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In order to assure themicrobial safety of drinking water, UVC-LED treatment has emerged as a possible technol-
ogy to replace the use of conventional low pressure (LP) mercury vapor UV lamps. In this investigation, inactiva-
tion of Human Enteric Virus (HuEV) surrogates with UVC-LEDs was investigated in a water disinfection system,
and kineticmodel equationswere applied to depict the surviving infectivities of the viruses.MS2, Qβ, andΦX174
bacteriophages were inoculated into sterile distilled water (DW) and irradiated with UVC-LED printed circuit
boards (PCBs) (266 nm and 279 nm) or conventional LP lamps. Infectivities of bacteriophages were effectively
reduced by up to 7-log after 9 mJ/cm2 treatment for MS2 and Qβ, and 1 mJ/cm2 for ΦX 174. UVC-LEDs showed
a superior viral inactivation effect compared to conventional LP lamps at the same dose (1mJ/cm2). Non-log lin-
ear plot patterns were observed, so thatWeibull, Biphasic, Log linear-tail, andWeibull-tailmodel equationswere
used to fit the virus survival curves. ForMS2 and Qβ, Weibull and Biphasicmodels fit well with R2 values approx-
imately equal to 0.97–0.99, and the Weibull-tail equation accurately described survival of ΦX 174. The level of
UV-susceptibility among coliphages measured by the inactivation rate constant, k, was statistically different
(ΦX 174 (ssDNA) N MS2, Qβ (ssRNA)), and indicated that sensitivity to UV was attributed to viral genetic
material.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Ultraviolet (UV) disinfection has been widely applied to ensure the
safety of potable water as well as for performing food surface pasteuri-
zation. UV irradiation controls a broad range of microorganisms includ-
ing bacterial pathogens, yeasts, and molds, because UV induces
nucleotides to produce pyrimidine dimers so that microorganisms can-
not replicate DNA and reproduce (Bintsis, Litopoulou-Tzanetaki, & Rob-
inson, 2000; Blatchley et al., 2008; Lopez-Malo, Palou, Barbosa-Canovas,
Tapia, & Cano, 2005). Furthermore, UV treatment does not generate by-
products and barely affects nutritional values of food. Therefore, UV ir-
radiation has caught the attention of not only thefield ofwater disinfec-
tion, but also the food industry. In 2000, the US-FDA approved UV
disinfection as an effective method for controlling pathogens and spoil-
age microorganisms in food, water and beverages.

Traditionally, low pressure (LP) mercury vapor UV lamps have been
used to inactivate harmful microorganisms in industrial settings.
However, because LP lamps contain mercury, their use entails substan-
tial human health and environmental risks (Aoyagi et al., 2011;

Bohrerova, Shemer, Lantis, Impellitteri, & Linden, 2008; Hamamoto
et al., 2007). Moreover, the warm-up time requirement for maximum
irradiance intensity and temperature-dependent changes in fluence
rate are some of the disadvantages of LP lamps. UVC-light emitting di-
odes (UVC-LEDs), which offer potential as an alternative technology,
have been developed and studied recently. UVC-LEDs do not contain
mercury, thus alleviating this risk, and prompt maximal irradiation is
possible with consistent intensity over a broad temperature range. Fur-
thermore, small size UVC-LED modules can be easily incorporated into
various shapes of processing devices for the food industry (Kim, Kim,
& Kang, 2016; Shin, Kim, Kim, & Kang, 2016). Still, UVC-LEDs have the
disadvantage of low irradiance intensity compared to conventional LP
lamps, but the development of LEDs has been rapid and LED lighting
systems with wavelengths in the visible spectrum have already been
utilized in order to support plant growth with less energy consumption
(Craig, Yuk, Khoo, & Zhou, 2015).

Human enteric viruses (HuEV) including hepatitis A virus, rotavirus,
and norovirus are primarily causal agents of foodborne illnesses, but
HuEV may also cause more severe diseases, such as hepatitis, poliomy-
elitis, meningitis and others (Abbaszadegan, Lechevallier, & Gerba,
2003; Abzug, 2014; Wong et al., 2009). The fecal-oral route is the
main mode for transmission of HuEV, especially through consumption
of contaminated drinking water (Lopman et al., 2012; Pallansch &
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Ross, 2001). Therefore, the US-EPA emphasizes that water disinfection
systems should achieve 4-log reduction of viruses for surface water
(US EPA, 2006). Workingwith pathogenic viruses poses many technical
challenges. For example, a complex culturing method using intestinal
stem cells exists for norovirus, several weeks are needed for confirma-
tion of hepatitis A, and difficulty surrounds the culturing of rotavirus.
For these reasons, surrogate viruses have been used by many re-
searchers (Aoyagi et al., 2011; Bowker, Sain, Shatalov, & Ducoste,
2011; Meng & Gerba, 1996). Bacteriophages are similar to HuEVs in
morphological, structural, and geneticmaterial aspects, so that bacterio-
phages can feasibly be utilized as tractable and safe surrogates for HuEV
(Collins et al., 2006; Grabow, 2001; Shirasaki, Matsushita, Matsui,
Urasaki, & Ohno, 2009).

The objective of this study was to evaluate the viral inactivation ef-
fect of a UVC-LED water disinfection system. Also, predictive model
equations were derived in order to calculate certain irradiation dosages
for accomplishing expected inactivation levels by water treatment
facilities.

