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Abstract

:

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic has completely disrupted people’s lives. All over the world, many restrictions and precautions have been introduced to reduce the spread of coronavirus disease 2019 (COVID-19). Ultraviolet C (UV-C) radiation is widely used to disinfect rooms, surfaces, and medical tools; however, this paper presents novel results obtained for modern UV-C light-emitting diodes (LEDs), examining their effect on inhibiting the multiplication of viruses. The main goal of the work was to investigate how to most effectively use UV-C LEDs to inactivate viruses. We showed that UV-C radiation operating at a 275 nm wavelength is optimal for germicidal effectiveness in a time exposure (25–48 s) study: >3 log-reduction with the Kärber method and >6 log-reduction with UV spectrophotometry were noted. We used real-time quantitative reverse transcription polymerase chain reaction (RT-qPCR) to reliably estimate virus infectivity reduction after 275 nm UV-C disinfection. The relative quantification (RQ) of infectious particles detected after 40–48 s distinctly decreased. The irradiated viral RNAs were underexpressed compared to the untreated control virial amplicon (estimated as RQ = 1). In conclusion, this work provides the first experimental data on 275 nm UV-C in the inactivation of human coronavirus OC43 (HoV-OC43), showing the most potent germicidal effect without hazardous effect.






Keywords:


human coronavirus OC43 (HCoV-OC43); severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2); coronavirus disease 2019 (COVID-19); ultraviolet C (UV-C); light-emitting diode (LED); virus inactivation












1. Introduction


One of the methods to limit the spreading of viruses is to reduce the possibility of their multiplication on usable areas. The most frequently used method of disinfecting surfaces is the use of alcohol-based agents, but this is not the optimal solution in every situation [1]. Moreover, often the long-term use of these agents may cause discomfort or damage to the surface.



In addition to chemicals, methods such as ozonation and disinfection with UV-C radiation generated from gas-discharge lamps are also used. Unfortunately, there is no professional research available in the literature defining what parameters the UV-C radiation should have in order to achieve effective virus inactivation.



There are a few publications that analyze the effect of LED-driven UV-C radiation on inactivation of the SARS-CoV-2 virus. Papers that describe the interaction of UV-C radiation usually show high-power results obtained from a lamp where the source of the UV-C radiation is a gas discharge lamp. There are no comparative analyses for different radiation powers or wavelengths of light. The one work that touched upon the topic of using UV-C LEDs for virus inactivation [2] focused only on one wavelength and no other methods of detecting the viral load apart from the cytopathic effect were analyzed. Publications that have appeared in recent years and dealt with the topic of the use of UV-C LEDs mainly concern their use in destroying bacteria [3], fungi [3], and microorganisms [4]; in pasteurization [5]; and for the inactivation of viruses [6] (without focusing on beta-coronaviruses). The results presented in this paper are a comprehensive analysis of the possibilities of currently available UV-C LEDs for virus inactivation, their effectiveness, and optimal use.



The ultraviolet radiation wavelength range of the UV-C type is 200 nm to 280 nm [7]. For many years, this was the range reserved for discharge lamps [7,8,9]. However, modern semiconductor manufacturing techniques have recently allowed us to create alternative UV-C radiation sources to discharge lamps in the form of LEDs [10]. At the beginning stage of research regarding the influence of these UV-C LEDs on the multiplication of viruses, LEDs distributed by THORLABS with an optical power of 1 mW and a wavelength of 250 nm were available. For comparative purposes, an LED with a wavelength of 275 nm, but a different power, i.e., 1.4 W, was also used. More detailed information on the use of these light sources will be presented later.



