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Ultraviolet (UV) irradiation has proven an effective tool for inactivatingmicroorganisms in water. There is, how-
ever, a need to look at disinfection from a different perspective because microbial inactivation alone may not be
sufficient to ensure the microbiological safety of the treated water since pathogenic genes may still be present,
even after disinfection. Antibiotic resistance genes (ARGs) are of a particular concern since they enable microor-
ganisms to become resistant to antibiotics. UV irradiation has been widely used for disinfection and more
recently for destroying ARGs. While UV lamps remain the principal technology to achieve this objective, UV
light emitting diodes (UV-LEDs) are novel sources of UV irradiation and have increasingly been reported in
lab-scale investigations as a potential alternative. This review discusses the current state of the applications of
UV technology for controlling antibiotic resistance during water and wastewater treatment. Since UV-LEDs pos-
sess several attractive advantages over conventional UV lamps, the impact of UV-LED characteristics (single vs
combined wavelengths, and operational parameters such as periodic or pulsed and continuous irradiation,
pulse repetition frequencies, duty cycle), type of organism, and fluence response, are critically reviewed with a
view to highlighting the research needs for addressing future disinfection challenges. The energy efficiency of
the reported UV processes is also evaluated with a focus on relating the findings to disinfection efficacy. The
greater experience with UV lamps could be useful for investigating UV-LEDs for similar applications
(i.e., antibiotic resistance control), and hence identification of future research directions.

© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The application of ultraviolet (UV) light technology in water and
wastewater treatment over recent decades has increased significantly
and continues to grow in two broad areas: disinfection (including antibi-
otic resistant bacteria (ARB) and genes (ARGs)), and oxidation of organic
contaminants. Traditional UV-driven processes using mercury lamps are
well established and there are several full-scale applications around the
globe (Dotson et al., 2010; van der Hoek et al., 2014). The ability to
achieve disinfectionwithout the need for chemicals and negligible forma-
tion of disinfection by-products (DBPs) are some of their major advan-
tages over chlorine, the most widely used disinfectant (Mori et al.,
2007). However, the sustainability of UV technology in terms of energy
consumption remains one of the major drawbacks. Furthermore, the fra-
gility of UV lamps, their short lifespan, use of mercury and thus problem-
atic disposal after use, and high heat output needing large cooling
facilities, are some of the limitations of the conventional UV lamps.

With increasing applications of UV radiation in water and wastewa-
ter treatment, there is potential for the use of more sustainable UV light
sources. UV light emitting diodes (UV-LEDs) have emerged as a most
promisingnewUV light source in thepast decade since they have longer
life, are less fragile, and are free of toxic components such as mercury.
An increasing number of lab-scale investigations utilising UV-LEDs for
disinfection has been reported over recent years. One of their advan-
tages is the ability to generate UV radiation at specific wavelengths
which could be exploited to improve treatment efficiency by designing
treatment systems for specific applications. Using combinations of
wavelengths can lead to additive and potentially synergistic impact
and therefore increased efficiency of disinfection.

Understandably, the well-established UV lamp disinfection technol-
ogy provided the basis for the first applications of UV-LEDs reported by
Crawford et al. (2005) who investigated the inactivation of E. coli using
270–295 nm UV-LEDs. Drawing on a significant number of investiga-
tions into the disinfection efficiency of UV-LEDs since 2005 commercial
application of UV-LEDs for water disinfection has now commenced
(METAWATER, 2017). A summary of the application of UV-LEDs for
water disinfection is provided by Song et al. (2016).

Conventional water disinfection is primarily designed to kill or
inactivate pathogens and regulations are based on requiring certain ex-
tents of log inactivation thatmay vary for different species and strains of
microorganisms. Recently, the need for a shift in approach from
conventional pathogenic inactivation to destroying the genes, particu-
larly those that confer antibiotic resistance to bacteria, has been
highlighted in several investigations (Chang et al., 2017; McKinney
and Pruden, 2012). Antibiotic resistance is the ability of bacteria to sur-
vive, and even thrive, in the presence of antibiotics (Pruden, 2014).
Extensive use of antibiotics for human and animal health, and to pro-
mote growth in animals, has accelerated the process of antibiotic resis-
tance which could limit the ability to treat common infectious diseases
(WHO, 2018). UV irradiation is one of the most promising technologies
for addressing this emerging threat of antibiotic resistance, which
involves inactivation of ARB and ARGs, and has been increasingly
reported in recent years in applications using UV lamps.

