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Pulsed light is a nonthermal processing technology recognized by the FDA for killing microorganisms on food surfaces, with
cumulative fluences up to 12 J cm�2. In this study, we investigated its efficacy for inactivating murine norovirus 1 (MNV-1) as a
human norovirus surrogate in phosphate-buffered saline, hard water, mineral water, turbid water, and sewage treatment efflu-
ent and on food contact surfaces, including high-density polyethylene, polyvinyl chloride, and stainless steel, free or in an
alginate matrix. The pulsed-light device emitted a broadband spectrum (200 to 1,000 nm) at a fluence of 0.67 J cm�2 per pulse,
with 2% UV at 8 cm beneath the lamp. Reductions in viral infectivity exceeded 3 log10 in less than 3 s (5 pulses; 3.45 J cm�2) in
clear suspensions and on clean surfaces, even in the presence of alginate, and in 6 s (11 pulses; 7.60 J cm�2) on fouled surfaces
except for stainless steel (2.6 log10). The presence of protein or bentonite interfered with viral inactivation. Analysis of the mor-
phology, the viral proteins, and the RNA integrity of treated MNV-1 allowed us to elucidate the mechanisms involved in the anti-
viral activity of pulsed light. Pulsed light appeared to disrupt MNV-1 structure and degrade viral protein and RNA. The results
suggest that pulsed-light technology could provide an effective alternative means of inactivating noroviruses in wastewaters, in
clear beverages, in drinking water, or on food-handling surfaces in the presence or absence of biofilms.

Human noroviruses are responsible for one-fifth of all cases of
acute gastroenteritis worldwide (1). They spread directly via

person-to-person contact (fecal-oral and vomitus-oral) or indi-
rectly through food, water, and the environment (2). Natural bio-
films in sewage treatment effluent could be responsible for many
persistent waterborne outbreaks, since such biofilms have been
found to harbor noroviruses (3, 4). Infection spreads quickly and
widely, affecting individuals of all ages, especially where many
people gather or live in close proximity, such as in long-term care
residences, retirement homes, cruise ships, and the like. Infectious
doses as low as 2,800 particles, the high viral loads in feces and
vomit (up to 109 genomic copies per gram), persistence in the
environment, prolonged duration of viral shedding even after
symptoms have resolved, and inadequate long-term immunity all
contribute to the high incidence of norovirus illness (5). Although
the illness is usually mild and self-limiting, the large number of
cases per year represents a considerable loss in productivity and
constitutes a substantial burden on society (2, 6).

Among the physical disinfection processes, pulsed-light treat-
ment appears well suited for the disinfection of food contact sur-
faces in industrial and health care settings and for decontaminat-
ing water and beverages. It has been proposed as a means of
nonthermal pasteurization for food preservation and for decon-
taminating air and packaging materials (7). It has proven effective
for inactivating bacteria, fungi, and yeasts in water and foods and
in diagnostic laboratories. Besides its advantages of speed and
cost-effectiveness, it does not require the addition of any chemical
product (8). This technology is based on very short, high-intensity
pulses of white light, from UV-C to near infrared. The spectrum is
thus much broader than the monochromatic light (continuous-
wave germicidal UV at 254 nm) emitted by low-pressure mercury
lamps or the polychromatic light (200 to 300 nm) emitted by
medium-pressure mercury lamps (9). Most of the photons in this
broad range have enough energy to induce chemical reactions but
too little to cause molecular bond breakage, as occurs in the pres-
ence of ionizing radiation (10). According to the FDA, pulsed light

may be safely used for the decontamination of food and food
contact surfaces by using a xenon lamp emitting wavelengths be-
tween 200 and 1,000 nm, pulse durations not exceeding 2 milli-
seconds, and cumulative intensity not exceeding 12 J cm�2 (11).