The COVID-19 pandemic that began in early 2020 has led to increased interest in solving problems of viral transmission. In response to this situation, a number of studies have been prepared (including this one) regarding the possibility of using UV-C radiation to inactivate viruses [11,12,13]. The results presented in this paper allow us to eliminate the limitations of publications from the past. The results are comprehensive, which means that there are not only studies on light sources, but also a thorough microbiological analysis of viruses affected by light. In the case of virus multiplication analyses, efforts were made to eliminate errors and radiation losses resulting from interaction with the containers where the biological material was kept, as well as to optimize the shape of the illuminators and the sample’s exposure time to radiation. In the present study, we focused on the inactivation of ssRNA human coronavirus OC43 (HoV-OC43) upon exposure to radiation of UV-C (250–275 nm) [14] in dispersed viral suspensions in a medium. Viral inactivation was monitored using the infectivity assays in the VeroE6 cell culture (cytopathic effect and UV RNA assessment) as well as by real-time quantitative reverse transcription polymerase chain reaction (RT-qPCR) assays.




2. Materials and Methods


For this research, five LED illuminators were the light sources. Table 1 presents their most important parameters.



All parameters listed in Table 1 were measured before the start of microbiological measurements. LEDs 2–5 were equipped with ball lenses, which collimated the luminous flux and allowed for a beam angle of 15°. LED 1 had no optical system, and its effective light beam was at a level of 120° (the angular characteristics were not measured; this information comes from the manufacturer’s website). The pans where the solution with the virus was placed had a diameter of 3.5 cm, hence the illuminators were designed in such a way that the entire optical power was directed at the area where the virus was located (Figure 1). The illuminators are designed in the form of pipes—their outer diameter allows them to be placed on the pan, while the inner surface of the pipes allows waves to be reflected off. A LED diode was mounted in the upper part with a power supply. It was important that the height of the illuminators be selected in such a way that the surface of the illuminated area coincided as much as possible with the surface of the pans. Obviously, due to the different optics of the discussed light sources, the illuminator in diode 1 was much lower than the illuminators in LEDs 2–5. The length of the illuminators was selected in such a way that the light beam perfectly covered the surface of the sample with the virus. The illuminator with diode 1 is shorter because diode 1 did not have a focusing lens.



2.1. Virus Irradiation and Cytopathic Effect Evaluation


African green monkey kidney epithelial Vero E6 ATCC cells (LGC Standard, Poland infected with HCoV-OC43 ATCC (LGC Standard, Łomianki, Poland) were frozen and defrosted three times and the supernatant was centrifuged at 1500 rcf for 20 min (Eppendorf 5910E, Warsaw, Poland). Two hundred microliters of the test suspension were placed in a 3.5 cm diameter Petri dish under constant stirring during the ultraviolet C (UV-C) exposure. The viral suspensions were irradiated with radiation 9.88 (mJ/cm2). The time of exposure was selected so that the radiation dose was the same for each diode. Then 200 µL of the HCoV-OC43 virus particles (VP) suspension irradiated by UV LED diode was diluted 10-fold and 100 µL of suspension was inoculated onto Vero E6 ATCC (LGC Standard, Łomianki, Poland) at 5 × 104 cells/mL with Eagle’s minimum essential medium (EMEM, ATCC, LGC Standard, Warsaw, Poland) seeded in the 96-well plate. Incubation was conducted at 35 °C with 5% CO2 (PHCBI, HeFei, Japan) for eight days to assess the cytopathic effect (CPE) using an inverted microscope (Leica DM IL LED, Wetzlar, Germany) [15]. Untreated control cells were used to validate the test. In our studies we used pH = 7.0 due to data on coronavirus-induced membrane fusion at a neutral pH [16]. The virus titer was calculated using Kärber’s formula, Equation (1):


log TCID50 = L − d (S − 0.5),



(1)




where L = log of lowest dilution used in the test; d = the difference between log dilution steps; and S = the sum of proportion of “positive” tests (i.e., cultures showing CPE).



Viral stocks and collected samples were titrated by tissue culture infectious dose 50% (TCID50 mL−1) in the Vero E6 cells, using the Kärber formula [17]. The infectious titer reduction rates were calculated according to Equation (2):


(1 − 1/10log10 (N0/Nt)) × 100 (%),



(2)




where Nt is the titer of the UV-C-irradiated sample and N0 is the titer of the sample without irradiation [2].