UV-LEDs, although yet to be investigated for the purpose of ARGs inac-
tivation, have beenwidely reported for conventional disinfection applica-
tions. Therefore, findings related to their special features are reviewed
and discussed to: (1) summarise the progress of their applications over
the past decade, and (2) to highlight their potential advantages and the
implications for future applications for controlling antibiotic resistance.
In particular, the impact of the specific characteristics of UV-LEDs such
as variable wavelengths, capacity for pulse and continuous irradiation
and duty cycle are discussed with regard to their impact on disinfection
and repair of microorganisms. In addition to UV photolysis, there are
emerging applications of advanced oxidation processes (AOPs) for the in-
activation of ARB and ARGs by using UV lamp-based systems. Due to the
increasing applications of conventional UV lamp systems for controlling
antibiotic resistance, reportedfindings are reviewedwith the aimof iden-
tifying their shared characteristics with UV-LEDs for similar applications.
Moreover, energy efficiency for inactivation of various microorganisms
using different wavelength UV-LEDs is discussed. Although a direct com-
parison between the energy efficiency of UV-LEDs and LP mercury lamps
is not appropriate, a brief overview of the findings of relevant studies is
provided to relate them to the differences in the state-of-the-art. Research
gaps related to the application of UV technology using UV lamps and UV-
LEDs for controlling antibiotic resistance are highlighted and recommen-
dations for future work are made.

2. UV-based treatments

UV irradiation alone and in combination with several oxidants (as
AOPs) has been used for the disinfection of water. In this section, we
provide a brief explanation of themechanism of UVphotolysis, followed
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by an introduction to different AOPs and theirmechanisms, their advan-
tages and limitations, and figures-of-merit for estimating energy effi-
ciency of UV-based processes.

2.1. Mechanisms of UV disinfection

UV irradiation is traditionally divided into four regions: UVA
(315–400 nm), UVB (280–315 nm), UVC (200–280 nm) and vacuum
UV (VUV, 100–200 nm) (Oppenländer, 2007; Phillips, 1983). UVC irra-
diation has been used widely as a primary disinfectant in drinking
water and wastewater treatment to achieve effective inactivation of a
variety of pathogenic microorganisms including bacteria, viruses, and
protozoa (Morita et al., 2002), and to avoid the production of disinfec-
tion by-products (DBPs) (Linden et al., 2002). Themost effective germi-
cidal wavelengths depend on the species of microorganisms and
predominantly range between 260 and 280 nm (Kalisvaart, 2004). A
significant amount of research has been carried out in this range since
protein has a major peak at 280 nm whereas DNA has a peak on the
UV absorption curve at 260 nm (Kalisvaart, 2004). However, several
studies have used higher wavelengths (i.e., N280 nm) at which the gen-
eration of UV irradiation is cheaper compared with the lower UV-LED
wavelengths (i.e., 254–280 nm).

Themechanismsof the inactivation ofmicroorganismsbyUVare de-
pendent on the irradiation wavelength. For example, the absorption of
UV irradiation byDNA results in photochemical changes leading to inac-
tivation ofmicroorganisms by affecting their ability to replicate (Dotson
et al., 2012). UVC radiation is of particular interest since it induces a di-
rect germicidal effect by causing the formation of cyclobutane pyrimi-
dine dimers (CPDs), a major photoproduct, in the DNA (Hamamoto
et al., 2007). Other lesions such as 6–4 photoproducts (about 10% of
CPD) and their Dewar isomers are also formed, but atmuch lower ratios
(Harm, 1980). The DNA damage can be repaired via enzymatic reac-
tions, and the mechanism is dependent on the species of microorgan-
ism, UV fluence (Zimmer and Slawson, 2002), temperature (Salcedo
et al., 2007), and physiological state. Two different mechanisms are dis-
tinguished, photoreactivation and dark repair, depending on light avail-
ability (Süss et al., 2009). During photoreactivation, the photolyase
enzyme binds to CPD in the DNA and results in reversal of the damage
by using the energy of light (310–480 nm) (Oguma et al., 2001; Sinha
and Häder, 2002). Dark repair is a multi-enzyme process that involves
replacing the damaged DNA with undamaged nucleotides in the ab-
sence of light. Repair of DNA damage induced by conventional mercury
lamps is well established and MP mercury lamps have proven superior
to LP mercury lamps for reducing DNA repair (Oguma et al., 2002).

