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UV light-emitting diodes (UV LEDs) are an emerging technology and a UV source for pathogen inactivation,
however low UV-LED wavelengths are costly and have low fluence rate. Our results suggest that the sensitivity of
human Coronavirus (HCoV-OC43 used as SARS-CoV-2 surrogate) was wavelength dependent with
267 nm ~ 279 nm > 286 nm > 297 nm. Other viruses showed similar results, suggesting UV LED with peak
emission at ~286 nm could serve as an effective tool in the fight against human Coronaviruses.

1. Introduction

As the global prevalence of severe acute respiratory syndrome cor-
onavirus 2 (SARS-CoV-2) outbreaks increases, there is a need to develop
and demonstrate novel disinfection technologies for the inactivation of
these viruses. SARS-CoV-2, the causal agent of COVID-19, is not only
contagious through respiratory droplets, but can also spread through
nasal, oral and eye mucus-contaminated surfaces [1]. Moreover, it has
recently been suggested that SARS-CoV-2 could be airborne [2], al-
though clear evidence for such transmission has not yet been presented.
Furthermore, SARS-CoV-2's ability to survive in aerosols for at least 3 h
and up to 72 h on plastic surfaces was recently demonstrated [3],
suggesting long-term infection risks. Coronaviruses are 120-160 nm
diameter, enveloped viruses with a single-stranded, non-segmented
RNA genome, coated by a protein capsid and a lipid envelope. Damage
to any of these components could result in inactivation of the virus [4].

UV irradiation is a common method for inactivation of pathogenic
microorganisms, including viruses. Inactivation by UV could occur via
several mechanisms, among them damage to nucleic acids [5,6], pro-
teins [7], or internal production of oxygen radicals [8]. The mechanism
of UV inactivation depends on the UV wavelength(s) used [7], and,
atleast for some pathogens, UV sources with multiple emmision peaks
(e.g. medium preassure lamps) were found to result in more effective
inactivation, by activating multiple damage mechanisms [8]. UV in-
activation was found as effective disinfection approach for many
viruses, among them multiple bacteriophages (T4, T7, $§6, MS2, PR772
and ®X174) [4,9-13], and many human and animal viruses, including
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SARS-CoV-1 [14-18].

UV light-emitting diodes (UV LEDs) are an emerging UV source for
disinfection [19]. UV-LEDs allow for flexibility of design due to their
small size and control of radiation patterns, have very short turn-on
time, and require low voltage (and thus can be operated by a battery or
a solar panel). UV LEDs have been found effective for disinfection of a
variety of pathogens. However, UV LEDs have narrow emission spectra
(Fig. 1), and lower wavelength UV LED tend to have a low output power
(radiant flux; and are costly; on $/mW base) [19,20]. These restrictions
make higher UV-LED wavelengths more attractive, but require testing
the efficacy per pathogen. Numerous studies have examined the sen-
sitivity of different microorganisms (including viruses) to UV LED at
different wavelengths as detailed in Table 1, for suspended viruses.
However, no study to date has examined the efficiency of UV LEDs at
different wavelengths on inactivation of the human Coronavirus. Here
we have used the human Coronavirus OC43 (HCoV-OC43) as a surro-
gate to the SARS-CoV-2, to develop a dose-response curve for UV-LED at
various wavelengths.

2. Materials and Methods
2.1. UV-LED Irradiation Systems

UV-exposure experiments were conducted using a UV-LED system
(PearlBeam) from AquiSense Technologies (Charlotte, NC, USA) with

selected LEDs. The first, “circular system”,included LEDs with peak
emission wavelengths at 279 nm and 297 nm (model PearlLab Beam™)
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Fig. 1. Emission spectra of UV LEDs used in this study.

with an overall circular area of 43.8 cm? (Fig. 2); the second system a
“rectangular system” was custom-made and included LEDs with nomi-
nated peak emission at 267 nm and 286 nm wavelengths, designed in
collaboration with AquiSense with an overall area of 15.7 cm X
11.5 cm, covering multiple multitier plate (Fig. 2) [21].

