

  viruses-13-02227




viruses-13-02227







Viruses 2021, 13(11), 2227; doi:10.3390/v13112227




Article



Potential of an Eco-Sustainable Probiotic-Cleaning Formulation in Reducing Infectivity of Enveloped Viruses



Maria D’Accolti 1,2[image: Orcid], Irene Soffritti 1,2[image: Orcid], Francesco Bonfante 3[image: Orcid], Walter Ricciardi 4[image: Orcid], Sante Mazzacane 2 and Elisabetta Caselli 1,2,*[image: Orcid]





1



Section of Microbiology, Department of Chemical, Pharmaceutical and Agricultural Sciences, LTTA, University of Ferrara, Via Luigi Borsari 46, 44121 Ferrara, Italy






2



CIAS Research Center, University of Ferrara, Via Saragat 13, 44122 Ferrara, Italy






3



Istituto Zooprofilattico Sperimentale delle Venezie, IZSVe, Viale dell’Università 10, 35020 Legnaro, Italy






4



Faculty of Medicine and Surgery, Università Cattolica del Sacro Cuore, Largo Francesco Vito 1, 00168 Roma, Italy









*



Correspondence: csb@unife.it







Academic Editors: Luis Martinez-Sobrido and Fernando Almazán



Received: 28 September 2021 / Accepted: 2 November 2021 / Published: 4 November 2021



Abstract

:

The COVID-19 pandemic has deeply influenced sanitization procedures, and high-level disinfection has been massively used to prevent SARS-CoV-2 spread, with potential negative impact on the environment and on the threat of antimicrobial resistance (AMR). Aiming to overcome these concerns, yet preserving the effectiveness of sanitization against enveloped viruses, we assessed the antiviral properties of the Probiotic Cleaning Hygiene System (PCHS), an eco-sustainable probiotic-based detergent previously proven to stably abate pathogen contamination and AMR. PCHS (diluted 1:10, 1:50 and 1:100) was tested in comparison to common disinfectants (70% ethanol and 0.5% sodium hypochlorite), in suspension and carrier tests, according with the European UNI EN 14476:2019 and UNI EN 16777:2019 standards. Human alpha- and beta-coronaviruses hCoV-229E and SARS-CoV-2, human herpesvirus type 1, human and animal influenza viruses, and vaccinia virus were included in the study. The results showed that PCHS was able to inactivate 99.99% of all tested viruses within 1–2 h of contact, both in suspension and on surface. Notably, while control disinfectants became inactive within 2 h after application, the PCHS antiviral action persisted up to 24 h post-application, suggesting that its use may effectively allow a continuous prevention of virus spread via contaminated environment, without worsening environmental pollution and AMR concern.
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1. Introduction


The COVID-19 pandemic, caused by the new SARS-CoV-2 human coronavirus has deeply influenced the habits relative to hygiene and sanitization, shining light on the risk associated with environmental virus contamination, especially in the hospital environment. COVID-19 has in fact spread worldwide, causing at the moment over 244 million confirmed cases and 4.96 million deaths [1]. The SARS-CoV-2 infection is mostly transmitted via respiratory droplets, but the virus has been reported to persist up to days on inanimate hard surfaces, at least in controlled laboratory conditions [2,3], suggesting a potential contribution to transmission of infection through direct contact with surfaces and fomites contaminated by droplets or other body fluids [4,5,6,7,8,9]. Although fomite transmission is difficult to prove definitively [10], a few cases have been reported [11,12] and infection risk has been evaluated linked to possible hand-to-fomite transmission [8,13,14].



Consistently with these data, WHO has proposed preventive measures, and high-level virucidal chemical disinfectants have been mandatorily introduced by regulatory bodies for surface cleaning of indoor environments, including healthcare and non-healthcare settings, as interim recommendations to combat the COVID-19 health emergency [10,15]. However, based on what has been observed on other microorganisms, the disinfectant action may be temporary and not able to prevent recontamination, which occurs continuously due to continuous spread by people present in the confined environment [16]. Despite the initial rapid microbes inactivation, the sanitized surfaces may be rapidly recontaminated, potentially becoming a new transmission source. Furthermore, the excessive use of disinfectants may represent a threat for people [17] and controversies exist about the need of disinfectants instead of cleansers, especially in low-risk healthcare or non-healthcare environments [18,19]. Last, the massive use of disinfectants could negatively impact on urban environments and wildlife [20], as well as aquatic ecosystems [21], and several chemical compounds used for disinfection have been proven to select or induce antimicrobial resistance (AMR) in pathogens, including those known to have an important impact on COVID-19 clinical care [22,23,24,25]. Considering that AMR microbes can complicate the care of COVID-19 patients, and that AMR alone is already killing millions of people each year (over 37,000 people only in the European Union), it is apparent that a further spread of AMR might worsen the toll of future pandemics. Consequently, there is an urgent need for simple, efficient, low-impact, and possibly low-cost procedures to ensure a durable sanitization of treated surfaces, overcoming the side effects linked to chemical disinfection.



Besides SARS-CoV-2, several enveloped viruses have been similarly shown to retain infectivity for long periods on hard surfaces, depending on virus type, surface characteristics, temperature, and humidity [26], including human coronaviruses, influenza viruses, and herpesviruses [27,28,29]. Parainfluenza viruses, hepatitis B and C viruses, and HIV-1 were also reported to persist on surfaces and fomites [30], which may represent possible virus reservoirs and transmission vectors to susceptible humans [28,31]. Consistently with the evidence reporting virus presence and persistence in the hospital environment [30,32,33], showing a theoretical risk of virus transmission to hospitalized patients, the strategies aimed to prevent and control infections include environmental hygienization as part of this process. Notably, until recently the virus component of the hospital microbiome was not considered in the monitoring strategies to counteract the onset of healthcare-associated infections (HAI) in clinical settings, as it is done for bacterial and fungal ones, although a viral infectious risk exists even if minimal.



Among the viruses that might be transmitted by the contaminated environment, human coronaviruses (enveloped single stranded, positive sense RNA viruses), which can cause mild to severe respiratory infections [34], can persist on different inanimate surface types, remaining infectious from 2 h up to 9 days at room temperature [3,4]. Similarly, the influenza viruses (enveloped single stranded, negative sense RNA viruses), whose type A is the most virulent among the four influenza types [35], are able to retain infectivity up to 48 h on smooth surfaces [36,37], and the H5N1 strain can persist beyond 13 days on glass and steel at low relative humidity and temperature [38]. Furthermore, the human herpesvirus Herpes simplex virus-1 (HSV-1; an enveloped double strand DNA virus), the causative agent of oral and genital herpes, can survive on dry inanimate surfaces from few hours to one week [28], and its transmission can cause a wide range of infections, from mild to life-threatening ones in immune-immature individuals or immune-compromised patients [39].



Based on the ability of many viruses to maintain infectivity on inanimate surfaces, the control of environmental viral contamination represents a key point to address. Current guidelines for COVID-19 management suggest using high level disinfectants, mostly 0.1–0.5% sodium hypochlorite (NaClO) and 1% hydrogen peroxide (H2O2), for sanitization [40]. However, despite their rapid action [41], there is no warranty of a long-lasting action to stably maintain the environment decontaminated. Rather, based on previous reports by us and others [16,42,43,44], the sanitized environment could be rapidly recontaminated, leading to a persistent level of contamination for most of the day.