2.2. Determination of the HoV-OC43 Virus Particles after Irradiation Using UV Absorbance


Determination of the virus particle count was performed by UV spectrophotometry (Tecan, Männedorf, Switzerland) [18]. The HCoV-OC43 virus, irradiated or not, was suspended in the lysis buffer (1 M TRIS-EDTA, 10% SDS; pH = 7) at ratios of 1:3 (suspension of VP: lysis buffer), 1:5, 1:10, 1:50, and 1:100. The samples were incubated at 95 °C for 15 min, centrifuged briefly, and preserved on ice. We evaluated the VP in solution correlating to RNA content, quantified using a Spark microplate reader (Tecan, Männedorf, Switzerland). The UV absorbance was measured at 260 nm for HCoV-OC43 RNA content and at 280 nm for protein content. Furthermore, RNA purity was judged as 260 nm/280 nm = 2.0. The viral particle concentration was calculated using the method described by Maizel et al. [19]. The extinction coefficient was 1.1 × 1012 viral particles per OD 260 unit. We calculated VP using Equation (3):


VP = A260 × dilution factor × 1.1 × 1012/mL,



(3)




where the 260 nm/280 nm ratio was 2.0 and the absorbance at 260 nm was 0.1–1.0 OD unit.




2.3. RT-qPCR Viral Quantification after Irradiation


Relative quantification of the HCoV-OC43 genome was performed by a one-step real-time quantitative reverse transcription polymerase chain reaction (RT–qPCR) of RNA extracted from supernatants using the Total RNA Maxi kit (A&A Biotechnology, Gdansk, Polska) [20]. The quality of total RNA was documented as the ratio A260 nm/280 nm = 2.0 using the NanoQuant Plate (Tecan, Männedorf, Switzerland) in the absorbance mode. The primer sequences (Eurofins, Siegen, Germany) used in the study were as follows: Forward: 5′-AGTATCCACCGAATGCAGTTG-3′ and Reverse 5′- GCTTCAAATGCTCAAAGGCTG-3′. Real-time one-step RT–qPCR was performed using the EXPRESS One-Step Superscript qRT–PCR Kit (Invitrogen, Carlsbad, CA, USA). The optimum annealing temperature (Ta) for the fixed primer concentration (150 mM) was achieved using the gradient in CFX96 (BioRad, Hercules, California USA). Thermal cycling was performed by BioRad CFX96 Touch Real-Time PCR (BioRad, Hercules, California USA) using low-profile eight-tube (0.2 mL) strips for PCR. RNA was stored at –80 °C until use. The RT-qPCR conditions were as follows: following the activation of the polymerase (15 min at 50 °C), there were 40 cycles of amplification (15 s at 95 °C, 30 s at 57.6 °C), and finally a melt curve was generated (65–95 °C increment 0.5 °C). Relative quantification (RQ) for each RNA sample was calculated using Equation (4):


RQ = Cq control − Cq sample,



(4)




where Cq is the quantification cycle of untreated control virus and irradiated virus.





3. Results


3.1. Inactivation of Human Coronavirus HCoV-OC43 by Ultraviolet C (UVC) Exposure in Infectivity Assay


Firstly, in the experimental setting, we aimed to evaluate UV-C activity, so aliquots of viral stock (200 μL, 1.6 × 1013 VP/mL) were placed in a plate (ø = 3.5 cm) to counteract the irradiation-derived heating of the sample for a range of times (40″, 11′40″, 3′45″, and 10′17″), corresponding to 9.88 J/cm2, respectively. Afterwards, 100 µL of virus suspension was back-titrated on the Vero E6 cells to determine whether the treatment eliminated all the infectious viral particles. The tissue culture infectious dose to 50% and infectious titer reduction rates were calculated and are presented in Table 2. All diodes were effective (reduction of titer ≥ 3 log) against HCoV-OC43 in the time tested (Table 2). Moreover, the cytopathic effect (CPE), referring to the structure of the VeroE6 cells caused by HCoV-OC43 infection vs. its reduction under the tested diodes, is presented in Tables S1–S4 and documented in Figure 2. In Figure 2, the HCoV-OC43-infected cell cultures, showing CPE and noninfected cells (lacking CPE), are compared with the cells infected with irradiated viruses. The reduced CPE generated by diodes was readily observed in unfixed and unstained Vero E6 cells under an inverted microscope (Leica, DM IL LED). Diodes efficiently inhibited the replication of HCoV-OC43. Moreover, the nonirradiated and irradiated virus particle concentrations using UV spectrophotometry, followed by the infectious titer reduction rates, confirmed the effectiveness of all diodes (Table 3).




