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Abstract
Ultraviolet radiation’s germicidal efficacy depends on several parameters, including wavelength, radiant exposure, microbial 
physiology, biological matrices, and surfaces. In this work, several ultraviolet radiation sources (a low-pressure mercury lamp, 
a KrCl excimer, and four UV LEDs) emitting continuous or pulsed irradiation were compared. The greatest log reductions 
in E. coli cells and B. subtilis endospores were 4.1 ± 0.2 (18 mJ  cm−2) and 4.5 ± 0.1 (42 mJ  cm−2) with continuous 222 nm, 
respectively. The highest MS2 log reduction observed was 2.7 ± 0.1 (277 nm at 3809 mJ  cm−2). Log reductions of SARS-
CoV-2 with continuous 222 nm and 277 nm were ≥ 3.4 ± 0.7, with 13.3 mJ  cm−2 and 60 mJ  cm−2, respectively. There was no 
statistical difference between continuous and pulsed irradiation (0.83–16.7% [222 nm and 277 nm] or 0.83–20% [280 nm] 
duty rates) on E. coli inactivation. Pulsed 260 nm radiation (0.5% duty rate) at 260 nm yielded significantly greater log 
reduction for both bacteria than continuous 260 nm radiation. There was no statistical difference in SARS-CoV-2 inactiva-
tion between continuous and pulsed 222 nm UV-C radiation and pulsed 277 nm radiation demonstrated greater germicidal 
efficacy than continuous 277 nm radiation. Greater radiant exposure for all radiation sources was required to inactivate MS2 
bacteriophage. Findings demonstrate that pulsed irradiation could be more useful than continuous UV radiation in human-
occupied spaces, but threshold limit values should be respected. Pathogen-specific sensitivities, experimental setup, and 
quantification methods for determining germicidal efficacy remain important factors when optimizing ultraviolet radiation 
for surface decontamination or other applications.
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1 Introduction

Endless biological warfare exists between pathogens and 
human immunity. Yet, history has shown that decontami-
nation protocols may aid in reducing viral transmission, 
as demonstrated with severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) [1]. As the aftermath of the 
COVID-19 pandemic continues to unfold, data indicate 
that SARS-CoV-2 can survive on surfaces for days [2–4]. 
This underlines the urgent need for efficient high touch 
surface disinfection or equipment sterilization methods in 
health care settings and public indoor spaces. Of these, 
the use of ultraviolet (UV) germicidal irradiation (UVGI) 
has been renewed with pressing interest for this and future 
pandemics, and new UV-containing devices have exploded 
into the marketplace. Regulatory bodies in North America, 
namely, the FDA and Health Canada, have issued technical 
requirements, display panel obligations, and warnings to 
manufacturers and consumers to address unproven efficacy 
claims for disinfection of SARS-CoV-2, while warning of 
significant risk, direct or indirect, to health, safety, or the 
environment when using UV radiation-emitting devices 
[5, 6].

The impact of light on microorganisms was first reported 
in the late 1800s, as it was determined that sunlight impeded 
microbial growth within experimental test tubes [7]. Pho-
tobiologists have since elucidated that UVGI primarily 
and directly induces the formation of lethal nucleic acid-
damaging pyrimidine dimers, as well as indirectly causing 
reactive oxygen species (ROS)-mediated damage to lipids, 
proteins, and cell membranes [8–10], effectively inactivat-
ing fungal cells and spores, vegetative bacteria and bacterial 
endospores, protozoans, and some viruses [11, 12]. Lethal 
UV-C (200–280 nm) photochemical damage is primarily 
caused by maximum absorbance by nucleic acids (DNA/
RNA) at 260 nm and proteins at 280 nm, while mounting 
evidence points toward the generation of membrane-dam-
aging ROS and damage inflicted by 222 nm emitting radia-
tion sources on proteins, phospholipids, and glycoproteins 
found in some viral envelopes [12–14]. Germicidal efficacy 
is consequently and further dependent on pathogenic spe-
cies or viruses present, microbial physiology, genome and 
nucleic acid repair mechanisms, UV radiant exposure (dos-
age), illumination temperature, and surface types or biologi-
cal matrices as reviewed elsewhere [15].

Mercury UV lamps represent the most long-standing and 
conventional delivery of UVGI for medical applications, yet 
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they are accompanied by many challenges, namely, danger-
ous leaks, long activation warm-ups, short lifespans, and 
limited effective radiation areas [16]. Filtered krypton chlo-
ride (KrCl) excimers emitting UVGI with a 222 nm peak 
have attracted much attention recently; this wavelength’s ger-
micidal efficacy against Gram-positive and Gram-negative 
bacteria, bacterial endospores, yeast, and fungi, as well as 
herpes simplex virus, aerosolized influenza human coronavi-
ruses (HCoV-229E and beta HCoV-OC43) has been reported 
[12, 14, 17]. SARS-CoV-2-contaminated surfaces are addi-
tionally disinfected with 222 nm UV radiation [18]. This 
may prove favorable for living spaces, as this wavelength 
does not induce any significant cytotoxic effects in mamma-
lian skin models and mice [19], nor erythema (sunburn) for 
human skin [20]. Energy-efficient UV LEDs (light-emitting 
diodes) are advantageous as they allow for the manipula-
tion of different peak wavelengths, potentially targeting dif-
ferent pathogens or enhancing direct and indirect inactiva-
tion mechanisms for different applications [16]. The use of 
UV LEDs has increased in recent years with advantages that 
include lower power usage, adaptable design configurations, 
wavelength combination, pulsing, and enhanced robustness 
[21, 22]. Pulsed UV radiation (100–380 nm) has been imple-
mented in different scenarios for several decades [22, 23], 
and inactivation of microorganisms (bacteria, yeast, viruses, 
protozoans, and algae) has been well documented for waste-
water treatment, preserving food and in hospitals [24–27]. 
Pulsed irradiation configurations can be easily achieved with 
UV LEDs, potentially reducing energy consumption while 
maintaining germicidal effects, and minimizing exposure to 
UV radiation.