UVA inactivates microorganisms by promoting the formation of ac-
tive species and provided adequate bacterial damage is achieved, it
can lead to diverse irreparable damage in the cell (Friedberg et al.,
1995; Chatterley and Linden, 2010; Hamamoto et al., 2007). These reac-
tive intermediates are predominantly reactive oxygen species (ROS)
that are produced via photo oxidation of oxygen and lead to oxidative
damage to DNA, proteins and cell membranes and cause growth
delay. Singlet oxygen (1O2) and the hydroxyl radical (HO•) are the
major damaging oxidative species generated (Petersen et al., 2000). A
broad range of UV irradiation could therefore be advantageous to
achieve both direct and indirect damage to the microorganisms and to
minimise photoreactivation efficiency. For example, polychromatic me-
dium pressure (MP) mercury UV lamps which emit UVA together with
UVC and UVB have been demonstrated to be superior to a monochro-
matic low-pressure (LP) UV lamp for controlling E. coli photoreactiva-
tion (Oguma et al., 2002; Zimmer and Slawson, 2002).

2.2. UV-based advanced oxidation processes (AOPs)

UV-based AOPs include the processes that rely on UV irradiation and
its combination with various radical promoters (Miklos et al., 2018).
Some of the most investigated AOPs include UV/H2O2, UV/chlorine,
UV/peroxymonosulfate (PMS), UV/peroxydisulfate (PDS), H2O2/Fe2+/
UV (photo-Fenton), UV/O3, and UV/TiO2. AOPs are based on the in-situ
generation of reactive species such as HO•, Cl•, Cl2•−and SO4

•− and their
reaction with target contaminants (Miklos et al., 2018). These AOPs
have been extensively studied for the degradation of organic contami-
nants in water and wastewater. Recently, there has been increasing in-
terest in investigating their potential for disinfection to achieve both
economic viability and improved disinfection. The selection of an AOP
is important for disinfection applications since different processes pos-
sess certain advantages and disadvantages which are important to
take into account. Other factors such as water matrix, regulatory re-
quirements, and treatment objectives of the plant also need to be con-
sidered. A brief description of the above mentioned AOPs is provided
below.

UV/H2O2 is one of the most widely investigated AOPs that relies on
the oxidative ability of HO•. Due to its electrophilic nature, HO• (redox
potential of 1.8–2.7 V) (Buxton et al., 1988) can non-selectively oxidise
almost all electron-rich organic molecules, eventually converting them
to CO2 and water (Legrini et al., 1993). The process has disadvantages
such as the high reaction rate between H2O2 and HO• leading to scav-
enging of radicals and hence reduction in its effectiveness (Matilainen
and Sillanpää, 2010). It is therefore important that the concentration
of H2O2 is optimised. Furthermore, removal of residual H2O2 after treat-
ment is required since only ~5–10% of the chemical is used during the
treatment process (Rosenfeldt et al., 2013). Nonetheless, UV/H2O2 is a
highly efficientwater treatment processwith several commercial appli-
cations and is therefore a good candidate to compare with other AOPs.

Given both UV and chlorine are strong disinfectants, they could be
combined tominimise the inherent disadvantages of the individual pro-
cesses such as highUVfluence requirements for certainmicroorganisms
and formation of DBPs during chlorination. High doses of chlorine have
also been demonstrated to elevate the average resistance of ARBs
(Huang et al., 2013). Similarly, UV irradiation can also lead to selective
increase in antibiotic resistance as demonstrated by Huang et al.
(2016) and Zhang et al. (2017). The UV/chlorine AOP could bemore ef-
ficient than UV/H2O2 due to the highermolar absorption coefficient and
quantum yield (i.e., the ratio of the number of photons emitted to the
number of photons absorbed) of UV/HOCl (1.4 ± 0.18 Mol/Es) com-
pared with UV/H2O2 (1.0 Mol/Es). This can reduce the energy require-
ment for contaminant degradation by 30–75% (Sichel et al., 2011;
Watts and Linden, 2007). In fact, UV/chlorine has been proposed to be
a more cost-effective AOP than UV/H2O2 primarily due to the require-
ment for post-treatment quenching of the oxidant (Watts et al., 2012).
Moreover, Cl• is a more selective oxidant than HO• (Fang et al., 2014).

