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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 Published by Elsevier Ltd.
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
ma).
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.
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Abbreviations

ATCC American Type Culture Collection
BCYE-a buffered charcoal yeast extract supplemented with

alpha-ketoglutarate
B. subtilisBacillus subtilis
CFU colony-forming unit
CDC Centers for Disease Control and Prevention
E. coli Escherichia coli
IFO Institute of Fermentation
L. pneumophila Legionella pneumophila
LPUV low-pressure UV lamp
€ONORM €Osterreichisches normungsinstitut
P. aeruginosa Pseudomonas aeruginosa
PBS phosphate-buffered solution
PFU plaque-forming unit
RMSE root mean square error
UV-LEDs ultraviolet light-emitting diodes
USEPA United States Environmental Protection Agency
WHO World Health Organization
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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



Fig. 1. (a) UV-LED setup and (b) emission spectra of UV-LEDs and LPUV.
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comparison and consisted of a 15-W LPUV lamp (GL15, Toshiba,
Japan) emitting a peak wavelength at 254 nm, shutter, and time
controller. The fluence rate was measured using a radiometer
(UVR2 UD25, TOPCON) following an adjustment method as
described previously. The emission spectra of UV-LEDs and LPUV
are shown in Fig. 1b.
2.3. UV disinfection procedure

Disinfection procedures for both UV-LEDs and LPUV were
similar and each microorganism was tested separately as follows.
Five or 35 mL of PBS spiked with microbial stock solution was
placed in a glass Petri dish with diameter of 3 or 8.5 cm providing
sample depth of 0.707 or 0.617 cm under the UV-LEDs or LPUV
system, respectively, which was continuously stirred with a mag-
netic bar throughout the disinfection experiments. Untreated (N0)
and treated samples (Nt) were collected at exposure time zero and
designated exposure times t; to eliminate the effects of photore-
activation, UV disinfection experiments were performed at least
three independent batches with a vary of exposure time among the
batches under a red light condition and all treated samples were
kept in the dark until microbial analysis.
2.4. Inactivation kinetics

UV inactivation kinetics of each species at difference wave-
lengths was mathematically determined from fluence-response
curves using a multi-target model (Severin et al., 1983) as
described by the following equation:

Nt

N0
¼ 1�

�
1� 10�kF

�nc
(1)

where N0 and Nt are the microbial concentration (CFU or PFU/mL)
at time zero and t, respectively, k is the inactivation rate constant
(cm2/mJ), F is the UV fluence at exposure time t, and nc is the
number of critical targets to cause inactivation. The values of k and
nc are the slope and y-intercept of the linear region of the fluence-
response curve. The multi-target model (Eq. (1)) can be reduced to
a single target model, if nc is equal to 1 as follows:

Nt

N0
¼ 10�kF (2)

Another inactivation kinetic model proposed by Geeraerd et al.
(2000) (later expressed as the Geeraerd's model) considering ef-
fects of shoulder and tailingwas applied to comparewith themulti-
target model, and Geeraerd's model is derived from Eq. (3).
Nt

N0
¼ 10�kF

�
1� Nres

N0

� 
10ktl

1þ �10kðtl�tÞ � 10�kt
�
!

þ Nres

N0
(3)

where Nres is the microbial concentration of a specific sub-
population, either more resistant or appearing as a result of
experimental artifacts (CFU or PFU/mL), k is the maximum inacti-
vation rate constant of critical components, given as the slope of the
linear part (cm2/mJ), and tl is the shoulder length (mJ/cm2), which
can be obtained by dividing the value of y-intercept of the linear
part with the k.