UVGI devices reached unprecedented popularity with the 
COVID-19 pandemic, yet this technology is fraught with 
numerous false claims regarding efficacy in inactivating 
SARS-CoV-2 virus [28]. Safety concerns have been accom-
panied by reports of photokeratitis and erythema associated 
with misused UVGI devices or insufficient personal pro-
tective equipment against UVGI [29, 30]. Concerns over 
UV photobiology safety and ozone-producing wavelengths 
(< 200 nm) from UVGI are not new, and current threshold 
limit values (TLVs) have been set by the American Con-
ference of Governmental Industrial Hygienists [31]. With 
increased use, new and separate TLVs for lasers, eyes, and 
skin are in development or have been proposed [31–33]. 
These can contribute to the basis of new regulations for 
occupational hazards, UVGI devices, and lighting installa-
tions aimed toward disinfection of high touch surfaces and 
indoor air in public spaces. Many questions remain around 
incorporating UV radiation into disease prevention strate-
gies for every day settings, or in pandemic readiness road 
maps against WHO-prioritized pathogens and ‘Disease X’ 
[34]. Given the range of potential applications to mitigate 
transmission and infection of different airborne, foodborne, 

waterborne, and occupationally transmitted diseases, con-
cise and scenario-specific regulations for UVGI are required, 
with prioritized consideration given to TLV, safety, and 
efficacy.

2  Materials and methods

2.1  UV‑C radiation sources

An LPML incorporated into a laminar flow hood (Forma 
Scientific, Thermo Forma 1845, Waltham, US), a 222 nm 
KrCl excimer lamp (Excimer-222, Guangdong Exci-
mer Optoelectronic Co., Jiangmen City, China), and four 
UV LED radiation modules emitting different peak wave-
lengths across the UV-C range (220–280 nm) were procured 
for this study from U Technology Corporation (Calgary, 
AB, Canada) and EHC Global Inc. (Oshawa, ON, Canada). 
Peak wavelengths for all six lighting installations were meas-
ured using an Apogee spectroradiometer (PS-300, Apogee, 
Logan, UT, US) normalized to 1, and are depicted in Fig. 1. 
Peak wavelengths confirmed for these manufactured UV-C 
radiation sources were as follows: 222 nm (KrCl excimer), 
254 nm (LPML), 260 nm (UV LED), 273 nm (UV LED, 
277 nm (UV LED), and 280 nm (UV LED), respectively.

To measure irradiance (intensity), all radiation sources 
(with the exception of the LPML in the laminar flow 
hood, the 277 nm LEDs and the 280 nm UV LEDs) were 

Fig. 1  Spectral distribution and peaks of six UV-C radiation sources 
normalized to 1 were compared for germicidal efficacy and surface 
disinfection in this study. LED light-emitting diode, LPML low-pres-
sure mercury lamp
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connected to a power supply (DP832, Rigol Tech, Beaver-
ton, OR, US) then secured with clamps in a laminar flow 
hood. Heat sinks (Advanced Thermal Solutions Inc., Nor-
wood, MA, US) were incorporated into the experimental 
setup for the 260 nm and 273 nm UV LEDs to allow for heat 
dissipation, but this was not possible for the 277 nm and 
280 nm UV LED configurations. UV LEDs were turned on 
and allowed to stabilize (5–10 min). UV-C irradiance and 
coverage areas were measured and mapped at room tempera-
ture (23 °C). Two UV sensors (ILT770-NB and ILT770-UV, 
International Light Technologies, Peabody, MA, US) were 
used in these experiments. The ILT770-NB was used for 
preliminary experiments with the LPML (254 nm). When 
more UV-C radiation sources were added, this sensor was no 
longer suitable for measuring irradiance within the greater 
experimental UV-C range (222–280 nm) and the ILT770-
UVwas employed for the other radiation sources. Spectral 
error of the UV radiation meter for each UV LED configura-
tion was calculated by incorporating the manufacturer’s data 
as described previously to obtain a correction factor for each 
radiation source [35, 36]). Briefly, to calculate the correction 
factor with manufacturer’s spectral responsive data for all 
UV-C radiation sources, we used a calculation method pre-
viously developed by Ross and Sulev [35] that incorporates 
the relative spectral sensitivity from a reference pyranometer 
(in this case ILT770-NB) and the relative spectral sensitiv-
ity from the other pyranometer requiring calibration (in this 
case ILT770-UV), using Eq. 1:

where �PYR is the spectral correction, εREF(λ) is the relative 
spectral sensitivity of ILT770-NB, GE(λ) is global radiation, 
εPYR(λ) is the relative spectral sensitivity of ILT770-UV, 
and IE(λ) is the measured irradiance of each UV-C radia-
tion source. While these measurements were taken, the fluo-
rescent lamp in the laminar hood was turned off, but the 
fluorescent lighting installation in the laboratory remained 
on. For each irradiance measurement (three taken for each 
experimental condition), the sensor was placed so that meas-
ured irradiance remained in the same range for all experi-
mental conditions and replicates. For the LPML, irradiance 
was measured at different predetermined distances from the 
lamp. LED irradiance was measured prior to each germicidal 
test to confirm uniformity of radiant exposure testing param-
eters between experimental replications. The apparent and 
corrected irradiance levels determined for this study, as well 
as UV exposure duration and calculated radiant exposure for 
all UV-C radiation sources, are listed in Table 1.

An Arduino (Arduino, Somerville, MA, US) was used to 
control the pulsing parameters of the 260 nm and 273 nm 

(1)

�PYR =
∫ �max

�min
�PYR(�) × GE(�)d(�) × ∫ �max

�min
�REF(�) × IE(�)d(�)

∫ �max

�min
�REF(�) × GE(�)d(�) × ∫ �max

�min
�PYR(�) × IE(�)d(�)

UV LEDs. The 222 nm KrCl excimer had a built-in puls-
ing parameter. EHC Global Inc. provided a built-in control-
ler for the 277 nm and 280 nm UV LEDs, which was used 
to regulate the pulsing parameters. Pulsed UV-C radiation 
was emitted with different duty rates (percent of one cycle 
that the radiation source is on = time radiation source on/
time radiation source off × 100) (Table 2), yet with the 
same total exposure duration (30 s) as continuous radiation 
(100% duty rate; control) and radiant exposure for each of 
the UV-C radiation sources was the following: 222 nm KrCl 
(18.09 mJ  cm−2), 260 nm UV LED (2.66 mJ  cm−2), 273 nm 
UV LED (22 mJ  cm−2), 277 nm UV LED (63.4 mJ  cm−2), 
and 280 nm UV LED (62.26 mJ  cm−2).