UV/PMS and UV/PDS have also gained significant attention as the
redox potentials of PMS (+1.82 V) and PDS (+2.08 V) are higher than
that of H2O2 (+1.76 V) (Betterton and Hoffmann, 1990; Bard et al.,
1985). SO4

•− generated during these processes is an electrophilic radical
that is more selective than HO•, with a redox potential in the range of
2.5–3.1 V (Neta et al., 1988). A recent study reported the first full-
scale application of UV/PMS for damaging ARGs (Rodríguez-Chueca
et al., 2019). UV/SO4

•−is a more selective process and some studies
have demonstrated it to be superior to the UV/H2O2 process in lab-
scale experiments (Khan et al., 2014; Xiao et al., 2016). However, it is
more sensitive to changes in the composition of water matrix when
compared with UV/H2O2 (Ahn et al., 2017). The mechanisms of radical
formation are dependent on process parameters in addition to the de-
sign of the system and the physicochemical properties of water,
whereas the efficiency of disinfection is dictated by the scavenging of
radicals as well as other parameters such as radical mass transfer and
hydrodynamics (Miklos et al., 2018).

Combining UV irradiation with ozone has shown synergistic (Wu
et al., 2016) or greater (Bustos et al., 2010) microbial inactivation. The
UV/O3 process could be superior to UV/H2O2 treatment, taking into ac-
count the higher absorption coefficient of ozone (ε254 = 3300/M cm)
compared with H2O2 (ɛ254 = 19.6/M cm) (Legrini et al., 1993).
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However, mass transfer limitations due to the low solubility of ozone in
water and the low efficiency of its photolysis are some of the issues as-
sociatedwith this process (Shu andHuang, 1995). Another AOP that has
been investigated widely at lab-scale for disinfection is UV/TiO2. How-
ever, contrary to UV/H2O2 it has very limited commercial application
due to several challenges such as the need for TiO2 recovery after treat-
ment. Post-treatment challenges such as the production of iron oxide
sludge are also a major limitation of the photo-Fenton process which
can be effective for treating awide range ofwatermatrices. The practical
application of this process is also limited due to the need for acidic con-
ditions (Pignatello et al., 2006), however, it has recently been shown to
be effective at near neutral pH for the inactivation of microorganisms
(Giannakis et al., 2016).

Measuring the electrical efficiency of AOPs is important to critically
assess their operational cost and sustainability (Miklos et al., 2018).
Figures-of-merit have been developed to assess the electrical energy ef-
ficiency of UV-based processes for bothwater and air treatment (Bolton
and Stefan, 2002). Themost commonfigure-of-merit is electrical energy
per order (EEO) which is defined as the electrical energy in kilowatt
hours (kWh) needed to decrease the concentration of a contaminant
or microbes by one order of magnitude (90% removal) in a unit volume
[e.g., 1 m3 (1000 L)] of water. The EEO values (kWh/m3/order) are calcu-
lated with the following equation (Bolton and Stefan, 2002):

EEO ¼ 1000 Pt
V logci=c f

ð1Þ

Eq. (1) is valid for mercury UV lamps but is not valid for UV-LEDs.
It should benoted that Eq. (1) is applicable to batch systemswhereas

Eq. (2) (Bolton and Stefan, 2002) applies to flow-through systems:

EEO ¼ 1000 Pt
F logci=c f

ð2Þ

where P is the rated power which is the UV lamp power at the wall in
kW, V the volume (L) of water, t (h) is the time of treatment, F is the
water flow rate (m3/h) in the flow-through system, and ci and cf are
the initial and final concentrations (mol/L) of contaminant, respectively.
Therefore, the EEOmetric is applicable only to the decay of contaminants
that follow first-order kinetics over the entire UV treatment time. It is
therefore important that the kinetics of the degradation or inactivation
are clearly stated when applying the concept of EEO.

3. UV-LEDs as alternative source of UV irradiation

UV-LEDs are a mercury-free source of mono (single LED chip) or a
polychromatic (multiple LED chips) UV radiation (Kheyrandish et al.,
2017). They have several advantages over mercury UV lamps such as
durability (Crawford et al., 2005), flexibility of design (Würtele et al.,
2011), ability to tailor emission spectrum, no chemical risk (Hirayama
et al., 2014), no warm-up period (Chatterley and Linden, 2010), and
much longer life-time (achieved for UVA/B, and improving for UVC
LEDs) (Chen et al., 2017). Further details on the lifespan of UV-LEDs
are provided in Section 7. Like conventional diodes, UV-LEDs are com-
prised of a chip of semi-conducting material impregnated or doped
with impurities to create a p-n junction capable of emitting light in a
narrow wavelength range in the form of electroluminescence
(Taniyasu et al., 2006).