Aiming to obtain a long-term effective cleaning procedure, stably reducing viral contamination without impacting on environmental pollution and AMR, we tested the antiviral properties of an eco-sustainable probiotic-based sanitation system (PCHS, Probiotic Cleaning Hygiene System), that was previously shown to prevent pathogen recontamination by stably remodulating the hospital microbiome. Its action, based on the biological properties of selected probiotic Bacillus species contained in an eco-friendly detergent, stably reduced resistant pathogens (−80%) [16,22,45,46,47,48] and associated infections (−52%) [44,46], and also had a relevant positive impact on antimicrobial consumptions (−60%) and therapy costs (−75%) [46]. Based on these observations, here we assessed the PCHS antiviral efficiency on different enveloped viruses known to be able to persist long on surfaces, namely human coronaviruses HCoV-229E and SARS-CoV-2, HSV-1, type A influenza viruses of human (human H3N2) and animal (avian H10N1 and swine H1N2) origin, and the modified Vaccinia virus Ankara (MVA), this virus being the most resistant among enveloped viruses and for this reason mandatorily included in the European standard procedures used to assess the antiviral properties of disinfectants. The assays were carried out in vitro, following the European standard norms for suspension and surface tests [49], testing both the decontaminating and preventing activity of PCHS in comparison with standard disinfectants.




2. Materials and Methods


2.1. Probiotic-Based Detergent


The Probiotic Cleaning Hygiene System (PCHS)(Copma Scrl, Ferrara, Italy) used in all the assays was previously described [22]. Briefly, it consists of a patented EU Ecolabel (https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32010R0066, accessed on 23 October 2021) detergent containing 107 CFU/mL spores of selected probiotics belonging to the Bacillus genus (namely B. subtilis, B. pumilus, and B. megaterium species). PCHS was tested at 1:10, 1:50, and 1:100 dilution in sterile distilled water.




2.2. Viruses and Cells


The enveloped viruses and appropriate target cells used for virus inocula preparation, virus titration, and standard inactivation assays, are summarized in Table 1.



MRC-5 cells were cultured in Eagle Minimal Essential Medium Eagle (EMEM)(Gibco, Grand Island, NY), whereas the other cell lines were grown in Dulbecco Minimal Essential Medium (DMEM)(Gibco, Grand Island, NY). All the cell lines were expanded at 37 °C + 5% CO2 in the appropriate culture medium supplemented with 10% foetal bovine serum (FBS), 2 mM L-Glutamine, 100 U/mL penicillin, and 100 µg/mL streptomycin (cell culture complete medium) (Gibco, Grand Island, NY).



Virus stocks were obtained by infecting specific 90% confluent target cells, subsequently incubated at the appropriate temperature (35 °C for hCoV-229E and 37 °C for all the other viruses) + 5% CO2 in culture medium additioned with 2% FBS. Infected cell cultures were incubated for different times until appearance of cytopathic effect (CPE) involving >80% of cultured cells, that corresponded to: 2 days for MVA and HSV-1, 5 days for SARS-CoV-2, 3 days for influenza viruses, and 7 days for hCoV-229E. At the end of the incubation time, cells and culture supernatants were collected. Cells were lysed by 3 cycles of rapid freezing/thawing in liquid nitrogen and 37 °C, interspersed with 30 s pulse-vortex. Cell lysate was then added to culture supernatant and viral particles were recovered by centrifugation at 20,000× g for 45 min at 4 °C. The virus pellets were suspended in 1 mL of PBS + 1% bovine serum albumin (BSA), then frozen and maintained at −80 °C until use. The virus stock titre was determined by infecting the appropriate target cells seeded in 96-well plates, using the same culture conditions used for virus stock preparation, and evaluating the 50% tissue culture infectious dose (TCID50) per ml by the standard Spearman-Karber method, as previously described [50,51]. Briefly, serial dilution of the viral inocula were added to sestuplicate samples of target cells seeded in 96-well plates, and CPE was recorded after the adequate incubation time. Virus titre was calculated by the following formula, to directly estimate the 50% end point.


    LogID 50 = Log   ( highest   dilution   giving   100 %   CPE ) + 0   . 5     −    total   N  °    test   units   showing   CPE    N °    test   units   per   dilution      



(1)







All virus stocks contained around 108 TCID50/mL, as calculated by the Spearman-Karber method.




2.3. Antiviral Activity: Suspension Tests


The antiviral activity of PCHS in suspension was assayed following the European standard procedure UNI EN 14476:2019, as indicated by the Technical Committee 216 (TC216) “Chemical disinfectants and antiseptics” of the European Committee for Standardization (CEN), which has been developing methods for testing the efficacy of disinfectants in Europe since 1989 [49,52]. Briefly, 10 µL of virus stock suspension (corresponding to 105–107 TCID50, depending on virus type) were added to 90 µL of the appropriate dilution of PCHS (1:10, 1:50 and 1:100), in the presence of 0.3% of BSA, to mimic the conditions that could be found on a hospital surface (“clean” conditions). Negative and positive controls were respectively represented by culture medium and 70% ethanol (EtOH). The suspension was incubated at room temperature for 1, 2, 4, 8, and 24 h; then it was collected, immediately diluted in 0.9 mL cold medium + 2% FBS (neutralization step), filtrated (0.45 µm) to remove the probiotic component, and then serially diluted (10-fold dilution) in cold medium + 2% FBS for titration of the residual virus amount by the Spearman-Karber method. Infected cells were then incubated at the appropriate temperature in the presence of 5% CO2 for the time needed to evidence virus CPE. Representative CPE pictures are shown in Supplementary Materials Figure S1. Infectious titre was expressed as TCID50/mL. Each experimental condition was assessed in duplicate and the collected results represent the mean values of three independent assays. All the experiments with SARS-CoV-2 were performed in a BSL-III laboratory. Experimental controls and cytotoxicity evaluation of PCHS and standard disinfectants were performed in all cell types used in the assays, following the protocol indicated in the standard procedures.




2.4. Antiviral Activity: Surface Tests


The antiviral ability of PCHS on hard non-porous surfaces was assessed following the European standard procedure UNI EN 16777:2019 [53] and using MVA and hCoV229E as the target viruses. The rule provides for evaluations to be performed on stainless steel sterile discs of 2 cm diameter, which were contaminated in three different conditions, to assess respectively: (1) the PCHS ability to decontaminate previously virus-contaminated surfaces, (2) the short-term ability of PCHS-treated surfaces to inactivate a subsequent virus contamination, (3) the long-term action of PCHS in stably preventing a subsequent virus contamination. Each assay was performed in the presence of 0.3% BSA as the organic load (“clean” conditions). Briefly, in decontamination assays, 100 µL of virus inoculum (corresponding to 106 TCID50) were seeded on carrier surface with a micropipette, and the drop was spread on a surface area of about 1 cm diameter and left to dry at room temperature, then immediately covered with 100 µL of PCHS previously diluted 1:10, 1:50, and 1:100 in water. EtOH 70% and culture medium were used as positive and negative controls, respectively. After 1, 2, 4, 8, and 24h, 0.9 mL (10-fold dilution) of ice cold medium + 2% FCS were added to collect the residual virus. The collected medium was then filtered (0.45µm) to remove probiotic component and serially diluted (10-fold) in cold medium + 2% FCS. Each dilution was transferred to 96-well microplates (0.1 mL/well) containing a 90% confluent monolayer cells, which were then incubated at the appropriate conditions to evaluate the residual virus titre by the Spearman-Karber method. In the prevention assay, 100 µL of 1:10, 1:50, and 1:100 diluted PCHS were seeded on surface and left to dry at room temperature. EtOH 70% and culture medium were used as positive and negative controls, respectively. Immediately after drying, the surfaces were contaminated with 100 µL of virus inoculum (106 TCID50). After 1, 2, 4, 8, and 24h, samples were collected and titrated as described for the decontamination assay. The long-term ability of PCHS in preventing virus contamination was assayed by seeding 100 µL of 1:10, 1:50, and 1:100 diluted PCHS on surface and then contaminating the treated surface after 1, 2, 4, 8, and 24h with 100 µL of virus inoculum (106 TCID50). EtOH 70% and sodium hypochlorite (NaClO) 0.5% were used as positive controls; culture medium was used as a negative control. Virus inoculum was left in place for 2 h and then collected and titrated as described for the previous assays. Experimental controls and cytotoxicity evaluation of PCHS and standard disinfectants were performed on all cell types used in the assays, following that indicated in the standard procedures. Both EtOH and NaClO were cytotoxic at 10−1 dilution on all used cell lines, whereas PCHS did not show cell toxicity; direct comparison of virus titre was thus performed on the dilutions from 10−2 onwards.