2.5. Electrical energy efficiency

The electrical energy per order (EEO) is a parameter used to
assess the performance of different UV disinfection systems (i.e.
UV-LEDs and LPUV) based on electrical energy consumption, which
is defined as the amount of electrical energy required to lower the
concentration of microbes by one order of magnitude in a specific
volume of water. If the linear fluence-response profile is observed,
EEO can be derived as follows (Sharpless and Linden, 2005):

EEO ¼ A
3:6 � 103 � V � k � C � WF

(4)

where EEO is the electrical energy per order of magnitude (kWh/m3/
order), A is the irradiant surface area (cm2), V is the volume of
sample (mL), k is the fluence-based inactivation rate constant (cm2/
mJ), WF is the water factor, the value of 3.6 � 103 is a unit con-
version constant for mWand kW, sec and hr, and mL and m3, and C
is the wall plug efficiency which can be calculated based on Eq. (5).

C ¼ Poutput
Pinput

¼ FA
IA � VA

(5)

where Poutput is the UV-LEDs optical power (mW), Pinput is the
applied electrical power (mW), IA is the applied current (mA), VA is
the applied voltage (V), and FA is the radiant flux (mW). Information
regarding radiant flux per UV-LED chip provided by the manufac-
turer (Nikkiso Giken Co. Ltd.) was 2.01 mW for 265-nm, 1.82 mW
for 280-nm and 300-nm UV-LEDs. Accordingly, the C values
became 0.333 for the LPUV, 0.006 for the 265-nm, 0.019 for the
280-nm, and 0.026 for the 300-nm UV-LEDs, respectively.

In cases where fluence-response curves showed non-linear log
reduction (e.g. shoulder, tailing or sigmoidal curve), the electrical
energy per specific n-log10 reduction, (EE,n, kWh/m3/n-log reduc-
tion) was calculated as follows (Beck et al., 2017):

EE;n ¼ A � Fn
3:6 � 103 � V � C � WF

(6)

where Fn is the fluence required for n-log10 reduction (mJ/cm2).

2.6. Model fitting and statistical analysis

Fit testing of the inactivation kinetic models for each microor-
ganism was conducted using Microsoft Excel and either root mean
square error (RMSE) or the coefficient of determination (R2) was
determined to assess the goodness of fit with the observed data. For
non-linear fluence-response curves; such as a curve with shoulder
and tailing, R2 was not applicable because of invalidation of the R2

assumption, and a higher R2 indicated a better predicted value
(model) fitted with the observed data. In contrast, a lower value for
RMSE indicated a better fit. Analysis of covariance was introduced
to indicate a difference in the inactivation rate in the linear part of



Table 1
The shoulder length (mJ/cm2) of different species at different UV wavelengths. Er-
rors indicate 95% confidence interval.
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the inactivation profile at different UV wavelengths and p-values
less than 0.05 indicated a significant difference.
Microorganism UV wavelength

254 nm 265 nm 280 nm 300 nm

E. coli 2.62 ± 0.09 1.25 ± 0.07 1.95 ± 0.12 23.4 ± 0.66
P. aeruginosa 0.52 ± 0.18 1.18 ± 0.04 1.01 ± 0.19 19.7 ± 1.11
L. pneumophila ~0 ~0 ~0 ~0
Bacteriophage Qb ~0 ~0 ~0 ~0
B. subtilis spores 12.6 ± 0.51 4.96 ± 0.50 8.24 ± 0.66 481 ± 12.2
3. Results and discussion