3.2. Deactivation of Human Coronavirus HCoV-OC43 by Ultraviolet C (UV-C) 275 nm in the Time Exposure Experiment, Assessed by an Infectivity Reduction Assay


Our experiments showed that 275 nm was optimal for germicidal effectiveness in the time exposure study, as presented in Table 4. For the tested duration of UV-C 257 nm LED exposure, an effectiveness of >3 log was noted with the Kärber method and >6 log with UV spectrophotometry.



We used RT-qPCR to reliably estimate the virus infectivity reduction after 275 nm UV-C disinfection (Figure 3). It was clear that the relative quantification (RQ) of infectious particles detected after 40–48 s decreased. The values are platted in Figure 3, representing the RQ of viral RNA vs. irradiation time. The irradiated virial RNAs were underexpressed compared to the untreated control virial amplicons (estimated as RQ = 1).





4. Discussion


Ultraviolet radiation is key to preventing the transmission of viral pathogens on a global scale, so we tested UV-C against HCoV-OC43 (PCLII) as a representative of the beta-coronaviruses, which include SARS-CoV-2 [21]. Viral inactivation was monitored by infectivity reduction assays in the cell culture and RT-qPCR assays. The inactivation of HoV-OC43 by UV-C and the data obtained for all the parameters tested, as measured by infectivity reduction and RT-qPCR assays, are presented in Table 2, Table 3 and Table 4 and Figure 2 and Figure 3, as well as Tables S1–S5 and Figures S1–S5.



We showed that UV-C germicidal irradiation at 250–275 nm (UVGVI) [21] is effective to inactivate HCoV-OC43. A minor decay of 3 logs was achieved for HCoV-OC43 exposed to UV-C 250–275 nm radiation of 9.88 (mJ /cm2) in the cytopathic effect (CPE) and RNA concentration assays. The American Conference of Governmental Industrial Hygienists (ACGIH) published threshold limit values (TLVs) for 3.1 mJ/cm2 UV-C of 275 nm [22]. We tested UV-C 275 nm in a time exposure experiment (25–48 s). A decay of 6 log was observed for HCoV-OC43 at TLV = 6.175–11.856 mJ/cm2 when CPE and viral RNA concentrations were assessed (Table 2, Table 3 and Table 4 and Figure 2). Moreover, other researchers [23] showed that UV-C applied for a range of times (15, 30, and 45 min, corresponding to 1.62, 3.24, and 4.86 J/cm2, respectively) is sufficient to inactivate any VP in vitro on different commonly used materials.



It was noted [24] that the ssRNA genome is resistant to UV inactivation. However, in our study an inactivation of 6 log was achieved after exposure to UV-C 275 nm illumination of 9.88 J/m2. These inactivation kinetics are equivalent to those described in previous works [24,25,26]. Moreover, Inagaki et al. [2] considered UV-C to be the most effective viricidal region of the UV spectrum, acting through the formation of photoproducts in RNA. Thus, RT-qPCR provided an accurate quantification of viral genome copies that did not exceed the number of infective HoV-CO43 quantified simultaneously by infectivity reduction assays (CPE and UV absorbance).