The UV spectra of the UV-LED wavelengths used in this study were
measured using an Ocean Optics USB4000 spectroradiometer equipped
with a cosine corrector. The 267 nm and 286 nm UV LEDs exhibited
peak wavelength emissions at 267.2 nm (hereafter 267) and 285.8 nm
(hereafter 286), respectively, with full width at half maximum (FWHM)
bandwidths of 12.3 nm and 13.5 nm, respectively. The 279 nm and
297 nm UV LEDs exhibited peak wavelength emissions at 278.8 nm
(hereafter 279) and 296.6 nm (hereafter 297) respectively, with FWHM
bandwidths of 20 nm and 15 nm, respectively. Fig. 1 shows the emis-
sion spectra of each UV LED used in this study, measured at the ap-
proximate center of the exposure area.

2.2. Virus Irradiation

Virus HCoV-OC43 was used in all experiments. The virus was pro-
pagated as previously described [22] and diluted just before irradiation
in PBS to 8 x 10° PFU/ml. For each irradiation experiment 50 pl of
virus suspension (equivalent to 4000 PFU; measured by PFA, see
Table 1 note ‘d’) was placed in each well of a black 24-well plate, and
all well were covered with black insulation tape. Before each irradiation
experiment, the tape was removed from four wells (column for the
“rectangular system”, or 2 X 2 for the “round system”; Fig. 2), and the
plate exposed to the designated irradiation wavelength and time. After
each irradiation, the irradiated wells were covered again, and the next
four wells exposed and irradiated, until all wells had been irradiated
(except for the zero-irradiation control), all similar to described in [21].
Because inactivation occurred only within the exposed four wells, and
the well wall material was black, the irradiance delivered to each well
was independent of that to the neighboring wells.

UV optical absorbance of the virus suspension was measured at
220-400 nm range using Nanodrop spectrophotometer, and

transmittance (%UVT) was calculated as %T = antilog(2- absorbance).
%UVT was found to be higher than 98% throughout all wavelength
range. Log inactivation was calculated as log (No/N), where Ny and N
are virus concentration before and after irradiation, respectively.

2.3. Irradiation Dose

Incident irradiance (fluence) was measured for each well separately
using Ocean Optics USB4000 spectroradiometer with fiber core dia-
meter of 600 um (QP600-2-VIS-NIR), the small footprint of the fiber
optic end allowing accurate measurements. A printout of the 24-well
plate was placed under the UV LED system and the spectroradiometer
optic fiber end was placed on the geometric center of the measured well
on the printout, perpendicular to the surface and facing the UV LEDs
[2]. Height was adjusted to confirm that the fiber end was in the same
distance from the UV LED as was the plate bottom in the irradiation
experiments. Fig. 2 shows the incident irradiance measured. For each
LED, measurements for all wells in the plate were averaged to obtain
average incident irradiances, resulting in (all in mW/cm?):
LED267 = 016 = 0.01, LED279 = 043 = 001, LED286 =
0.39 *= 0.02, LEDyg; = 0.58 = 0.02. As evident from Fig. 2, the
variation in the incident irradiance values among wells exposed in each
experiment was less than 5% of the average between those wells (either
column or square), and thus negligible. Given this, irradiation dose was
calculated by simply multiplying the fluence (mW/cm?) by exposure
time (seconds; up to 60 s for 267 and 279 nm and up to 90 s for 286 and
297 nm).

2.4. Virus Quantification by RT-gPCR (ICC-RTqPCR)

After irradiation, 50 pl Eagle's Minimum Essential Medium supple-
mented with 2% (v/v) fetal calf serum was added to each well; the
content was mixed by pipetation, and 50 pl was transferred to a 96-well
plate (Applied Biosystems) containing 24-h-old and 80-90% confluent
Vero-E6 cells in the same medium, resulting in a multiplicity of infec-
tion for the virus of 0.1 (i.e. up to 2000 PFU/well; allowing



Journal of Photochemistry & Photobiology, B: Biology 212 (2020) 112044

Y. Gerchman, et al.

(98pd 1x2u UO panunuU0d)