2.5. Analysis of Probiotic Enzymatic Activity


The Bacillus strains contained in the PCHS detergent (namely B. subtilis, B. pumilus and B. megaterium), previously culturally isolated, were assessed by the API-ZYM system (BioMérieux, Florence, Italy) for their ability to produce enzymes potentially useful to degrade virus components, following the manufacturer’s instructions.




2.6. Statistical Analysis


Statistical analyses were performed with Agilent GeneSpring GX v11.5 software (Agilent Technologies, Santa Clara, CA, USA) and R (R 2019, R Core Team, available as free software at https://www.r.project.org/, accessed on 10 May 2021) by Student’s t-test. A p-value ≤ 0.05 was considered significant.





3. Results


3.1. PCHS Antiviral Activity in Suspension


The results obtained by measuring the antiviral activity of PCHS on the indicated enveloped viruses, in suspension conditions (according to the standard European procedure UNI EN 14476:2019), showed that PCHS could efficiently inactivate all the tested viruses, regardless of the type of virus used (Figure 1), including MVA, which is the only enveloped virus included mandatorily in the standard guidelines, considered the most resistant among the viruses provided with envelope. In detail (Figure 1A), the higher concentrations of PCHS gave a >4 Log inactivation of MVA within 1 h of contact (−6.1 and −5.1 Logs for 1:10 and 1:50 dilutions, respectively), whereas the 1:100 dilution provided a −2.7 Log in 1 h but a >4 Log decrease within 2 h (−4.3 Logs), meeting the standard UNI EN 14476:2019 rules to fulfil the efficacy requirements for a product with antiviral activity against a specific virus type. The reduction of infectious virus titre increased in a time-dependent manner at subsequent incubation times (4, 8, and 24 h).



Figure 1B shows the results obtained using HSV-1, which confirmed and extended those observed with MVA. In fact, a >4 Log virus inactivation was observed with any PCHS dilution within 1 h of contact. The high-diluted product (1:100) provided a 4.9 Log decrease within 1 h, and higher PCHS concentrations (1:10 and 1:50 dilutions) completely inactivated the original virus titre, recording a 7.0 Log reduction. Similarly, the results obtained against the human alpha-coronavirus hCoV-229E (Figure 1C) showed a 4.9 Log inactivation in 1 h of contact with the dilution 1:100, and no residual virus with the higher concentrations (−6 Logs). At later times (2, 4, 8, and 24 h), hCoV-229E inactivation was complete, the residual virus being undetectable.



Consistently, PCHS exhibited a similar antiviral activity also against SARS-CoV-2 (Figure 1D), which was inactivated >4 Log (−4.1 Logs) by the dilution 1:100 within 1 h of contact. The inactivation was complete at 2 and 4 h post contact, as no residual virus was detectable at those times. Based on the obtained results, and similar to that performed in SARS-CoV-2 assays, only the 1:100 PCHS dilution was tested against influenza viruses, using contact times of 1, 2, 4, 8, and 24 h. The results (Figure 1E) showed that human and animal strains were differently sensitive to PCHS activity, with swine H1N2 strain being the most susceptible and the avian H10N1 strain most resistant. The swine H1N2 virus was in fact inactivated >4 Log by PCHS within 1 h (−4.4 Logs), whereas the human H3N2 strain showed a decrease of 2.5, 3.5, and 4.9 Logs, and the avian H10N1 strain a decrease of 2.1, 3, and 4.5 Logs after 1, 2, and 4 h, respectively.




3.2. PCHS Antiviral Activity on Surface


Since in the suspension method the viruses come into contact with a large amount of the disinfectant, which may render them easier to inactivate, the antiviral activity of PCHS was also assessed in carrier tests, performed according to the UNI EN 16777:2019 standard European procedure. Based on the results obtained in suspension tests, only hCoV-229E and MVA viruses were used in the assays, to include a human coronavirus similar to SARS-CoV-2 and a highly resistant enveloped virus. Three different conditions were tested, to assess respectively: (1) the decontaminating ability of PCHS, (2) the PCHS ability to prevent virus contamination by PCHS, (3) the long-term stability of PCHS activity in preventing virus contamination.



The results of decontamination-type assays showed that, similar to that observed in suspension tests, any dilution of PCHS could completely inactivate hCoV-229E (>4 Log decrease) within 1 h, whereas MVA was totally inactivated in 1 h by 1:10 and 1:50 dilutions and in 2 h by 1:100 diluted PCHS (Figure 2). The lowest PCHS concentration induced however a 2.5 Log decrease of MVA titre within 1 h.



Next, the ability of PCHS-treated surfaces to prevent a subsequent virus contamination was assessed. To this purpose, PCHS was first applied on surface and left to dry, then the treated surface was contaminated with the virus inoculum, whose residual titre was evaluated after 1, 2, 4, 8, and 24 h of contact. The results, summarized in Figure 3, showed that PCHS-treated surfaces could inactivate subsequently contaminating viruses, providing complete inactivation of hCoV-229E within 1 h at any PCHS dilution, whereas MVA was completed inactivated in 1 h by 1:10 and 1:50 diluted PCHS and in 2 h by 1:100 diluted PCHS, respectively. After 1 h of contact, however, 1:100 diluted PCHS gave a 3-Log decrease of MVA titre. Of note, 70% EtOH appeared less active than PCHS in inactivating both viruses, suggesting that evaporation caused by drying on surfaces induced a partial loss of action.



Lastly, the long-term ability of PCHS to prevent virus contamination was assessed on surfaces. PCHS (diluted 1:10, 1:50, and 1:100) was applied on surfaces and left to dry, then virus inocula were added to treated surfaces after 1, 2, 4, 8, and 24 h. Viruses were left in place for 2 h and then collected to measure residual virus titre (Figure 4).



Notably, PCHS-treated surfaces completely inactivated both viruses even 24 h after treatment, whereas EtOH- and NaClO-treated surfaces did not maintain their inactivating ability over time. EtOH lost its inactivating activity within 1 h and NaClO gradually lost its virucidal activity from 2 h on both MVA (−2.25 Logs at 2 h) and hCoV-229E (−3.4 Logs): at that time, in fact, the NaClO activity resulted below the threshold needed to define a compound as virucidal (−4 Logs). At longer times the antiviral activity of both chemical disinfectants disappeared completely.