While the pulsed-light approach appears promising based on
published results, studies of its use for inactivating viruses are
scarce. Early results are nevertheless encouraging. The treatment
intensity received by a sample is characterized by the fluence,
which is calculated by multiplying the total radiant incident power
per unit area by the exposure time. Using a PureBright device,
Huffman et al. (12) obtained greater than 4-log10 reductions in the
infectivity of poliovirus and rotavirus in tap water at a turbidity of
0 to 10 nephelometric turbidity units (NTU) flowing at about 15
liters min�1 with treatment intensities of 500 mJ cm�2. Roberts
and Hope (13) reported similar reductions for nine enveloped and
nonenveloped viruses, including poliovirus and hepatitis A virus,
using an intensity of 1 J cm�2 in phosphate-buffered saline (PBS)
but required 2 J cm�2 to reach a 3-log10 reduction when the buffer
contained protein at a concentration of 2 mg ml�1. Focusing on
the UV portion of the pulsed-light fluence, Lamont et al. (14)
calculated that poliovirus in PBS buffer was completely inacti-
vated (6 log10) after exposure to 28 mJ cm�2 UV, whereas adeno-
virus required 115 mJ cm�2 UV for a reduction of 3 log10. In
previous work by our group (15), a 5-log10 reduction of hepatitis
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A virus and MNV-1 in PBS buffer was obtained after exposure to
59 and 91 mJ cm�2 calculated UV fluence, respectively. The effec-
tiveness of the pulsed-light treatment was also decreased in the
presence of dissolved protein. Results on stainless steel and poly-
vinyl chloride (PVC) disks were similar. Our study was the only
previous study that focused on the resistance of noroviruses to
pulsed light on different surfaces under various conditions of foul-
ing. Meanwhile, the mechanisms involved in the antiviral activity
of pulsed light remain unknown.

The aim of the present work was to evaluate the efficacy of
pulsed light for inactivation of norovirus in sewage treatment ef-
fluent and drinking water as a function of water hardness and
turbidity. We also aimed to evaluate its efficacy for decontaminat-
ing different surfaces, under clean and fouled conditions, as well as
in the presence of biofilm. Finally, we sought to elucidate the
mechanism involved in this antiviral activity. To achieve this, mu-
rine norovirus was used as a surrogate for human norovirus (16),
which had not been cultured before the recent report of Jones et al.
(17).

MATERIALS AND METHODS
Virus and cells. Murine norovirus strain 1 and RAW 264.7 cells were
obtained courtesy of Kirsten Mattison (Health Canada, Bureau of Micro-
bial Hazards, Tunney’s Pasture, Ottawa, Ontario, Canada). RAW 264.7
cell culture and MNV-1 propagation, concentration, and purification
were performed as described previously (18). Viral protein was measured
using the DC protein assay kit (Bio-Rad).

Virus quantification by plaque assay. The titers of MNV-1 in stock
aliquots and treated suspensions were determined by plaque assay and are
expressed in PFU ml�1 as described previously (19).

Pulsed-light equipment. Pulsed-light treatments were carried out in a
benchtop Sinteron 500 system connected to an LC-915 process chamber
(154 mm by 154 mm by 165 mm) fitted with an LH-910 spiral lamp (type
C, 107-mm diameter; Xenon Corp., MA, USA). The system was operated
at 830 J per pulse (3,800 V discharge from a 115-�F capacitor). The xenon
lamp spectrum spans the 200- to 1,000-nm range. Samples in a 24-well cell
culture plate that was centered on the process chamber shelf placed 80 mm
beneath the lamp were exposed to one 520-�s pulse every 0.555 s for
varied lengths of time.

Fluence measurements. The broadband energy (J) and UV fluence (J
cm�2) were measured three times at four different locations 80 mm be-
neath the lamp. A period of at least 10 min was provided between sample
treatments to prevent possible overheating of the detectors. The broad-
band energy was measured using a Nova display (Ophir Optronics Inc.,
Wilmington, MA, USA) with a stainless steel perforated plate (with a
single 0.97-cm2 round hole) placed over the pyroelectric head (PE50;
calibrated prior to the study) and with the pulse width and wavelength set
at 1.0 ms and 254 nm, respectively. The total broadband fluence (in J
cm�2) of a treatment was calculated as follows: total fluence � (energy
measured after one pulse) � (number of pulses/0.97 cm2).

The UV fluence was measured using an ILT1700 display (Interna-
tional Light Technologies Inc., Peabody, MA, USA) connected to a
SED040 photodiode covered with a W diffuser, a QNDS2 neutral density
filter (to reduce intensity by 100), and an ACT5 filter that was calibrated
prior to the study.

