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a b s t r a c t

Recently, ultraviolet light-emitting diodes (UV-LEDs) have emerged as a new UV source, bringing flex-
ibility for various UV wavelength combinations due to their unique feature of wavelength diversity. In
this study, we investigated inactivation mechanisms of representative microorganisms at different
wavelength combinations using UV-LEDs. Two types of indicator microorganisms were examined,
namely Escherichia coli (E. coli) as a representative bacteria and bacteriophage MS2 as a representative
virus. Different inactivation effects were observed, and the results for UVA pretreatment followed by UVC
inactivation were particularly interesting. While a substantial shoulder in the E. coli UVC inactivation
curve was observed, this was reduced by UVA pretreatment (365 nm) at 17 J/cm2. Further, 52 J/cm2 UVA
eliminated the shoulder in the fluence-response curves, resulting in improved UVC (265 nm) inactivation
of E. coli by over two orders of magnitude. No inactivation improvement was observed for MS2. More-
over, UVA pretreatment eliminated photoreactivation of E. coli but did not affect dark repair. Detailed
investigation of inactivation mechanisms revealed that hydroxyl radicals (�OH) played a significant role
in the effects of UVA pretreatment. This study demonstrated that �OH radicals were generated inside
E. coli cells during UVA pretreatment, which accounted for the subsequent effects on E. coli. The impact of
UVA pretreatment on E. coli inactivation and reactivation was mainly due to increased levels of �OH
radicals in E. coli cells, impairing cell functions such as DNA self-repair.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Ultraviolet (UV) disinfection has been demonstrated to be an
effective method to inactivate pathogenic microorganisms (Hijnen
et al., 2006). Conventional UV sources include mercury lamps, such
as low pressure (LP) mercury lamps for monochromatic UV at
254 nm, and medium pressure (MP) mercury lamps for poly-
chromatic UV with a broad spectrum (Bolton and Cotton, 2008).
Recently, a new UV source, termed ultraviolet light-emitting diode
(UV-LED), has been developed with many special features and
advantages, such as being free frommercury, compact, robust, with
low power requirements and a long lifetime (Muramoto et al.,
2014; Song et al., 2016). Therefore, UV-LED has gained increasing
interests as a promising alternative to conventional UV mercury
lamps for disinfection (Ibrahim et al., 2014).

One of the special features of UV-LEDs is wavelength diversity
ipour).
through various combinations of semiconductor materials
(Taniyasu and Kasu, 2010). That is, a variety of wavelengths are
viable on UV-LEDs covering a wide UV range including UVC, UVB,
and UVA. UV-LEDs with wavelengths from 250 nm to 365 nm have
been typically used for the inactivation of bacteria and viruses for
water disinfection studies (Song et al., 2016). Unlike LP mercury
lamps with monochromatic UV at only 254 nm, or MP mercury
lamps with a fixed, broad spectrum, the wavelength diversity of
UV-LEDs not only allows the selection of specific UV wavelengths
for a particular target, but also provides the freedom and flexibility
to combine specific wavelengths for a potentially cumulative effect.
Though researchers have investigated UV-LEDs wavelength com-
binations to explore potential synergy for disinfection, existing
results have been inconsistent due to differing wavelengths and
microorganisms used in these studies (Beck et al., 2017;
Chevremont et al., 2012; Li et al., 2017; Oguma et al., 2013). Our
previous work examined UV-LEDs wavelength combinations,
covering the full UV range (UVC, UVB, UVA) in various possibilities
(simultaneous, sequential), and analyzed their effects on microor-
ganisms (bacterium E. coli, bacteriophageMS2) (Song et al., 2019). It
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was found that combinations of UVC- and UVB-LEDs had additive
inactivation effects, but without synergy. However, wavelength
combinations involving UVA-LED showed markedly different ef-
fects depending on the manner with which UVA radiation was
applied. For example, UVC inactivation followed by visible light
resulted in photoreactivation, while UVC inactivation followed by
UVA exposure provided enhanced bacteria photoreactivation.
However, UVA exposure under a certain fluence, followed by UVC
radiation, increased the extent of inactivation (Song et al., 2019).

The mechanisms of biological impact by single wavelength
across different UV ranges has been previously examined. Inacti-
vation of microorganisms by UV radiation is primarily based on the
UV-induced photochemical reactions of genetic materials (e.g.,
DNA) in the cells of microorganisms. For example, UVC/UVB radi-
ation are strongly absorbed by DNA (Besaratinia et al., 2011). Since
UVC and UVB radiation induce the same photochemical reactions
on DNA, the combinations of UVC and UVB radiation on inactivation
follow the Second Law of Photochemistry, thus only offer additive
effects (Beck et al., 2017). Contrastingly, UVA radiation is inefficient
in inducing DNA damages for inactivation due to its low absorption
by DNA as compared to UVC and UVB radiation (Sinha and Hader,
2002). However, UVA radiation has biological effects other than
direct photochemical reactions on DNA. UVA radiation can be
absorbed by chromophoric molecules like UV-absorbing pigments
and cytochromes, inducing indirect photosensitizing reactions to
produce reactive intermediates (Cadet et al., 2015; Sinha and Hader,
2002). These reactive intermediates, such as reactive oxygen spe-
cies (ROS), can damage cellular components including membranes,
proteins, DNA, and contribute to growth delays, mutations, and
even cell death (Eisenstark, 1987; Oppezzo and Pizarro, 2001;
Pizarro, 1995; Pizarro and Orce, 1988; Ramabhadran and Jagger,
1976). Further, some cell enzymes may utilize the energy of UVA
to repair damaged DNA for photoreactivation (Payne and Sancar,
1990; Sancar, 2003). Applying UVA either simultaneously with
UVC or after UVC would reduce inactivation due to the photore-
activation effects of UVA; however, applying UVA prior to UVC
inactivation has been shown to improve inactivation (Song et al.,
2019). Due to the complex biological effects of UVA radiation, the
mechanisms for UVA-involved wavelength combinations are not
yet fully understood. Hence, in this work, we focused on investi-
gating the inactivation mechanisms of UVA and UVC wavelength
combinations, with an emphasis on applying UVA exposure as
pretreatment, followed by UVC inactivation.

This study examined inactivation of two indicator microorgan-
isms, namely Escherichia coli (E. coli) as a representative bacteria
and MS2 as a typical bacteriophage, following application of
wavelength combinations especially UVA pretreatment followed by
UVC inactivation. Reactivation, including photoreactivation and
dark repair (Bolton and Cotton, 2008; Quek and Hu, 2008), after
UVA pretreatment were also investigated for E. coli. Further, a series
of experiments were designed to explore the mechanisms and
roles, including the scavenger method, of different ROS during UVA
pretreatment. Based on this experimental work, inactivation
mechanisms for UVA pretreatment were proposed.

2. Materials and methods

2.1. UV-LEDs setup and irradiation

Two UV-LED chips (365 nm UVA- and 265 nm UVC-LED) were
located above a glass Petri dish (9 cm diameter) for UV irradiation,
as illustrated in Fig. S1, Fig. S2 and Table S1 in the Supplementary
Information (SI). The distance between the UV-LEDs and the water
surface was 2 cm. Two separate DC power supplies (Model: Aim TTI
EX355R) were used to drive the UV-LEDs at a constant current
mode. As thermal management is essential for the operation of UV-
LEDs, each UV-LED was attached to an aluminum heat sink for heat
dissipation (Kheyrandish et al., 2017).