3.3. Enzymatic Activity of PCHS-Probiotics


To elucidate the possible contribution of probiotics in virus inactivation, PCHS-derived Bacillus strains were analyzed for their enzymatic activity, in order to highlight any eventual production of enzymes capable of degrading viral components. The three Bacillus strains included in the PCHS detergent (B. subtilis, B. pumilus, and B. megaterium) were individually tested by the API-ZYM system, allowing to identify and quantify simultaneously 19 different enzymatic activities. The results, summarized in Table 2, showed that each strain exhibited several enzymatic activities, including alkaline and acid phosphatase, esterase and esterase lipase, leucine and valine arylamidase (B. pumilus and B. megaterium), α-chimotrypsin (B. pumilus and B. megaterium), naphtol-phosphohydrolase, α- and β-galactosidase (absent respectively in B. megaterium and B. subtilis), α- and β-glucosidase, N-acetyl-β-glucosamidase, and α-mannosidase (B. pumilus only). The presence of enzymes capable of processing lipids, proteins, and sugars, support the hypothesis that such probiotics could chemically degrade the outer components of enveloped viruses, achieving virus inactivation.





4. Discussion


The COVID-19 pandemic, caused by SARS-CoV-2, has profoundly influenced sanitization procedures and the massive use of disinfectants has been indicated to prevent virus spread. On the other hand, contamination of viral origin has been reportedly evidenced for several viruses beside SARS-CoV-2 [33], possibly contributing to healthcare-associated infections (HAIs) of viral origin [32], including both enveloped and non-enveloped viruses associated with respiratory, muco-cutaneous, blood-borne, and pediatric diseases [32,54]. However, the use of chemical disinfectants has tremendously increased during the COVID-19 pandemic, to fight SARS-CoV-2 spread [3,40,41,55,56], and also new disinfection systems have been proposed [57]. Regardless, some effective chemical disinfectants can be toxic to humans and must be applied only in the absence of people [58], and even with optimal cleaning and disinfecting practices, recontamination of the environment and equipment occurs quickly, due to the temporary action of disinfectants, finally allowing recontamination [16,59,60]. Furthermore, as pointed out by the WHO in a recent editorial [61], the current massive use of chemical disinfectants may exacerbate both environmental pollution and AMR [24,62,63].



In contrast, we recently reported that a sanitation approach based on the microbiome-balance principle (PCHS, Probiotic Cleaning Hygiene System), could stably and efficiently counteract pathogens compared to chemical disinfectants, through competitive exclusion mechanisms [64], decreasing pathogens 80% more than chemical disinfectants [16,22,47,65], without selecting resistant microbes but rather decreasing the existing AMR up to 99.9% [46,48,66], and also decreasing the HAI incidence (−52%) and the HAI-associated drug consumption (−65%) [46].



Based on these premises, and in consideration of the current emergency linked to COVID-19, here we aimed to assess the antiviral potential of PCHS against the enveloped viruses potentially contaminating the healthcare setting, including SARS-CoV-2. PCHS was tested following suspension and surface procedures, according with the European standard UNI EN 14476:2019 and UNI EN 16777:2019. Indeed, both procedures prescribe the use of non-enveloped viruses and only MVA among the enveloped ones (since it is considered the most resistant enveloped virus); however, since our study aimed to analyze the enveloped viruses potentially able to persist on surfaces and similar to SARS-CoV-2, we included, beside MVA, the human coronaviruses hCoV-229E and SARS-CoV-2, the human herpesvirus HSV-1 and three human/animal type A influenza viruses. Three different concentrations of PCHS were tested, including a lower one that is used for routine cleaning (1:100 dilution) and two higher concentrations (1:10 and 1:50 dilutions), comparing their activity with that of 70% EtOH and 0.5% NaClO, two common disinfectants indicated for decontamination during the pandemic. Based on standard procedures evaluating the virucidal properties of a product, we considered a ≥4-Log10 decrease of virus titre obtained within 1 h as the threshold to establish the antiviral activity of the product against a specific virus.



The results showed that PCHS was active on all enveloped viruses at all dilutions in a time-dependent manner. In particular, the 1:100 dilution completely inactivated within 1 h all tested viruses except for MVA, which was inactivated in 2 h. A variable situation was observed with influenza viruses, confirming that previously reported for chemical disinfectants, showing different activity depending on virus type and host origin [67]. In fact, the 1:100-diluted PCHS inactivated swine virus within 1 h, whereas inactivation of human and avian viruses required 2–4 h, suggesting that higher PCHS concentrations should be used against those strains to obtain inactivation in shorter times.



The carrier/surface test results, performed on hCoV-229E and MVA, evidenced a high inactivation activity both in decontamination and prevention conditions. Interestingly, while 70% EtOH and 0.5% NaClO became inactive within 1 and 2 h, respectively, PCHS-treated surfaces maintained their antiviral properties even 24 h after PCHS application, suggesting that a daily PCHS sanitation (as usually performed in routine cleaning) may assure a continuous stably decontaminated environment.



The surfactants contained in detergent are known to disrupt and damage the envelope of viruses [55,68], and may thus account at least in part for the PCHS antiviral action. However, detergent’s long-lasting action on surfaces is difficultly attributable to surfactants only, and we hypothesized that the production of enzymes by the PCHS-Bacillus strains spread on the treated surface may be responsible for the continuous action. Accordingly, the analysis of the enzymes produced by the three PCHS-derived Bacillus species (B. subtilis, B. pumilus and B. megaterium) revealed several enzymatic activities potentially able to degrade the virus shell components, including lipids, protein, and sugar residues. Consistent with this, the Bacillus genus is reportedly known as one of the most important bacterial sources of enzymes with remarkable properties, such as high resistance to extreme temperatures, pH, organic solvents, and oxidizing agents. Bacillus enzymes have been long used in medicine, biofilm destruction, animal feed, agriculture, degradation of feathers, wool, and hair [69,70], thus supporting their ability to also degrade the outer virus components. Indeed, such activities have been previously associated with an effective 99.9% reduction of microbial contamination [71], suggesting that they may be relevant also against viruses. In addition, the bacteria belonging to Bacillus genus possess sporulation capacity that renders them resistant to harsh environmental conditions and usable in concentrated detergents, which makes them interesting for medical and industrial purposes. Lastly, PCHS is a low-cost affordable system, which is also important from a cost-saving perspective [72], and renders it potentially applicable in several non-sanitary environments, including schools, offices, public transportation, as well as in low-income countries. Of note, the UNI EN 14885:2018 indicates two types of disinfection in human medicine: a fast one (within 5 min) for critical patient area, and a slow one (within 1 h) for the other areas [73]. To this regard, PCHS would provide a slow disinfection, but its stable 24 h decontaminating activity suggests that it may long protect the treated environment, meeting also the recent indications of CDC regarding the possibility, in the absence of people with confirmed/suspected COVID-19, that a daily cleaning can be sufficient to remove the virus from surfaces and maintain a healthy facility [19]. For non-healthcare environments it would however be relevant to test PCHS effectiveness also in the presence of high organic soil (“dirty” conditions), as non-sanitary spaces may have higher amounts of organic matter compared to the hospital space. Moreover, since dry biofilm is an increasing problem on surfaces, it would be of interest to test the action of PCHS on this microbial body. Finally, it will be interesting to expand the analysis also to non-enveloped viruses, to assess the eventual antiviral action against those more resistant viruses.