2.2  Bacterial strains and viral inocula

Escherichia coli (ATCC 15597; C-3000 derived from K-12), 
B. subtilis (ATCC 23857) and MS2 bacteriophage (ATCC 
15597-B1; host E. coli C-3000) were obtained from Cedar-
lane (Burlington, ON). E. coli glycerol (20% v/v) stocks 
were kept frozen at -77 °C and maintained on Luria–Bertani 
(LB; 1% peptone, 0.5% yeast extract, and 1% NaCl) agar 
(1.5%) plates. The MS2 bacteriophage was reconstituted in 
LB as per the manufacturer’s instructions (ATCC 15597-B1) 
and aliquots were kept frozen at -80 °C. The SARS-CoV-2 
isolate (Genbank accession no. 599736; lineage B1.1.147) 
was propagated and titered in Vero E6 cells as described 
previously [37], following Biological Safety Containment 
Level 3 (BCL3) procedures.

2.3  Determination of germicidal efficacy

Single colony-forming units (CFU) of E. coli were picked 
from an LB-agar plate to start overnight cultures in LB 
(25 mL/125 mL Erlenmeyer  flask−1), shaking with 200 
RPM at 37 °C. After 24 h, the optical density of the over-
night E. coli culture was measured using a spectrophotom-
eter (Ultrospec 2100, Biochrom, Cambridge, UK). Cells 
 (108 colony-forming units (CFU)  mL−1) were washed and 
resuspended in phosphate buffered saline (PBS; 137 mM 
NaCl, 10 mM phosphate, 2.7 mM KCl, pH 7.4). B. sub-
tilis endospores were prepared as described previously 
[38], with some modifications. Difco sporulation media 
were inoculated (25 mL/125 mL Erlenmeyer flask) with 
2–3 CFU and grown for 96 h at 37 °C. Cells were pel-
leted at 10,000 RPM and resuspended in PBS containing 
50 μg lysozyme/mL and incubated 1 h at 37 °C, followed 
by 10 min at 80 °C. Cells were pelleted for 5 min at 10,000 
RPM, washed three times with water, and resuspended in 
PBS. Endospores were confirmed with malachite green/
safranin staining and light microscopy. Working MS2 bac-
teriophage inocula and dilutions were prepared by freshly 
diluting stock tenfold in LB. A total of 500 μL E. coli cell 
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suspension (≅  108 CFU  mL−1), 500 μL B. subtilis endospore 
suspension (≅  108 CFU  mL−1), or 180 μL freshly diluted 
MS2 (≅  108 PFU  mL−1) or 200–500 μL SARS-CoV-2 (≅  105 
PFU  mL−1) inocula were placed as a single droplet in an 
uncovered 100 mm polystyrene Petri dish within a laminar 

flow hood, where UV-C radiation sources were set up to 
irradiate microbial suspensions with a predetermined radi-
ant exposure range for each UV-C radiation source. The 
same radiation method was employed with a diluted stock 
of the SARS-CoV-2 isolate, performed in a biological safety 

Table 1  Radiant exposure determined for continuous UV-C radiation with corresponding duration for all experimental conditions

Apparent irradiance is presented as minimum and maximum values (range), mean, and estimated standard deviation (SD) for all experimental 
conditions and replicates
n/a not applicable, LED light-emitting diode, LPML low-pressure mercury lamp, ND not determined, UV ultraviolet

UV-C radiation source Irradiance (μW  cm−2) Exposure duration (min) Radiant exposure (mJ  cm−2)

Apparent (range; mean ± SD Corrected (correction factor)

222 nm KrCl excimer 200–400; 300 ± 50 603 (2.01) E. coli 0.02–2.5 0.6–90.5
B. subtilis 0.02–2.5 0.7–105.5
MS2 10.0–60.0 356.4–2138.4
SARS-CoV-2 0.5–5.0 6.7–180.9

254 nm LPML 1750–2000; 1975 ± 113 1975 (1) E. coli 2.5–10.0 21.6–1050.0
B. subtilis 0.5–10.0 52.5–1050.0
MS2 10–60.0 2202.0–13212.0
SARS-CoV-2 n/a ND

260 nm UV LED 22–23; 22.5 ± 5.6 88.7 (3.94) E. coli 2.5–10.0 1.5–53.2
B. subtilis 0.5–30.0 2.7–159.6
MS2 10.0–60.0 319.1–1843.9
SARS-CoV-2 n/a ND

273 nm UV LED 12.2–20.0; 16.1 ± 4.0 559.3 (45.84) E. coli 0.5–10.0 22.1–442.8
B. subtilis 0.17–10.0 7.38–442.8
MS2 10.0–60.0 440.1–2656.9
SARS-CoV-2 n/a ND

277 nm UV LED 13.5–15; 14.3 ± 3.6 2116.38 (148.52) E. coli 0.5–2.5 60.1–300.7
B. subtilis 0.2–10.0 44.6–2673.0
MS2 10.0–60.0 1269.7–7618.5
SARS-CoV-2 0.5–5.0 60.1–601.4

280 nm UV LED 8.6–9; 8.8 ± 2.2 2075.30 (235.83) E. coli 0.5–2.5 62.3–311.3
B. subtilis 0.2–10.0 20.8–311.3
MS2 10.0–60.0 1245.2–7471.1
SARS-CoV-2 n/a ND

Table 2  Experimental 
duty rates (percentage of 
irradiation duration in each 
on and off cycle) for pulsed 
UV-C radiation using the 
222 nm KrCl excimer and the 
260 nm, 273 nm, 277 nm, and 
280 nm UV LEDs, along with 
corresponding cycles

Pulsed UV-C radiation with the LPML could not be performed as it could not be reconfigured in the lami-
nar flow hood for pulsed irradiation
a 100% duty rate corresponds to 30 s continuous UV-C radiation (control)

Duty rate (duration on/duration 
off × 100)

Irradiation time per 
minute (s)

Irradiation cycles equaling cor-
responding period (min)