Liquid-phase inactivation of MNV-1 by pulsed light. Viral suspen-
sions containing approximately 105 PFU ml�1 were prepared by diluting
purified MNV-1 in hard water prepared according to the methods de-
scribed by the Association of Official Analytical Chemists (20), in water
made turbid with bentonite (Fisher, reference B235), in PBS buffer, in
bottled mineral water (Dasani brand), or in water collected at a municipal
sewage treatment plant (Saint Nicolas, QC, Canada) just after the grit
removal step (effluent 1) and just after activated sludge treatment (efflu-
ent 2). The sewage treatment samples were sterilized by exposure to 37

kGy of gamma irradiation in a Gammacell-220 60Co cell (Atomic Energy
of Canada). The other suspension media were sterilized by autoclaving for
15 min at 121°C. Measurements of turbidity (using a model 2100AN
apparatus; Hach Company, Loveland, CO, USA), conductivity (YSI 3100
conductivity meter), reduction potential (electrode VWR, reference
14002-856), dissolved oxygen (electrode VWR, reference 14002-800), and
absorption and transmittance from 200 to 1,000 nm (HP 8453 spectrom-
eter; Hewlett Packard) were carried out at 24.0 � 1°C. One milliliter of
each viral suspension was then placed in a 24-well plate (sample surface
area of 2 cm2, 0.5-cm depth) for treatment. Untreated viral suspensions
were included as positive controls. The viral titer was then determined as
described above. Sample temperature was monitored by using a type K
thermocouple (Sper Scientifics).

Inactivation of MNV-1 attached to solid materials. One-centimeter
disks of polyethylene (PET), polyvinyl chloride (PVC) type 1, grade 1
(Plastique Polyfab, Quebec, QC, Canada), and stainless steel (Den-Mar
Acier Inoxydable Inc., Quebec, QC, Canada) were cleaned with 0.1%
sodium dodecyl sulfate solution, rinsed with distilled water several times,
and then sterilized by autoclaving for 15 min at 121°C. The viral load (105

PFU cm�2) was used under clean and fouled conditions according to the
standard test method ASTM E 2197-02 (21). Inactivation experiments
were conducted according to standard test method ASTM E 1053-97 (22)
with some modifications. Briefly, 30 �l of virus suspension was placed on
each disk and allowed to dry for 60 � 5 min at 22 � 2°C in a laminar flow
hood, and the disks were placed in a 24-well plate and treated. Controls
received no pulse-light treatment. Virions were recovered from the test
materials in Earle’s balanced salt solution and assayed immediately. Re-
coverability (R, expressed as a percentage) of infectious viral particles
from the material surface was calculated as follows: R � [100 � (T60/Ti)],
where Ti is the initial viral titer and T60 is the viral titer after drying for 60
min at room temperature.

Inactivation of MNV-1 entrapped in alginate. Purified MNV-1 was
suspended at 105 PFU g�1 in a sterile solution of 2% (wt/wt) low-viscosity
sodium alginate (reference A2158; Sigma, Oakville, Canada). Alginate
film that was 0.97 mm thick was formed as described previously (19),
weighed, and then treated. Control tests received no pulsed-light treat-
ment. Virions were recovered as described previously (19) and assayed
immediately.

Experiments on mechanism of action. Aliquots (400 �l) of purified
MNV-1 suspended at a titer of approximately 5 � 109 PFU ml�1 (0.6 mg
of protein ml�1) were exposed to 2.07 J cm�2 (3 pulses) or 8.98 J cm�2 (13
pulses). An unexposed viral suspension and distilled water were included
as positive and negative controls. Treated aliquots were immediately sep-
arated into four tubes for visualization by transmission electron micros-
copy (TEM), protein analysis by SDS-PAGE under reducing conditions,
RNA extraction, and plaque assay. Extracted RNA was used for integrity
analysis by electrophoresis and photoproduct detection by ultra-perfor-
mance liquid chromatography–tandem mass spectrometry (UPLC-MS/
MS) after enzymatic digestion.

Transmission electron microscopy. Five-microliter aliquots of
pulsed-light-treated MNV-1 suspensions diluted 10-fold in water were
placed on a glow-discharge carbon-coated EM grid and stained with 5 �l
of 3% aqueous uranyl acetate for 1 min. The stained grid was then dried
and examined using a JEM-1230 transmission electron microscope
(JEOL) at 80 kV. Images were captured using a Gatan UltraScan 1000XP
camera.