5. Conclusions


In light of its effective long-lasting antiviral activity and characteristics of sustainability, PCHS sanitation may be considered as a novel and safe perspective for the control and prevention of the spread of various enveloped viruses including SARS-CoV-2, also in light of the lack of negative side-effects on the environment health and on AMR concerns.








Supplementary Materials


The following is available online at https://www.mdpi.com/article/10.3390/v13112227/s1, Figure S1: Representative pictures of the control and infected cells inoculated with the residual virus after 1 and 24 h of contact with PCHS at the indicated dilutions.





Author Contributions


Conceptualization, E.C.; methodology, E.C., F.B. and S.M.; validation, F.B., W.R. and S.M.; formal analysis, E.C.; investigation, M.D. and I.S.; resources, S.M.; data curation, W.R.; writing—original draft preparation, E.C.; writing—review and editing, E.C. and W.R. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by POR FESR Emilia Romagna fund (grant number PG/2020/362659, “Bando per sostenere progetti di ricerca ed innovazione per lo sviluppo di soluzioni finalizzate al contrasto dell’epidemia da COVID-19”; Emilia Romagna, Italy).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All the data presented in this study are contained within the article or its Supplementary Materials.




Acknowledgments


We thank the Institute of Virology and Immunology of the University of Bern (Switzerland) for providing the SARS-CoV-2 virus. We acknowledge the excellent technical support of Francesca Bini and Eleonora Mazziga.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



World Health Organization. WHO Coronavirus (COVID-19) Dashboard. Available online: https://covid19.who.int/ (accessed on 21 October 2021).

	



Chin, A.W.H.; Chu, J.T.S.; Perera, M.R.A.; Hui, K.P.Y.; Yen, H.L.; Chan, M.C.W.; Peiris, M.; Poon, L.L.M. Stability of SARS-CoV-2 in different environmental conditions. Lancet Microbe 2020, 1, e10. [Google Scholar] [CrossRef]

	



Kampf, G.; Todt, D.; Pfaender, S.; Steinmann, E. Persistence of coronaviruses on inanimate surfaces and their inactivation with biocidal agents. J. Hosp. Infect. 2020, 104, 246–251. [Google Scholar] [CrossRef]

	



van Doremalen, N.; Bushmaher, T.; Morris, D.H.; Holbrook, M.G.; Gamble, A.; Williamson, B.N.; Azaibi, T.; Harcourt, J.L.; Thornburg, N.J.; Gerber, S.I.; et al. Aerosol and surface stability of SARS-CoV-2 as compared with SARS-CoV-1. N. Engl. J. Med. 2020, 382, 1564–1567. [Google Scholar] [CrossRef]

	



Sun, J.; Zhu, A.; Li, H.; Zheng, K.; Zhuang, Z.; Chen, Z.; Shi, Y.; Zhang, Z.; Chen, S.B.; Liu, X.; et al. Isolation of infectious SARS-CoV-2 from urine of a COVID-19 patient. Emerg. Microbes. Infect. 2020, 9, 991–993. [Google Scholar] [CrossRef]

	



Wang, J.; Feng, H.; Zhang, S.; Ni, Z.; Ni, L.; Chen, Y.; Zhuo, L.; Zhong, Z.; Qu, T. SARS-CoV-2 rna detection of hospital isolation wards hygiene monitoring during the coronavirus disease 2019 outbreak in a chinese hospital. Int. J. Infect. Dis. 2020, 94, 103–106. [Google Scholar] [CrossRef]

	



Chin, A.W.H.; Poon, L.L.M. Stability of SARS-CoV-2 in different environmental conditions—Authors’ reply. Lancet Microbe 2020, 1, e146. [Google Scholar] [CrossRef]

	



Liu, Y.; Li, T.; Deng, Y.; Liu, S.; Zhang, D.; Li, H.; Wang, X.; Jia, L.; Han, J.; Bei, Z.; et al. Stability of SARS-CoV-2 on environmental surfaces and in human excreta. J. Hosp. Infect. 2021, 107, 105–107. [Google Scholar] [CrossRef] [PubMed]

	



Marques, M.; Domingo, J.L. Contamination of inert surfaces by SARS-CoV-2: Persistence, stability and infectivity. A review. Environ. Res. 2021, 193, 110559. [Google Scholar] [CrossRef] [PubMed]

	



Center for Disease Control and Prevention—CDC. SARS-CoV-2 and Surface (Fomite) Transmission for Indoor Community Environments. 2021. Available online: https://www.cdc.gov/coronavirus/2019-ncov/more/science-and-research/surface-transmission.html (accessed on 9 June 2021).

	



Meyerowitz, E.A.; Richterman, A.; Gandhi, R.T.; Sax, P.E. Transmission of SARS-CoV-2: A review of viral, host, and environmental factors. Ann. Intern. Med. 2021, 174, 69–79. [Google Scholar] [CrossRef] [PubMed]

	



Kampf, G.; Bruggemann, Y.; Kaba, H.E.J.; Steinmann, J.; Pfaender, S.; Scheithauer, S.; Steinmann, E. Potential sources, modes of transmission and effectiveness of prevention measures against SARS-CoV-2. J. Hosp. Infect. 2020, 106, 678–697. [Google Scholar] [CrossRef] [PubMed]

	



Wilson, A.M.; Weir, M.H.; Bloomfield, S.F.; Scott, E.A.; Reynolds, K.A. Modeling COVID-19 infection risks for a single hand-to-fomite scenario and potential risk reductions offered by surface disinfection. Am. J. Infect. Control. 2020, 49, 846–848. [Google Scholar] [CrossRef] [PubMed]

	



Pitol, A.; Julian, T. Community transmission of SARS-CoV-2 by surfaces: Risks and risk reduction strategies. Environ. Sci. Technol. Lett. 2021, 8, 6. [Google Scholar] [CrossRef]

	



Istituto Superiore di Snità—ISS. Interim Recommendations on Cleaning and Disinfection of Non-Healthcare Settings during COVID-19 Health Emergency: Surfaces, Indoor Environments and Clothing. In ISS COVID-19 Working Group on Biocides, ISS, 2020; Rapporto ISS COVID-19 n. 25/2020. Available online: Chrome-extension://efaidnbmnnnibpcajpcglclefindmkaj/viewer.html?pdfurl=https%3A%2F%2Fwww.iss.it%2Fdocuments%2F20126%2F0%2FRapporto%2BISS%2BCOVID-19%2B12_2021.pdf%2F4eeb2ce8-648d-b045-4a8c-5dfe1fc7b56a%3Ft%3D1622463358049&clen=2058236 (accessed on 23 October 2021). (In Italian)

	



Vandini, A.; Temmerman, R.; Frabetti, A.; Caselli, E.; Antonioli, P.; Balboni, P.G.; Platano, D.; Branchini, A.; Mazzacane, S. Hard Surface Biocontrol in Hospitals Using Microbial-Based Cleaning Products. PLoS ONE 2014, 9, e108598. [Google Scholar] [CrossRef]

	



Ghafoor, D.; Khan, Z.; Khan, A.; Ualiyeva, D.; Zaman, N. Excessive use of disinfectants against COVID-19 posing a potential threat to living beings. Curr. Res. Toxicol. 2021, 2, 159–168. [Google Scholar] [CrossRef]

	



Curran, E.T.; Wilkinson, M.; Bradley, T. Chemical disinfectants: Controversies regarding their use in low risk healthcare environments (part 1). J. Infect. Prev. 2019, 20, 76–82. [Google Scholar] [CrossRef]

	



Center for Disease Control and Prevention—CDC. Cleaning and Disinfecting Your Facility; Cleaning, Disinfecting & Ventilation. 2021. Available online: https://www.cdc.gov/coronavirus/2019-ncov/community/disinfecting-building-facility.html (accessed on 27 October 2021).