Total UV expo-
sure duration (s)

(0.2 s/60 s × 100) = 0.33% 0.2 150 30
(0.3 s /60 s × 100) = 0.50% 0.3 100 30
(0.5 s/60 s × 100) = 0.83% 0.5 60 30
(1 s/60 s × 100) = 1.67% 1.0 30 30
(10 s/60 s × 100) = 16.67% 10 3 30
(10 s/50 s × 100) = 20% 10 3 30
(30 s/30 s × 100 = 100%a 30 1 30
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cabinet at McGill University’s BCL3 facility (Montreal, 
QC, Canada). Briefly, previously titered SARS-CoV-2 iso-
late stock was thawed on a cold block, diluted in DMEM 
as described previously (without fetal bovine serum) prior 
to irradiation, and 220–500 µL droplets of SARS-CoV-2 
inocula (≅  105 PFU  mL−1) were placed in an open Petri 
dish. Experimental radiant exposure was determined by 
setting each UV-C source as close to the testing surface as 
possible (with exception of the LPML in the laminar flow 
hood), with at least three different irradiation durations that 
resulted in ranging radiant exposure for each UV-C radia-
tion source. Controls included the same volumes of E. coli 
cell and B. subtilis endospore suspensions, diluted MS2 or 
SARS-CoV-2 inocula placed in an uncovered Petri dish, and 
exposed to air for the same exposure duration without any 
laminar hood illumination.

After irradiation, the Petri dish containing the irradiated 
E. coli, B. subtilis endospores, or MS2 inocula was rinsed 
several times before transferring to a microfuge tube. If vol-
ume was lost to air-drying, sterile PBS (or LB for MS2) was 
added to the suspensions to reach the pre-irradiation volume. 
For E. coli and B. subtilis, 100 µL of select serial dilutions 
was spread in technical replicates on 100 mm Petri dishes 
containing LB-agar and incubated overnight at 37 °C for 
approximately 18 h. For MS2, plaque assays were performed 
using a modified double layer agar technique [39]. CFU and 
plaque forming units (PFU) were manually counted the next 
day or with OpenCFU 3.8 image processing software [40] 
whenever possible. Cold blocks were used to manipulate 
SARS-CoV-2 during serial dilutions with DMEM (without 
fetal bovine serum). Plaque enumeration for SARS-CoV-2 
was performed in Vero E6 cells and crystal violet staining 
according to Mendoza et al. [37], in technical replicates. 
Image capturing and processing was not possible for SARS-
CoV-2 PFU in the BCL3 at the time that the experiments 
were performed. Each experimental condition with E coli, B. 
subtilis, MS2, and SARS-CoV-2 was biologically replicated 
independently three times.

2.4  Data collection and statistical analysis

Germicidal efficacy was analyzed by calculating log reduc-
tion (Eq. 2):

where N0 and N represent numbers of CFU or PFU counted 
without UV-C radiation (control) and after UV-C radia-
tion treatments, respectively. The full factorial design was 
to evaluate the effect of the independent variables on the 
dependent variables (microbial log reduction). The inde-
pendent variables consisted of five wavelengths and duty 

(2)Logreduction = log

(

N0

N

)

,

rates. Triplicates of each experimental condition were per-
formed and mean values with standard error means were 
reported. Analysis of variance (ANOVA) was used to inves-
tigate the statistical significance of the regression coeffi-
cients by conducting the Fisher’s F-test at 95% confidence 
level. The least square multiple regression methodology was 
used to evaluate the relationship between the independent 
and dependent variables. Regression analyses were done 
to evaluate the linear effect of the dependent variables and 
the quadratic effect of the interaction of the wavelengths 
and duty rates on the log reduction of the pathogens. Pair-
wise comparisons of means were done using the Student’s 
t test. Different linear and non-linear regression models 
were evaluated to determine best fit with the collected data. 
The rational regression model was selected to generate fit-
ted inactivation curves with Prism (Prism Software, Irvine, 
CA, US), due to low root mean square error (RMSE) and 
high  R2 values determined with Curve Expert 2.6.5 software 
using Eq. 3:

where y is log reduction, x is radiant exposure (mJ  cm−2), 
and a, b, c, and d are model coefficients (unitless; listed in 
Supplementary Table 1).

Pulsed irradiation data represent mean values of biologi-
cally replicated experiments that were analyzed using JMP 
software (SAS Institute, Cary, North Carolina, US). A full 
factorial design was used to test the fitness of the model and 
the analysis of variance. The Student’s t test was used for 
multiple pairwise comparisons for the given UV-C radiation 
source and duty rates.

3  Results

3.1  Continuous UV‑C radiation

The germicidal efficacies of the different radiation sources 
emitting continuous UV-C radiation were determined against 
a panel of microorganisms. Log reduction data were used to 
generate fitted curves (Fig. 2) using the rational non-linear 
regression model.

Using continuous UV-C radiation, the highest log 
reduction in E. coli CFU obtained was 4.1 ± standard error 
mean (SEM) of 0.2 with the 222 nm KrCl excimer at a 
minimum radiant exposure of 18 mJ  cm−2 (0.5-min expo-
sure). The highest log reduction in B. subtilis endospores 
obtained with minimum radiant exposure was using the 
222 nm KrCl excimer (42 mJ  cm−2; 1 min) was 4.5 ± 0.1. 
Greater radiant exposure for all UV-C radiation sources 

(3)y =
a + bx

1 + cx + dx2
,
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was required to inactivate the MS2 bacteriophage than the 
bacterial models. The highest log reduction in MS2 PFU 
obtained with minimum radiant exposure was 2.7 ± 0.1, 
using the 277 nm UV LED at 3809 mJ   cm−2 (30-min 
exposure). For SARS-CoV-2, the highest log reduction in 
PFU obtained with minimal radiant exposure was 3.4 ± 0.7 
with the 222 nm KrCl excimer emitting 13.32 mJ  cm−2 
(30  s exposure). Log reductions > 3.4 were calculated 
with the 222 nm KrCl UV lamp at higher radiant exposure 
(33–180 mJ  cm−2) and similarly with the 277 nm UV LED 
with nearly five times the radiant exposure (60 mJ  cm−2; 
0.5-min exposure) as no PFU were detected in the plaque 
assays with these UV-C conditions. The rational regression 
model was used to interpolate and predict radiant expo-
sure (mJ  cm−2) required for incremental log inactivation 
of the experimental microbial panel. Predicted values were 
extracted for each log reduction (1–4) where applicable 
(Supplementary Table 2).