For the disinfection test, a 50mL water sample was exposed to
UVA-LED emission as UVA pretreatment, followed by UVC-LED
exposure for inactivation. The temperature of the water sample
was monitored using a thermocouple, and remained at room
temperature of 22 �C and no significant change was observed
before and after UV exposure. Before and during the UV exposure,
the water sample was thoroughly mixed by a magnetic stirrer to
ensure the uniformity of UV fluence to the sample in a fully mixed
state. The experimental setup was sheltered from ambient light
with a black box. The disinfection tests were performed with
various UV exposure periods to observe the effects under different
UV fluences. For example, UVA pretreatment was performed for
1min, 10min and 30min, and the corresponding UV fluences were
determined to be 1.7 J/cm2, 17 J/cm2, and 52 J/cm2, respectively,
using the following method. Measurement of UV irradiation was
performed using a monochromatic chemical actinometry method,
namely potassium iodide-iodate actinometer for 265 nm and fer-
rioxalate actinometer for 365 nm (Bolton et al., 2011; Goldstein and
Rabani, 2008). After determining the incident UV fluence by acti-
nometry, the UV fluence delivered to microorganisms was calcu-
lated by taking into account UV transmittance and depth of the
medium to estimate the water factor of actual microbial water
sample (Bolton and Linden, 2003; Oguma et al., 2016). The details of
chemical actinometry and UV fluence determination method are
described in Supplementary Text S1.

2.2. Microorganisms cultivation and enumeration

Two types of microorganisms, bacterium E. coli (ATCC 11229)
and coliphage MS2 (ATCC 15597-B1), were examined for inactiva-
tion. These microorganisms, along with MS2 host bacterium (E. coli
ATCC 15597), were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA), and cultivated following the
supplier's product instruction. Agar plating methods (Spread agar
plate method for E. coli and double agar layers method for MS2)
were used to enumerate these microorganisms in water, as
described elsewhere (Song et al., 2018). The initial concentration for
UV irradiation was approximately 106 CFU/mL for E. coli and
106 PFU/mL for MS2 in sterile phosphate buffered saline (PBS).

2.3. Photoreactivation and dark repair

After UV inactivation, the irradiated water sample was trans-
ferred to two glass Petri dishes (9 cm diameter) for photoreacti-
vation and dark repair examination. For photoreactivation, the
water sample was placed 10 cm beneath two fluorescent lamps
(Philips F15T8, 18W, cool white, 4100 K) while stirring for 4 h. The
emission spectrum from these fluorescent lamps was measured
using an Ocean Optics USB2000 þ spectrometer (Fig. S3). The
irradiance was measured to be 4mW/cm2 at the surface of the
water sample using a Newport Optical 1917-R power meter with a
918D-ST-UV detector (measurement range: 200e1100 nm). For
dark repair, the water sample was placed in the dark while stirring
for 4 h. For both photoreactivation and dark repair tests, samples
were taken at 30-min intervals to determine the microorganism
concentration. Then, the percentage of reactivation was calculated
as follows (Quek and Hu, 2008):

% log repair ¼ Log10Nrt � Log10Nt

Log10N0 � Log10Nt

where N0 is the concentration of microorganism before UV



Fig. 1. Combined UVA and UVC inactivation of (a) E. coli and (b) MS2. UV fluence
applied for (a) E. coli: 1.2 J/cm2 for 365 nm UVA, 4.2mJ/cm2 for 265 nm UVC; UV flu-
ence applied for (b) MS2: 5.4 J/cm2 for 365 nm UVA, 20mJ/cm2 for 265 nm UVC.
Addition UVA þ UVC indicates the sum log inactivation of each wavelength applied
alone, while Simultaneous UVA þ UVC illustrates the log inactivation of applying UVA
and UVC simultaneously. Error bars represent the standard deviation for triplicate
runs. Asterisks indicate statistically significant differences (*, p < 0.05).
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disinfection (CFU/mL), Nt is the concentration of microorganism
immediately after UV disinfection (CFU/mL), and Nrt is the con-
centration of microorganism after reactivation (CFU/mL). A control
study was conducted with unirradiated water samples using the
same procedure.

2.4. Effect of ROS scavengers

The role of three primary ROS, including superoxide radical (�O2
�),

hydroxyl radical (�OH) and hydrogenperoxide (H2O2) (He andHader,
2002; Hoerter et al., 2005), were investigated using corresponding
scavengers. 4-Hydroxy-TEMPO (TEMPOL, or 4-hydroxy-2,2,6,6-
tetramethylpiperidin-1-oxyl) was used to scavenge �O2

� radicals
(Chen et al., 2011; Liang et al., 2016), mannitol (C6H14O6) was used to
remove �OH radicals (Fridovich and Porter, 1981; Shen et al., 1997),
and catalase was used as a H2O2 scavenger (Novo and Parola, 2008;
Ruh et al., 2000). During the UV irradiation of microorganisms in
water, theROSmaypresent as intermediateseither inwater, in cells of
microorganisms, or in a combination of both. Thus, these scavengers
were deliberately selected as they can not only remove the corre-
sponding ROS in water, but also permeate the cells as intracellular
scavengers (Goldstein and Czapski, 1984; Lejeune et al., 2006; Reiter
et al., 1995; Thamilselvan et al., 2000; Wilcox and Pearlman, 2008;
Yamada et al., 2003). These scavengers were obtained from Sigma-
Aldrich Co. LLC. Before UV irradiation, each scavenger was mixed
with microorganism suspension for 1mM TEMPOL, 0.5M mannitol,
and 1mg/mL catalase, respectively. Then, the scavenger-containing
microorganism suspension was stirred in the dark for 30min to
allow the scavenger to dissolve in the water and permeate the cells
prior to UV exposure (Li et al., 2010). Inactivation and reactivation
effects, in the presence and absence of these scavengers, were
examined and compared to identify the role of each ROS. The control
experiment was conducted using the same procedures, without
exposure to UV radiation.

To determine the concentration of ROS in the water, a probe
compound carbamazepine (CBZ) was utilized to indirectly deter-
mine the concentration of �OH in the water samples; details are
described in Supplementary Text S2. To identify ROS in the cells of
microorganisms, surface disinfection tests were designed and
performed by excluding free liquid water during UV irradiation. The
scavenger was mixed with the microorganism suspension while
stirring in the dark for 30min to allow cell permeation. Then, 20 mL
of microorganism suspensionwas spread on an agar plate. The agar
plate was kept in the dark for 10min to allow it to dry, ensuring the
scavenger-permeated microorganism cells remained on the agar
plate without the presence of free liquid water. UV inactivation
tests were performed in triplicate for each condition on the
microorganism-laden agar plate. The surface disinfection tests,
both in the presence and absence of scavengers, were performed
and compared to identify the role of ROS in the cells of microor-
ganisms. Performing the experiments both with and without water
enabled independent analysis of ROS in water and in cells of
microorganisms.

The test for each experimental condition was conducted inde-
pendently three times, using three replicates of each sample for
measurement. Data were presented as averages with error bars
representing the standard deviation. A two-tailed paired t-test was
utilized to perform statistical analysis to determine the significance
of the data at 95% confidence level (p< 0.05).

3. Results and discussion

3.1. Combined UVA and UVC inactivation of E. coli and MS2

UVA and UVC irradiationwere combined in various manners for
the inactivation of E. coli and MS2. Results were compared with the
addition of log inactivation by each separately-applied wavelength
to identify the effects of various combinations of UV wavelengths.
E. coli inactivation differed depending on the method of 365 nm
UVA and 265 nmUVC application (Fig.1a). Simultaneously applying
UVAwith UVC reduced overall inactivation of E. coli, as compared to
the addition of inactivation applying each wavelength separately.
Similar results were observed on application of UVC followed by
UVA. This observationwas associated with photoreactivation effect
of UVA, occurring on UV-damaged DNA when exposed to UVA
(Song et al., 2019).