	



Nabi, G.; Wang, Y.; Hao, Y.; Khan, S.; Wu, Y.; Li, D. Massive use of disinfectants against COVID-19 poses potential risks to urban wildlife. Environ. Res. 2020, 188, 109916. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.; Tang, W.; Chen, Y.; Yin, W. Disinfection threatens aquatic ecosystems. Science 2020, 368, 146–147. [Google Scholar] [CrossRef]

	



Caselli, E.; D’Accolti, M.; Vandini, A.; Lanzoni, L.; Camerada, M.T.; Coccagna, M.; Branchini, A.; Antonioli, P.; Balboni, P.G.; Di Luca, D.; et al. Impact of a Probiotic-Based Cleaning Intervention on the Microbiota Ecosystem of the Hospital Surfaces: Focus on the Resistome Remodulation. PLoS ONE 2016, 11, e0148857. [Google Scholar] [CrossRef]

	



Knight, G.M.; Glover, R.E.; McQuaid, C.F.; Olaru, I.D.; Gallandat, K.; Leclerc, Q.J.; Fuller, N.M.; Willcocks, S.J.; Hasan, R.; van Kleef, E.; et al. Antimicrobial resistance and COVID-19: Intersections and implications. eLife 2021, 10. [Google Scholar] [CrossRef]

	



Kampf, G. Biocidal agents used for disinfection can enhance antibiotic resistance in gram-negative species. Antibiotics 2018, 7, 110. [Google Scholar] [CrossRef]

	



Wand, M.E.; Bock, L.; Bonney, L.C.; Sutton, J.M. Mechanisms of Increased Resistance to Chlorhexidine and Cross-Resistance to Colistin following Exposure of Klebsiella pneumoniae Clinical Isolates to Chlorhexidine. Antimicrob. Agents Chemother. 2017, 61, e01162-16. [Google Scholar] [CrossRef]

	



Eterpi, M.; McDonnell, G.; Thomas, V. Disinfection efficacy against parvoviruses compared with reference viruses. J. Hosp. Infect. 2009, 73, 64–70. [Google Scholar] [CrossRef] [PubMed]

	



Dublineau, A.; Batéjat, C.; Pinon, A.; Burguière, A.M.; Leclercq, I.; Manuguerra, J.-C. Persistence of the 2009 Pandemic Influenza A (H1N1) Virus in Water and on Non-Porous Surface. PLoS ONE 2011, 6, e28043. [Google Scholar] [CrossRef]

	



Kramer, A.; Schwebke, I.; Kampf, G. How long do nosocomial pathogens persist on inanimate surfaces? A systematic review. BMC Infect. Dis. 2006, 6, 130. [Google Scholar] [CrossRef]

	



Sizun, J.; Yu, M.; Talbot, P. Survival of human coronaviruses 229E and OC43 in suspension and after drying onsurfaces: A possible source ofhospital-acquired infections. J. Hosp. Infect. 2000, 46, 55–60. [Google Scholar] [CrossRef] [PubMed]

	



Hota, B. Contamination, disinfection, and cross-colonization: Are hospital surfaces reservoirs for nosocomial infection? Clin. Infect. Dis. 2004, 39, 1182–1189. [Google Scholar] [PubMed]

	



Warnes, S.L.; Little, Z.R.; Keevil, C.W. Human Coronavirus 229E Remains Infectious on Common Touch Surface Materials. mBio 2015, 6, e01697-15. [Google Scholar] [CrossRef]

	



Demmler-Harrison, G.J. Healthcare-Associated Viral Infections: Considerations for Nosocomial Transmission and Infection Control; Springer: Cham, Switzerland, 2018; pp. 229–257. [Google Scholar] [CrossRef]

	



Carducci, A.; Verani, M.; Lombardi, R.; Casini, B.; Privitera, G. Environmental survey to assess viral contamination of air and surfaces in hospital settings. J. Hosp. Infect. 2011, 77, 242–247. [Google Scholar] [CrossRef]

	



Borbone, N.; Piccialli, G.; Roviello, G.N.; Oliviero, G. Nucleoside analogs and nucleoside precursors as drugs in the fight against SARS-CoV-2 and other coronaviruses. Molecules 2021, 26, 986. [Google Scholar] [CrossRef]

	



Cheng, A.; Wong, S.M.; Yuan, Y.A. Structural basis for dsRNA recognition by NS1 protein of influenza A virus. Cell Res. 2008, 19, 187–195. [Google Scholar] [CrossRef]

	



Tiwari, A.; Patnayak, D.P.; Chander, Y.; Parsad, M.; Goyal, S.M. Survival of Two Avian Respiratory Viruses on Porous and Nonporous Surfaces. Avian Dis. 2006, 50, 284–287. [Google Scholar] [CrossRef]

	



Bean, B.; Moore, B.M.; Sterner, B.; Peterson, L.R.; Gerding, D.N.; Balfour, H.H. Survival of Influenza Viruses on Environmental Surfaces. J. Infect. Dis. 1982, 146, 47–51. [Google Scholar] [CrossRef] [PubMed]

	



Wood, J.P.; Choi, Y.W.; Chappie, D.J.; Rogers, J.V.; Kaye, J.Z. Environmental Persistence of a Highly Pathogenic Avian Influenza (H5N1) Virus. Environ. Sci. Technol. 2010, 44, 7515–7520. [Google Scholar] [CrossRef]

	



Whitley, R.J.; Roizman, B. Herpes simplex virus infections. Lancet 2001, 357, 1513–1518. [Google Scholar] [CrossRef]

	



World Health Organization—WHO. Cleaning and Disinfection of Environmental Surfaces in the Context of COVID-19. 2020. Available online: https://www.who.int/publications/i/item/cleaning-and-disinfection-of-environmental-surfaces-inthe-context-of-covid-19 (accessed on 25 October 2021).

	



D’Accolti, M.; Soffritti, I.; Passaro, A.; Zuliani, G.; Antonioli, P.; Mazzacane, S.; Manfredini, R.; Caselli, E. SARS-CoV-2 rna contamination on surfaces of a COVID-19 ward in a hospital of northern italy: What risk of transmission? Eur. Rev. Med. Pharmacol. Sci. 2020, 24, 9202–9207. [Google Scholar] [PubMed]

	



Suleyman, G.; Alangaden, G.; Bardossy, A.C. The Role of Environmental Contamination in the Transmission of Nosocomial Pathogens and Healthcare-Associated Infections. Curr. Infect. Dis. Rep. 2018, 20, 12. [Google Scholar] [CrossRef]

	



Doll, M.; Stevens, M.; Bearman, G. Environmental cleaning and disinfection of patient areas. Int. J. Infect. Dis. 2018, 67, 52–57. [Google Scholar] [CrossRef] [PubMed]

	



Caselli, E.; Brusaferro, S.; Coccagna, M.; Arnoldo, L.; Berloco, F.; Antonioli, P.; Tarricone, R.; Pelissero, G.; Nola, S.; La Fauci, V.; et al. Reducing healthcare-associated infections incidence by a probiotic-based sanitation system: A multicentre, prospective, intervention study. PLoS ONE 2018, 13, e0199616. [Google Scholar] [CrossRef] [PubMed]