3.2  Continuous vs. pulsed UV‑C radiation 
with different duty rates

The germicidal efficacies of continuous and pulsed UV-C 
radiation with different duty rates (0.33–20%) on E. coli, B. 
subtilis endospores, and SARS-CoV-2 inocula were com-
pared using the same total exposure duration (30 s) and radi-
ant exposure for each UV-C radiation source. These were 
compared to 30 s continuous irradiation (considered a 100% 
duty rate and serving as the control) for all the UV-C radia-
tion sources, with exception of the LPML. Log reductions 
in CFU (E. coli and B. subtilis) or PFU (SARS-CoV-2) are 
plotted in Figs. 3, 4, and 5.

No statistical difference between continuous and pulsed 
irradiation (0.83–16.7% at 222 nm and 277 nm or 0.83–20% 
for 280 nm) on E. coli inactivation was observed. The high-
est log reduction in E. coli CFU obtained was 3.9 ± 0.1 with 
the 277 nm UV LED (63.40 mJ  cm−2), at a duty rate of 
20%. In comparison, continuous UV-C radiation (100% 

Fig. 2  Fitted curves demonstrating germicidal efficacy (log reduc-
tion in CFU or PFU) on suspended E. coli (upper left), B. subti-
lis endospores (upper right), MS2 bacteriophage (lower left), and a 

SARS-CoV-2 isolate (bottom right) with continuous UV-C radiation. 
Fitted curves were generated with mean values ± standard error mean 
(SEM) from three biologically replicated experiments
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duty rate) with the same UV LED resulted in an E. coli 
CFU log reduction of 3.7 ± 0.1. For B. subtilis endospores, 
pulsed 277 nm UV LED radiation (63.40 mJ  cm−2) resulted 
in a significantly higher log reduction (4.28 ± 0.10) at a 
duty rate of 0.83% than continuous UV-C radiation with the 
same UV LED (2.58 ± 0.23). Pulsed UV-C radiation (0.5% 
duty) at 260 nm yielded significantly greater log reduction 
for both E. coli and B. subtilis than continuous radiation 
with the same UV LED. At 222 nm, there was no statistical 
difference in SARS-CoV-2 inactivation between continu-
ous and pulsed irradiation. Pulsed 277 nm UV-C radiation 
(63.40 mJ  cm−2) resulted in a significantly higher log reduc-
tion (5.1 ± 0.3 with 1.7% duty rate) than continuous UV-C 
radiation with the same UV LED (100% duty rate; log reduc-
tion of 3.5 ± 0.0). No direct comparison between continuous 
and pulsed irradiation on MS2 could be made as continuous 
exposure duration started at 10 min; however, log reduc-
tion data collected for tested pulsed irradiation conditions 
on MS2 are listed in Supplementary Table 3.

4  Discussion

UVGI is a non-thermal and non-chemical control method 
widely used to assure the quality and safety of food or water, 
as well as sterilization of medical devices. In the wake of 
the COVID-19 pandemic, UVGI sources claiming high-level 
disinfection for reusable medical devices must ensure a min-
imum 6 log reduction (99.9999% reduction) to comply with 
Health Canada and FDA requirements [6, 28, 41]. Commer-
cial products intended for decontamination of rooms, envi-
ronmental surfaces or household products typically attain a 
lower level of disinfection (3-log reduction or 99.9% reduc-
tion)[42]. The aim of the present study was to investigate 
and compare the germicidal efficacies of six UV-C radiation 
sources on three surrogate pathogens and a SARS-CoV-2 
isolate. These radiation sources included one LPML incor-
porated into a laminar flow hood, one KrCl excimer, and 
four UV LED radiation modules undergoing screening for 
prospective inclusion in a commercial lighting installation 

Fig. 3  Log reduction of E. coli with pulsed UV-C radiation under the 
same radiant exposure with different duty rates (0.33–100%) where 
a 100% duty rate corresponds to 30 s continuous radiation (control). 
Radiant exposure for each UV-C radiation source was as follows: 
222  nm KrCl (18.09  mJ   cm−2), 260  nm UV  LED (2.66  mJ   cm−2), 

273 nm UV LED (22 mJ   cm−2), 277 nm UV LED (63.4 mJ   cm−2), 
and 280  nm UV  LED (62.26  mJ   cm−2). Bars represent mean val-
ues ± SEM (standard error mean) from three biologically replicated 
experiments. Values not connected by the same letter for a–e are sig-
nificantly different
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for surface disinfection. Evidence reported to date suggests 
it may be possible to optimize germicidal efficacy by select-
ing UV LEDs with specific peak emission wavelengths, as 
LEDs can often provide additional advantages over conven-
tional UV-C radiation sources, including safety, energy effi-
ciency, longer lifespan, flexibility with respect to different 
applications and installation, as well as controllability [43]. 
The inclusion of a 222 nm KrCl excimer was justified by 
trending research indicating that deep UV-C (207–235 nm) 
appear safe for mammalian skin, eyes, and living spaces [19, 
44–46]. Continuous and pulsed UV-C radiation was further 
compared to contrast these two irradiation delivery methods.

