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a b s t r a c t

To demonstrate the effectiveness of UV light-emitting diodes (UV-LEDs) to disinfect water, UV-LEDs at
peak emission wavelengths of 265, 280, and 300 nm were adopted to inactivate pathogenic species,
including Pseudomonas aeruginosa and Legionella pneumophila, and surrogate species, including Escher-
ichia coli, Bacillus subtilis spores, and bacteriophage Qb in water, compared to conventional low-pressure
UV lamp emitting at 254 nm. The inactivation profiles of each species showed either a linear or sigmoidal
survival curve, which both fit well with the Geeraerd's model. Based on the inactivation rate constant, the
265-nm UV-LED showed most effective fluence, except for with E. coli which showed similar inactivation
rates at 265 and 254 nm. Electrical energy consumption required for 3-log10 inactivation (EE,3) was
lowest for the 280-nm UV-LED for all microbial species tested. Taken together, the findings of this study
determined the inactivation profiles and kinetics of both pathogenic bacteria and surrogate species under
UV-LED exposure at different wavelengths. We also demonstrated that not only inactivation rate con-
stants, but also energy efficiency should be considered when selecting an emission wavelength for UV-
LEDs.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Ultraviolet light-emitting diodes (UV-LEDs) are small, mercury-
free devices with a flexible and adjustable design. UV-LEDs can be
used without a warming up period, enabling diverse application of
this device such as on-demand operation. The effectiveness of UV-
LEDs at various wavelengths for water disinfection has been
demonstrated in many studies, with most studies investigating
surrogate microorganisms such as the indicator bacterium Escher-
ichia coli; indicator viruses such as bacteriophage MS2, Qb, and T7;
and aerobic spore-forming bacteria (Bowker et al., 2011; Oguma
et al., 2015; Beck et al., 2017).

For example, E. coli inactivation by UV-LEDs with wavelengths
varying from 255 to 280 nm exhibit a range of inactivation rate
constants between 0.29 and 0.42 cm2/mJ, which are comparable to
the values found at 254 nm (Chatterley and Linden, 2010; Bowker
et al., 2011; Oguma et al., 2013). In contrast, MS2 as a common
surrogate for enteric viruses showed different sensitivities to
different UV-LEDs wavelengths, and the effectiveness at 260 nm

was better than that using a 254-nm low-pressure UV lamp (LPUV)
at the same dose (Beck et al., 2017). Although MS2 is commonly
used in North America for UV system validation in drinking water
treatment plants and UV studies (USEPA, 2006), Bacillus subtilis

spores are more widely used in Europe (€ONORM, 2001). Moreover,
because similar behaviors of aerobic spores (e.g. B. subtilis spores)
and Cryptosporidium oocysts such as resistance and removal in
water treatment processes have been observed (Facile et al., 2000;
Muhammad et al., 2008), B. subtilis spores has been proposed to be
as a conservative surrogate of Cryptosporidium to identify drinking
water contamination. Although UV-LEDs were shown to be effec-
tive against surrogate microorganisms, information regarding the
effectiveness of UV-LEDs against pathogenic microorganisms is
very limited. Only two recent studies have reported the sensitivity
of UV-LEDs on a pathogenic virus, an adenovirus known to be the
most UV-resistant species (Oguma et al., 2015; Beck et al., 2017),
but there have been no studies on pathogenic bacteria or protozoa
in water. Because of health risk to humans posed by these micro-
organisms, it is necessary to examine the effectiveness of UV-LEDs
against pathogenic bacteria and protozoa.

Pseudomonas aeruginosa, an opportunistic bacterium, is some-
times detected in drinking water pipeline systems because of its
ability to form biofilms with extracellular polymeric substances.* Corresponding author.
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Biofilm formation makes it difficult for residual chlorine to diffuse
and inactivate microorganisms in inner layers, and can result in re-
contamination of drinking water (Meena and Gerba, 2009). Infec-
tion by P. aeruginosa has been reported following intake of
contaminated drinking water, and serious infection cases are pre-
dominantly found in hospitals, resulting in pneumonia, blood-
stream infections, urinary tract infections, and surgical site
infections. The Centers for Disease Control and Prevention (CDC) in
the United States reported 51,000 infections of P. aeruginosa per
year with approximately 6700 cases of multi-drug resistance
resulting in 400 deaths per year (CDC, 2013). As a result, the World
Health Organization (WHO) has listed P. aeruginosa as a critical
priority (WHO, 2017). Similarly, Legionella pneumophila, another
water-borne pathogen that thrives in biofilms, was reported to
account for 66% of drinking water-associated outbreaks in
2011e2012 (CDC, 2015). Legionnaires' disease has a fatality rate of
approximately 30% among healthcare-associated cases and the risk
is particularly high for elderly people (Demirjian et al., 2015).
Therefore, it is challenging to find solutions for Legionnaires' dis-
ease and P. aeruginosa infections, and UV-LEDsmay be a solution for
controlling these important causative agents of healthcare-
associated infections at point-of-entry or point-of-use of water,
particularly in hospitals.