	



Caselli, E.; Antonioli, P.; Mazzacane, S. Safety of probiotics used for hospital environmental sanitation. J. Hosp. Infect. 2016, 94, 193–194. [Google Scholar] [CrossRef]

	



Caselli, E.; Arnoldo, L.; Rognoni, C.; D’Accolti, M.; Soffritti, I.; Lanzoni, L.; Bisi, M.; Volta, A.; Tarricone, R.; Brusaferro, S.; et al. Impact of a probiotic-based hospital sanitation on antimicrobial resistance and HAI-associated antimicrobial consumption and costs: A multicenter study. Infect. Drug Resist. 2019, 12, 501–510. [Google Scholar] [CrossRef]

	



Caselli, E.; D’Accolti, M.; Soffritti, I.; Lanzoni, L.; Bisi, M.; Volta, A.; Berloco, F.; Mazzacane, S. An Innovative Strategy for the Effective Reduction of MDR Pathogens from the Nosocomial Environment. In Advances in Microbiology, Infectious Diseases and Public Health; Springer: Cham, Switzerland, 2019; Volume 1214, pp. 79–91. [Google Scholar] [CrossRef]

	



D’Accolti, M.; Soffritti, I.; Mazzacane, S.; Caselli, E. Fighting AMR in the Healthcare Environment: Microbiome-Based Sanitation Approaches and Monitoring Tools. Int. J. Mol. Sci. 2019, 20, 1535. [Google Scholar] [CrossRef] [PubMed]

	



Tarka, P.; Nitsch-Osuch, A. Evaluating the Virucidal Activity of Disinfectants According to European Union Standards. Viruses 2021, 13, 534. [Google Scholar] [CrossRef] [PubMed]

	



Spearman, C. The method of “right and wrong cases” (“constant stimuli”) without gauss’s formulae. Br. J. Psychol. 1908, 2, 227–242. [Google Scholar] [CrossRef]

	



Kärber, G. Beitrag zur kollektiven Behandlung pharmakologischer Reihenversuche. Naunyn-Schmiedeberg’s Arch. Pharmacol. 1931, 162, 480–483. [Google Scholar] [CrossRef]

	



European Committee for Standardization—CEN. En 14476:2019: Chemical Disinfectants and Antiseptics—Quantitative Suspension Test for the Evaluation of Virucidal Activity in the Medical Area—Test Method And Requirements (Phase 2/Step 1); European Committee for Standardization: Brussels, Belgium, 2019. [Google Scholar]

	



European Committee for Standardization—CEN. En 16777:2019: Chemical Disinfectants and Antiseptics—Quantitative Non-Porous Surface Test Without Mechanical Action for the Evaluation of Virucidal Activity of Chemical Disinfectants Used in the Medical Area—Test Method and Requirements (Phase 2/Step 2); European Committee for Standardization: Brussels, Belgium, 2019. [Google Scholar]

	



Chow, E.; Mermel, L.A. Hospital-Acquired Respiratory Viral Infections: Incidence, Morbidity, and Mortality in Pediatric and Adult Patients. Open Forum Infect. Dis. 2017, 4, ofx006. [Google Scholar] [CrossRef]

	



Gerlach, M.; Wolff, S.; Ludwig, S.; Schafer, W.; Keiner, B.; Roth, N.J.; Widmer, E. Rapid SARS-CoV-2 inactivation by commonly available chemicals on inanimate surfaces. J. Hosp. Infect. 2020, 106, 633–634. [Google Scholar] [CrossRef]

	



Colaneri, M.; Seminari, E.; Piralla, A.; Zuccaro, V.; Filippo, A.D.; Baldanti, F.; Bruno, R.; Mondelli, M.U.; COVID 19 IRCCS San Matteo Pavia Task force. Lack of SARS-CoV-2 rna environmental contamination in a tertiary referral hospital for infectious diseases in northern italy. J. Hosp. Infect. 2020, 105, 3. [Google Scholar] [CrossRef]

	



Matsuura, R.; Lo, C.W.; Wada, S.; Somei, J.; Ochiai, H.; Murakami, T.; Saito, N.; Ogawa, T.; Shinjo, A.; Benno, Y.; et al. SARS-CoV-2 disinfection of air and surface contamination by tio2 photocatalyst-mediated damage to viral morphology, RNA, and protein. Viruses 2021, 13, 942. [Google Scholar] [CrossRef]

	



Center for Disease Control and Prevention—CDC. Hazard Communication for Disinfectants Used against Viruses. 2020. Available online: https://www.cdc.gov/niosh/topics/disinfectant/default.html (accessed on 23 October 2021).

	



Rutala, W.A.; Kanamori, H.; Gergen, M.; Weber, D.J. Microbial Assessment of Recontamination with Acinetobacter in Patient Room Environment in Burn Units. Am. J. Infect. Control. 2020, 48, S20. [Google Scholar] [CrossRef]

	



Rutala, W.A.; Gergen, M.F.; Sickbert-Bennett, E.E.; Anderson, D.J.; Weber, D.J.; Program, F.T.C.P.E. Antimicrobial activity of a continuously active disinfectant against healthcare pathogens. Infect. Control. Hosp. Epidemiol. 2019, 40, 1284–1286. [Google Scholar] [CrossRef]

	



World Health Organization—WHO. Tackling Antimicrobial Resistance in the COVID-19 Pandemic. 2020. Available online: https://www.who.int/bulletin/volumes/98/7/20-268573.pdf (accessed on 20 October 2021).

	



Mahnert, A.; Moissl-Eichinger, C.; Zojer, M.; Bogumil, D.; Mizrahi, I.; Rattei, T.; Martinez, J.L.; Berg, G. Man-made microbial resistances in built environments. Nat. Commun. 2019, 10, 968. [Google Scholar] [CrossRef] [PubMed]

	



Dai, D.; Prussin, A.J., 2nd; Marr, L.C.; Vikesland, P.J.; Edwards, M.A.; Pruden, A. Factors shaping the human exposome in the built environment: Opportunities for engineering control. Environ. Sci. Technol. 2017, 51, 7759–7774. [Google Scholar] [CrossRef]

	



Al-Ghalith, G.A.; Knights, D. Bygiene: The New Paradigm of Bidirectional Hygiene. Yale J. Boil. Med. 2015, 88, 359–365. [Google Scholar]

	



Caselli, E. Hygiene: Microbial strategies to reduce pathogens and drug resistance in clinical settings. Microb. Biotechnol. 2017, 10, 1079–1083. [Google Scholar] [CrossRef]

	



D’Accolti, M.; Soffritti, I.; Piffanelli, M.; Bisi, M.; Mazzacane, S.; Caselli, E. Efficient removal of hospital pathogens from hard surfaces by a combined use of bacteriophages and probiotics: Potential as sanitizing agents. Infect. Drug Resist. 2018, 11, 1015–1026. [Google Scholar] [CrossRef] [PubMed]

	



Kormuth, K.A.; Lin, K.; Qian, Z.; Myerburg, M.M.; Marr, L.C.; Lakdawala, S.S. Environmental Persistence of Influenza Viruses Is Dependent upon Virus Type and Host Origin. mSphere 2019, 4, e00552-19. [Google Scholar] [CrossRef] [PubMed]

	