Contrastingly, MS2 inactivation appeared comparable, regard-
less of the UVA and UVC combination method (Fig. 1b). This dif-
ference in results for MS2 and E. coli could be linked to variance in
the species of microorganisms. Unlike the bacterium E. coli, MS2, a
typical virus, is unable to repair UV-damaged RNA through
photoreactivation due to a lack of necessary cellular components,
such as repair enzymes. Thus, no additional effect occurred in MS2.
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Although both applying UVC simultaneously with UVA and
applying UVC followed by UVA reduced E. coli inactivation, the
combination of UVA radiation followed by UVC have a potential to
enhance overall microbial inactivation (Song et al., 2019). There-
fore, this specific wavelength combinationwas further investigated.
3.2. UVA pretreatment effect on UVC inactivation of E. coli and MS2

Inactivation of E. coli, a representative bacteria, with 265 nm
UVC irradiation was examined using differing 365 nm UVA pre-
treatment fluences (Fig. 2a). After 1.7 J/cm2 365 nm UVA pretreat-
ment (no detectable E. coli inactivation based on statistical analysis,
data not shown), E. coli inactivation by 265 nm UVC was compa-
rable to that without UVA pretreatment. However, 17 J/cm2 UVA
pretreatment (no statistically noticeable E. coli inactivation, data
not shown) significantly improved the E. coli inactivation of 265 nm
UVC, while 52 J/cm2 UVA pretreatment (which provided mere 0.2
log inactivation, data not shown) further enhanced the inactivation
(Fig. 2a). Thus, after UVA pretreatment at appropriate fluence, the
same UVC fluence achieved higher inactivation on E. coli, showing a
significantly synergistic effect. Since higher UVA fluence resulted in
further improvement of downstream UVC inactivation, it suggested
that UVA pretreatment accounted for the synergistic effect, and the
effect appeared to be fluence-dependent.

Moreover, Fig. 2a revealed a shoulder effect in E. coli inactivation
Fig. 2. E. coli inactivation by UVC 265 nmwith and without 365 nm UVA pretreatment:
(a) fluenceeresponse curves; (b) model fittings of linear parts (i.e. excluding shoulder
area to have R2 no less than 0.95). Error bars represent the standard deviation for
triplicate runs.
by 265 nm UVC alone, which is consistent with previous studies
applying UV-LEDs for E. coli inactivation (Nyangaresi et al., 2018;
Rattanakul and Oguma, 2018). Scant inactivation of E. coli was
achieved at low UV fluence; the slope of fluence-response curve
was significantly lower than that at high UV fluence (Hijnen et al.,
2006). This shoulder effect did not follow the Second Law of
Photochemistry, which suggests the effect of photochemical re-
actions (e.g., formation of pyrimidine dimers on DNA under UVC
radiation for inactivation) is supposed to be directly proportional to
the photons amount (e.g., UV fluence). The shoulder effect is
believed to be closely related to biological processes other than
photochemical reactions in cells and has been attributed to self-
repair ability, such as photo repair and dark repair (Hoyer, 1998;
Morton and Haynes, 1969). However, with 17 J/cm2 UVA pretreat-
ment, the shoulder effect was slightly reduced, while 52 J/cm2 UVA
pretreatment nearly eliminated the shoulder (Fig. 2a). The absence
of the shoulder after UVA pretreatment suggested the suppression
of biological processes, such as self-repair during UVC irradiation.
This likely resulted from elimination of self-repair ability by the
UVA pretreatment. Bacterial cells can continuously repair UV-
induced DNA damage, even during the process of UV irradiation.
Thus, cells with self-repair ability would exhibit superior resistance
to UV inactivation (Quek and Hu, 2008). Therefore, the effect of UVA
pretreatment implied the elimination of self-repair ability, as evi-
denced by significant improvement on the fluence-response curve
of UVC inactivation. Hypotheses and interpretation regarding UVA
pretreatment on E. coli inactivation is discussed further in subse-
quent sections.

To quantify the improvement of E. coli inactivation by UVA
pretreatment, a linear relationship of log inactivation and UVC
fluence at high UV fluence region (i.e. excluding the shoulder at low
fluence region) was fit using a shoulder model (Hijnen et al., 2006).
As shown in Fig. 2b, there are no statistically significant difference
between the slopes, regardless of the absence or presence of UVA
pretreatment with varied fluence. The slope of the fluence-
response curve, formerly known as the inactivation rate constant,
indicates the UV sensitivity of a microorganism to a specific UV
wavelength (Hijnen et al., 2006). Hence, results indicated that UVA
pretreatment did not change the sensitivity of E. coli to 265 nm
UVC. However, the intercept of the fluence-response curves varied
with differing 365 nm UVA fluence. Although no significant change
on the intercept (e.g., 2.98 vs. 2.84) after 1.7 J/cm2 UVA pretreat-
ment, application of 17 J/cm2 UVA remarkably changed the inter-
cept from 2.98 to 2.54 based on statistical analysis, improving the
whole fluence-response curve by 0.44 log. Furthermore, 52 J/cm2

UVA pretreatment caused dramatic improvement of inactivation by
2.2 log (i.e., 0.79 vs. 2.98 in terms of intercept in Fig. 2b). These
results suggested that UVC inactivation improvement was due to
the elimination of the shoulder, rather than an alteration of the
inactivation rate constant. Moreover, these quantitative results
demonstrated the effect of UVA pretreatment on E. coli inactivation
is UVA fluence-dependent, with a threshold to take effect. It ap-
pears the threshold for 365 nm UVA pretreatment to take effect on
E. coli is between 1.7 J/cm2 and 17 J/cm2. It also implies that
maximum inactivation would be reached when UVA pretreatment
eliminates the shoulder for the linear fluence-response curve at
zero intercept, which closely aligns with the Second Law of
Photochemistry.

The effect of UVA pretreatment on coliphage MS2, a represen-
tative virus, was also examined. 20mJ/cm2 265 nm UVC alone
resulted in 1.6 log inactivation of MS2 in water; however, with
various fluence applied by 365 nm UVA pretreatment (up to 162 J/
cm2), no significant change was observed on MS2 inactivation
based on the statistical analysis (p< 0.05) (Fig. S4). Unlike E. coli, no
additional effect was found for MS2 inactivation by UVA



Fig. 3. E. coli reactivation after 265 nm UVC inactivation, and after 52 J/cm2 365 nm
UVA pretreatment followed by UVC 265 nm for 3.3 log inactivation: (a) dark repair; (b)
photoreactivation. Error bars represent the standard deviation for triplicate runs.
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pretreatment, even at a much higher fluence. This might be
attributed to the difference in microorganism type. Due to the lack
of repair enzymes, viruses, such as MS2, have minimal cellular and
biological functionality necessary for reactivation (Bolton and
Cotton, 2008; Harris et al., 1987; Hoyer, 1998). Thus, the interac-
tion of UV radiation with viruses depends only on photochemical
reactions with either DNA or RNA following the Second Law of
Photochemistry, without any additional effects. This was also sup-
ported by the absence of shoulder effect in MS2 inactivation
fluence-response curve (Fig. S5).

3.3. UVA pretreatment effect on reactivation of UVC-inactivated
E. coli

Based on the results and discussion above, the significant
improvement by UVA pretreatment on E. coli inactivation may be
related to suppression of E. coli self-repair ability. To further
investigate this hypothesis, the effects of UVA pretreatment on
E. coli reactivation, including photoreactivation and dark repair,
were examined.

Blank control experiments were conducted by stirring unirra-
diated E. coli samples under fluorescent lamps visible light or in the
dark. No change in E. coli concentration was observed during these
4-h control experiments (Fig. S6). Dark repair of E. coli after UVC
inactivation with UVA pretreatment showed comparable repair
extent and trend as that without UVA pretreatment (Fig. 3a). In
both cases, dark repair reached 12% in the first hour, with no further
recovery afterwards. From this, it appears UVA pretreatment did
not affect E. coli dark repair.

