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Abstract

:

To better understand plausible SARS-CoV-2 transmission through fomites, a physiological model was designed to analyze the decay rate of SARS-CoV-2 infectivity. We focused on non-porous materials present in high-touch surfaces or used as containment barrier surfaces, namely glass, acrylic glass, photo-activated coated glass, stainless steel and aluminium. SARS-CoV-2 survival depended on the material considered, with half-lives on glass, photo-activated coated glass, stainless steel and aluminium equal to 6.9, 4.1, 3.5 and 2.3 h, respectively. This study highlights the potential utility of coatings in the fight against the current threat. In addition, it spotlights the need for standardizing assays to assess indirect transmission of COVID-19.
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1. Introduction


As with several respiratory viral pathogens, the coronavirus transmission path occurs through direct or indirect contact between infected individuals or contaminated fomites and naïve individuals. Respiratory droplets and aerosols are proposed to represent the source of contamination [1,2]. Transmission could occur when the infected person speaks, coughs, sneezes, sings, or undergoes medical procedures [3]. Understanding the transmission routes is critical for designing, applying, and evaluating prevention and control measures. In that perspective, efforts should tackle the problem at the source and propose new measures to mitigate the rapid spreading of SARS-CoV-2 [4].



To date, several studies were published analyzing the persistence of SARS-CoV-2 on various surfaces, which act as fomites, showing that the virus remains infectious for a longer time in non-porous materials and in settings with lower temperature and humidity [2,5,6,7,8]. In a first report, van Doremalen and collaborators [2] assessed SARS-CoV-2 stability on various porous and non-porous materials. In this pioneer study, virus infectivity was still detected for up to 72 h on plastic and stainless steel. Following this initial description, different settings were developed to evaluate SARS-CoV-2 stability. For the same material, a huge range of decay times was reported. For example, viral infectivity was detected from 3 up to 28 days when tested on stainless steel [2,7]. The high degree of discrepancies might originate from assessments based on different inoculum with varying viral loads, droplet sizes and matrix compositions. Stabilization of viral infectivity was observed when the virus was suspended in complex matrices with enriched protein concentration [5,7]. Another discussion arises from studies where SARS-CoV-2 fomites contamination was evaluated through the quantification of the viral RNA load without testing the associated viral infectivity [9,10]. In the present assay, we selected a viral inoculum suspended in small droplets within a matrix corresponding to average extra-cellular medium. This inoculum contained a viral concentration representative of the average viral load found in a large cohort of SARS-CoV-2 infected patients [11] and was analyzed in a model which compiles viral genomic load and viral infectivity data over time.



This model was applied to evaluate viral stability on innovative materials. In this context, coatings are considered as potential tools to mitigate indirect transmission of SARS-CoV-2. These coated materials open the opportunity of responding to the urgent global call to integrate different branches of knowledge to develop, analyze and implement practical and feasible solutions [12]. Significant efforts evaluating the efficiency of antiviral technology-based materials and coatings have been made [13]. Several viral stability studies have been published which investigated surfaces; the use of titanium dioxide was examined: TiO2 thin films were deposited with different processes, for example, using the spin-coating method [14], using the spray adhesion method [15], and by immersion in TiO2 nanosized particles suspension [16]. In opposition with these post-manufacturing coatings in the form of TiO2 thin films or TiO2 nanoparticles, an original material was tested here, where TiO2 is immobilized in the upper layer of glass during manufacturing. The coating is strongly bonded to the glass surface and is considered a continuous sublayer in parallel to the glass surface.



In the present study, the risk associated with contaminated droplets was evaluated in experimental laboratory settings, where contaminated objects were sorted according to their capacity to decrease viral infectivity. Properties of inanimate objects were thoroughly assessed in order to discriminate materials that either permit or prevent SARS-CoV-2 transmission. To this end, maintenance of viral infectivity was measured over time following SARS-CoV-2 controlled exposures of inert materials that might be used as a screen in a daily environment to impair the viral transmission, such as glass, acrylic glass, stainless steel, aluminium and titanium dioxide coated glass with photocatalytic properties.