Jahromi, R.; Mogharab, V.; Jahromi, H.; Avazpour, A. Synergistic effects of anionic surfactants on coronavirus (SARS-CoV-2) virucidal efficiency of sanitizing fluids to fight COVID-19. Food Chem. Toxicol. 2020, 145, 111702. [Google Scholar] [CrossRef]

	



Latorre, J.D.; Hernandez-Velasco, X.; Wolfenden, R.E.; Vicente, J.L.; Wolfenden, A.D.; Menconi, A.; Bielke, L.R.; Hargis, B.M.; Tellez, G. Evaluation and Selection of Bacillus Species Based on Enzyme Production, Antimicrobial Activity, and Biofilm Synthesis as Direct-Fed Microbial Candidates for Poultry. Front. Vet. Sci. 2016, 3, 95. [Google Scholar] [CrossRef]

	



Danilova, I.; Sharipova, M. The Practical Potential of Bacilli and Their Enzymes for Industrial Production. Front. Microbiol. 2020, 11, 1782. [Google Scholar] [CrossRef]

	



Delhalle, L.; Taminiau, B.; Fastrez, S.; Fall, A.; Ballesteros, M.; Burteau, S.; Daube, G. Evaluation of Enzymatic Cleaning on Food Processing Installations and Food Products Bacterial Microflora. Front. Microbiol. 2020, 11, 1827. [Google Scholar] [CrossRef]

	



Tarricone, R.; Rognoni, C.; Arnoldo, L.; Mazzacane, S.; Caselli, E. A Probiotic-Based Sanitation System for the Reduction of Healthcare Associated Infections and Antimicrobial Resistances: A Budget Impact Analysis. Pathogens 2020, 9, 502. [Google Scholar] [CrossRef] [PubMed]

	



European Committee for Standardization—CEN. En 14885:2018: Chemical Disinfectants and Antiseptics—Application of European Standards for Chemical Disinfectants and Antiseptics; European Committee for Standardization: Brussels, Belgium, 2018. [Google Scholar]








[image: Viruses 13 02227 g001 550] 





Figure 1. PCHS antiviral activity in suspension tests performed on the indicated enveloped viruses. (A) modified Vaccinia virus (MVA) virus titre after contact with PCHS at the indicated dilutions, as measured in BHK target cells. (B) HSV-1 virus titre after contact with PCHS at the indicated dilutions, as measured in target Vero cells. (C) hCoV-229E virus titre after contact with PCHS at the indicated dilutions, as measured in MRC-5 target cells. (D) SARS-CoV-2 virus titre after contact with PCHS (dilution 1:100), as measured in Vero target cells. (E) human and animal influenza virus titres after contact with 1:100-diluted PCHS, as measured in swine H1N2, human H3N2 and avian H10N1 strains were used, and residual virus titre was measured in MDCK target cells. Positive control of virus inactivation was represented by 70% EtOH in each assay. Results are expressed as Log10 TCID50/mL, and represent the mean ± SD values of duplicate samples from three independent assays for each virus type. 
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Figure 2. PCHS activity in surface decontamination tests. Assays were performed by applying the indicated PCHS dilutions (1:10, 1:50, and 1:100) to surfaces previously contaminated with the indicated viruses. Samples were collected 1, 2, 4, 8, and 24 h, and the residual virus titre was evaluated by Spearman Karber method. 70% EtOH was used as control; results are expressed as Log10 TCID50/mL, and represent the mean ± SD values of duplicate samples from three independent assays. (A) hCoV-229E results. (B) MVA results. 
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Figure 3. PCHS ability to prevent virus contamination on treated surface. Assays were performed by applying PCHS on surface (dilutions 1:10, 1:50, and 1:100), left to dry, and immediately contaminating treated surfaces with the indicated viruses. After 1, 2, 4, 8, and 24 h, samples were collected and the residual virus titre was evaluated by Spearman-Karber method. As control, 70% EtOH was used; results are expressed as Log10 TCID50/mL, and represent the mean ± SD values of duplicate samples from three independent assays. (A) hCoV-229E results. (B) MVA results. 
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Figure 4. Long-term ability of PCHS to prevent virus contamination on treated surface. Assays were performed by applying PCHS on surface (dilutions 1:10, 1:50, and 1:100), left to dry and left on surface for 1, 2, 4, 8, and 24 h. Afterwards, treated surfaces were contaminated with the indicated viruses. After 2 h, samples were collected and the residual virus titre was evaluated by Spearman-Karber method. As controls, 70% EtOH and 0.5% NaClO were used; results are expressed as Log10 TCID50/mL, and represent the mean ± SD values of duplicate samples from three independent assays. (A) hCoV-229E results. (B) MVA results. 
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Table 1. Virus trains and target cells used in the assays.
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	Virus
	Strain
	Target Cells





	modified Vaccinia virus Ankara

(MVA)
	ATCC VR-1508
	baby hamster kidney fibroblast BHK-21 cell line (ATCC CCL-10)



	herpes simplex virus type 1

(HSV-1)
	ATCC VR-260
	monkey kidney fibroblast Vero-E6 cell line (ATCC CRL-1586)



	human alpha-coronavirus 229E

(hCoV-229E)
	ATCC VR-740
	human lung fibroblast MRC-5 cells

(ATCC CCL-171)



	human beta-coronavirus SARS-CoV-2 1
	//
	monkey kidney fibroblast Vero-E6 cell line (ATCC CRL-1586)



	human H3N2 influenza virus 2
	A/Wisconsin/67/2005
	Madin-Darby Canine Kidney MDCK cell line (ATCC CCL-34)



	avian H10N1 influenza virus 2
	A/mallard/Italy/4518/2012
	Madin-Darby Canine Kidney MDCK cell line (ATCC CCL-34)



	swine H1N2 influenza virus 2
	A/swine/Italy/4159/2006
	Madin-Darby Canine Kidney MDCK cell line (ATCC CCL-34)







1 provided by the Institute of Virology and Immunology of the University of Bern, Switzerland 2 provided by Istituto Zooprofilattico Sperimentale delle Venezie, IZSVe, Padova, Italy.
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Table 2. Enzymatic activity of PCHS-Bacillus strains (*).
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Enzyme

	
B. subtilis

	
B. pumilus

	
B. megaterium






	
NTC

Alkaline phosphatase

Esterase

	
0

	
0

	
0




	
2

	
5

	
4




	
4

	
4

	
2




	
Esterase lipase

Lipase

	
4

	
4

	
2




	
0

	
0

	
0




	
Leucine arylamidase

Valine arylamidase

Cysteine arylamidase

Trypsin

	
0

	
3

	
3




	
0

	
1

	
1




	
0

	
0

	
0




	
0

	
0

	
0




	
α-chimotrypsin

Acid phosphatase

	
0

	
1

	
1




	
2

	
4

	
5




	
Naphtol-phosphohydrolase

	
1

	
1

	
2




	
α-galactosidase

	
2

	
1

	
0




	
β-galactosidase

	
0

	
4

	
2




	
β-glucuronidase

	
0

	
0

	
0




	
α-glucosidase

	
4

	
1

	
2




	
β-glucosidase

	
5

	
5

	
1




	
N-acetyl-β-glucosamidase

	
1

	
1

	
1




	
α-mannosidase

	
0

	
3

	
0




	
α-fucosidase

	
0

	
0

	
0








(*) The activity of each enzymatic is expressed with a score from 0 to 5 according with the intensity of the reaction, compared to control, as indicated by manufacturer’s instructions.
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