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a b s t r a c t

Studies on ultraviolet light-emitting diode (UV-LED) water disinfection have shown advantages, such as
safety, flexible design, and lower starting voltages. However, information about reactivation after UV-LED
disinfection is limited, which is an important issue of UV light-based technology. In this study, the
photoreactivation and dark repair of Escherichia coli after UV-LEDs and low pressure (LP) UV disinfection
were compared. Four UV-LED units, 265 nm, 280 nm, the combination of 265 þ 280 (50%), and 265 þ 280
(75%) were tested. 265 nm LEDs was more effective than 280 nm LEDs and LP UV lamps for E. coli
inactivation. No synergic effect for disinfection was observed from the combination of 265 and 280 nm
LEDs. 265 nm LEDs had no different reactivation performances with that of LP UV, while 280 nm LEDs
could significantly repress photoreactivation and dark repair at a low irradiation intensity of 6.9 mJ/cm2.
Furthermore, the UV-induced damage of 280 nm LEDs was less repaired which was determined by
endonuclease sensitive site (ESS) assay. The impaired protein activities by 280 nm LEDs might be one of
the reasons that inhibited reactivation. A new reactivation rate constant, Kmax, was introduced into the
logistic model to simulate the reactivation data, which showed positive relationship with the maximum
survival ratio and was more reasonable to interpret the results of photoreactivation and dark repair. This
study revealed the distinct roles of different UV lights in disinfection and reactivation, which is helpful
for the future design of UV-LED equipment.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Ultraviolet (UV) disinfection has been increasingly developed
for water and wastewater disinfection due to its broad-spectrum
efficiency against various pathogens and non-formation of disin-
fection by products (Hijnen et al., 2006). UV disinfection has been
recommended as a substitute for chemical additives for water
treatment. Recently, UV disinfection systems have been installed in
many water treatment plants in North America and Europe, and
small household UV disinfection systems are also available
(Brownell et al., 2008).

For UV disinfection, DNA or RNA is the key target in a variety of

organisms (Hijnen et al., 2006). Two major classes of mutagenic
DNA lesions induced by UV irradiation are cyclobutane-primidine
dimers (CPD) and 6-4 photoproducts (6-4 PPs). Between them,
the CPDs are the most abundant and make up around 75% of the
UV-induced DNA damage products (Sinha and H€ader, 2002). But
many microorganisms have developed efficient DNA repair mech-
anisms in order to counteract the lethal effects of UV-induced
damages (Lazarova et al., 1999). One is known as photoreactiva-
tion, inwhich photolyase enzyme specifically binds to the CPDs and
reverses the damage using the energy of light (310e480 nm)
(Harm, 1980; Sinha and H€ader, 2002). The other is dark repair
which instead replaces the damaged DNA with new, undamaged
nucleotides independent of light (Sinha and H€ader, 2002). These
repair processes are unfavorable because the UV disinfection effi-
ciency could be reduced (Guo et al., 2009; Sommer et al., 2000).
Such as, for E. coli, considering the photoreactivation, the minimum
UV dose for 4 log removal was three times more than that in the
absence of photoreactivation (Hoyer, 1998). Similarly, for bacterial
phage PRD1, UV dose of only 35 mJ/cm2 was required for 4 log
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removal, but when the photoreactivation was added, 103 mJ/cm2

was required using LP UV lamps (Rodriguez et al., 2014). And the
organism containing antibiotic resistance gene or viral gene can
recover through photoreactivation, which raised a safety concern
about pathogenicity revival with UV disinfection (Guo et al., 2012;
Weinbauer et al., 1997).

The most common UV sources for current UV disinfection sys-
tems are low-pressure (LP) and medium-pressure (MP) mercury
lamps. LP lamps have monochromatic emission at a wavelength of
253.7 nm, while MP lamps have polychromatic emission light at a
broad range of wavelengths, from 200 to 600 nm (Bolton and
Cotton, 2011). Several studies have compared the effects of LP
and MP UV sources on the photoreactivation of microorganisms.
Zimmer and Slawson (2002) observed E. coli underwent significant
photorepair following exposure to the LP UV source, but no pho-
torepair following exposure to the MP UV source. Similar results
were reported that photoreactivation following MP UV disinfection
was much lower comparing to LP UV (Hu et al., 2005; Oguma et al.,
2005; Quek and Hu, 2008a). These results showed the advantage of
preventing the recovery of pathogens by using MP UV lamp tech-
nology. But the MP UV lamp emits a board spectrum of germicidal
wavelengths, it is hard to determine which wavelength inhibits the
photoreactivation or makes proteins and enzymes unstable.