5. Conclusions


In conclusion, this work provides the first experimental data on UV-C 275 nm in the inactivation of HCoV-OC43, showing most potent germicidal effect without any hazardous effect. Moreover, our results suggest that UV-C radiation of 9.88 J/m2 is sufficient to achieve 6-log inactivation of ssRNA beta-coronaviruses such as HCoV-OC43 and SARS-CoV-2. Our study demonstrated a rapid (25–48 s) inactivation rate (>3 log) for RNA viruses under UV-C irradiation.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/ma15062302/s1: Figure S1: Virus Kärber titer reduction by UV-C 275 nm in a time exposure study; Figure S2: Primer optimization at a temperature gradient of 56–66 °C; Figure S3: Products generated at melting temperature; Figure S4: Standard curve generated for the control OC43 using the primers; Figure S5: Melting peak for amplified products of OC43; Table S1: Irradiation of OC43 by diode 275 J (time of irradiation: 40″); Table S2: Irradiation of OC43 by diode ThorLabs 260 J (irradiation time: 11′46″); Table S3: Irradiation of OC43 by diode ThorLabs 255 J (irradiation time: 3′45″); Table S4: Irradiation of OC43 by diode ThorLabs 250 J (irradiation time: 10′17″); Table S5: Cytopathic effect reduction under 275 nm UV-C.





Author Contributions


Conceptualization, M.S. and P.S.; methodology, M.S.; investigation, M.S., M.P. and K.U.; writing—original draft preparation, M.S., T.R.W., K.U., M.P. and P.S.; writing—review and editing, M.S., T.R.W. and P.S.; supervision, M.S.; project administration, P.S.; funding acquisition, P.S. All authors have read and agreed to the published version of the manuscript.




Funding


This study was funded by the IDUB, as part of the COVID-19 project “Inactivation of SARS-CoV-2 viruses using UV-C radiation from the surface of air filters,” granted by the Warsaw University of Technology under the Excellence Initiative Research University (ID-UB) program.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data contained within the article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Al-Sayah, M.H. Chemical disinfectants of COVID-19: An overview. J. Water Health 2020, 18, 843–848. [Google Scholar] [CrossRef] [PubMed]

	



Inagaki, H.; Saito, A.; Sugiyama, H.; Okabayashi, T.; Fujimoto, S. Rapid inactivation of SARS-CoV-2 with deep-UV LED irradiation. Emerg. Microbes Infect. 2020, 9, 1744–1747. [Google Scholar] [CrossRef]

	



Kim, D.K.; Kang, D.H. UVC LED irradiation effectively inactivates aerosolized viruses, bacteria, and fungi in a chamber-type air disinfection system. Appl. Environ. Microbiol. 2018, 84, e00944-18. [Google Scholar] [CrossRef] [PubMed]

	



Rattanakul, S.; Oguma, K. Inactivation kinetics and efficiencies of UV-LEDs against Pseudomonas aeruginosa, Legionella pneumophila, and surrogate microorganisms. Water Res. 2018, 130, 31–37. [Google Scholar] [CrossRef] [PubMed]

	



Kim, S.J.; Kim, D.K.; Kang, D.H. Using UVC light-emitting diodes at wavelengths of 266 to 279 nanometers to inactivate foodborne pathogens and pasteurize sliced cheese. Appl. Environ. Microbiol. 2016, 82, 11–17. [Google Scholar] [CrossRef]

	



Nishisaka-Nonaka, R.; Mawatari, K.; Yamamoto, T.; Kojima, M.; Shimohata, T.; Uebanso, T.; Nakahashi, M.; Emoto, T.; Akutagawa, M.; Kinouchi, Y.; et al. Irradiation by ultraviolet light-emitting diodes inactivates influenza a viruses by inhibiting replication and transcription of viral RNA in host cells. J. Photochem. Photobiol. B 2018, 189, 193–200. [Google Scholar] [CrossRef] [PubMed]

	



Kowalski, W. UV Surface Disinfection. In Ultraviolet Germicidal Irradiation Handbook; Springer: Berlin, Germany, 2009. [Google Scholar]

	



Bergman, R.S. Germicidal UV sources and systems. Photochem. Photobiol. 2021, 97, 466–470. [Google Scholar] [CrossRef]

	