As for photoreactivation (Fig. 3b), UVC-inactivated E. coli with
3.3 log inactivation recovered up to 60% during 4 h of photoreac-
tivation. This aligned with previous studies that documented up to
80% recovery by photoreactivation after applying 254 nm UV
mercury lamps for E. coli inactivation (Oguma et al., 2002; Quek and
Hu, 2008), demonstrating significant recovery through photoreac-
tivation. However, with UVA pretreatment, E. coli only recovered to
15% through photoreactivation (Fig. 3b). This is dramatically lower
than that without UVA pretreatment and is indicative of lost E. coli
photo repair ability.

Moreover, with UVA pretreatment, the photoreactivation of
E. coli reached 15% during the first 2.5 h exposure to visible light
(Fig. 3b), in which photoreactivation extent and trend was similar
to that of dark repair (Fig. 3a). As the dark repair process does not
require the presence of visible light, it can take place both in the
dark and under visible light (Nair, 2010; USEPA, 2006). Therefore,
15% reactivation during the first 2.5 h exposure to visible light
(Fig. 3b) may be mostly accounted for by a 12% rate of dark repair
(Fig. 3a). An insignificant difference of less than 3% (within the
standard deviation of measurement) suggests UVA pretreatment
led to a complete loss of photo repair ability in E. coli. This is
consistent with the elimination of the shoulder in E. coli inactiva-
tion after UVA pretreatment, which also indicates impaired self-
repair ability. Furthermore, after 3.5 h visible light exposure, the
E. coli concentration decreased to even lower than its initial con-
centration after UVC inactivation (as shown in the two data points
with negative percentage in Fig. 3b), suggesting further inactivation
under visible light. Considering there are two small peaks in UVA
range in fluorescent visible light lamp emission spectrum (Fig. S3),
the drop of E. coli concentration further indicates that E. coli cannot
resist even slight UVA emission in visible light. This further in-
dicates the severe damage to self-repair systems after UVA pre-
treatment. In addition, UVA pretreatment mainly suppressed
photoreactivation, but hardly affected dark repair of E. coli. This is
probably due to the different mechanisms of photoreactivation and
dark repair. Photoreactivation is a simple repair system consisting
of a single enzyme, photolyase; whereas dark repair involves
multiple pathways and enzymes (Sinha and Hader, 2002). Thus,
photoreactivation system may be more vulnerable, while dark
repair system has alternative repair pathways when one of the
enzymes is dysfunctional.

As such, effects of UVA pretreatment on E. coli reactivation
support the hypothesis that significant inactivation improvement
in E. coli inactivation by UVA pretreatment is related to suppression
of E. coli self-repair ability, such as photoreactivation.
3.4. Mechanisms investigation on UVA pretreatment of E. coli

Two important effects revealed from UVA pretreatment of E. coli
include a considerable improvement in inactivation as well as a
significant suppression of subsequent reactivation. To explore the
mechanisms for these phenomena, experiments were designed and
performed to examine the roles of ROS during UVA pretreatment
followed by UVC inactivation.

Different scavengers were added to the E. coli suspension to
remove corresponding ROS under UV irradiation. Control experi-
ments were also performed by adding scavengers only to E. coli
suspensions without UV irradiation. No change in E. coli concen-
trations were observed during these control experiments (Fig. S7),
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indicating that these scavengers did not have a harmful effect on
E. coli cells within the duration of the UV irradiation tests. E. coli
inactivation by 265 nm UVC irradiationwith a variety of scavengers
is shown in Fig. 4a. No significant difference was observed for UVC
inactivation in the presence or absence of each scavenger, indi-
cating that the included ROS, such as superoxide radical (�O2

�),
hydroxyl radical (�OH) and hydrogen peroxide (H2O2), were not
involved in UVC inactivation of E. coli. This observation is consistent
with fundamental mechanisms of UVC inactivation; DNA directly
absorb UVC radiation in the formation of pyrimidine dimers
through photochemical reactions, without any intermediate steps
(Besaratinia et al., 2011).

Fig. 4b shows E. coli inactivation by UVC irradiation after UVA
pretreatment with different scavengers. When TEMPOL, a scav-
enger of �O2

�, was added into the inactivation system, E. coli inac-
tivation was comparable to inactivation without a scavenger. This
suggests that �O2

� does not play a role in UVA pretreatment. A
similar result was observed with the addition of catalase, a scav-
enger of H2O2, indicating that H2O2 was similarly not involved in
the inactivation process. However, when adding mannitol to
remove �OH, E. coli inactivation was significantly decreased as to
inactivation without the scavenger, suggesting that �OH played an
important role. Since �OH was only involved in the UVA pretreat-
ment followed by UVC inactivation process (Fig. 4b), but not in
solitary UVC inactivation (Fig. 4a), �OH might result from UVA
pretreatment.
Fig. 4. Effect of ROS scavengers on E. coli inactivation by 265 nm UVC: (a) without UVA
pretreatment; (b) with 52 J/cm2 365 nm UVA pretreatment. Error bars represent the
standard deviation for triplicate runs.
Hydroxyl radical is highly reactive, enabling non-selective re-
action and oxidizationwithmost organic compounds and inorganic
ions with high rate constants, usually on the order of 106 -
109M�1 s�1 (Cheng et al., 2016; Dorfman and Adams, 1973; Wang
and Xu, 2012). It is reasonable to infer that �OH would react with
E. coli cells to induce cellular damage, which would account for a
considerable improvement in inactivation. The highly reactive �OH
radicals are thought to significantly damage cells and inactivate
E. coli, as suggested by many studies on advanced oxidation pro-
cesses (AOPs) for disinfection (Cho et al., 2004; Chong et al., 2010;
Malato et al., 2009). However, during 52 J/cm2 365 nm UVA pre-
treatment, only 0.2 log inactivation on E. coliwas achieved (data not
shown), indicating insignificant inactivation during UVA pretreat-
ment. This implies that �OH might only damage the cellular func-
tionality, inducing a nonlethal effect on E. coli without destroying
the E. coli cells. Hence, after UVA pretreatment, though the
impaired E. coli cells were not significantly inactivated, they were
more vulnerable to subsequent UVC irradiation, unable to reac-
tivate afterwards. This deduced mechanism differs from the role of
�OH generated in AOPs for disinfection. Therefore, further investi-
gation was conducted to clarify the mechanism in UVA
pretreatment.

To explore the mechanism for the significant suppression of
reactivation, the role of �OH on E. coli reactivation was examined
using mannitol as scavenger. As shown in Fig. 5, after UVA pre-
treatment followed by UVC inactivation, the presence of mannitol
in the system increased the photoreactivation of E. coli as compared
to experiments without a scavenger. This suggests that �OH played
an important role in reducing E. coli reactivation by UVA
pretreatment.

Since �OH played an important role in inactivation improve-
ment and reactivation suppression following UVA pretreatment, it
was essential to quantitatively determine �OH in order to clarify the
mechanism. This process consisted of two stages, including UVA
pretreatment and subsequent UVC inactivation. Thus, it was
necessary to identify at which stage the �OH was produced and
present before performing the �OH measurement.

Mannitol (the scavenger of �OH) was added into the system at
different stages in the UVA pretreatment followed by UVC inacti-
vation process (Fig. 6). When mannitol was present during the
process in entirety, E. coli inactivation significantly dropped.
However, when adding mannitol after UVA pretreatment, to
Fig. 5. Effect of mannitol as �OH radical scavenger on E. coli photoreactivation after
265 nm UVC inactivation with 52 J/cm2 365 nm UVA pretreatment. Error bars repre-
sent the standard deviation for triplicate runs.



Fig. 6. Effect of mannitol as �OH radical scavenger presenting in different stages on
E. coli inactivation by 265 nm UVC inactivation with 52 J/cm2 365 nm UVA pretreat-
ment. Error bars represent the standard deviation for triplicate runs.