Analysis of viral proteins by SDS-PAGE. Ten-microliter aliquots of
pulsed-light-treated MNV-1 were mixed with 10 �l of Laemmli buffer
(Bio-Rad) containing 5% �-mercaptoethanol. The mixture was kept on
ice for 5 min, held at 90°C for 5 min, and then left again on ice for 5 min.
The sample was loaded into a 10% polyacrylamide gel and electropho-
resed under reducing conditions at a constant voltage of 100 V, along with
a Precision Plus protein standard (Bio-Rad) as a molecular weight marker.
Viral proteins were visualized by Coomassie blue staining.
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RNA extraction. Viral RNA was extracted from a 200-�l aliquot of
MNV-1 (pulsed-light treated or not), diluted 10-fold in water, by using a
QIAamp MinElute virus spin kit according to the manufacturer’s instruc-
tions (reference 57704; Qiagen), except that carrier RNA was not added to
the lysis buffer. RNA was eluted in 80 �l RNase- and DNase-free water.

Analysis of viral RNA by electrophoresis. MNV-1 RNA in 10 �l of
extract was denatured for 2 min at 70°C prior to analysis. A 1-�l aliquot
was analyzed on a 6000 RNA Pico Chip apparatus (reference 5067-1513;
Agilent) using a Bioanalyzer (Agilent) according to the manufacturer’s
instructions. RNA from untreated MNV-1 was also electrophoresed on
0.8% agarose under denaturing conditions as described previously (23).

Analysis of photochemical products by UPLC-MS/MS. MNV-1 RNA
in a 50-�l aliquot was digested enzymatically as described previously (24).
The sample was injected into a Waters Acquity H-class UPLC system
fitted with an ACE Excel C18 (J) column (100- by 2.1-mm internal diam-
eter, 2-�m particle size) and UV detection (260 nm; UV trace from 210 to
800 nm). The mobile phase was a gradient of 5 mmol liter�1 ammonium
formate and methanol (Fisher) at a flow rate of 200 �l min�1. The pro-
portion of methanol reached 80% after 10 min. The Waters TQD system

was operated in the positive mode. Analyses were performed in the mul-
tiple-reaction-monitoring mode. Several transitions were monitored si-
multaneously: 268.25 to 136.25 (adenosine), 284.15 to 152.00 (guano-
sine), 245.02 to 113.00 (uridine), and 244.40 to 112.00 (cytidine), as well
as a scan between 200 and 600 m/z in order to detect any other molecules
as dimers. The dwell time was set at 0.005 s for each signal.

Statistical analysis. All measurements were performed in triplicate
and obtained from at least two independent experiments. The reduction
was expressed as the mean log10 titer � the standard deviation and was
calculated by subtracting the titer measured before exposure to pulsed
light (control) from the titer measured after exposure (25). A reduction of
3 log10, which corresponds to 99.9% inactivation, was used as the criterion
for declaring the treatment virucidal. One-way multiple comparisons
were performed using JMP 10 statistical analysis software, a product of
SAS (Cary, NC, USA). P values of �0.05 were considered statistically
significant.

RESULTS

Under the conditions of the present study, the four locations of the
illuminated surface were exposed to an average broadband fluence
of 0.69 J cm�2 per pulse. About 2% of this energy was associated
with UV (Table 1).

Activity of pulsed light against MNV-1 in aqueous suspen-
sion. Evaluation before and after exposure to pulsed light revealed
that even the most severe treatment in this study (8.98 J cm�2)
generally did not result in any significant change in the liquid
sample’s physicochemical characteristics (Table 2) and raised the
temperature by not more than 2.2 � 0.3°C. The pH of all suspen-
sions remained between 6.6 and 7.5.

The absorbance spectra of the five hard water samples (50 to
400 mg liter�1 CaCO3 equivalent) were similar and near 0 over the
200- to 1,000-nm range, with the exception of a small peak asso-
ciated with a decrease in transmittance at 974 nm due to water
(26) (data not shown). The transmittance of these hard waters was
100% at the germicidal wavelength of 254 nm. Viral inactivation
increased with the number of pulses. There was no statistically
significant difference in inactivation among the five hard water
samples (P 	 0.05). Essentially total inactivation (greater than 4.0

TABLE 1 Broadband and UV energiesa

No. of
pulses

Fluence
(J/cm2)