3.1. Inactivation kinetic modeling

Fluence-response curves or survival curves of target microor-
ganisms inactivated by different UV wavelengths are shown in
Fig. 2. Two types of survival curve, linear and sigmoidal curves (a
curve with a shoulder and tailing), were observed in this study. The
linear curvewas observed for L. pneumophila and bacteriophage Qb,
whereas a sigmoidal curve was found for E. coli, P. aeruginosa, and
B. subtilis spores. In sigmoidal curves, the shoulder may indicate the
resynthesis rate of vital components, which reached a level higher
than the destruction rate (Mossel et al., 1995), while tailing may
have resulted from multiple-hit lowering inactivation efficiency
and the existence of a small number of resistant sub-populations,
including UV-induced and adapted resistance (Cerf, 1997). In the
present study, the length of the shoulder on fluence-response
curves as shown in Table 1 differed based on the microbial spe-
cies and emission wavelengths, indicating that accumulation of
damage or resynthesis of vital component before inactivation may
differ among each microorganism, and different wavelengths
resulted in different magnitudes of damage affecting the shoulder
for the microorganims. For instance, the shoulder length at 254 nm
was longer than that at 265 nm, but there was a clear increasing
trend following exposure to longer wavelengths (280 and 300 nm)
in E. coli and B. subtilis spores, showing the highest value at 300 nm.
This indicates that damage resynthetic ability may be mostly
supressed at 265 nm, but other unknown mechanisms may
contribute to this phenomenon and it is needed to be examined in
Fig. 2. Inactivation profiles and model fittings for tested microorganisms under ex-
posures to LPUV and 265, 280-, and 300-nm UV-LEDs. Internal figures show the
inactivation profile and model fitting for 300-nm UV-LEDs.
further studies. Tailing was observed after microorganisms were
inactivated at approximately 4.5-log10 inactivation at all wave-
lengths. These results support that resistant sub-populations were
present even in pure cultures because after 4.5-log10 inactivation,
the microbial concentration remained approximately
~100e300 CFU/mL compared to original number of 106e107 CFU/
mL (Cerf, 1997).

Introduction of the multi-target model to the fluence-response
curves of all microorganisms as shown in Fig. 2 suggested that
this model fitted well with the observed data, except for cases of
E. coli and B. subtilis spores exhibiting sigmoidal curves. Because the
multi-target model does not account for tailing, which may over-
estimate the effectiveness of UV-LEDs in the tailing region, another
model covering both shoulder and tailing effects should be
employed. The Geeraerd's model appeared to be suitable in the
present study because this model not only uses a deterministic
approach based on fitting, but also is supported by biological
mechanisms in the background, such as possible factors affecting
the shoulder (microorganims being clumped, damage re-synthesis
ability, or difference in critical components) and tailing (existance
of resistant sub-population, including adapted resistance).

As shown in Fig. 2, Geeraerd's model showed good fitting of not
only the sigmoidal curves (E. coli and B. subtilis spores), but also
curves with shoulders (P. aeruginosa) and linear curves of
L. pneumophila and bacteriophage Qb. Considering the goodness of
curve fitting based on RMSE and R2 as shown in Table 2 for the
comparison between the multi-target and Geeraerd's model, the
RMSE and R2 values in linear fluence-response curves of
L. pneumophila and bacteriophage Qb for both models were
equivalent at all wavelengths, and the sigmoidal curves for E. coli
and B. subtilis sporeswere better characterized by Geeraerd'smodel
at all wavelengths. For P. aeruginosa exhibiting fluence-response
curves with a shoulder, the RSME of both models was similar. In
conclusion, based on the results shown in Table 2, the Geeraerd's
model covered all survival curve situations in this study.

3.2. Inactivation efficiency of UV-LEDs and LPUV

To compare the efficiency of UV inactivation at different wave-
lengths, inactivation rate constants calculated form a linear part for
each microorganism are shown in Table 3.

3.2.1. 254 nm (LPUV)
Inactivation at this wavelength was effective against vegetative

bacteria cells, particularly E. coli, P. aeruginosa, and L. pneumophila,
with inactivation rate constants (k254 ± 95% confidence interval) of
0.81 ± 0.07, 0.45 ± 0.05, and 0.66 ± 0.03 cm2/mJ, respectively. The
range of k254 values for different E. coli strains reported in previous
studies (Sommer et al., 2000; Hijnen et al., 2006; Rattanakul et al.,
2014) was 0.44e0.91 cm2/mJ, which is consistent with the results of
the present study. Similarly, k254 for L. pneumophilawas comparable
to those in other studies (~0.7 cm2/mJ) (Oguma et al., 2004;
Cervero-Arag�o et al., 2014), while P. aeruginosa appeared to be



Table 2
Comparison of goodness of fit between multi-target and Geeraerd's model among different microorganisms at different wavelengths.