Fig. 7. E. coli inactivation on agar plates surface by 265 nm UVC inactivation, and by
365 nm UVA pretreatment followed by 265 nm UVC inactivation in the absence and
presence of mannitol. Error bars represent the standard deviation for triplicate runs.
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confirm its presence during UVC inactivation only, E. coli inactiva-
tion was not affected as compared to experiments without a scav-
enger. This observation suggested that E. coli cells were already
impacted by �OH during the UVA pretreatment and were no longer
protected if �OH was removed during the subsequent UVC irradi-
ation. Thus, it demonstrated that �OH was produced and present
only during UVA pretreatment, but not during the following UVC
inactivation.

Since �OH was produced during the UVA pretreatment, its
concentration in water was indirectly determined using the probe
compound CBZ. The control experiment showed no change of E. coli
concentration in the presence of CBZ (Fig. S8), indicating CBZ has no
harmful effect to E. coli cells during the test period with UVA irra-
diation. Whether E. coli presented in the system or not, no degra-
dation of CBZ was observed under 365 nm UVA irradiation (Fig. S9),
indicating no �OH present in water. Considering water in this sys-
tem only contained UVA radiation and E. coli cells, this observation
supports the concept that UVA radiation alone was not sufficient to
directly generate �OH in water, unless photocatalysts (e.g., TiO2) or
chemicals (e.g., H2O2, Cl2, natural organic matters) for AOPs were
present (Andreozzi et al., 1999; Kabra et al., 2004; Wang and Xu,
2012). Contrastingly, scavenger experiments above have demon-
strated �OH can be generated during UVA pretreatment of E. coli.
Considering that scavengers can remove the corresponding ROS
both inwater and in cells, a lack of �OH detection inwater indicated
that �OH radicals were produced and present within the E. coli cells
during UVA irradiation.

In biological systems, �OH radicals have high reactivity and very
short in vivo half-lives of 10�9 s (Novo and Parola, 2008; Sies, 1993).
Thus, �OH concentration inside cells cannot be directly measured.
In order to verify that �OH was generated within E. coli cells, ex-
periments on surface disinfection in the absence of free liquid
water were designed and performed. As shown in Fig. 7, E. coli on
the surface of agar plates were exposed to 4mJ/cm2 265 nm UVC
irradiation and 1.2 log inactivation was observed. When 14 J/cm2

365 nm UVA pretreatment was applied, the same 4mJ/cm2 265 nm
UVC irradiation achieved 1.6 log inactivation. This significant
improvement proved that UVA pretreatment can also enhance
surface disinfection. However, when mannitol treated E. coli cells
underwent 14 J/cm2 365 nm UVA pretreatment, 4mJ/cm2 265 nm
UVC irradiation only resulted in 1.2 log inactivation, a level equiv-
alent to no UVA pretreatment. This observation indicated removal
of �OH in E. coli cells cancelled out the inactivation improvement by
UVA pretreatment. Hence, these results demonstrated the role of
�OH in UVA pretreatment and verified that �OH was generated
within E. coli cells, but not within water.
3.5. Proposed mechanisms for UVA pretreatment of E. coli

Based on the role of ROS in E. coli inactivation and reactivation
during UVA pretreatment, the mechanisms for UVA pretreatment
largely relate to biological processes and ROS in E. coli cells, rather
than direct photochemical reactions on DNA. Importantly, pro-
posed mechanisms must integrate into the broader context of
fundamental biology. In a biological context, ROS are formed as
natural by-products during normal processes of cell metabolism
(Novo and Parola, 2008). These ROS are highly reactive and can
react with cellular components, such as lipids, proteins and DNA,
inducing adverse effects on the cell (Halliwell, 1996). Through
millions of years’ evolution, organisms have developed multilev-
eled strategies and mechanisms to carefully control the generation
of ROS and defend against deleterious effects of ROS in cells (Sies,
1993). However, when cells are exposed to adverse environ-
mental conditions, such as UV, heat, or toxic chemicals, the deli-
cately maintained balance of ROS in cells can be disturbed. Cellular
ROS levels can increase dramatically, resulting in significant
oxidative damage to cell components, impairing cellular functions
and even leading to cell death, termed oxidative stress
(Devasagayam et al., 2004; Lushchak, 2014; Sies, 1986). Among
these ROS, �O2

� and H2O2 can be scavenged by efficient enzymatic
reactions using superoxide dismutase and catalase, respectively,
contained in most organisms cells as a defensive mechanisms
against oxidative stress (Muller et al., 2007; Reiter et al., 1995).
However, �OH cannot be eliminated through an enzymatic reac-
tion. Additionally, �OH has a short half-life of 10�9 s, with high
reactivity. Thus, it does not diffuse from the site of generation and
can rapidly react with surrounding molecules. �OH can damage all
types of macromolecules in cells, including carbohydrates (leading
to degradation), nucleic acids (leading to DNA damage), lipids
(leading to cell membranes damage) and amino acids (leading to
proteins denaturation and enzymes inactivation), making it a very
dangerous radical to the organisms (Novo and Parola, 2008; Reiter
et al., 1995).

Unlike efficient inactivation by UVC radiation, UVA radiation is
poorly absorbed by DNA and is inefficient in inducing DNA damage
for inactivation (Sinha and Hader, 2002). Usually 105 timesmore UV
fluence of UVA than UVC radiation is required to form pyrimidine
dimers on DNA for inactivation, due to low absorption of UVA ra-
diation by DNA (Gayan et al., 2014). However, UVA radiation at low
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UV fluence (compared to the high fluence requirement for inacti-
vation) has been reported to induce sublethal effects on microor-
ganisms, especially E. coli. This includes growth delay, membrane
damage, protein oxidation, decreased energy metabolism and
mutation (Bosshard et al., 2010a, 2010b; Eisenstark, 1987; Girard
et al., 2011; Hoerter et al., 2005; Oppezzo and Pizarro, 2001;
Pizarro, 1995; Pizarro and Orce, 1988; Ramabhadran and Jagger,
1976). These sublethal effects are believed to relate to ROS and
oxidative stress induced by UVA (Cabiscol et al., 2000; Hoerter
et al., 2005; Smirnova and Oktyabrsky, 1994; Tyrrell and Keyse,
1990). Some endogenous photosensitizers, like cytochromes, can
absorb UVA radiation and induce photosensitizing reactions for
ROS generation (Cadet et al., 2015; Sinha and Hader, 2002).

As such, by integrating the experimental results in this study
within the biological context above, mechanisms for UVA pre-
treatment on microorganism inactivation and reactivation can be
proposed. For E. coli, a representative bacteria, exposure to UVA
radiation with a certain UV fluence can impact cellular metabolism
systems, disturbing the ROS balance in cells. This results in signif-
icant increases in ROS levels, mostly �OH, to generate oxidative
stress. The excess ROS in cells induce oxidative damage to cellular
components, such as DNA self-repair enzymes, leading to enzy-
matic function failure and loss of self-repair ability. Thus, E. coli
becomes increasingly vulnerable to UVC inactivation and is no
longer able to reactivate due to an inability to repair UVC-induced
DNA damage, resulting in considerable inactivation improvement
and significant reactivation suppression on E. coli. As for MS2, a
representative virus, exposure to UV radiation only induces
photochemical reactions on RNA, without additional biological ef-
fects. This is due to MS2 composition, namely RNA inside a protein
coat without a cellular metabolic system (Madigan et al., 2009).
Therefore, no inactivation improvement was achieved on MS2
following application of UVA pretreatment and UVC inactivation.