Energy (J) at sample surface

Suspension
Hard
material Alginate

1 0.69 (0.02) 1.38 (0.03) 0.72 (0.02) 3.13 (0.07)
3 2.07 (0.05) 4.15 (0.09) 2.15 (0.05) 9.38 (0.21)
5 3.45 (0.08) 6.91 (0.16) 3.59 (0.08) 15.63 (0.35)
7 4.84 (0.11) 9.67 (0.22) 5.02 (0.11) 21.89 (0.49)
9 6.22 (0.14) 6.46 (0.15)
11 7.60 (0.17) 7.89 (0.18)
13 8.98 (0.20) 9.33 (0.21)
a The broadband and UV energies were measured 80 mm below the xenon lamp using
Nova and ILT1700 radiometers, respectively. The UV energy was approximately 2% of
the broadband energy (200 to 1,000 nm) and appears in parentheses. Total energies
received at the sample surface from one pulse were calculated by multiplying the
fluence (in J/cm2) by the exposed surface area: 2.00 cm2 for suspensions, 1.04 cm2 for
hard materials, and 4.54 cm2 for alginate film. Energies were averaged over 12 pulses
measured at four different locations.

TABLE 2 Characteristics of sterile solutions used in this study before pulsed-light treatmenta

Solution Tu (NTU) 
 (�S/cm) E (mV) DO (mg/liter) A254 (cm�1) T254 (%)

Hard water (CaCO3 equivalents, mg/liter)
50 0 166 338 3.7 0.0 100.0
100 0 215 330 3.8 0.0 100.0
150 0 286 325 3.6 0.0 100.0
200 0 362 320 4.3 0.0 100.0
400 0 686 337 2.8 0.0 100.0

Turbid water (NTU)
0 0 14,300 291 4.4 0.0 100.0
50 55 15,540 285 4.3 1.6 2.7
100 111 15,840 286 3.6 2.4 0.4
200 215 16,000 284 4.3 2.8 0.1
500 541 16,680 280 3.3 3.6 0.0
1,000 977 16,560 279 3.8 3.9 0.0

Mineral water 0 52 392 4.1 0.0 100.0

Sewage treatment samples
Effluent 1 57 577 305 3.9 1.2 6.7
Effluent 2 4 593 323 3.6 0.0 84.6

a Characteristics measured included turbidity (Tu), conductivity (
), reduction potential (E), dissolved O2 (DO), absorbance at 254 nm (A254), and transmittance at 254 nm (T254).
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log10 reduction) was observed with three pulses of 2.07 J cm�2

(Fig. 1A). Absorbance increased in the UV region and spread over
the visible region as turbidity increased from 0 to 1,000 NTU (data
not shown). Transmittance at 254 nm dropped rapidly as turbid-
ity increased (Table 2). As shown in Fig. 1B, the treatment became
significantly less effective as turbidity increased (P � 0.05). A
3-log10 reduction was achieved with a treatment of 3.45 J cm�2

(five pulses) at turbidities up to 200 NTU. Inactivation at this
intensity was total only in PBS (0 NTU). Finally, the absorbance
and transmittance spectra of mineral water and effluent sample 1
were very similar to those of hard waters and 50-NTU water, re-
spectively (data not shown). Transmittance by effluent sample 2
was 84.6% at 254 nm (Table 2). There was no statistically signifi-
cant difference between the three samples in terms of viral inacti-
vation (P 	 0.05). As was the case for hard waters, inactivation was
total at 2.07 J cm�2 (data not shown).

Activity of pulsed light against immobilized MNV-1. A criti-
cal step in the study of norovirus inactivation on hard surfaces is
recovery of attached virus. Using the protocol described in Mate-
rials and Methods, recoveries of infectious MNV-1 particles from
PET, PVC, and stainless steel surfaces (1.04 cm2) were similar and
ranged from 95% to 98% (data not shown). The reduction in
infectivity again increased with the number of pulses (P � 0.001)
(Fig. 2). Under clean conditions, there was no significant differ-
ence between inactivation of MNV-1 on the different materials
(P 	 0.05). However, the presence of protein residue (204 �g per
disk) significantly decreased the effectiveness of the treatment

(P � 0.01), regardless of the material. A reduction of at least 3 log10

occurred on clean disks when the applied fluence was 3.45 J cm�2.
Twice as much energy (7.60 J cm�2) was required to achieve the
same reduction on fouled plastic disks (Fig. 2A and B), while the
greatest reduction obtained on fouled stainless steel was 2.6 log10

with 8.98 J cm�2 (Fig. 2C). Using the protocol described above,
the recovery of MNV-1 from alginate films was 96.4 � 0.6%.
These films (4.52 cm2; 0.39 � 0.01 g) retained 5.8 log10 PFU g�1.
The infectivity of entrapped MNV-1 was reduced by 3.58 � 0.1
log10 after application of 0.69 J cm�2 and eliminated after expo-
sure to 2.07 J cm�2 (data not shown).