SNUIIATS9 A\
[e€] 9z1 z8 44 Lvdd S8¢C (S81-1DD) 2Ul] [ 6¥SY SYA DDLV § 2d4J, snitaouspy
S81-1D0-D0LV
[0€] ST S6 YL 8t ,4Ddb-DDI pue \VADL 082 -S[[22 BWOUIDIRD un| UBWNy 645V VA ‘sesseue\ 948-IADDLY-CAPEH — T SMIAOUSPY
S81-1DD-DOLV
[o€] 011l L8 69 ot ,40db-DDI pue \VADL 092 -S[[°9 ewouDIRd 3UN| UBWNY 64V VA ‘sesseue\l 948-IADDLY-CAPEH — T SIIAOUSPY
wﬂb>0ﬁ®—u<
[v€] ST 9DAbIY-001 08T (urens ruuenseg ‘0£OYIH) OF SNIIAOYIH
[vel 41 WDdPIY-DDI 08¢ (urens 1£/0£9r ‘0LAH) 0/ SnIIAOIIUY
[v€] a8 9DdbIY-001 082 (urens ASUoyeIN ‘TAd) T SIIAIOd
[v€] ST 41 9DdbIY-D01 08¢ urens YIemoy ‘0TVAD)OLY SnIAIDIesX0D
[v€] €1 4DdbILY-DI 092 (urens ruuenseg ‘0£OYdH) OF SNIIAOYDH
(urens 12/049r0) 04AH
[v€] 01 9DdbIY-DD1 092 0Z snaraorug
[v€l 8 9DdbIY-0D1 092 (urens ASUOYRIN ‘TAd) T SIIAIOd
[vel ST 8 S ¥DdbIY-DDI 092 urens YI[emoy ‘0TVAD) 0TV SNIIAIDIESK0D
SNITAOISIUH]
[z€] SYIL £'60S 8'%0€ 0°00T .NAd 00€ (+4) WV TIM 0o d 19-1€9€Z0DLY
[e€] 8 ¥S Vid Ndd 582 (+D) /v eI g 19-1€9€Z00LV
[z€] TEL 1'vS 1°se 091 Ndd 082 (+4) WV CTI-A 100 7 19-T€9€TODLV
[8z] 8T .Ndd 082 go
[zel (1§44 0'1E 6'61 6'8 NAd 592 (+4) WV TIM 0o H 19-1€9€Z00LV
J0joeaa >>D~n—
[1€] 17 62 61 6 Ndd 092 000€D £6SST DOLV 1109 'H dJo
[zl ford €1 .NAd SST Jo
Jo
[8z] 9'8 s 8T .NAd 08¢ YLIXD
[8z] s €€ L1 NAd SST YLIXD
¥L1 X Ud
[z€] L'Y9p1 TvITL ¥'€9L 8TIh 00€ 19-L6SSTODLV
[z1] S6 4 14 Ndd 58T 168004 DD.LV dureq 1702 g 19-L6SSTODLY
[e€] 901 0L < -Ndd 582 (+:D\/V ST 100 q 19-L6SSTODLV
[z€] 12Tl S'16 6'09 €0€ Ndd 08¢ 19-L6SSTODLV
[o€] 09 6€ 81T Ndd 08¢ 168004 DDLV dureq 1702 g 19-£L6SSTODLY
[z2] SS 14 -Ndd SLT L6SST DOLV 1102 7 19-L6SSTODLV
[z€] T'S01 194 'Ly 1’81 Ndd 592 19-L6SSTODLV
[z1] s 143 ST .Ndd 592 168004 DD.LV dureq 1702 g 19-L6SSTODLY
J0ojoealr >>D~m
[1€] 8t 43 ST Ndd 092 000€D L6SST DOLV 1109 A 19-L6SSTODLV
[o€] g 0€ 41 Ndd 092 168004 DD.LV dureq 1702 g 19-L6SSTODLY
[r1l 8S 144 8T €1 Ndd 092 16800 DDLV duwreg 1700 g SN
[z1] St 8T 48 Ndd SST 16800£ DD.LV duwreq 1709 g 19-L6SSTODLV
[62] L a4 61 Ndd §ST 8€LTYH 1109 'H 19-L6SSTODLV
[L2] 0S 14 Ndd SST L6SST DOLV 109 'q 19-L6SSTODLY
[8z] 8¢ 9T €1 Ndd §ST SN
ageydrjod ZSIN
[£2] L1 4 9 LT Ndd SLT €0E€TT DOLV 4092 'q LL
[£2] 114 at 69 6T Ndd SST €0E€TT DDLV 109 ‘7 LL
a8eydro) L1
14 € 4 1
(wu)
SJUSWILIOD pUe Joy uononpal 30[ usAIS e 10§ (zwo/rur) (3S0p AN) IUSN[J  POYIOW UOHRISWINUD STLITA 18U aaeM QAT 1SOH ad£y snaip