To the best of our knowledge, this is the first study to experi-
mentally demonstrate that ROS inside E. coli cells are involved in
the mechanisms of UVA pretreatment on UVC inactivation. Un-
derstanding mechanisms of UVA pretreatment are essential to
further optimize this method for potential application. As UVA
pretreatment can significantly improve inactivation and eliminate
reactivation of E. coli, the present findings have the potential to
reduce both energy consumption and cost in practical application.
Although UV-LEDs are used in this study to facilitate wavelength
combinations, the beneficial effects of UVA pretreatment are not
limited to UV-LEDs; more UV sources, including other UVA radia-
tion (e.g., unlimited, cost-free sunlight), could be utilized when
designing systems for practical application.

4. Conclusions

Based on the special feature on wavelength diversity of UV-
LEDs, various wavelengths combinations were conducted on the
inactivation of different types of microorganisms. Among them,
365 nm UVA pretreatment followed by 265 nm UVC inactivation
showed interesting effects. 365 nm UVA pretreatment dramatically
improved the E. coli inactivation of 265 nm UVC by eliminating
shoulder in the fluence-response curves. This combination also
significantly reduced the reactivation of E. coli. 52 J/cm2 365 nm
UVA pretreatment improved the whole inactivation fluence-
response curve by 2.2 log inactivation, while eliminating the
reactivation of E. coli afterwards. Among reactive oxygen species
(ROS), �OH radicals played an important role on these effects of
UVA pretreatment on E. coli. These �OH radicals were proved to be
produced inside E. coli cells during UVA pretreatment. The mech-
anisms for effects of UVA pretreatment were proposed: UVA irra-
diation with a certain fluence can impact the metabolism of
bacteria, disturb the ROS balance in cells, resulting in increased ROS
levels, mainly �OH radical, and oxidative damage to cellular com-
ponents, such as DNA self-repair enzymes. After enzymes function
failure and loss of self-repair ability, bacteria become more
vulnerable to UVC inactivation, and are no longer able to reactivate
afterwards. 365 nm UVA pretreatment followed by 265 nm UVC
inactivation has no additional effect on coliphage MS2 with the
UVA pretreatment up to 162 J/cm2, probably due to minimal
metabolic activities in viruses.

As the effects andmechanisms of UVA pretreatment depends on
differing microorganisms, bacteria of a similar nature are expected
to show similar mechanisms. Further investigation of more mi-
croorganisms are needed to better understand the biological effects
of UVA pretreatment. Moreover, as the proposed mechanisms of
UVA pretreatment largely involve biological processes such as
metabolism and ROS in cells, further investigation incorporating
molecular microbiology is highly encouraged to provide more
insightful understanding and optimization of this process for
practical applications.

Declaration of competing interest

X The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

The authors declare the following financial interests/personal
relationships which may be considered as potential competing
interests: N/A.

Acknowledgements

This researchwas supported by Natural Science and Engineering
Research Council (NSERC) of Canada. K. Song was partially sup-
ported by China Scholarship Council (CSC).

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.watres.2019.114875.

References

Andreozzi, R., Caprio, V., Insola, A., Marotta, R., 1999. Advanced oxidation processes
(AOP) for water purification and recovery. Catal. Today 53 (1), 51e59.

Beck, S.E., Ryu, H., Boczek, L.A., Cashdollar, J.L., Jeanis, K.M., Rosenblum, J.S.,
Lawal, O.R., Linden, K.G., 2017. Evaluating UV-C LED disinfection performance
and investigating potential dual-wavelength synergy. Water Res. 109, 207e216.

Besaratinia, A., Yoon, J.I., Schroeder, C., Bradforth, S.E., Cockburn, M., Pfeifer, G.P.,
2011. Wavelength dependence of ultraviolet radiation-induced DNA damage as
determined by laser irradiation suggests that cyclobutane pyrimidine dimers
are the principal DNA lesions produced by terrestrial sunlight. FASEB J. 25 (9),
3079e3091.

Bolton, J.R., Cotton, C.A., 2008. The Ultraviolet Disinfection Handbook. American
Water Works Association, Denver.

Bolton, J.R., Linden, K.G., 2003. Standardization of methods for fluence (UV dose)
determination in bench-scale UV experiments. J. Environ. Eng.-ASCE. 129 (3),
209e215.

Bolton, J.R., Stefan, M.I., Shaw, P.S., Lykke, K.R., 2011. Determination of the quantum
yields of the potassium ferrioxalate and potassium iodide-iodate actinometers
and a method for the calibration of radiometer detectors. J. Photochem. Pho-
tobiol. A Chem. 222 (1), 166e169.

Bosshard, F., Bucheli, M., Meur, Y., Egli, T., 2010a. The respiratory chain is the cell's
Achilles' heel during UVA inactivation in Escherichia coli. Microbiol.-SGM. 156,
2006e2015.

Bosshard, F., Riedel, K., Schneider, T., Geiser, C., Bucheli, M., Egli, T., 2010b. Protein
oxidation and aggregation in UVA-irradiated Escherichia coli cells as signs of
accelerated cellular senescence. Environ. Microbiol. 12 (11), 2931e2945.

Cabiscol, E., Tamarit, J., Ros, J., 2000. Oxidative stress in bacteria and protein damage
by reactive oxygen species. Int. Microbiol. 3, 3e8.

Cadet, J., Douki, T., Ravanat, J.L., 2015. Oxidatively generated damage to cellular DNA
by UVB and UVA radiation. Photochem. Photobiol. 91 (1), 140e155.

Chen, Y.M., Lu, A.H., Li, Y., Zhang, L.S., Yip, H.Y., Zhao, H.J., An, T.C., Wong, P.K., 2011.

https://doi.org/10.1016/j.watres.2019.114875
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref1
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref1
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref1
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref2
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref2
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref2
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref2
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref3
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref3
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref3
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref3
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref3
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref3
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref4
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref4
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref5
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref5
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref5
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref5
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref6
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref6
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref6
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref6
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref6
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref7
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref7
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref7
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref7
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref8
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref8
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref8
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref8
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref9
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref9
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref9
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref10
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref10
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref10
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref11


K. Song et al. / Water Research 163 (2019) 114875 9
Naturally occurring sphalerite as a novel cost-effective photocatalyst for bac-
terial disinfection under visible light. Environ. Sci. Technol. 45 (13), 5689e5695.

Cheng, M., Zeng, G.M., Huang, D.L., Lai, C., Xu, P., Zhang, C., Liu, Y., 2016. Hydroxyl
radicals based advanced oxidation processes (AOPs) for remediation of soils
contaminated with organic compounds: a review. Chem. Eng. J. 284, 582e598.

Chevremont, A.C., Farnet, A.M., Coulomb, B., Boudenne, J.L., 2012. Effect of coupled
UV-A and UV-C LEDs on both microbiological and chemical pollution of urban
wastewaters. Sci. Total Environ. 426, 304e310.

Cho, M., Chung, H., Choi, W., Yoon, J., 2004. Linear correlation between inactivation
of E-coli and OH radical concentration in TiO2 photocatalytic disinfection. Water
Res. 38 (4), 1069e1077.

Chong, M.N., Jin, B., Chow, C.W.K., Saint, C., 2010. Recent developments in photo-
catalytic water treatment technology: a review. Water Res. 44 (10), 2997e3027.

Devasagayam, T., Tilak, J., Boloor, K., Sane, K.S., Ghaskadbi, S.S., Lele, R., 2004. Free
radicals and antioxidants in human health: current status and future prospects.
J. Assoc. Phys. India 52 (10), 794e804.

Dorfman, L.M., Adams, G.E., 1973. Reactivity of the Hydroxyl Radical in Aqueous
Solutions. National Standard Reference Data System.

Eisenstark, A., 1987. Mutagenic and lethal effects of near-ultraviolet radiation (290-
400 nm) on bacteria and phage. Environ. Mol. Mutagen. 10 (3), 317e337.

Fridovich, S.E., Porter, N.A., 1981. Oxidation of arachidonic-acid in micelles by su-
peroxide and hydrogen-peroxide. J. Biol. Chem. 256 (1), 260e265.