Mechanism of action. To gain insight into the mechanism in-
volved in viral inactivation by pulsed light, we compared treat-
ments at 2.07 (3 pulses) and 8.98 J cm�2 (13 pulses). The moderate
treatment left a mixture of infectious and noninfectious viral par-

FIG 1 Inactivation of MNV-1 in experimentally contaminated hard waters
(A) and turbid waters (B) after pulsed-light treatments at 80 mm from a xenon
lamp. White bars, 0.69 J cm�; white bars with black dots, 2.07 J cm�2; check-
ered bars, 3.45 J cm�2; black bars, 4.84 J cm�2, provided in 1, 3, 5, and 7 pulses,
respectively. Water hardness was adjusted with calcium carbonate. Turbidity
was adjusted with bentonite suspended in PBS. Values are the mean log10

reduction per ml of three replicates from at least two independent experi-
ments. The � symbol indicates that inactivation of the virus was total. The
error bars represent standard errors.

FIG 2 Inactivation of MNV-1 on experimentally contaminated polyethylene
(A), polyvinyl chloride (B), and stainless steel (C) disks (1.04 cm2) under clean
(bars with light cross-hatching) and fouled (bars with dark cross-hatching)
conditions after treatment with pulsed light at 80 mm from a xenon lamp.
Fluence increased from 0.69 to 8.98 J cm�2 as the number of pulses increased
from 1 to 13. Values are mean log10 reductions of infectious particles per cm2

based on three replicates and at least two independent experiments. The �
symbol indicates that inactivation of the virus was total. The error bars repre-
sent standard errors.
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ticles (3.88 � 0.03 log10 PFU ml�1), while the intensive treatment
produced total inactivation.

As shown in Fig. 3A, untreated MNV-1 particles were round
and 35 to 40 nm in diameter. After the moderate treatment,
the appearance was significantly different from the control, fea-
turing a mixture of debris, apparently intact particles, distorted
particles, and some empty particles (Fig. 3B and C). After the
intensive treatment, a larger amount of debris was observed plus a
few distorted particles and apparently intact particles (Fig. 3D and
E). SDS-PAGE analysis of the capsid of untreated MNV-1 con-
firmed the presence of major and minor proteins VP1 and VP2,
respectively (27). At a molecular mass of approximately 56 kDa,
VP1 was clearly visible (Fig. 4). The abundance of VP1 (analyzed
using Quantity One software on images obtained with a Bio-Rad
ChemiDoc XRS system) decreased by 53.5 � 3.6% relative to the
untreated control after the moderate treatment. The intensive
treatment did not increase this value significantly. These results
suggest that pulsed light caused random breakage in the VP1 pri-
mary structure, leading to a reduction of VP1 and then a reduction
of VP1 length (the assay was performed under denaturing condi-

tions). Finally, RNA size (around 7,000 bases) and integrity were
analyzed on an 0.8% agarose gel under denaturing conditions and
with a Bioanalyzer, respectively. All samples were mixed with a
25-nucleotide marker as an internal control, as shown in Fig. 5.
RNA from untreated MNV-1 produced a well-resolved peak (light
gray curve). RNA from treated MNV-1 also produced this peak
but at a lower intensity, meaning that the quantity of intact RNA
decreased due to the treatment. This observation was corrobo-
rated by the decrease in the total quantity of extracted RNA de-
tected after the moderate (2.0 � 0.2 ng �l�1) and intensive (1.6 �
0.0 ng �l�1) treatments. Pulsed light thus appeared to cause
breaking of RNA into fragments smaller than 200 nucleotides,
which would not be retained during purification and therefore did
not appear on the electropherogram. Moreover, UPLC profiles
were similar for the three samples enzymatically digested. No
photoproducts were detected on the chromatogram or in the mass
spectrum. However, it is possible that photoproducts too small to
be detected were produced.