The objective of this study was to investigate the efficiency of
both inactivation and energy consumption of UV-LEDs at various
wavelengths for the following pathogens: P. aeruginosa,
L. pneumophila, and surrogate microorganisms, including E. coli,
bacteriophage Qb, and B. subtilis spores. We aimed to offer sup-
porting information for the selection of UV-LED wavelength, which
is valuable for future development of water disinfection systems
equipped with UV-LEDs.

2. Materials and methods

2.1. Cultivation and enumeration of microorganisms

Surrogate microorganisms, including E. coli IFO 3301 (Institute
for Fermentation, Japan), B. subtilis spores ATCC 6633 (American
Type Culture Collection (ATCC), Manassas, VA, USA), and bacterio-
phage Qb ATCC 15597 B1 (ATCC), were cultivated as follows.

Escherichia coli. A pure culture of E. coli was incubated at 37 �C
overnight in Luria-Bertani broth and subsequently washed with
phosphate-buffered solution (PBS, pH 7.2) 3 times before the UV
exposure experiments. The number of E. coli was determined in a
colony-forming unit (CFU) assay with Chromocult agar according to
the method of manufacturer (Merck, Darmstadt, Germany).

Bacillus subtilis spores. Cultivation, harvesting and determi-
nation technique of B. subtilis spores were modified from the
methods of Nicholson and Setlow (1990) in which a pure culture
stock of B. subtiliswas incubated in Trypticase soy broth at 37 �C for
6 h, transferred into liquid enrichment medium, 2 � SG medium,
and then incubated at 37 �C with vigorous aeration for 7e8 days for
sporulation. Subsequently, B. subtilis spores were harvested by
washing with cold sterile water three times, heating at 80 �C for
12 min to inactivate vegetative and germinating cells, and washing
again with cold sterile water 6 times sequentially. The purity of the
spore solution according to phase-contrast microscopy was up to
90%. The number of active spores was determined by CFU assays
with nutrient agar at 37 �C after 24 h incubation.

Bacteriophage Qb. An aliquot (100 mL) of bacteriophage Qb
prepared and purified as described previously (Rattanakul et al.,
2014) was mixed in PBS for UV exposure experiments and to
enumerate Qb. A double-layer agar technique using E. coli K-12 A/l
(Fþ) as a host was applied to Qb-containing samples, which were
evaluated as plaque-forming units (PFU) per mL (Adam, 1959).

For pathogenic microorganisms, including L. pneumophila ATCC
33152 and P. aeruginosa ATCC 10145, the details of cultivation were
as follows.

Legionella pneumophila. A modified method of Buse et al.
(2015) for cultivation and determination of L. pneumophila was
performed as follows. A stock solution of L. pneumophila was
cultivated in buffered yeast extract medium at 37 �C for 48 h and
thenwashed 3 times with PBS before use. The enumerationmethod
was performed using a CFU assay with buffered charcoal yeast
extract (BCYE-a) agar (CM0655, Oxoid, Hampshire, UK) supplied
with growth supplement (SR 0110, Oxoid) at 37 �C for 4 days of
incubation.

Pseudomonas aeruginosa. Pseudomonas aeruginosa samples
were prepared by incubating an aliquot of stock solution in nutrient
broth at 37 �C for 24 h and washing with PBS 3 times. Nutrient
broth agar was used to measure the number of P. aeruginosa in a
CFU assay at 37 �C and 24 h incubation following the method
provided by ATCC.

2.2. Apparatuses for UV-LED, LPUV, and fluence measurement

UV-LEDs (Nikkiso Giken Co. Ltd., Ishikawa, Japan) with peak
emission wavelengths of 265, 280, and 300 nmwere used. The UV-
LED apparatus consisted of a circuit board installed with 8 UV-LED
chips in a circular arrangement for each wavelength (4 chips in
series, 2 series in parallel), fan, a power supply unit, and temper-
ature control system as shown in Fig. 1a. To set equivalent fluence
rate at the surface of the microbial suspensions for different UV-
LEDs, the electronic currents required for each UV-LED were
51.5 mA for 265-nm, 18.5 mA for 280-nm, and 14.5 mA for 300-nm.
The voltages needed to achieve these values were 6.05 V for 265-
nm, 5.16 V for 280-nm and 4.82 V for 300-nm, respectively. The
fluence rate or irradiance was measured by ferrioxalate actinom-
etry (Bolton et al., 2011) and fluence rates were 0.99 mW/cm2 for
265- and 280-nm UV-LEDs and 1.01 mW/cm2 for 300-nm UV-LEDs.
The incident fluence rate was adjusted as described by Bolton and
Linden (2003) considering water (e.g. UV absorbance and water
depth) and reflection factor (only for LPUV system), and the fluence
was a product of time and the incident fluence rate.

A collimated beam low-pressure UV (LPUV) systemwas used for
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