Gayan, E., Condon, S., Alvarez, I., 2014. Biological aspects in food preservation by
ultraviolet light: a review. Food Bioprocess Technol. 7 (1), 1e20.

Girard, P.M., Francesconi, S., Pozzebon, M., Graindorge, D., Rochette, P., Drouin, R.,
Sage, E., 2011. UVA-induced damage to DNA and proteins: direct versus indirect
photochemical processes. J. Phys. Conf. Ser. 261.

Goldstein, S., Czapski, G., 1984. Mannitol as an OH� scavenger in aqueous solutions
and in biological systems. Int. J. Radiat. Biol. 46 (6), 725e729.

Goldstein, S., Rabani, J., 2008. The ferrioxalate and iodide-iodate actinometers in the
UV region. J. Photochem. Photobiol. A Chem. 193 (1), 50e55.

Halliwell, B., 1996. Antioxidants in human health and disease. Annu. Rev. Nutr. 16,
33e50.

Harris, G.D., Adams, V.D., Sorensen, D.L., Curtis, M.S., 1987. Ultraviolet inactivation of
selected bacteria and viruses with photoreactivation of the bacteria. Water Res.
21 (6), 687e692.

He, Y.Y., Hader, D.P., 2002. Involvement of reactive oxygen species in the UV-B
damage to the cyanobacterium Anabaena sp. J. Photochem. Photobiol. B Biol.
66 (1), 73e80.

Hijnen, W.A.M., Beerendonk, E.F., Medema, G.J., 2006. Inactivation credit of UV ra-
diation for viruses, bacteria and protozoan (oo)cysts in water: a review. Water
Res. 40 (1), 3e22.

Hoerter, J.D., Arnold, A.A., Kuczynska, D.A., Shibuya, A., Ward, C.S., Sauer, M.G.,
Gizachew, A., Hotchkiss, T.M., Fleming, T.J., Johnson, S., 2005. Effects of sublethal
UVA irradiation on activity levels of oxidative defense enzymes and protein
oxidation in Escherichia coli. J. Photochem. Photobiol. B Biol. 81 (3), 171e180.

Hoyer, O., 1998. Testing performance and monitoring of UV systems for drinking
water disinfection. Water Supply 16 (1e2), 424e429.

Ibrahim, M.A.S., MacAdam, J., Autin, O., Jefferson, B., 2014. Evaluating the impact of
LED bulb development on the economic viability of ultraviolet technology for
disinfection. Environ. Technol. 35 (4), 400e406.

Kabra, K., Chaudhary, R., Sawhney, R.L., 2004. Treatment of hazardous organic and
inorganic compounds through aqueous-phase photocatalysis: a review. Ind.
Eng. Chem. Res. 43 (24), 7683e7696.

Kheyrandish, A., Mohseni, M., Taghipour, F., 2017. Development of a method for the
characterization and operation of UV-LED for water treatment. Water Res. 122,
570e579.

Lejeune, D., Hasanuzzaman, M., Pitcock, A., Francis, J., Sehgal, I., 2006. The super-
oxide scavenger TEMPOL induces urokinase receptor (uPAR) expression in
human prostate cancer cells. Mol. Cancer 5.

Li, G.-Q., Wang, W.-L., Huo, Z.-Y., Lu, Y., Hu, H.-Y., 2017. Comparison of UV-LED and
low pressure UV for water disinfection: photoreactivation and dark repair of
Escherichia coli. Water Res. 126, 134e143.

Li, J., Hirota, K., Yumoto, H., Matsuo, T., Miyake, Y., Ichikawa, T., 2010. Enhanced
germicidal effects of pulsed UV-LED irradiation on biofilms. J. Appl. Microbiol.
109 (6), 2183e2190.

Liang, J.L., Deng, J., Li, M., Tong, M.P., 2016. Bactericidal activity and mechanism of
AgI/AgBr/BiOBr0.75I0.25 under visible light irradiation. Colloid Surf. B-Bio-
interfaces. 138, 102e109.

Lushchak, V.I., 2014. Free radicals, reactive oxygen species, oxidative stress and its
classification. Chem. Biol. Interact. 224, 164e175.

Madigan, M.T., Martinko, J.M., Dunlap, P.V., Clark, D.P., 2009. Brock Biology of Mi-
croorganisms, twelfth ed. Pearson Education, Inc., San Francisco.

Malato, S., Fernandez-Ibanez, P., Maldonado, M.I., Blanco, J., Gernjak, W., 2009.
Decontamination and disinfection of water by solar photocatalysis: recent
overview and trends. Catal. Today 147 (1), 1e59.

Morton, R., Haynes, R., 1969. Changes in the ultraviolet sensitivity of Escherichia coli
during growth in batch cultures. J. Bacteriol. 97 (3), 1379e1385.

Muller, F.L., Lustgarten, M.S., Jang, Y., Richardson, A., Van Remmen, H., 2007. Trends
in oxidative aging theories. Free Radic. Biol. Med. 43 (4), 477e503.

Muramoto, Y., Kimura, M., Nouda, S., 2014. Development and future of ultraviolet
light-emitting diodes: UV-LED will replace the UV lamp. Semicond. Sci. Technol.
29 (8).

Nair, A.J., 2010. Comprehensive Biotechnology XI. Firewall Media.
Novo, E., Parola, M., 2008. Redox mechanisms in hepatic chronic wound healing and

fibrogenesis. Fibrogenesis Tissue Repair 1 (1), 5.
Nyangaresi, P.O., Qin, Y., Chen, G.L., Zhang, B.P., Lu, Y.H., Shen, L., 2018. Effects of

single and combined UV-LEDs on inactivation and subsequent reactivation of
E. coli in water disinfection. Water Res. 147, 331e341.

Oguma, K., Katayama, H., Ohgaki, S., 2002. Photoreactivation of Escherichia coli after
low- or medium-pressure UV disinfection determined by an endonuclease
sensitive site assay. Appl. Environ. Microbiol. 68 (12), 6029e6035.

Oguma, K., Kita, R., Sakai, H., Murakami, M., Takizawa, S., 2013. Application of UV
light emitting diodes to batch and flow-through water disinfection systems.
Desalination 328, 24e30.

Oguma, K., Rattanakul, S., Bolton, J.R., 2016. Application of UV light-emitting diodes
to adenovirus in water. J. Environ. Eng. 142 (3).

Oppezzo, O.J., Pizarro, R.A., 2001. Sublethal effects of ultraviolet A radiation on
Enterobacter cloacae. J. Photochem. Photobiol. B Biol. 62 (3), 158e165.

Payne, G., Sancar, A., 1990. Absolute action spectrum of E-FADH2 and E-FADH2-
MTHF forms of Escherichia coli DNA photolyase. Biochemistry 29 (33),
7715e7727.

Pizarro, R.A., 1995. UV-A oxidative damage modified by environmental conditions
in Escherichia coli. Int. J. Radiat. Biol. 68 (3), 293e299.

Pizarro, R.A., Orce, L.V., 1988. Membrane damage and recovery associated with
growth delay induced by near-UV radiation in Escherichia coli K-12. Photo-
chem. Photobiol. 47 (3), 391e397.

Quek, P.H., Hu, J.Y., 2008. Indicators for photoreactivation and dark repair studies
following ultraviolet disinfection. J. Ind. Microbiol. Biotechnol. 35 (6), 533e541.

Ramabhadran, T.V., Jagger, J., 1976. Mechanism of growth delay induced in
Escherichia coli by near ultraviolet radiation. Proc. Natl. Acad. Sci. U.S.A. 73 (1),
59e63.

Rattanakul, S., Oguma, K., 2018. Inactivation kinetics and efficiencies of UV-LEDs
against Pseudomonas aeruginosa, Legionella pneumophila, and surrogate micro-
organisms. Water Res. 130, 31e37.

