and electrical energy efficiency analysis. Food Control 119:107470. doi: 10.1016/j.foodcont.2020.107470

Kim, D. K., Kim, S. J., and Kang, D. H. (2017). Inactivation modeling of human enteric virus surrogates. MS2, Qβ, and ΦX174, in water using UVC-LEDs, a novel disinfecting system. Food Res. Int. 91, 115–112. doi: 10.1016/j.foodres.2016.11.042

Kirby, A. E., Streby, A., and Moe, C. L. (2016). Vomiting as a symptom and transmission risk in norovirus illness: eEvidence from human challenge studies. PLoS One. 11:e014375. doi: 10.1371/journal.pone.0143759

Kitano, J., Kohno, T., Sano, K., Morita, C., Yamaguchi, M., Maeda, T., et al. (2003). A novel electrolyzed sodium chloride solution for the disinfection for dried HIV-1. Bull. Osaka Med. Coll. 48, 29–36.

Koide, S., Shitanda, D., Note, M., and Cao, W. (2011). Effects of mildly heated, slightly acidic electrolyzed water on the disinfection and physicochemical properties of sliced carrot. Food Control 22, 452–445. doi: 10.1016/j.foodcont.2010.09.025

Lee, H. W., Lee, H. M., Yoon, S. R., Kim, S. H., and Ha, J. H. (2018). Pretreatment with propidium monoazide/sodium lauroyl sarcosinate improves discrimination of infectious waterborne virus by RT-qPCR combined with magnetic separation. Environ. Pollut. 233, 306–331. doi: 10.1016/j.envpol.2017.10.081

Li, G. Q., Huo, Z. Y., Wu, Q. Y., Lu, Y., and Hu, H. Y. (2018). Synergistic effect of combined UV-LED and chlorine treatment on Bacillus subtilis spore inactivation. Sci. Total Environ. 639, 1233–1124. doi: 10.1016/j.scitotenv.2018.05.240

Marks, P. J., Vipond, I. B., Carlisle, D., Deakin, D., Fey, R. E., and Caul, E. O. (2000). Evidence for airborne transmission of Norwalk-like virus (NLV) in a otel restaurant. Epidemiol. Infect. 124, 481–448. doi: 10.1017/s0950268899003805

Montazeri, N., Manuel, C., Moorman, E., Khatiwada, J. R., Williams, L. L., Jaykus, L. A., et al. (2017). Virucidal activity of fogged chlorine dioxide- and hydrogen peroxide-based disinfectants against human norovirus and its surrogate, feline calicivirus, on hard-to-reach surfaces. Front. Microbiol. 8:1031. doi: 10.3389/fmicb.2017.01031

Moon, E. W., Lee, H. W., Rok, J. H., and Ha, J. H. (2020). Photocatalytic inactivation of viral particles of human norovirus by Cu-doped TiO2 non-woven fabric under UVA-LED wavelengths. Sci. Total Environ. 749:14157. doi: 10.1016/j.scitotenv.2020.141574

Moorman, E., Montazeri, N., and Jaykus, L. A. (2017). Efficacy of Neutral Electrolyzed Water for Inactivation of Human Norovirus. Appl. Environ. Microbiol. 83, e653–e617. doi: 10.1128/AEM.00653-17

Morita, C., Sano, K., Morimatsu, S., Kiura, H., Goto, T., Kohno, T., et al. (2000). Disinfection potential of electrolyzed solutions containing sodium chloride at low concentrations. J. Virol. Methods 85, 163–117. doi: 10.1016/s0166-0934(99)00165-2

Nakaya, Y., Fukuda, T., Ashiba, H., Yasuura, M., and Fujimaki, M. (2020). Quick assessment of influenza a virus infectivity with a long-range reverse-transcription quantitative polymerase chain reaction assay. BMC Infect. Dis. 20:585. doi: 10.1186/s12879-020-05317-8

Nunez, J. L., Ballesteros, M. P., Lastres, J. L., and Castro, R. M. (2000). Interaction of poly methyl vinyl ether/maleic anhydride-dimiristoyl phosñphatidylcholine: a model bioadhesion study. Biomaterials 21, 2131–2135. doi: 10.1016/s0142-9612(00)00095-8