2. Materials and Methods


2.1. Inert and Activated Non-Porous Materials


The surface materials used as inoculum carriers were clear soda-lime glass (classic glass), polymethyl methacrylate acrylic (acrylic glass), aluminium alloy (AW-6082), stainless steel 304, and float glass coated with a pyrolytic coating sublayer of TiO2 deposed in its crystalline anatase form by chemical vapor deposition (CVD). The carriers with coating complied with class A mechanical and chemical durability tests required in the European standard EN1096-2:2012 [17] (Planibel Easy). TiO2-based carriers were irradiated with UVA 340 lamps for 4 h, corresponding to one daylight (photo-activated TiO2, PA + TiO2 glass). Inoculum droplets were poured on the coated glass surface 1 h post-irradiation. No additional UV exposure was applied thereafter, excluding any direct UV light impact on viral particles. The lamps provide a close simulation of sunlight in the critical short wavelength region from 365 nm down to the solar cut-off of 295 nm. At 340 nm, corresponding to emission peak, the irradiance is 0.68 W/m2 which is equivalent to noon summer sunlight. Some other TiO2-based carriers were not irradiated as reference (non photo-activated TiO2, PA- TiO2 glass).




2.2. Experimental Settings


Room temperature and relative humidity were set at 22 °C and 54% respectively. The following critical parameters were fine-tuned to enable a better viral decay in the surface-liquid contact interphase. (i) Each material carrier was inoculated by pouring 5 droplets of 4 µL of Eagle’s Minimum Essential Medium (EMEM) containing 1% fetal bovine serum (for a total volume of 20 µL), also containing a (ii) viral load of 5000 Tissue Culture Infectious Dose 50% (TCID50), reflecting the median genomic viral load observed in a cohort of 1400 patients screened at the University of Namur in 2020 March and April [11]. (iii) Immediately after viral inoculation and at 2, 4, 6, 12 and 24 h post-inoculation, the remaining inoculum was recovered by immersion of each material carrier with 1 mL of EMEM. The decay rate of SARS-CoV-2 was measured in independent triplicates.



The Vero E6 cell line was used to determine the infectious virus concentration by an endpoint dilution assay. The cytopathic effect was assessed and count on the 96 well plates (6 replicates by dilution), and the titers displayed as TCID50/mL, according to the Reed and Muench method. The limit of detection corresponds to 20 TCID50/mL. In parallel, RNA was extracted from each corresponding surface elute to detect and quantify viral genomic load by RT-qPCR targeting SARS-CoV-2 E gene as detailed in [11]. Briefly, reverse transcription was realized ahead of the amplification step targeting E gene locus by using adapted primer pairs and probe. An internal control permitted validating the results.




2.3. Statistical Analysis


A mechanistic model was developed to fit both TCID50 and RT-qPCR kinetics. We assumed that virus concentration per mL, V, as measured by RT-qPCR, was the sum of infectious and non-infectious particles concentrations per mL, noted VI and VNI, respectively, and we assumed that 1 TCID50 corresponded to approximately 1 infectious virus. The total amount of virus was assumed to decline with rate   c   (for example, the viral half-life is log(2)/c) and the virus was assumed to lose infectivity with rate  ρ  (for example, the infectious virus half-life is log (2)/    ρ  ). Thus, in this model, the kinetics of total and infectious virus was given by V(t) = V0 × exp(−c×t) and VI (t) =      π  ×V0 × exp(−(c +    ρ  )×t), respectively, where  π  is the proportion of infectious virus in the initial inoculum noted V0. Parameters were fitted to all replicates simultaneously, using a mixed effect modelling approach and the SAEM [18] was implemented in Monolix software 2020R1 (www.lixoft.com, accessed on 06/11/2020).