Reed, N.G. The history of ultraviolet germicidal irradiation for air disinfection. Public Health Rep. 2010, 125, 15–27. [Google Scholar] [CrossRef]

	



Shatalov, M.; Jain, R.; Saxena, T.; Dobrinsky, A.; Shur, M. Development of deep UV leds and current problems in material and device technology in III-Nitride Semiconductor Optoelectronics. In Semiconductors and Semimetals; Elsevier: Amsterdam, The Netherlands, 2017; Volume 96, pp. 45–83. [Google Scholar]

	



Trivellin, N.; Piva, F.; Fiorimonte, D.; Buffolo, M.; De Santi, C.; Orlandi, V.T.; Dughiero, F.; Meneghesso, G.; Zanoni, E.; Meneghini, M. UV-based technologies for sars-cov2 inactivation: Status and perspectives. Electronics 2021, 10, 1703. [Google Scholar] [CrossRef]

	



Heilingloh, C.S.; Aufderhorst, U.W.; Schipper, L.; Dittmer, U.; Witzke, O.; Yang, D.; Zheng, X.; Sutter, K.; Trilling, M.; Alt, M.; et al. Susceptibility of SARS-COV-2 to uv irradiation. Am. J. Infect. Control 2020, 48, 1273–1275. [Google Scholar] [CrossRef]

	



Biasin, M.; Bianco, A.; Pareschi, G.; Cavalleri, A.; Cavatorta, C.; Fenizia, C.; Galli, P.; Lessio, L.; Lualdi, M.; Tombetti, E.; et al. UV-C irradiation is highly effective in inactivating SARS-CoV-2 replication. Sci. Rep. 2021, 11, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Gerchman, Y.; Mamane, H.; Friedman, N.; Mandelboim, M. Uv-led disinfection of coronavirus: Wavelength effect. J. Photochem. Photobiol. B Biol. 2020, 212, 112044. [Google Scholar] [CrossRef]

	



Zhu, N.; Wang, W.; Liu, Z.; Liang, C.; Wang, W.; Ye, F.; Huang, B.; Zhao, L.; Wang, H.; Zhou, W.; et al. Morphogenesis and cytopathic effect of SARS-CoV-2 infection in human airway epithelial cells. Nat. Commun. 2020, 11, 1–8. [Google Scholar] [CrossRef] [PubMed]

	



Li, D.; Cavanagh, D. Coronavirus IBV-induced membrane fusion occurs at near-neutral pH. Arch. Virol. 1992, 122, 3–4. [Google Scholar] [CrossRef] [PubMed]

	



World Health Organization. Polio Laboratory Manual; WHO/IVB/04.10; World Health Organization: Geneva, Switzerland, 2004. [Google Scholar]

	



Porterfield, J.Z.; Zlotnick, A. A simple and general method for determining the protein and nucleic acid content of viruses by UV absorbance. Virology 2010, 407, 281–288. [Google Scholar] [CrossRef] [PubMed]

	



Maizel, J.V.; White, D.O.; Scharff, M.D. The polypeptides of adenovirus: I. Evidence for multiple protein components in the virion and a comparison of types 2, 7A, and 12. Virology 1968, 36, 115–125. [Google Scholar] [CrossRef]

	



Sender, R.; Bar-On, Y.M.; Gleizer, S.; Bernsthein, B.; Flamholz, A.; Phillips, R.; Milo, R. The total number and mass of SARS-CoV-2 virions. medRxiv, 2021; preprint. [Google Scholar] [CrossRef]

	



UV Lights and Lamps: Ultraviolet-C Radiation, Disinfection, and Coronavirus. Available online: www.fda.gov (accessed on 10 March 2022).

	



Ultraviolet Radiation Safety, Environmental Health & Safety. Available online: www.unr.edu (accessed on 10 March 2022).