DISCUSSION

Pulsed-light technology has been found effective for eliminating
bacteria and fungi on eggshells (28), on fruits (29), in fruit juices
(30, 31), on packaged chicken (32), and on food packaging mate-
rials (33). The FDA has recommended a total fluence up to 12 J

FIG 3 Viral particles disrupted by pulsed light. Infectivity of purified MNV-1 dropped by 5.15 � 0.18 log10 after treatment with 2.07 J cm�2 (3 pulses) and was
completely eliminated after treatment with 8.98 J cm�2 (13 pulses). Treated and untreated viral particles were stained with 3% aqueous uranyl acetate and
visualized by transmission electron microscopy. (A) Untreated MNV-1; (B and C) MNV-1 treated with 3 pulses; (D and E) MNV-1 treated with 13 pulses.
Arrows: 1, intact particle; 2, apparently intact particles; 3, distorted particle; 4, debris; 5, empty particle.

FIG 4 SDS-PAGE analysis of purified MNV-1 untreated, treated with 2.07 J
cm�2 (3 pulses), or treated with 8.98 J cm�2 (13 pulses). Viral proteins were
analyzed via 10% SDS-PAGE followed by Coomassie staining. VP1, major
capsid protein.

FIG 5 Viral genomic RNA degraded by pulsed light. Viral genomic RNA
extracted from treated or untreated purified MNV-1 was loaded onto a 6000
RNA Pico chip and analyzed on a Bioanalyzer with a UV detector. Results are
presented in electropherogram form. Light gray line, untreated MNV-1; dark
gray line, 2.07 J cm�2 (3 pulses); black line, 8.98 J cm�2 (13 pulses). Electro-
pherograms show averages of triplicate analyses.
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cm�2 for decontamination of food and food contact surfaces (11).
However, studies on virus inactivation by pulsed light remain rare
and difficult to compare because of differences in the equipment
used and the type of data reported. In the present study, inactiva-
tion of a surrogate of human norovirus by pulsed light was evalu-
ated in an aqueous suspension, on food contact surfaces, and in
artificial biofilms. The mechanism of viral inhibition was also in-
vestigated.

Several parameters may influence the efficacy of pulsed-light
treatment, including the composition and turbidity of the sample,
the pulse energy, the number of pulses, and treatment time. Ac-
cording to our results, pulsed-light treatment was effective at in-
activating MNV-1 in clear liquids up to 0.5 cm in depth. The viral
titer in PBS was reduced by 2.0 � 0.2 and 3.3 � 0.5 log10 after
treatments with broadband fluences of 0.69 and 2.07 J cm�2, re-
spectively, of which UV fluences were 16 and 47 mJ cm�2. These
values are consistent with previous results obtained for hepatitis A
virus and poliovirus type 1 treated with pulsed light (13, 14) and
for MNV-1 treated with continuous UV light (34, 35). As ob-
served in the case of bacteria and fungi (36), inactivation of
MNV-1 appeared equivalent whether the light was continuous or
pulsed but was faster with pulsed light (232 s [34] versus 1.5 s).

In this study, we also investigated the influence of medium
composition on the efficacy of pulsed light. Our results showed
that water hardness up to 400 mg liter�1 CaCO3 equivalent (686
�S cm�1), mineral water, or with conductivities up to 14.3 mS
cm�1 did not interfere with viral inactivation with pulsed light,
suggesting a high potential of the technology for treating munic-
ipal drinking water, which has been a vehicle for the spread of
norovirus infection (37, 38). In contrast, turbidity did have a neg-
ative impact on treatment efficacy. While infectivity was reduced
by at least 3.9 � 0.5 log10 when we used a broadband fluence of
4.84 J cm�2 (109 mJ cm�2 UV fluence) at up to 200 NTU, reduc-
tions were only 2.06 � 0.3 log10 at 1,000 NTU. Fruits and vegeta-
bles as well as their juices are often involved in norovirus out-
breaks (39–42). Since the turbidity of clarified fruit juices is under
200 NTU (43), at least these products could be treated without
major modification of the pulsed-light treatment system. Pulsed
light appears not to alter food composition (44, 45) or nutritional
properties (7, 46). Finally, our results suggest that pulsed light
would be effective for decontaminating effluent from primary
sewage treatment. Because of the speed with which it acts, this
technology offers several advantages over continuous UV treat-
ment. It could be used to deal with contamination issues, includ-
ing contamination of shellfish by municipal sewage released into
marine product growing areas (47) and contamination of vegeta-
bles by irrigation (48, 49).