To compare the decline rates in the different materials, the following procedure was used. First, the model was fitted, assuming all materials were different. A forward strategy was then used to assess the possibility of different group surfaces. Materials were grouped one by one and were kept grouped if the resulting Bayesian information criterion, a statistical criterion derived from the likelihood of the model that considers the number of estimated parameters as well as the number of observations, did not decrease by more than 2 points [19]. The procedure was continued until no improvement of the Bayesian information criterion was obtained. Finally, the significance of differences in the parameters in the different surfaces were tested using the Wald test, which uses the estimated residual standard error of the estimated coefficient associated with the covariate to estimate the test statistics. When the final model was obtained, we used the individual parameters to simulate the viral load dynamics predictions. We calculated the predicted median times needed to decrease the infectious viral load by 90% from baseline and reach the level of 3 log10 TCID50/mL.





3. Results


Total RNA viral load remained stable over time, with a minimal decay rate of 4    ×   10   − 3     h−1, corresponding to a half-life of 172 h and no differences across materials. Before constituting groups of material, the loss rates of infectivity were estimated as 0.1, 0.1, 0.11, 0.16, 0.20, and 0.29 h−1, respectively, for classic glass, acrylic glass, non photo-activated TiO2 glass, photo-activated TiO2 glass, stainless steel and aluminum. In the final model, the classic glass, the acrylic glass and the non-activated TiO2 treated glass had no significant differences in the loss rate of virus infectivity, with a rate of 0.1 h−1, corresponding to a half-life of the infectious virus of 6.9 h, and were therefore considered as a single reference surface in the rest of the analysis, Figure 1.



In contrast, infectious virus decreased more rapidly in contact with photo-activated TiO2 coated glass, with a loss rate of   0.16   h−1 corresponding to a half-life of   4.1   h (p =   0.006   to reference surfaces, that is, classic glass, acrylic glass and non photo-activated TiO2 glass). This loss rate was even more significant on stainless steel and aluminium, with values of 0.2 and 0.3 h−1 respectively, corresponding to half-lives of 3.5 and 2.3 h (both p < 10−4 to reference surfaces). Using this model, we predicted that the time to decrease infectivity by 90% was shortened in aluminium, stainless steel and photo-activated TiO2 treated glass by 66.2%, 44.6% and 37.5% compared to reference surfaces (  7.3 ,   11.9    and    13.5   h vs. 21.6 h, respectively). Similar trends were obtained for the time needed to reach 3 log10 TCID50/mL, with values of 15.2, 9.8, 8.7 and 5.5 h for reference surfaces, photo-activated TiO2, stainless steel and aluminium, respectively, Table 1.




4. Discussion


In this study, significant differences were observed in the persistence of viral infectivity of the causative agent of the COVID-19 deposited in the form of small droplets on non-porous materials. Our data indicate that photo-activated TiO2 coated glass together with aluminium and stainless steel shorten the half-life of infectious SARS-CoV-2 when compared to reference surfaces. The soundness of the approach developed here relies on data interpretation considering viral infectivity together with the viral genomic load over time. It emphasizes the limitations of studies claiming to characterize COVID-19 transmission by only reporting traces of viral nucleic acid [9,10].



The mechanisms underlying viral inactivation by aluminium remains unclear. Sizun, J. and collaborators reported a rapid loss of viral infectivity of HCV-OC43 (3 h) and HCV-229E (6 h) after drying on an aluminium surface [20]. Recently Hassan, J. et al. compared etched nanostructure aluminium carriers’ performance against smooth aluminium 6063 alloy carriers. They were exposed to 1 × 103 TCID50 in a 10 µL droplet of SARS-CoV-2 at room temperature [21]. Remarkably smooth controls exhibit a highly similar decay infectivity behavior in the present assay and in the study carried out by Hassan and collaborators [21]. After 24 h the decay was accentuated, and no viral infectivity was detected at 48 h post-inoculation.