Reiter, R.J., Melchiorri, D., Sewerynek, E., Poeggeler, B., Barlowwalden, L., Chuang, J.I.,
Ortiz, G.G., Acunacastroviejo, D., 1995. A review of the evidence supporting
melatonin's role as an antioxidant. J. Pineal Res. 18 (1), 1e11.

Ruh, J., Vogel, F., Schmidt, E., Werner, M., Klar, E., Secchi, A., Gebhard, M.M.,
Glaser, F., Herfarth, C., 2000. Effects of hydrogen peroxide scavenger Catalase on
villous microcirculation in the rat small intestine in a model of inflammatory
bowel disease. Microvasc. Res. 59 (3), 329e337.

Sancar, A., 2003. Structure and function of DNA photolyase and cryptochrome blue-
light photoreceptors. Chem. Rev. 103 (6), 2203e2237.

Shen, B., Jensen, R.G., Bohnert, H.J., 1997. Mannitol protects against oxidation by
hydroxyl radicals. Plant Physiol. 115 (2), 527e532.

Sies, H., 1986. Biochemistry of oxidative stress. Angew Chem. Int. Ed. Engl. 25 (12),
1058e1071.

Sies, H., 1993. Strategies of antioxidant defense. Eur. J. Biochem. 215 (2), 213e219.
Sinha, R.P., Hader, D.P., 2002. UV-induced DNA damage and repair: a review. Pho-

tochem. Photobiol. Sci. 1 (4), 225e236.
Smirnova, G.V., Oktyabrsky, O.N., 1994. Near-ultraviolet radiation and hydrogen

peroxide modulate intracellular levels of potassium and thiols inEscherichia
coli. Curr. Microbiol. 28 (2), 77e79.

Song, K., Mohseni, M., Taghipour, F., 2016. Application of ultraviolet light-emitting
diodes (UV-LEDs) for water disinfection: a review. Water Res. 94, 341e349.

Song, K., Taghipour, F., Mohseni, M., 2018. Microorganisms inactivation by contin-
uous and pulsed irradiation of ultraviolet light-emitting diodes (UV-LEDs).
Chem. Eng. J. 343, 362e370.

Song, K., Taghipour, F., Mohseni, M., 2019. Microorganisms inactivation by wave-
length combinations of ultraviolet light-emitting diodes (UV-LEDs). Sci. Total
Environ. 665, 1103e1110.

Taniyasu, Y., Kasu, M., 2010. Improved emission efficiency of 210-nm deep-
ultraviolet aluminum nitride light-emitting diode. NTT Tech. Rev. 8 (8), 1e5.

Thamilselvan, S., Byer, K.J., Hackett, R.L., Khan, S.R., 2000. Free radical scavengers,
catalase and superoxide dismutase provide protection from oxalate-associated
injury to LLC-PK1 and MDCK cells. J. Urol. 164 (1), 224e229.

Tyrrell, R.M., Keyse, S.M., 1990. New trends in photobiology - the interaction of UVA
radiation with cultured-cells. J. Photochem. Photobiol. B Biol. 4 (4), 349e361.

USEPA, 2006. Ultraviolet Disinfection Guidance Manual for the Final Long Term 2
Enhanced Surface Water Treatment Rule. Office of Water, Washington DC. EPA
815-R-06-007.

Wang, J.L., Xu, L.J., 2012. Advanced oxidation processes for wastewater treatment:
formation of hydroxyl radical and application. Crit. Rev. Environ. Sci. Technol. 42
(3), 251e325.

Wilcox, C.S., Pearlman, A., 2008. Chemistry and antihypertensive effects of tempol
and other nitroxides. Pharmacol. Rev. 60 (4), 418e469.

Yamada, J., Yoshimura, S., Yamakawa, H., Sawada, M., Nakagwa, M., Hara, S., Kaku, Y.,
Iwama, T., Naganawa, T., Banno, Y., Nakashima, S., Sakai, N., 2003. Cell perme-
able ROS scavengers, Tiron and Tempol, rescue PC12 cell death caused by py-
rogallol or hypoxia/reoxygenation. Neurosci. Res. 45 (1), 1e8.

http://refhub.elsevier.com/S0043-1354(19)30641-4/sref11
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref11
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref11
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref12
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref12
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref12
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref12
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref13
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref13
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref13
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref13
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref14
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref14
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref14
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref14
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref14
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref15
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref15
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref15
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref16
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref16
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref16
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref16
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref17
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref17
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref18
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref18
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref18
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref19
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref19
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref19
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref20
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref20
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref20
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref21
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref21
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref21
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref22
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref22
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref22
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref22
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref23
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref23
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref23
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref24
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref24
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref24
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref25
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref25
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref25
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref25
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref26
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref26
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref26
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref26
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref27
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref27
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref27
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref27
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref28
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref28
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref28
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref28
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref28
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref29
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref29
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref29
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref29
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref30
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref30
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref30
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref30
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref31
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref31
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref31
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref31
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref32
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref32
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref32
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref32
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref33
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref33
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref33
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref34
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref34
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref34
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref34
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref35
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref35
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref35
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref35
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref36
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref36
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref36
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref36
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref36
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref36
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref37
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref37
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref37
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref38
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref38
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref39
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref39
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref39
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref39
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref40
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref40
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref40
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref41
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref41
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref41
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref42
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref42
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref42
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref43
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref44
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref44
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref45
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref45
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref45
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref45
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref46
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref46
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref46
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref46
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref47
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref47
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref47
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref47
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref48
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref48
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref49
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref49
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref49
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref50
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref50
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref50
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref50
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref51
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref51
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref51
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref52
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref52
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref52
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref52
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref53
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref53
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref53
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref54
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref54
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref54
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref54
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref55
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref55
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref55
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref55
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref56
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref56
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref56
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref56
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref57
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref57
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref57
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref57
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref57
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref58
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref58
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref58
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref59
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref59
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref59
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref60
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref60
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref60
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref61
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref61
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref62
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref62
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref62
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref63
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref63
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref63
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref63
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref64
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref64
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref64
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref65
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref65
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref65
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref65
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref66
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref66
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref66
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref66
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref67
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref67
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref67
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref68
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref68
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref68
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref68
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref69
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref69
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref69
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref70
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref70
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref70
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref71
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref71
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref71
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref71
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref72
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref72
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref72
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref73
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref73
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref73
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref73
http://refhub.elsevier.com/S0043-1354(19)30641-4/sref73

	Mechanisms investigation on bacterial inactivation through combinations of UV wavelengths
	1. Introduction
	2. Materials and methods
	2.1. UV-LEDs setup and irradiation
	2.2. Microorganisms cultivation and enumeration
	2.3. Photoreactivation and dark repair
	2.4. Effect of ROS scavengers

	3. Results and discussion
	3.1. Combined UVA and UVC inactivation of E. coli and MS2
	3.2. UVA pretreatment effect on UVC inactivation of E. coli and MS2
	3.3. UVA pretreatment effect on reactivation of UVC-inactivated E. coli
	3.4. Mechanisms investigation on UVA pretreatment of E. coli
	3.5. Proposed mechanisms for UVA pretreatment of E. coli

	4. Conclusions
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References