'SUISUS[oABM A[] SNOLIBA 0] SISNIIA JO AJIADISUSS
1 3IqelL



Journal of Photochemistry & Photobiology, B: Biology 212 (2020) 112044

Y. Gerchman, et al.

*Adodsoxdrur

90U9ISIION[J AQ PAIUNOD Ik S[[9D PIIJU] ‘PI[oqe] A[JUIISAION]] Apoqriue a1} pue sura)oid [elia Jsurede Apoqnue IIM pa[aqe] paxy SIe S[[99 1S0Y UONBQNIUI PUB UONIRJUI I9)Je ‘A[Jatlg “Aessy 3ururiog-snood :vid ,
"pajunod pue paynuapt sanbe(d pue ‘paurels ‘paxy I S[[3D ISOY UONEBQNIUL PuBR UONIRJUL 8)fe Inq (,) NAd 03 Te[ruis “Aessy Suruiog-onbeld :vid ,
*(4Ddb.Lg-DDI 29uay) YDdb a1 apadaid YN 03 VNY H2AU0D 0] UoTIdRaI (1Y) 9seIdLIosuer) 9SI9AR1 B SISIIA VNY 104 "(YDdb) uonoea ureyo aserawjod aaneinuenb £q pazATeue st soqunu Adod SwOUS SNLIIA PUE ‘SISNITA
9SEI[2I 0) UDY0Iq ‘SISIIIA JB[N[90LIIXd SAOWDI 0] PIYSEM JIB S[[9D ‘UOIIBQNIUI J8IJY “S[[3D ISOY UM Pajeqnoul pue pajnfIp aIe SasnIiA ‘A[Jorrg "D 2AneInuend) (W L[eay) 2Inimny [[2) pareidaiu :¥DJb(IM)-D0I
-20uasa1d SNIIA S]qEIA 10 JUSPIAD SE SISAT [[22 150y Aq Paje[nd[ed ST 12quInN 9[qeqoid ISOIA S[[32 ISOY JO SINI[ND & 0} Pappe Pue pIIN(Ip A[[elIas ST Sl oy} ‘AjaLig "ABSSY SIIA S[qeInin) [eI0L, :VADL
*A11p1qan) eLI)dkq 9 Ul smof[ey se Jeadde erra)deq peap jo sanbelq ‘(1o4ef dol) erpawr rede uo pamod pue eipaul Jede 1Jos PI[ouW UT BLIIOE] U3 YIIM paxTw a1e sadeydoraloeq syun Suruioq sanbeld :ndd .