E. coli P. aeruginosa L. pneumophila Bacteriophage Qb B. subtilis spores

RMSE *R2 RMSE *R2 RMSE R2 RMSE R2 RMSE *R2

M G M G M G M G M G M G M G M G M G M G

254 nm 0.373 0.157 0.287 0.217 0.188 0.188 0.978 0.978 0.072 0.072 0.994 0.994 0.497 0.181
265 nm 0.853 0.174 0.106 0.117 0.173 0.173 0.984 0.984 0.116 0.116 0.979 0.979 0.349 0.240
280 nm 0.170 0.144 0.250 0.252 0.154 0.154 0.985 0.985 0.123 0.123 0.987 0.987 0.269 0.128
300 nm 0.150 0.141 0.244 0.233 0.146 0.146 0.986 0.986 0.291 0.291 0.912 0.912 0.683 0.137

M ¼ Multi-target model.
G ¼ Geeraerd's model.
RMSE ¼ Root square mean error.
R2 is not applicable for non-linear regression.

Table 3
Inactivation rate constants at different UV wavelengths obtained from log-linear part on fluence-response curve. The k value shows the mean values, while error bars indicate
95% confidence interval of measurements. n shows the number of independent measurements.

Inactivation rate constant, k ± 95% CI (cm2/mJ)

E. coli P. aeruginosa L. pneumophila Bacteriophage Qb B. subtilis spores

254 nm (8.11 ± 0.70) � 10�1 (n ¼ 14) (4.48 ± 0.51) � 10�1 (n ¼ 14) (6.62 ± 0.26) � 10�1 (n ¼ 18) (0.85 ± 0.02) � 10�1 (n ¼ 16) (0.99 ± 0.06) � 10�1 (n ¼ 23)
265 nm (8.05 ± 0.55) � 10�1 (n ¼ 17) (7.74 ± 0.49) � 10�1 (n ¼ 16) (8.60 ± 0.51) � 10�1 (n ¼ 18) (0.98 ± 0.06) � 10�1 (n ¼ 18) (1.74 ± 0.15) � 10�1 (n ¼ 13)
280 nm (5.61 ± 0.39) � 10�1 (n ¼ 17) (5.11 ± 0.53) � 10�1 (n ¼ 18) (4.53 ± 0.13) � 10�1 (n ¼ 17) (0.56 ± 0.01) � 10�1 (n ¼ 18) (1.04 ± 0.06) � 10�1 (n ¼ 16)
300 nm (0.63 ± 0.04) � 10�1 (n ¼ 20) (0.59 ± 0.06) � 10�1 (n ¼ 15) (0.48 ± 0.03) � 10�1 (n ¼ 17) (0.06 ± 0.004) � 10�1 (n ¼ 18) (0.05 ± 0.006) � 10�1 (n ¼ 10)
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more resistant than previously reported values of 0.95e1.3 cm2/mJ,
but the different strains used may account for the UV sensitivity
difference (Clauß, 2006; Teksoy et al., 2011). Both Qb and B. subtilis
spores were highly UV resistant compared to the tested bacteria
with k254 values of 0.08 ± 0.002 and 0.10 ± 0.006 cm2/mJ, respec-
tively; these values are comparable to previously reported values
(Mamane-Gravetz et al., 2005; Rattanakul et al., 2014; Beck et al.,
2015). The high UV resistance in B. subtilis spores may be related
to the major UV-induced lesions in spores as spore photo-products
rather than cyclobutane pyrimidine dimers and (6,4) photoprod-
ucts, major lesions in bacteria, and that spore photo-products can
be repaired rapidly via specific mechanisms (Setlow, 2001). For Qb
and many viruses, factors, including their small size and host
machinery-involving life cycle, may contribute to their high UV
resistance.