Nyangaresi, P. O., Qin, Y., Chen, G., Zhang, B., Lu, Y., and Shen, L. (2018). Effects of single and combined UV-LEDs on inactivation and subsequent reactivation of E. coli in water disinfection. Water Res. 147, 331–334. doi: 10.1016/j.watres.2018.10.014

Park, G. W., Boston, D. M., Kase, J. A., Sampson, M. N., and Sobsey, M. D. (2007). Evaluation of liquid- and fog-based application of Sterilox hypochlorous acid solution for surface inactivation of human norovirus. Appl. Environ. Microbiol. 73, 4463–4446. doi: 10.1128/AEM.02839-06

Sahoo, C., and Gupta, A. K. (2012). Optimization of photocatalytic degradation of methyl blue using silver ion doped titanium dioxide by combination of experimental design and response surface approach. J. Hazard. Mater. 215, 302–331. doi: 10.1016/j.jhazmat.2012.02.072

Sakudo, A., Baba, K., Tsukamoto, M., et al. (2009). Anionic polymer, poly(methyl vinyl ether-maleic anhydride)-coated beads-based capture of human influenza A and B virus. Bioorg. Med. Chem. 17, 752–757. doi: 10.1016/j.bmc.2008.11.046

Sakurai, Y., Nakatsu, M., Sato, Y., and Sato, K. (2003). Endoscope contamination from HBV- and HCV-positive patients and evaluation of a cleaning/disinfecting method using strongly acidic electrolyzed water. Dig. Endosc. 15, 19–24.

Sano, D., Pintó, R. M., Omura, T., and Bosch, A. (2010). Detection of oxidative damages on viral capsid protein for evaluating structural integrity and infectivity of human norovirus. Environ. Sci. Technol. 44, 808–881. doi: 10.1021/es9018964

Secula, M. S., Cretescu, I., Cagnon, B., Manea, L. R., Stan, C. S., and Breaban, I. G. (2013). Fractional factorial design study on the performance of GAC-enhanced electrocoagulation process involved in color removal from dye solutions. Materials 6, 2723–2274. doi: 10.3390/ma6072723

Simmons, D. D., Alhejaili, M., Janes, M., King, J., and Xu, W. (2020). Survival and inactivation of human norovirus GII.4 Sydney on commonly touched airplane cabin surfaces. AIMS Public Health 7, 574–558. doi: 10.3934/publichealth.2020046

Song, H., Moon, E. W., and Ha, J. H. (2021). Application of response surface methodology based on a box-behnken design to determine optimal parameters to produce brined cabbage used in Kimchi. Foods 10:1935. doi: 10.3390/foods10081935

Song, K., Mohseni, M., and Taghipour, F. (2016). Application of ultraviolet light-emitting diodes (UV-LEDs) for water disinfection: a review. Water Res. 94, 341–334. doi: 10.1016/j.watres.2016.03.003

Song, W., Li, Z., Liu, F., Ding, Y., Qi, P., You, H., et al. (2018). Effective removal of ammonia nitrogen from waste seawater using crystal seed enhanced struvite precipitation technology with response surface methodology for process optimization. Environ. Sci. Pollut. Res. 25, 628–663. doi: 10.1007/s11356-017-0441-0

Swapnila, R., Shubhalakshmi, S., and Papita, D. (2017). Integral approach of adsorption and chemical treatment of fluoride containing wastewater: batch and optimization using RSM. J. Environ. 5, 274–228. doi: 10.1016/j.jece.2016.12.003

Tagawa, M., Yamaguchi, T., Yokosuka, O., Matsutani, S., Maeda, T., and Saisho, H. (2000). Inactivation of a hepadnavirus by electrolyzed acid water. J. Antimicrob. Chemother. 46, 363–336. doi: 10.1093/jac/46.3.36

Tanaka, T., Nogariya, O., Shionoiri, N., Maeda, Y., and Arakaki, A. (2018). Integrated molecular analysis of the inactivation of a non-enveloped virus, feline calicivirus, by UV-C radiation. J. Biosci. Bioeng. 126, 63–66. doi: 10.1016/j.jbiosc.2018.01.018

Trivellin, N., Buffolo, M., Onelia, F., Pizzolato, A., Barbato, M., Orlandi, V. T., et al. (2021). Inactivating SARS-CoV-2 Using 275 nm UV-C LEDs through a spherical irradiation box: design, characterization and validation. Materials 14:2315. doi: 10.3390/ma14092315