Comparing the germicidal efficacy of the experimental 
UV-C radiation sources emitting continuous irradiation 
emphasized wide-ranging sensitivities and differences in 
radiant exposure required to achieve high log reductions. 
Inactivation of suspended E. coli cells and B. subtilis 
endospores achieved with the 222 nm KrCl excimer in this 

work supports germicidal efficacies reported previously, in 
which DNA damage (not protein damage) was the primary 
UV-induced inactivation mechanism against E. coli and 
endospore-forming bacilli [12, 17]. Germicidal efficacies 
for surface decontamination of SARS-CoV-2 range from 
88.5 to 99.7% with 1 mJ  cm−2 and 3 mJ  cm−2 [47]. A dif-
ferently sourced KrCl excimer (222 nm) showed limited 
germicidal activity against SARS-CoV-2 at 280 μJ  cm−2, 
achieving < 2-log reduction using  TCID50 and immunofluo-
rescence detection assays [48]. Approximately 6.7 mJ  cm−2 
was used to achieve a > 3-log reduction in this study, meas-
ured by manually enumerated plaque assays. Limited time 
and equipment permitted in the BCL3 facility did not allow 
for germicidal testing against SARS-CoV-2 with the other 
manufactured UV-C sources. It was noted that predicted 
radiant exposure for the 222 nm KrCl excimer required the 
lowest radiant exposure in inactivating both bacterial strains 
and SARS-CoV-2, yet it was inefficient and unable to attain 

Fig. 4  Log reduction of B. subtilis with pulsed UV-C radiation under 
the same radiant exposure with different duty rates (0.33–100%) 
where a 100% duty rate corresponds to 30  s continuous radia-
tion (control). Radiant exposure for each UV-C radiation source 
was as follows: 222  nm KrCl (18.09  mJ   cm−2), 260  nm UV  LED 

(2.66 mJ   cm−2), 273 nm UV LED (22 mJ   cm−2), 277 nm UV LED 
(63.4  mJ   cm−2), and 280  nm UV  LED (62.26  mJ   cm−2). Bars rep-
resent mean values ± SEM (standard error mean) from three biologi-
cally replicated experiments. Values not connected by the same letter 
for a–e are significantly different
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a 2-log reduction in the non-enveloped virus surrogate MS2 
with these experimental conditions. Continuously emitted 
260 nm UV LED radiation similarly performed poorly with 
MS2, as did the 222 nm KrCl excimer, achieving a < 2-fold 
log reduction with the highest experimental radiant expo-
sure (2138 mJ  cm−2). This contradicts MS2 inactivation 
reported elsewhere with a similar KrCl excimer lamp, where 
a > 5-fold log reduction with only 50 mJ  cm−2 was reported 
[49]. It is possible that different inactivation dosages with 
similar UV-C radiation sources can be attributed to varied 
experimental methods, including radiation properties (irradi-
ance, working distance, angle, reflectivity, etc.), as well as 
different test surfaces, matrices, and assays to quantify log 
reduction values reviewed elsewhere [50].

Considerably more radiant exposure with other wave-
lengths was similarly needed to inactivate the MS2 bac-
teriophage in this work. The 260 nm UV LED performed 
poorly and this was unexpected, considering optimal wave-
lengths for inactivating MS2 range from 253–265 nm,  with 
higher sensitivity below 240 nm and at 260 nm [11, 21, 
51]. Poor performance could be caused by this particular 
UV LED’s low irradiance. Although UV damage to bacte-
riophage proteins could contribute to the loss of infectivity 
observed at lower wavelengths via amino acid absorption, 
loss of MS2 infectivity appears primarily caused by damage 
inflicted to its viral RNA genome [11, 52]. A comparison 
between continuous and pulsed UV-C radiation was not pos-
sible, as exposure required for a quantifiable log reduction 

required at least 10 min (and greater radiant exposure) for 
most UV-C radiation sources. The appropriateness of MS2 
bacteriophage as a surrogate non-enveloped virus has been 
questioned, given dissimilarities in viral coat proteins and 
different mechanisms of UV inactivation [11]. Its use as a 
model virus for aerosol studies has further been scrutinized 
as MS2 shows more resistance to aerosolization and sam-
pling than other bacteriophages, highlighting the impor-
tance of selecting suitable models for aerosol-transmitted 
human and animal viruses [53]. Several bacteriophages 
were recently used as non-enveloped (MS2 and PPhiX174) 
and enveloped (Phi6) virus models for the rapid corona-
virus decontamination of a high touch surface with UV-C 
radiation; > 2-fold log reductions were reported for MS2, 
compared with > 3-fold log 10 reductions of PhiX174 and 
Phi6 using a LPML at 25,560 mJ  cm−2 [54]. Further experi-
mentation is recommended for MS2 if it is to be used as a 
surrogate using KrCl excimer lamps.

Several studies have demonstrated that UV-C radiation 
sources, including a LPML, KrCl excimer, and UV LEDs, 
are relatively effective at irradiating SARS-CoV-2 and 
inhibiting viral replication [14, 47, 55–57]. Reported log 
reductions for SARS-CoV-2 with a KrCl excimer lamp 
range from < 1 log (88.5% reduction) to 4 log (99.99% 
reduction) with 1 mJ  cm−2 and 8 mJ  cm−2, respectively 
[47, 58]. One study shows that an unfiltered KrCl exci-
mer with a primary peak at 222 nm and another 270 nm 
peak had the highest disinfection rate when irradiating 
SARS-CoV-2 compared to a LPML emitting at 254 nm 
and LEDs emitting at 270 nm and 282 nm [14]. A port-
able 275 nm UV LED device can reportedly achieve a 
4-log reduction (99.99% reduction when irradiated with 
more than 10 mJ  cm−2). In comparison, a radiant exposure 
of 13 mJ  cm−2 with the 222 nm KrCl lamp and 60 mJ  cm−2 
with the 277 nm UV LED were required to achieve log 
reductions ≥ 3.37 ± 0.68 for SARS-CoV-2 in this study. 
Factors related to cell culture could further affect viral 
inactivation, as differential inactivation of human coro-
naviruses, including SARS-CoV-2, suspended in cell 
media containing fetal bovine serum or buffers have been 
reported [57, 59, 60]. The effectiveness of UV-C on inac-
tivating wet versus dried droplets containing SARS-CoV-2 
on surfaces is another important consideration [61]. This 
factor was not parsed in this work, yet it was controlled 
with microbe-containing droplets exposed to air for the 
same duration without radiation. Inocula, suspension, and 
survival time in experimental buffers, in biological materi-
als and on surfaces, whether for bacteria or viruses should 
equally be considered, as previous research has demon-
strated that these factors can impact viability over long 
periods of time [3, 59, 62–65]. Difficulties in delivering 
uniform UV dosage and optical phenomena such as radia-
tion profiles and reflection at surface may further hinder 