2. Materials and methods

2.1. Experimental setup

UVC-LEDs (LG Innotek Co., Seoul, Korea), emitting peakwavelengths
of 266 or 279 nm, were connected to electronic printed circuit boards
(PCB). The ‘4 corners’ arrangement with 6 cm distance between the
LED modules and 4 cm distance between LED PCB and irradiated food
surfaces were set up in accordance with prior research (Kim et al.,
2016; Shin et al., 2016). Following protocols of previous investigations
(Bolton & Linden, 2003; Kim et al., 2016; Shin et al., 2016), the petri fac-
tor indicating even distribution of UV irradiation over the surface was
calculated. A petri factor over 0.9, which implies 90% uniformity in
light distribution, was measured using the 4-corners array. In order to
obtain the petri factor, an area one-eighth of the petri dish surface was
scanned by an optical spectrometer (AvaSpec-ULS2048-USB2-UA-50,
Avantes; Apeldoorn, Netherlands) for every 5mm. The probewasmain-
tained at four centimeters distance from the UV sources. The fluence
rate of each point was divided by the maximum intensity and averaged
to calculate the petri factor. Corrected irradiance and adjusted fluence
rate value was calculated by multiplying the maximum intensity by
the petri factor value. The required constant electric currentwas provid-
ed by aDCpower supply (TPM series, Toyotech; Incheon, Korea); 23mA
for 266 nm PCB, 20 mA for 279 nm PCB.

A low pressure UV lamp (TUV 16 W 4P-SE, Philips; AE Eindhoven,
Netherlands) was used to perform conventional water disinfection
treatment. Because the intensity of the LP lamp was much higher than
that of UVC-LEDs, LP lamp intensity was attenuated by covering it
with polypropylene (PP) films (thickness 0.05 mm) in order to adjust
the irradiation power to a level equivalent to that of UVC-LEDs (Kim
et al., 2016). Every variable, such as distance between UV source and

petri dish, treatment time, stirring RPM, was equivalent except for the
PP film cover in the LP lamp treatment.

The details of a continuous type water disinfection systemwere de-
scribed by Shin et al. (2016) and are schematically shown in Fig. 1. For
the system, five UVC-LEDs (peak wavelength: 279 nm; each: 10 mW,
total: 50 mW) were combined into a single LED unit module, and four
of these LED modules were affixed to the four sides of a manufactured
quartz pipe (Kum-Kang Quartz, Gyeonggi, Republic of Korea) to expose
water passing through the pipe to 200 mW UVC-LED power.

2.2. Intensity measurements

Irradiance intensity of the 2 UV sources (UVC-LEDs and LP lamp)
was evaluated with a spectrometer (AvaSpec-ULS2048-USB2-UA-50,
Avantes; Apeldoorn, Netherlands) in accordancewith previous research
(Kim et al., 2016; Shin et al., 2016). Briefly, the probewas placed at 4 cm
distance from UVC sources and intensity values of the total area equiv-
alent to the dimensions of a petri dish were scanned at every 5 mm. In
order to obtain the petri factor, all measured intensity ratios, which
were divided by maximum irradiance value, were averaged. The petri
factors weremultiplied bymaximum intensity, so that the actual inten-
sity values were normalized and utilized to acquire treatment time for
dosages of 0.3, 0.5, 0.7, 1, 2, 3, 6, and 9 mJ/cm2.

2.3. Cultivation and assay of viruses

BacteriophageMS2 (ATCC 15597-B1), Qβ (ATCC 23631-B1), andΦX
174 (ATCC 13706-B1), and their host strains, Escherichia coli C3000
(ATCC 15597) and E. coli CN13 (ATCC 700609), were obtained from
the Culture Collection at Seoul National University (Seoul, Republic of
Korea). The phages were propagated by inoculating 1 ml of late expo-
nential or early stationary phase host strain (E. coli C3000 for MS2 and
Qβ; or E. coli CN13 for ΦX 174) into 50 ml of tryptic soy broth (TSB)
(Difco, Becton Dickinson and Company, Sparks, MD, USA) and incubat-
ing overnight at 37 °C. One-hundred microliter of each stock coliphage
and 500 μl of host strain were combined and incubated overnight at
37 °C. The cultures were centrifuged for 20 min at 4000 ×g, and the su-
pernatant was carefully collected into sterile 15 ml conical disposable
centrifuge tubes and stored at−70 °C until investigation.

The phages were assayed using the soft agar overlay (double-agar
layer) plaque assay method (Cho, Gandhi, Hwang, Lee, & Kim, 2011;
Kropinski, Mazzocco, Waddell, Lingohr, & Johnson, 2009). One hundred
microliter of overnight-incubated host strainswere inoculated into 5ml
TSB and incubated for 4 h at 37 °C; the resulting early log-phase host
strains were plated onto the bottom layer of agar to produce a bacterial
lawn. The bottom agar layer contained 1 g/l yeast extract, 1 g/l glucose,
8 g/l sodium chloride, 0.22 g/l calcium chloride, 10 g/l tryptone, and
15 g/l agar. Also, LB broth (Difco) with 1% (w/v) agar (Difco) was used
for the soft agar overlay (method described in Section 2.4).

Fig. 1. Schematic depiction of continuous type water disinfection system. Liquid sample flow was adjusted to 100 ml per minute (mLPM) and 300 mLPM with the peristaltic pump.
Components: A, viral reservoir before UVC treatment; B, peristaltic pump; C, power supply; D, UVC-LED modules attached to quartz pipe; E, viral reservoir after UVC treatment; F, ball
type valve.
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