Apms JusLm) 0Ly 0ce 8'9¢ §L1 ¥DdbIY-DDI 16T S[[92 9F-0I9A €4D0-AODH
Apms JusLm) v91 6C1 56 8'S WDdbIY-DDI 98¢ S[[2 9H-0IA €4D0-AODH
Apmis Juarm) L8 0L S'S g€ ¥DdbIY-DDI 6LT S[2 9H-0IA €4D0-AODH
Apms Jua1m)d 89 LS 0's ve ¥DdbIY-0DI L9 S92 9H-0IOA £4D0-AODH
[9€] §'LE SLe Lvdd S ¥ 08C SI[3D OI9A Z-A0D-SYVS
STIIIARUOIOD
OIDAN) (¥€61/8/091d 011N
[se] 0002y 0004 .Vidd uv<mm £ 4DdbI¥-DDI1 Go¢ S[[92 Aaupny sutued Aqreq-uipe]y /v urens) adAiqns [NTH Jjo suoisuadsns [e1iA "adAiqns INTH
(S ielei] (FE61/8/091y 011N
[sel 0STT oct 0sz  .vid Mc<mm £ ¥DdbIM-DDI 01€ S[[92 Aaupny aurued Aqreq-uipey /v urens) adAiqns [NTH jo suoisuadsns [e1iA -odAiqns INTH
BICA] (#€61/8/001g 01IaNd
[sel se1 0S €€ 0T  ,Vdd {,Vdd -¥DdbIy-00I 08T OIDAN) Adupny dutued Aqreq-urpelN /v urens) adAiqns TNTH jo suorsuadsns [eriA -adAiqns INTH
SNIIA BZUIN[JUL
(#6°1DD DDLV “MAUD)
[zel €8S 9'veY 8'98¢ T'6€T V/N 00€ S[[92 ASupry aul[a) $33Y [[PPUERID T8/-YA-DDLYV SNIIADI[ED dul[do]
(#6-10D DOLV MAUD)
[zel 8'8€ 6'8C 6'81 06 V/N 082 S[[92 Aauppy duI[dy $93Y [[PPULID) T8L-A-DDLY STUIARI[ED dUI[o]
(#6-1DD DDLV “M4¥D)
[eel v'€e Sve 9'S1 L9 V/N 592 S[[92 ASupry aul[a) $33Y [[PpUeRID) T8/-YA-DDLYV SNIIADI[ED dUl[o]
14 € 4 1
()

SJUSWIWIO) pue Joy

uonPNpal 30 UAAIS B 10 (,Wd/[ur) (ISOP AN) dIUINA

poyiaur uoneIaWnua SNITA

I8ua] aaeM QAT

150H

ad£y snaip

(panupu0d) 1 dqeL

<



Y. Gerchman, et al.

Journal of Photochemistry & Photobiology, B: Biology 212 (2020) 112044

A /)

A /)

Fig. 2. Schematic layout of the inactivation experiment with the 24-well plate used in this study. Numbers in wells represent the incident irradiance (mW/cm?) as
measured for each particular well location (Top-left, 267 nm; top-right, 279 nm; bottom-left, 286 nm; bottom-right, 297 nn). The red encircle irradiation area for one
time/dose irradiation point (left: 4-well column, for 267/286 nm rectangular system; right: 2 X 2 wells for 279/297 nm round system). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

quantification of 3-log reduction). Cells and viruses were grown in a
humidified incubator with 5% CO, at 33 °C for 72 h, after which total
RNA was extracted from the above cells using a MagNA Pure 96
Instrument (Roche Life Science) according to the manufacturer's pro-
tocol. Viral load was determined by RT-qPCR (using Applied Biosystems
7500 Real-Time PCR System) as described by Dare et al. (2007) [23]
and compared against a calibration curve constructed from virus sus-
pensions of known titers.

3. Results and Discussion
3.1. Inactivation by UV Irradiation

The dose (fluence) response curve of HCoV-OC43 to UV LEDs with
different peak wavelengths is presented in Fig. 3. The UV LEDs at 267
and 279 nm were very effective at inactivating the Coronavirus (3-log
inactivation at irradiation 6-7 mJ/cm?), whereas longer UV-LED wa-
velengths (i.e., 286 and 297 nm) required higher doses for 3-log in-
activation (13 mJ/cm? and 32 mJ/cm?, respectively), nevertheless,
even these wavelengths resulted in effective inactivation. Interestingly,
none of the wavelength tested showed a tailing effect (characterized by
a decrease in the slope of the inactivation curve) as demonstrated in
other studies [24-26]. The reason for the high standard deviation at the
higher dose/lower survival zones of the curves is an artifact due to lack
of precision in enumerating the low number of survivors, thus limit of
quantification (LOQ) of the assay was determined as reduction of 3
log;o PFU/mL. Attempt to increase the initial virus concentration re-
sulted in aggregation as was evident by high variation in the N, counts
(data not shown).