Several studies report the antiviral effect of TiO2 coatings in viral models such as influenza, human coronavirus NL-63 and bovine respiratory coronavirus [14,15,16]. The TiO2 photocatalyst provides some advantages such as the strong photo-oxidation capacity, a broad antiviral spectrum, and the possibility of supporting the catalyst on various types of inert matrices [13,22,23]. The current TiO2 deposition method—CVD during glass manufacturing—confers sustainable performance of the TiO2 thin film over time, and a strong bonding with the glass matrix, which impedes the release of particles to the environment [17]. Here we proved the antiviral capacity TiO2 directly against SARS-CoV-2, further evaluation for the application on front line scenarios such as hospitals, nursing homes and areas of heavy pedestrian traffic, where self-cleaning surfaces in building materials, equipment, or air-conditioning can help to mitigate indirect fomites transmission paths of SARS-CoV-2 and other nosocomial viral infections [12].



Photocatalytic inactivation of viruses by TiO2 begins by irradiating the semiconductor with UV light with a greater band gap energy of 3.2 eV, resulting in an electron–hole pair leaving a free electron in the conduction band and a hole in the valence band. The electron holes react with water molecules or hydroxide ions, forming hydrogen peroxide molecules or hydroxyl radicals, leading to peroxidation of envelope phospholipids and viral proteins. Eventually, the nucleic acid is damaged as well [22,24]. The second photochemical reaction that TiO2 undergoes is a transient modification in wettability, becoming hydrophilic at first and gradually reverting to a more hydrophobic state [22]. By using a pre-irradiation scheme, the current setting clearly discriminates the antiviral activity due to the material from the direct effect of UV light on viral particles. In previous works involving TiO2 thin films or TiO2 nanoparticles, the antiviral properties mediated by the materials were not distinguished as the UV irradiation schemes were continuous [14,15,16]. Even the reactive oxygen species production is not constant, and the phenomenon of an increase in the hydrophobicity state is progressively reverted in this pre-irradiation scheme; it triggers efficient photo-activation of the material leading to significant antiviral properties.



Our data match that of van Doremalen et al. regarding viral persistence in contact with an acrylic glass. While they estimated a half-life of 6.8 h, a half-life of 6.9 h was measured in our conditions. However, several concerns were raised regarding experimental designs with either non-accurate viral loads or unstandardized biological matrixes, making it harder to reconcile persistence times ranging from 3 to 28 days [2,5,7,8]. It is noteworthy that the matrix, the droplet size, and the elution procedure might be further improved to mimic real-life conditions.



Bueckert and collaborators [25] discussed the factors influencing viral stability outside the host, which involve environmental parameters (temperature, relative humidity, UV light, airflow), inoculum matrix composition (saliva, mucus, proteins, salts, surfactant), the virion’s intrinsic properties, and the droplet land surface physicochemical properties. Furthermore, they exposed a wide range of limitations and challenges that allow misinterpretation of current and previous works and impaired reaching definitive conclusions. Therefore, efforts should reach reference guidelines, that better reflect the reality of indirect transmission by fomites.
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Figure 1. Individual fits of RNA and TCID50 data. Dashed lines represent fits of RNA viral load data (circles). Plain lines represent fits of TCID50 data (triangles). Squares represent TCID50 data under the limit of quantification. Dotted lines indicate the point the time at which TCID50 reaches 3 log10/mL. 
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Table 1. Estimated parameters of the infective virus dynamics.
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Material

	
Half-Life (h)

	
Time to 90% Decrease of TCID50

(Median, h)

	
Time to Reach 1000 TCID50/mL

(Median, h)






	
Classic glass

	
6.9 1

	
21.6

	
15.2




	
Acrylic glass




	
PA − TiO2 glass




	
PA + TiO2 glass

	
4.1

	
13.5

	
9.8




	
Aluminium

	
2.3

	
7.3

	
5.5




	
Stainless Steel

	
3.5

	
11.9

	
8.7




	
Viral dynamics parameters common to all materials

	
   V 0    (RNA copies. mL−1)

	
c (d−1)

	
 π  (%)




	

	
5.89

	
0.0038

	
0.67








1 Classic glass, Acrylic glass and non photo-activated TiO2 coated glass (PA- TiO2 glass) had similar kinetics and were considered a single group for the statistical analysis, as they presented similar loss rates of virus infectivity.
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