3.2.2. 265 nm UV-LEDs
Inactivation rate constants of all tested microorganism were

highest by inactivation with 265-nm UV-LEDs, except for E. coli
whose rate constant was not significantly different from that at
254 nm (p > 0.05). The observed value of k265 (0.80 ± 0.06) for E. coli
in the present study was higher than in previous studies
(0.17e0.37 cm2/mJ) (Chatterley and Linden, 2010; Oguma et al.,
2013) and differences in experimental conditions and the shape
of the inactivation profile may be involved. k265 values for
P. aeruginosa and L. pneumophila, which were first reported in the
present study, were 0.77 ± 0.05 and 0.86 ± 0.05 cm2/mJ, respec-
tively. Therewas no significant difference (p> 0.05) in k265 between
E. coli and P. aeruginosa, and the k265 values for these species were
slightly lower than that of L. pneumophila. Among the wavelengths
tested, the 265-nm UV-LED achieved highest bacterial inactivation
regardless of the bacterial species. This is because, as well-noted,
UV absorbance of nucleic acid is highest at approximately
260 nm (Harm,1980). Similarly, the k265 for B. subtilis spores and Qb
were higher than k254, which is also attributable to the higher
absorbance of nucleic acid at 265 nm.

3.2.3. 280 nm UV-LEDs
The UV absorbance of protein showed a relative peak at
approximately 280 nm (Harm, 1980), and UV-induced protein
damage may enhance microbial inactivation. However, as the UV
absorbance of the genome decreases at this wavelength relative to
that at 265 nm, k285 values for all microorganisms were also
decreased to 0.56 ± 0.04 cm2/mJ for E. coli, 0.51 ± 0.05 cm2/mJ for
P. aeruginosa, 0.45 ± 0.01 � 10�1 cm2/mJ for L. pneumophila,
0.06 ± 0.001 cm2/mJ for Qb, and 0.10 ± 0.006 cm2/mJ for B. subtilis
spores. At 280 nm, Qb and B. subtilis spores were more UV-resistant
than bacteria, as was the case at 265 nm. Furthermore, inactivation
by 280-nm UV-LED showed lower effectiveness than that by 254-
nm LPUV in E. coli, L. pneumophila and Qb, but remained the
same as that at 254 nm, particularly for P. aeruginosa (p < 0.05) and
was slightly higher for B. subtilis. For Qb, UV-induced protein
damage may not be a dominant cause of inactivation at this
wavelength, although a previous study demonstrated that UV-
induced protein damage played an important role in virus inacti-
vation (Eischeid and Linden, 2011). The number of protein com-
ponents involved in the infection processes of Qb is lower than
those of enteric viruses, whichmay result in a lower contribution of
protein damage to inactivation.

3.2.4. 300 nm UV-LEDs
Although UV absorbance of both genome and protein consid-

erably decreases at 300 nm, the inactivation rate constants of tested
microorganisms (k300) were still observable. The k300 values for
vegetative bacteria cells were lowest among the other wavelengths.
Similarly, k300 values for B. subtilis spores and Qb were lowest
among the wavelengths tested. These data are consistent with
those of a previous study that tested the efficiency of UV-LEDs at
310 nm, demonstrating low but observable inactivation against
E. coli (Oguma et al., 2013).

The present study showed that E. coli was more sensitive to UV
thanwere the pathogenic bacteria, P. aeruginosa and L. pneumophila
at all wavelengths. This poses a fundamental question regarding
relevance of adopting E. coli as a surrogate for water-borne path-
ogenic bacteria for UV disinfection. This study also revealed that
compared to conventional LPUV (254 nm) and other UV-LEDs
wavelengths, inactivation of pathogenic and surrogate microor-
ganisms by 265-nm UV-LEDs showed the best results based on the



Table 4
Electricity consumption per 3-log10 inactivation (EE,3). Data indicatemean values of 3 independent measurements and error indicates 95% confidence interval of measurement.