Vilhunen, S., and Sillanpää, M. (2010). Recent developments in photochemical and chemical AOPs in water treatment: a mini-review. Rev. Environ. Sci. Biotechnol. 9, 323–333. doi: 10.1007/s11157-010-9216-5

Wan, Q., Wen, G., Cao, R., Zhao, H., Xu, X., Xia, Y., et al. (2020). Simultaneously enhance the inactivation and inhibit the photoreactivation of fungal spores by the combination of UV-LEDs and chlorine: kinetics and mechanisms. Water Res. 184:11614. doi: 10.1016/j.watres.2020.11614

Wetz, K., and Habermehl, K. O. (1982). Specific cross-linking of capsid proteins to virus RNA by ultraviolet irradiation of poliovirus. J. Gen. Virol. 59, 397–340. doi: 10.1099/0022-1317-59-2-397

Wigginton, K. R., Menin, L., Montoya, J. P., and Kohn, T. (2010). Oxidation of virus proteins during UV254 and singlet oxygen mediated inactivation. Environ. Sci. Technol. 44, 5437–5544. doi: 10.1021/es100435a

Wigginton, K. R., Pecson, B. M., Sigstam, T., Bosshard, F., and Kohn, T. (2012). Virus inactivation mechanisms: impact of disinfectants on virus function and structural integrity. Environ. Sci. Technol. 46, 12069–11207. doi: 10.1021/es3029473

Yawei, X., Lujun, C., and Rui, L. (2016). Oxidation of AOX and organic compounds in pharmaceutical wastewater in RSM-optimized-Fenton system. Chemosphere 155, 217–222. doi: 10.1016/j.chemosphere.2016.04.057


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Song, Dang, Ha and Ha. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-13-841108-t003.jpg
Response values (logg)? SAEW amount ACC of SAEW UVC-LED dose

1.00 130 20 1.3
2.00 120 55 1.9
3.00 180 100 1.2
3910 180 100 2.0

aTarget HuNoV log1g genomic copies reduction values.
b Maximum reduction value.





OPS/images/fmicb-13-841108-t002.jpg
Source DF? Sum of squares Mean square F-value P-value prob > F

Model 9 3.52882 0.39209 69.30 0.000
X1 1 0.08555 0.08555 15.12 0.019
Xo 1 2.84937 2.84937 503.58 0.000
Xa 1 0.35110 0.35110 62.05 0.001
X1*X4 1 0.02961 0.02961 5.23 0.071
Xo*Xo 1 0.00004 0.00004 0.01 0.936
X3*Xa 1 0.08374 0.08374 17.80 0.012
X1 %o 1 0.08034 0.08034 18.20 0.011
X1"X3 1 0.00058 0.00058 0.10 0.762
Xo*Xa 1 0.03994 0.03994 7.06 0.045
Residual 5 0.02829 0.00566

Lack of fit 3 0.02773 0.00924 32.98 0.030
Pure error 2 0.00056 0.00028

R2 =99.1117

aDF, degrees of freedom.





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Evaluation of Virucidal Efficacy of Human Norovirus Using Combined Sprayed Slightly Acidic Electrolyzed Water and Ultraviolet C-Light-Emitting Diode Irradiation Treatment Based on Optimized Capture Assay for Quantitative RT-qPCR



		INTRODUCTION



		MATERIALS AND METHODS



		Viral Stock Preparation



		Inoculation on Stainless-Steel Chips



		Experimental Design and Data Analysis



		Sequential Disinfection Using Sprayed Slightly Acidic Electrolyzed Water and Ultraviolet C-Light-Emitting Diode



		Enumeration of Human Norovirus Populations



		Recovery of HuNoVs



		Optimized Quantitative RT-qPCR of HuNoVs







		Statistical Analysis







		RESULTS



		Statistical Analysis and Model Buildup



		Model Modification



		Recovery Rate of HuNoV



		Parameter Optimization Using Response Surface Plots







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fmicb-13-841108-t001.jpg
Response code

Meaning

Y HuNov HuNoV reduction value (Log,o genomic copies)
Factors
Level Xy SAEW amount X ACC of SAEW X3 UVC-LED dose
Low (—1) 60 4 c
Intermediate (0) 120 17 2