Food contact surfaces are frequently involved in the contami-
nation of foods during processing. Food spoilage and pathogenic
microorganisms, including viruses, may adhere to these surfaces
and persist for a long period of time. Recent studies have clearly
demonstrated the persistence of norovirus on inert surfaces. In
this study, we have shown that inactivation of MNV-1 on clean
surfaces increased with fluence, reaching reductions of 3.8 to 4.3
log10 when a broadband fluence of 4.84 J cm�2 (UV fluence of 109
mJ cm�2) was applied. These results are consistent with a previous
report for hepatitis A virus (15). The presence of protein reduced
the efficacy of pulsed light by up to 100 times. Under the fouled
conditions used in the present study, each disk (1 cm2) was loaded
with 204 �g of protein, which was 240 times higher than the

amount (0.9 �g cm�2) used previously and found to decrease viral
destruction by 10 and 1,000 times, respectively, on PVC and stain-
less steel (15). It therefore appears that protein in quantities as
small as 1 �g cm�2 can reduce the effectiveness of pulsed light, but
increasing the protein amount did not result in any further inhi-
bition. Since biofilms in drinking water reservoirs and distribu-
tion systems have been shown to harbor norovirus (3), we assessed
the efficacy of pulsed light at inactivating MNV-1 entrapped in
alginate. One-milliliter-thick alginate film did not seem to protect
against pulsed light, since MNV-1 was inactivated at the same level
as the virus alone. This result is consistent with the finding of
Bialka (50), who reported that penetration of the UV portion to
depths up to 1 cm occurs in opaque solid materials, such as whey
protein gels. In addition, several authors have noted that the al-
ginate slime of mucoid strains of Pseudomonas aeruginosa does
not provide any protection against the lethal action of pulsed light
(51, 52). The viability of P. aeruginosa in biofilms was reduced by
5.8 � 0.2 log10 when up to 21.6 �J cm�2 UV fluence was used (52).
It is obvious that our preliminary result obtained with an artificial
biofilm should be validated with natural bacterial biofilms.

Attempts to elucidate the mechanism by which pulsed light
kills bacteria and yeasts have been published (10, 53–57). In the
present study, multiple assays were performed to provide insight
into the mechanism of virus inactivation by pulsed light. To our
knowledge, this is the first time that effects of pulsed light on viral
structure have been investigated. Modifications at the levels of
both nucleic acids and capsids were observed. Our analyses indi-
cated single-strand breakage of MNV-1 RNA as well as damage to
the virion structure (distorted and empty particles) and breakage
of viral proteins. These physical alterations rendered, with no
doubt, the virions unable to recognize their binding site and enter
into the host cells or to replicate. UV wavelengths included in
pulsed light are known to induce strand breakage and/or photo-
products such as cyclobutane pyrimidine dimers (10, 53, 54). Al-
though no photoproducts were detected by UPLC-MS/MS analy-
sis, their formation in small amounts cannot be excluded.
However, this was not likely a major factor in the inactivation of
MNV-1. While UV fluence received by samples is capable of alter-
ing viral nucleic acids (58, 59), it is probably not capable of altering
the viral capsid directly (60–62). This rupture of viral capsid could
be explained by the model proposed by Wekhof et al. (63), who
observed the same phenomenon on bacterial and fungal cells.
Those authors supposed that it arose from instantaneous over-
heating, caused by absorbance of UV light, which is transformed
into heat and transferred to the water contained in microbial cells.
This idea is consistent with previous work on phages T4 and T7, in
which long-pass 295- and 400-nm filters reduced pulsed-light ef-
ficiency (64). The focus has been on UV, since the other wave-
lengths emitted are poorly, or not at all, absorbed by nucleic acids,
proteins, and water (10).

In conclusion, this study shows that pulsed light under the
specific conditions allowed by the FDA is effective at inactivating
MNV-1. Since the process is rapid, environmentally friendly, and
active against a broad range of microorganisms, including bacteria
(65), yeasts (66), and enteric viruses (67), its application to the
disinfection of drinking water, clear beverages, food contact sur-
faces, and even biofilms and sewage treatment effluent should be
possible, provided that agents that interfere with light transmis-
sion, particularly proteins, are taken into account. We have also
provided insight into the mechanism by which pulsed light inac-
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tivates viruses. Our results suggest that this technology has a dual
impact on viral particles, damaging both the genetic material and
the structure, thereby leaving little chance of recovery. The devel-
opment of this alternative is timely, because the incidence of
norovirus illness remains unacceptably high and its prevention
constitutes a superior approach compared to the costs and conse-
quences of treating infections.
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