Electricity consumption per 3-log10 inactivation, EE,3 ± 95% CI (kWh/m3)

E. coli P. aeruginosa L. pneumophila Bacteriophage Qb B. subtilis spores

254 nm (0.99 ± 0.03) � 10�2 (1.08 ± 0.06) � 10�2 (0.65 ± 0.02) � 10�2 (4.86 ± 0.11) � 10�2 (6.45 ± 0.16) � 10�2

265 nm 0.41 ± 0.01 0.39 ± 0.01 0.24 ± 0.004 2.02 ± 0.04 1.63 ± 0.06
280 nm 0.17 ± 0.01 0.17 ± 0.01 0.15 ± 0.002 1.11 ± 0.02 0.83 ± 0.02
300 nm 1.22 ± 0.03 1.22 ± 0.05 0.96 ± 0.02 7.44 ± 0.28 17.4 ± 1.29
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fluence-based inactivation rate constants.
3.3. Electrical energy efficiency

Selection of UV-LEDs at different wavelengths based solely on
inactivation rate constants can generate misleading results. Elec-
trical energy efficiency is another factor involved in making an
economically reasonable decision. In this study, electrical energy
consumption per 3-log10 inactivation (EE,3) was considered for all
tested microorganisms, as the fluence-response curves of E. coli,
P. aeruginosa, and B. subtilis spores were non-linear.

Table 4 shows the values of EE,3 for all microorganism at
different UVwavelengths. EE,3 for testedmicroorganisms at 254 nm
(LPUV) were 0.006e0.064 kWh/m3, which were lower than those
of UV-LEDs at all wavelengths for all species. Notably, EE,3 of LPUV
for Qb and B. subtilis spores were approximately 5e10-fold higher
than that for bacteria. Although 265-nm UV-LEDs provided higher
inactivation rates than 254-nm LPUV, 265-nm UV-LEDs required
approximately 25e40-fold more energy consumption for 3-log10
inactivation among all tested microorganisms. The EE,3 of 265-nm
UV-LEDs for bacterial species (L. pneumophila, E. coli, and
P. aeruginosa) was lower than that for Qb and B. subtilis spores, as
was the case with LPUV at 254 nm. Additionally, 280-nm UV-LEDs
consumed approximately half as much energy as 265-nm UV-LEDs
for all microorganisms, definitely because of the difference in wall
plug efficiency. The EE,3 values of all tested microorganisms at
300 nm was highest compared to other wavelengths, showing the
highest wall plug efficiency among the UV-LEDs tested. The low
inactivation effectiveness resulted in high energy consumption to
achieve a specific level of inactivation.

The EE,3 values observed in this study for E. coli inactivation at
280 nm were lower than the value of 1.04 kWh/m3, which was
calculated based on the data reported by Beck et al. (2017). The
lower energy consumption in the present study was mostly
attributable to the difference in wall plug efficiency. Also, our re-
sults show that LPUV was more energy efficient than UV-LEDs at all
wavelengths, as was reported previously (Austin et al., 2013; Beck
et al., 2017). For UV-LEDs, 265 nm showed highest inactivation
rate constants, while the 280-nm product was the most energy-
efficient among the wavelengths tested. Energy consumption of
300 nm UV-LED was very high for all tested microbial species,
particularly for B. subtilis spores requiring 17.4 kWh/m3 for 3-log10
inactivation. Thus, energy consumption required for a certain level
of inactivation may be a useful indicator for comparing UV light
sources, including UV-LEDs.
4. Conclusions

UV-LEDs are effective for inactivating P. aeruginosa,
L. pneumophila, and surrogate microorganisms in water. Among
UV-LEDswith nominal peak emissions at 265, 280, and 300 nm, the
280-nm UV-LED is a good option for achieving a high inactivation
rate constant and showed the lowest energy consumption for
achieving 3-log10 inactivation in all microbial species tested. Our
results can be used in the development of water disinfection sys-
tems with UV-LEDs.
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