High (+ 1) 180 30 3

Run Coded values Actual values Response values
X4 Xo X3 X4 Xo X3 Observed Predicted

1 1 -1 -1 60 4 2 1.49 1465
2 1 0 —1 120 4 3 1.64 1.68
3 1 0 0 120 17 2 2.03 2.01
4 | -1 0 60 17 1 1.70 1.63
5 1 1 1 180 30 2 3.21 2.95
6 1 -1 1 60 30 2 2.45 2.46
7 1 0 -1 120 4 1 0.95 0.96
8 1 1 0 180 17 3 2.18 2.25
9 1 0 1 120 30 3 2.59 2i57
10 1 0 0 120 17 2 2.01 2.01
11 1 1 0 180 17 1 1.86 1.86
12 1 -1 0 60 17 3 2.07 2.07
13 1 1 -1 180 4 2 1.48 1.47
14 1 0 0 120 17 2 2.00 2.01
18 1 0 1 120 30 1 2.29 2.35

Three-parameter BBD matrix with experimental and predicted response values for the HuNoV reduction.





OPS/images/fmicb-13-841108-g004.jpg
R
/
>
N
>
w
N

f
f
/

s

a¥

a?? .0
..'l" "'"’

8 / poaortiog 8 qu;

= > ] = =

= 30 ©

o S E

>

o 25 S 5

S 8 e

U 20‘ ".'.l."".'.‘ --""—-_J B 3
—_—

z » - :

(D] o Y

SAEW amount (uL) ACC of SAEW (ppm) UVC-LED (mJ/cm?)
B 60 120 180 4 17 30 1 . 3

Target values L
1 log 2

y= 1.047 S
D = 0.98923 b R

Lz NI - P /

e —— L — - »

e o0 o an oo o5 o o o oo o "-‘--*'---f“— — e ) W - ————————————— ——— —"’ ————————————————————

Target values
2 log e
y= 2.0 [l oy e e o i e et et | e - oo TEE—

D = 1.000 .

Target values -
3 log T
y= 2.999
D = 0.999 >

____________________ "’- '—'“"'""‘——"‘————"‘——"‘—"'——'—'——‘-1’-: ———————"——-—-—-{»———————————
- > ’/’.,,- ~—

— N

Target values
Maximum |
y= 3.21 ¥
D = 0.935






OPS/images/cover.jpg
& frontiers | Frontiers in Microbiology

Evaluation of Virucidal Efficacy
of Human Norovirus Using
Combined Sprayed Slightly
Acidic Electrolyzed Water

and Ultraviolet C-Light-Emitting
Diode Irradiation Treatment

Based on Optimized Capture
Assay for Quantitative RT-gPCR





OPS/images/fmicb-13-841108-g003.jpg
Xl

X3

X3 X3

Xl X2

X2 X3

X1 X1

X1: SAEW amount («£)

|
|
|
X! X3 :
" X2: SAEW concentration (%)
B 12,57 X3: UVC-LED dose (mJ/cm2)
I . | 1 T T
0 5 10 15 20 25
Pareto chart of the standardized effects
(response is strenth, o = 0.05)
B 100
m X2
80 - " X3
" X1
~> 60 - R X1X2
S
= ® X1 X1
3
5
e, 40 -
o2
20 - -
X3 X3
5]
X2 X3
0 | 1 1 |
-5 0 5 10 15 20

Absolute sandardized effect
(response is rate, o = 0.05)





OPS/images/fmicb-13-841108-g002.jpg
Experimental reduction values

(Log genomic copies)

3.0

» .'/’
7
2.5 4
2.0 4
1.5 -
1.0 - P i R-Sq = 99.18%
R-Sq(ad)) = 99.34%
& Predicted vs Observed
i By Regression
— == 059% Confidence Band
. sseseese 959 Prediction Band
0.0 e T T T T T

1.0 15 2.0 ZS 3.0

Predictive reduction values
(Log genomic copies)






OPS/images/fmicb-13-841108-g001.jpg
Spraying SAEW treatments

@ HuNoV Gll4
viral particles

e - SUS surface

[

265~270 nm

UVC-LED light






OPS/images/fmicb-13-841108-e000.jpg
k k k k
Yoy =Bo + D BXi+ D BuXi+ D > BXiXj+ ¢,

i=1 i=1 iy j>1

1)








OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Microbiology