As an emerging technology, ultraviolet light-emitting diode
(UV-LED) may shed light on this problem. It is a semiconductor p-n
junction device that emits light in a narrow spectrum (Asif Khan,
2006). Compared to conventional UV lamps, the LED has some
advantages: various wavelengths can be manufactured, containing
no mercury, compact and robust design, faster start-up time and
lower voltages (Wurtele et al., 2011). Among these advantages,
pathogen inactivation could be optimized due to the different
wavelength outputs and compact reactor design. And this
improving efficiency can potentially come up with a low power
consumption in the future. Some researchers have examined the
performance of UV-LEDs at various wavelengths for water disin-
fection. Aoyagi et al. (2011) found that the disinfection efficiency of
280 nm LEDs was half that of 255 nm LEDs for inactivation bacte-
riophage Qb, and MS2. While Bowker et al. (2011) found that
275 nm LEDs resulted in higher log inactivation compared to
255 nm LEDs, but lower to LP UV for E. coli. And B. Subtilis is equally
sensitive to both wavelengths of 269 nm and 282 nm above 100 J/
m2 (Wurtele et al., 2011). At least three studies evaluated 265 nm
LED for inactivation E. coli or Pseudomonas aeruginosa, and
demonstrated the potential application of UV-LED for water
disinfection (Bak et al., 2010; Chatterley and Linden, 2010; Oguma
et al., 2013). A recent study evaluated the 260 nm, 280 nm LEDs,
the combination of both wavelengths, LP UV and MP UV sources
and concluded the similar inactivation of E. coli for all five UV
sources (Beck et al., 2017).

Although comparative inactivation of UV-LEDs was obtained,
limited studies considered the reactivation processes including
photoreactivation and dark repair. And this would not be enough to
design the UV-LED systems to meet the required pathogen reduc-
tion. Kalisvaart (2004) assumed that the MP UV-induced damage
other than DNA, such as proteins, resulted in the less photoreacti-
vation. Oguma et al. (2002) found that MP UV emissions wave-
lengths of 220e300 nm reduced the subsequent photorepair of
E.coli possibly by causing a disorder with endogenous photolyase,
which is a DNA repair enzyme. The absorption spectra of proteins
show a relative maximum peak at around 280 nm, which are
caused by the absorbance of the aromatic amino acids tyrosine and
tryptophan and, to a small extent, by the absorbance of the cysteine
disulfide bond (Schmid, 2001). Therefore, it is worthy to investigate
whether LED emitting at 280 nm could damage proteins, resulting
in reduced DNA repair, relative to other wavelengths.

To the best of the author's knowledge, this is the first study to
evaluate the photoreactivation and dark repair after UV-LED
disinfection. UV-LEDs emitting at 265 nm, 280 nm and combined
them with different intensities were tested for inactivation E. coli.
The aim of this study is to investigate the potential repair of E. coli
after UV-LEDs and the potential synergistic effects of multiple
wavelengths on the germicidal UV dose and repair. The efficiencies
of repair were modeled to provide an insight into the extent and
rate of reactivation comparing with LP UV.

2. Materials and methods

2.1. Characterization of LEDs

Two kinds of UV-LED chips, the 265 nm LED and the 280 nm
LED, used in this study were purchased from Qingdao Jason Electric
Co., Ltd. (Qingdao, China). The emission spectra (Fig. 1) were
measured with spectrometer in National Institute of Metrology,
China. The two LEDs exhibit peak emission wavelengths at 267 nm
and 278 nm with full widths at half-maximum of 10 nm. The LED
modules were equipped with 9 chips (0.4 � 0.4 cm) and 4 chips
(0.2 � 0.2 cm) and powered at 20 mA for each chip (Fig. S1). Light
emission was through a flat quartz crystal windowwith a diameter
of 2.0 cm. An air cooling system was also installed for heat

Fig. 1. Emission spectra from the 265 nm LEDs and 280 nm LEDs irradiation separately
(a), the combination of 260 nm and 280 nm irradiation when UV dose of 280 nm LEDs
take 50% (b) and 75% (c) of the total UV dose, respectively.
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