Fig. 5  Log reduction of SARS-CoV-2 with pulsed UV-C radiation 
under the same radiant exposure with different duty rates: (1.7–20%) 
where a 100% duty rate corresponds to 30  s continuous radiation 
(control). Radiant exposure was 18.09 mJ  cm−2 for the 222 nm KrCl 
excimer and 63.4 mJ   cm−2 for the 277 nm UV LED. Bars represent 
mean values ± SEM (standard error mean) from three biologically 
replicated experiments. Values not connected by the same letter are 
significantly different
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microbial inactivation [66]. In a recent critical analysis, 
the occurrence of non-linear models in microbial inactiva-
tion was attributed to studies where no further inactivation 
was observed at high irradiance, exhibited by a tailing 
effect [67]. This has been previously debated for inclu-
sion in microbial inactivation models [68]. Non-linearity 
has additionally been reported when microbial inactivation 
could not be achieved at very low irradiance, and before 
log reduction can be detected, which may be exhibited 
by shouldering. Plotted microbial inactivation and models 
can further be affected by microbial or microbial-parti-
cle aggregation, shielding, absorbing, and scattering or 
blocked UV radiation, in addition to four correction fac-
tors when monochromatic radiation is considered: the Petri 
factor, reflection, water, and divergence [69]. However, it 
may be inappropriate to use the Petri factor for UV LED 
experiments [67] and other correction factors in the cur-
rent experimental design for surface decontamination 
where small volume droplets were used. It is important to 
note that biological factors that might alter microbial acti-
vation, such innate and acquired UV resistance, were not 
considered in our analyses. The use of quantitative CFU 
enumeration methods plaque assays over  TCID50 determi-
nation of viral inactivation may further affect microbial 
activation and this model, and starting bacterial or viral 
stock, subsequent post-radiation dilutions, and absence of 
CFU or PFU likely indicate our limit of detection with 
these assays, and not necessarily the highest log reduc-
tion that can be achieved. Innovative molecular detection, 
quantification, and titration methods, some of which are 
antibody based, may prove faster, more cost effective and 
reliable for experimental settings [64, 70–72]. Imaging 
software produced similar E. coli and B. subtilis CFU 
data in this study, yet it was not useful for MS2 and the 
BLC3 facility was not equipped with cameras to capture 
SARS-CoV-2 plaque images at this time. Nonetheless, UV 
inactivation or sterilization remains an established tool in 
the laboratory, and UV LEDs’ flexible and controllable 
designs may serve as alternate instruments with longer 
lifespan.

Greater radiant exposure was required for E. coli inac-
tivation with the 273 nm, 277 nm and 280 nm UV LEDs 
compared to the KrCl excimer and the LPML in this study. 
For B. subtilis endospores, the KrCl excimer lamp achieved 
comparable log reduction with less radiant exposure. Bac-
terial membrane integrity could be more compromised at 
279 nm than at 266 nm, as proteins display peak absorbance 
at approximately 280 nm; although DNA damage inflicted at 
lower UV-C wavelengths remains the primary inactivation 
mechanism, higher peak wavelength irradiation may induce 
greater membrane protein vulnerability and contribute to 
germicidal efficacy [9]. Studies using dual UV-C wave-
lengths (260 nm/280 nm) did not report any synergies for 

inactivation of E. coli, Bacillus pumilus endospores, MS2, 
human adenovirus type 2, and several enteroviruses [21, 73], 
while sequential UV-C radiation with LPML and a KrCl 
excimer lamp improved germicidal efficacy for MS2 [49].

Data presented here suggest that pulsed UVGI may prove 
superior to continuous UVGI in some scenarios, yet for all 
wavelengths, varying duty rates often dictated germicidal 
efficacy with no apparent trend. Past studies using pulsed 
irradiation were initially conducted with xenon lamps with 
different microorganisms within the context of food safety, 
water treatment, and disinfection in hospitals [27, 74, 75]. 
Barbosa-Canovas et al. reported xenon pulses emitting 1–20 
flashes per second, illustrating differences in spectral dis-
tribution, frequency, irradiance, and duty rate in compari-
son to LEDs [23]. More recently, the germicidal efficacy 
of a UV low-pressure lamp, as well as 265 nm and 285 nm 
UV LEDs, was investigated with different pulsed duty rates 
on E. coli and MS2; the 265 nm UV LED performed sig-
nificantly better for all duty rates than the UV low-pressure 
lamp [76]. Our findings are consistent with this report, as 
varying duty rates for the 280 nm UV LEDs still achieved 
the same log reduction for E. coli and B. subtilis. At least 
two other studies suggest that pulsed irradiation inactivates 
pathogens more effectively than continuous irradiation [74, 
77], while others showed no significant difference [22, 78, 
79]. Given MS2’s apparent resistance to UV inactivation in 
this investigation, future work could explore the germicidal 
effects of pulsed UV-C on MS2 over a prolonged period (i.e., 
24 h), instead of the 30 s used here.

Certain microbes’ nucleic acid repair abilities might 
counteract the germicidal efficacy of UV radiation, as some 
evidence suggests that pulsed irradiation may be advanta-
geous, as higher irradiance in short bursts might render 
repair enzymes sensitive [80, 81]. Specific radiation wave-
lengths may further prove optimal, as 270 nm UV LEDs 
have higher efficacy for inhibiting nucleic acid repair [82]. 
Irrespective of a pathogen’s ability to repair nucleic acid 
damage, pulsed irradiation avoids heat damage caused by 
temperature increase [22], preventing overheating, energy 
savings, and prolonged lifespan of the hardware at hand. 
In addition, altering semiconductors or the excited dimer 
molecule allows for wavelength selection with UV LEDs 
and KrCl excimer lamps [16]. With respect to SARS-CoV-2 
inactivation, Jureka et al. tested pulse duration times ranging 
from 1 to 30 min, with pulses of 2 ms after 6 s of irradiation 
with a broad-spectrum UV radiation source (200–700 nm); 
a 3-log reduction was reached with pulsed radiant exposure 
equalling 17.2 mJ  cm−2 (0.033% duty rate for 5 min), while 
a 10-min (34.9 mJ  cm−2 with the same duty rate) exposure 
resulted in a log reduction to almost undetectable levels, 
demonstrating that longer exposure times effectively inacti-
vate SARS-CoV-2 [83]. Inagaki et al. [31] tested the inacti-
vation efficacy of a 280 nm UV LED at a 50% duty rate and 
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compared it to 1 s and 5 s continuous UV-C on SARS-CoV-2 
isolates. They obtained titer reduction up to 96.3% with 1 s 
continuous UV radiation and up to 99.9% reduction under 
5 s of continuous UV radiation, whereas no difference was 
observed between pulsed and continuous irradiation [78]. 
Kitagawa et al. tested the inactivation efficacy of 222 nm 
at 0.003, 0.013, and 0.1 mW  cm−2 with 10 s on/380 s off 
intervals; they observed no significant difference in the log 
reduction of SARS-CoV-2 at different irradiance and no sig-
nificant difference between continuous and pulsed irradia-
tion [18].