The sensitivity of various viruses to different UV wavelengths is
presented in Table 1 and compared to the sensitivity of HCoV-OC43

tested here. Generally, the wavelength ~ 260 nm showed slightly
higher effectivity then ~280 nm, with (from high to low sensitivity)
PHI X 174 ¥ HCoV-OC43 > T7 > Vesivirus > Enterovirus > SARS-
CoV-2 > Influenza =~ QB > MS2 > Adenovirus (according to the 2-
and 3-log inactivation data of Table 1; compared for similar wave-
lengths). Increasing the wavelength to ~300 nm resulted in dramatic
drop in disinfection effectivity (e.g. for MS2, Qp, feline calicivirus and
H1N1) with ~10-fold higher dose needed as compared to 280-290 nm.
In the same manner, the HCoV-OC43 in this study showed similar dose-
response to irradiation at 267 and 279 nm, somewhat lower sensitivity
to 286 nm, and a sharp increase in the required dose when irradiated at
297 nm (Fig. 3). The data presented in Fig. 3 and in Table 1 demon-
strate that indeed UV-LED with peak emission at ~286 nm (but not
much higher) could offer efficient inactivation of many viruses, in-
cluding the corona virus family, thus overcoming the current limita-
tions of the lower UV-LED wavelengths.

3.2. The Human Coronavirus OC43 (HCoV-OC43) as a Surrogate for
SARS-CoV-2

The Coronaviridae are the largest enveloped RNA viruses, having a
positive single-stranded RNA molecule that ranges between 26.2 and
31.7 kb [37-39]. Both HCoV-OC43 and SARS-CoV-2 belong to the Be-
tacoronavirus genus, dividing to Embecovirus and Sarbecovirus subgenus
respectively [40,41]. HCoV-OC43 and SARS-CoV-2 genomes size are
alike, ~30,600 bp (e.g. GI numbers 530,802,586, 530,802,542) vs
29,903 bp respectively (Wuhan-Hu-1 complete reference genome
NC_045512.2). All CoVs encodes 4 essential structural proteins, spike
(S), envelope (E), membrane (M) and nucleocapsid (N) [42]. These
viruses share structural similarities, with several differences that could
affect viral proteins interactions and functions [41]. For example, the M
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Fig. 3. Dose (fluence) response curve of the HCoV-OC43 to UV-LEDs. N is virus count after the designated irradiation and Ny at time zero (without irradiation).

protein is the most abundant structural protein of coronaviruses, in-
teracts with other viral proteins and is critical for viral assembly and
may contribute to viral pathogenesis [41,43]. The M protein is modified
by O-linked glycosylation in the N-terminal domain in HCoV-OC43 or
by N-linked glycosylation at most other coronaviruses. Both glycosy-
lation types are not required for virion assembly, however O-linked
glycosylation is associated with induction of type I interferon [43].
HCoV-OC43 possess ns12.9 accessory protein, analogous to the SARS-
CoV 3a protein, a viroporin that regulates virus production [44,45].
Both HCoV-OC43 and SARS-CoV-2 uses S protein to attach the host
membrane, however HCoV-OC43 employ glycan-based receptors with
9-0O-acetylated sialic acid and SARS-CoV-2 use the cell surface peptidase
ACE2 [41]. Furthermore, Embecoviruses express a unique hemagglu-
tinin-esterase (HE) transmembrane protein that may facilitate virion
attachment via its sialic acid-binding activity and could mediated re-
lease of progeny virions by its esterase activity [37,41]. HCoV-OC43
had serological cross-reactivity with SARS-CoV N protein [46] but not
to sera of SARS-CoV-2-positive patients [47]. To conclude, both human
Coronaviruses HCoV-OC43 and SARS-CoV-2 are very similar, thus it is
reasonable to suggest a human Coronavirus HCoV-OC43 as a surrogate
for SARS-CoV-2, and our future work will confirm these results by
testing the impact of LEDs and their combinations on SARS-CoV-2.
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