	



Criscuolo, E.; Diotti, R.A.; Ferrarese, R.; Alippi, C.; Viscardi, G.; Signorelli, C.; Mancini, N.; Clementi, M.; Clementi, N. Fast inactivation of SARS-CoV-2 by UV-C and ozone exposure on different materials. Emerg. Microbes Infect. 2021, 10, 206–209. [Google Scholar] [CrossRef]

	



Calgua, B.; Carratalà, A.; Guerrero-Latorre, L.; de Abreu Corrêa, A.; Kohn, T.; Sommer, R.; Girones, R. UVC Inactivation of dsDNA and ssRNA Viruses in Water: UV Fluences and a qPCR-Based Approach to Evaluate Decay on Viral Infectivity. Food Environ. Virol. 2014, 6, 260–268. [Google Scholar] [CrossRef]

	



Pecson, B.M.; Valério-Martin, L.; Kohn, T. Quantitative PCR for determining the infectivity of bacteriophage MS2 upon inactivation by heat, UV-B radiation and singlet oxygen: Advantages and limitations of an enzymatic treatment to reduce false-positive results. Appl. Environ. Microbiol. 2009, 68, 5544–5554. [Google Scholar] [CrossRef]

	



Mamane-Gravetz, H.; Linden, K.; Cabaj, A.; Sommer, R. Spectral sensitivity of Bacillus subtilis spores and MS2 coliphage for validation testing of ultraviolet reactors for water disinfection. Environ. Sci. Technol. 2005, 39, 7845–7852. [Google Scholar] [CrossRef] [PubMed]








[image: Materials 15 02302 g001 550] 





Figure 1. A schematic graphic diagram showing the illumination process and the signal that falls on the virus pan. 
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Figure 2. Human coronavirus (HCoV-OC43) in titer of 2.3 × 1011 virus particles VP/mL was irradiated with various diodes, then irradiated VP infected the VeroE6 cell cultures. A lack of cell morphological changes in the cell culture infected with irradiated HoV-OC43 was documented for diodes as follows: (A) J275 at 40″; (C) 260 at 11′40″; (E) 255 J at 3′45″; (G) 250 J at 10′17″. CPE was assessed through daily observation of infected cultures with irradiated viruses (A,C,E,G) vs. nonirradiated (B,D,F,H): pyknotic shrinking cells were noted; the white arrow points to cell rounding in a focal pattern and the red arrow points to cytoplasmic stranding. Swelling and clumping of cells was observed. Infected cells grow and clump together in “grape-like” clusters. (I,J) Uninfected cultures distinguishing normal cell changes that occur as cells age. Inverted light microscope at 100×. 
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Figure 3. Relative quantification of viral RNA after exposure to 275 nm UV-C. Legend: RNA quality was determined by ratio of A260/ 280 = 2.0 in water free of nucleases. Quantification was performed in duplicate with the total RNA concentration being the same in every sample. Relative quantification was calculated using the formula RQ = Cq control − Cq sample, where the control was nonirradiated HCoV-OC43 harvested in a medium for seven days. 
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Table 1. The most important parameters of the illuminators.
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	Number
	Manufacturer
	Central Wavelength of the Light (nm)
	Optical Power (μW)
	    Optical   Power   Density   (    m W     c    m  2    )    
	Light Intensity Value in the Peak (lx)
	Lens





	1
	REFOND
	275
	7.75
	0.247
	1955
	NO



	2
	THORLABS
	275
	0.90
	0.023
	49
	YES



	3
	THORLABS
	260
	0.41
	0.014
	76
	YES



	4
	THORLABS
	255
	1.40
	0.044
	79
	YES



	5
	THORLABS
	250
	0.49
	0.014
	45
	YES
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Table 2. Human coronavirus (HCoV-OC43) infectious titer reduction using the UV-C diodes. Analyses based on cytopathic effect (CPE) observation.
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Diode/Irradiation Time