Whether UV irradiation is pulsed or continuous, radiant 
exposure is crucial when addressing the inactivation efficacy 
of microorganisms in different matrices. UV-C radiation 
sources emitting the highest radiant exposure in this work 
were the 277 nm and 280 nm UV LEDs, whereas the 260 nm 
UV LED emitted the lowest radiant exposure and demon-
strated the lowest inactivation efficacy. For solid matrices 
such as food, disinfection is based on product type, surface 
morphology, and its water activity [15]. UV penetration 
depth further poses a limitation; Ngadi et al. [56] achieved 
a log reduction > 5 at a medium depth of 1 mm with a UV 
irradiance of 6.5 mW min  cm−2, while a log reduction of 
less than 1 was achieved at a medium water depth of 10 mm 
[84]. Reducing the microbial load of liquid matrices is fur-
ther impacted by color and turbidity [15]. Recent interest 
in far-UV-C radiation (222 nm) is largely due to its shorter 
penetration depth, rendering it less harmful to mammalian 
tissue [44].

Data reported here support the existing dialogue that 
validates separate wavelengths for effective UV disinfec-
tion of identified airborne, waterborne, or foodborne patho-
gens. Combinations of high-performing UV-C wavelengths 
clearly merit further investigation if optimizing germicidal 
efficacies on an array of potential pathogens. Efforts to rec-
oncile differences in testing germicidal efficacy have been 
made by researchers and standards development groups 
[69, 85–87]. The Spaulding classification system of hier-
archically ranking microbial pathogens by their resistance 
to chemical disinfectants was first proposed over 50 years 
ago [88]. A re-organization of this system is long overdue 
and could include UVGI, TLV, and safety considerations 
[31, 33, 36, 87]. Recent efforts at reclassification, plotting 
sensitivities, and compiling germicidal efficacies for UVGI 
on major microbial groups, including SARS-CoV-2, have 
been published [11, 49, 89]. Comparatively compiled, open 
source UVGI data could aid readiness against the WHO’s 
‘Disease X’ in a future pandemic.

LEDs continue to attract attention for all lighting applica-
tions as they are compact in size, have flexible and narrow 
peak wavelengths, disposal is not as toxic as other conven-
tional radiation sources, and have a longer life span [90]. In 
contrast, 222 nm emitting KrCl excimer fixtures’ growing 

popularity is backed by safety data from healthy human 
volunteers and occupational workers [20, 91]. UV LED 
technology holds enormous potential but has yet to catch 
up with these findings, as few studies have reported the 
successful development of LEDs emitting UV-C radia-
tion below 250 nm. Commercialization will not occur until 
several parameters for LEDs emitting within this range are 
improved, including optical output power, external quan-
tum efficiency and wall-plug efficiency [92]. Whether from 
LEDs or other UV radiation sources, TLVs will dictate pos-
sible applications in health care settings and indoor public 
spaces. Recommended TLVs for 254 nm, 260 nm, 270 nm 
and 280 nm UVGI are 6 mJ  cm−2, 4.6 mJ  cm−2, 3 mJ  cm−2, 
and 3.4 mJ  cm−2, respectively, per day; TLV for 222 nm 
UV-C was recently raised to 160 mJ  cm−2 [33, 93]. Using the 
UV-C radiation sources in this work, UV dosage examined 
far exceeds these TLVs if incorporated into lighting instal-
lations for living spaces, particularly if misused or improp-
erly installed. Pulsed UVGI could be further investigated to 
reduce exposure and meet TLVs. Pulsed (248 mJ  cm−2) and 
continuous UVGI (24.8 mJ  cm−2) using KrCl excimers were 
compared to no UV-C exposure in a simulated office envi-
ronment over 5-h daily exposure periods; no eye discomfort 
or adverse effects were reported, yet significant reductions 
in bacteria and fungi were observed [94].

Findings compiled in this study underline the safety 
risks involved in developing UV LED products destined for 
market without support through proper testing and accu-
rate measurements of the manufactured radiation-emitting 
components. Consistent and detailed methods outlining 
mapping, measured wavelengths, irradiance, and radiant 
exposure required for meeting required log reductions might 
facilitate the commercialization process and support regu-
latory frameworks for UVGI applications that assure user 
safety at work and at home. Further experimental investiga-
tions and in situ studies exploring efficacies and penetra-
tion depths through different matrices are needed. All might 
‘shed light’ on the versatile potential of designer UV LEDs 
that could fortify food safety or water treatment technolo-
gies, and in the current context mitigate disease spread.

5  Conclusion

Data reported herein emphasize the hierarchal sensitivi-
ties of bacteria, a human enveloped virus, and a coliform 
bacteriophage to UV-C radiation that have been similarly 
reported for chemical disinfection agents. Inactivation of 
the MS2 bacteriophage required the highest radiant expo-
sure for all UV-C radiation sources and this pathogen 
model appears unsuitable for viral inactivation in this cir-
cumstance. A comparison of continuous and pulsed UV-C 
radiation demonstrates that pulsed irradiation has similar or 
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greater germicidal efficacy with bacterial and SARS-CoV-2 
inactivation, which may be more feasible in living spaces 
over an extended operational or working period if TLVs 
are respected. Given the studied UV LEDs’ lower irradi-
ance and power outputs, in addition to the KrCl excimer’s 
poor performance with respect to inactivating the surrogate 
bacteriophage MS2, further optimization is warranted with 
these UV-C radiation sources in other applications including 
water treatment, food processing, and microbial control in 
other settings.
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