	
1 Control (NonIrradiated) Virus

	
2 CCDI50

	
3 ITR






	
275 J/40″

	
104.0

	
100.7

	
99.9




	
260/11′40″

	
100.5

	
99.9




	
255 J/3′45″

	
101.25

	
99.9




	
250 J/10′17″

	
101.5

	
99.9








Notes: CPE was recorded daily for seven days. The cell control had a complete monolayer of heathy cells. 1 Mean titer of nonirradiated viruses; 2 mean of tissue culture infectious dose 50%, calculated using the Kärber formula: log CCID50 = L − d (S − 0.5); where: L = log of lowest dilution used in the test; d = difference between log dilution steps; S = sum of proportion of “positive” tests (i.e., cultures showing CPE) [6]. 3 The infectious titer reduction rates were calculated as: (1 – 1/10 log10 (N0/Nt)) × 100 (%), where Nt is the titer of the UVC-irradiated sample and N0 is the titer of the sample without irradiation [2].
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Table 3. Infectious titer reduction of the human coronavirus (HCoV-OC43) using the UV-C diodes. Determination of the virus particle concentration by UV spectrophotometry.






Table 3. Infectious titer reduction of the human coronavirus (HCoV-OC43) using the UV-C diodes. Determination of the virus particle concentration by UV spectrophotometry.





	
Diode/ Irradiation Time

	
Control (NIVPC)

	
Irradiated Virus Particle Concentration (IVPC)

	
ITR






	
275 J/40″

	
2.5 × 1013

	
1.5 × 1011

	
99.9




	
260/11′40″

	
9.5 × 1010

	
99.9




	
255 J/3′45″

	
1.0 × 1011

	
99.9




	
250 J/10′17″

	
4.0 × 1011

	
99.9








Notes: Mean of particles in solution correlated to RNA content of nonirradiated virus particle concentration (NIVPC) or irradiated virus particle concentration (IVPC); UV absorbance was measured at 260 nm for its RNA content and 280 nm for its protein content. NIVPC or IVPC was calculated using the formula: VP = A260 × dilution factor × 1.1 × 1012/mL, where the 260/280 ratio = 1.8–2.0. The infectious titer reduction rates (ITR) were calculated as: (1 − 1/10 log10 (N0/Nt)) × 100 (%), where Nt is the titer of the UV-C-irradiated sample and N0 is the titer of the sample without irradiation [2].
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Table 4. Human coronavirus HCoV-OC43 infectious titer reduction using ultraviolet C (UV-C) 275 nm in time exposure. Analyses of cytopathic effect (CPE) and UV virial particles (VP) in infectivity assay.
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Irradiation Time

	
1 Kärber’s Titer

	
3 ITR

	
2 UV Spectrophotometry

	
3 ITR




	
Control NIV

	
CCDI50

	
Control NIVPC

	
IVPC






	
25″

	
103.5

	
103.3

	
99.9

	
1 × 1012

	
1.1 × 1011

	
99.9999




	
32″

	
101.9

	
99.9

	
4.6 × 1011

	
99.9999




	
36″

	
101.5

	
99.9

	
4.2 × 1011

	
99.9999




	
40″

	
101.1

	
99.9

	
1.9 × 1011

	
99.9999




	
44″

	
100.7

	
99.9

	
5.3 × 1010

	
99.9999




	
48″

	
100.5

	
99.9

	
3.7 × 107

	
99.9999








Notes: 1 Recorded daily for seven days. Mean of Kärber titer of nonirradiated viruses (NIV) and mean of tissue-culture infectious dose 50% calculated using the Kärber formula: log CCID50 = L − d (S − 0.5), where: L = log of lowest dilution used in the test; d = difference between log dilution steps; S = sum of proportion of “positive” tests (i.e., cultures showing cytopathic effect CPE) [17]. 2 Mean of particles in solution correlated to RNA content of nonirradiated virus particle concentration (NIVPC) or irradiated virus particle concentration (IVPC); UV-absorbance was measured at 260 nm for its RNA content and 280 nm for its protein content. NIVPC or IVPC was calculated using the formula: VP = A260 × dilution factor x 1.1 × 1012/mL, where the 260/280 ratio = 1.8 − 2.0. 3 The infectious titer reduction rates were calculated as (1 − 1/10log10 (N0/Nt)) × 100 (%), where Nt is the titer of the UVC-irradiated sample and N0 is the titer of the sample without irradiation [2].
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