The wavelength of light emitted depends on the band gap energy of
the type and content/composition of the semiconductor materials and
the concentration of doped impurity ions (Chen et al., 2017; Vilhunen
et al., 2010). The shortest emission wavelength reported to date is
210 nm(Taniyasu et al., 2006). Themainmaterials used in the construc-
tion of UV-LEDs are semiconducting crystals of compounds containing
aluminium, nitrogen, and gallium (Taniyasu et al., 2006). Further details
on the light generation mechanisms of UV-LEDs, their chip fabrication,
lamp packaging, emissionwavelength engineering and other properties
can be found in a recent review on the fundamental aspects of UV-LEDs
by Chen et al. (2017).

Significant improvements in UV-LEDs have taken place over the last
several years with greatly improved affordability and output power (up
to 4000 mW), particularly at the higher wavelengths (320–400 nm)
(Galbraith, 2016). Wavelengths in the range 360–380 nm demonstrate
thehighest efficiencieswith someapproaching the efficiency equivalent
to blue LEDs (Galbraith, 2016). Recently, development of a commercial
scale high power (30 mW per LED) UV-LED (285 nm) set-up for water
treatment with a capacity of 2000 m3/day was reported (METAWATER,
2017). A UV-LED with a much higher output power (100 mW at
278 nm) has also been developed although the details are not available
(Wright, 2017). Further discussion on the recent improvements and fu-
ture of UV-LEDs is provided in Section 7.

4. Impact of operational characteristics of UV-LEDs on disinfection

4.1. Impact of single UV wavelength on disinfection and repair of
microorganisms

A summary of the investigations carried out using different UV-LED
wavelengths for disinfection along with other operational characteris-
tics and experimental conditions is given in Table 1. The value of the in-
activation rate constant k (cm2/mJ) is calculated from the linear plot of
the log inactivation and delivered UV fluence for comparison between
different wavelengths and microorganisms. The higher the value of k,
the lower the UV fluence to achieve the same level of inactivation re-
quired because of the greater sensitivity of the microorganisms.

Photoreactivation and dark repair of microorganisms after disinfec-
tion using UV-LEDs has been investigated only recently. Li et al.
(2017) investigated the photoreactivation and dark repair of E. coli
using 265 nm and 280 nm UV-LEDs individually and in combination
under different intensities. The authors noted no difference in photore-
activation between 265 nm UV-LEDs (33%, UV fluence of 7.27 ±
0.51 mJ/cm2) and a 254 nm LP mercury lamp (34%, UV fluence of 8.69
± 0.50 mJ/cm2) for 3-log inactivation of E. coli. It was found that
280 nm was the most effective wavelength as it led to the least photo-
reactivation efficiency (16%, UV fluence of 10.24 ± 1.01 mJ/cm2). The
authors also investigated the combination of 265 and 280 nm UV-
LEDs in two different relative fluence combinationswith the UV fluence
of 50% and 75% of the total UV fluence for 280 nm. At 50% UV fluence for
the 265+ 280 nm combination, for 3-log E. coli inactivation photoreac-
tivation (32%, UV fluence of 8.38 ± 0.54 mJ/cm2) was comparable with
that achieved by using 265 nm UV-LED or 254 nm LP mercury lamps.
However, when the UV fluence for 280 nmwas increased to 75%, a de-
crease in the photoreactivation efficiency (25%, UV fluence of 9.19 ±
0.45 mJ/cm2) was observed.

These results demonstrate that 280 nmwas superior comparedwith
265 nm in terms of reducing the photoreactivation under fairly similar
total UV fluence conditions (Li et al., 2017). A similar trend was ob-
served for 4.5-log E. coli inactivation. However, increasing the UV
fluence to achieve 4.5-log inactivation resulted in lower photoreactiva-
tion. For example, using 265 nm UV-LEDs, only 8.5% cf. 33% photoreac-
tivation occurred when the UV fluence was increased to 10.91 ±
0.76 mJ/cm2 from 7.27 ± 0.51 mJ/cm2, corresponding to 4.5- and 3-
log inactivation. This agrees with the earlier finding that increasing UV
fluence leads to minimising the photoreactivation events (Guo et al.,
2013c). The level of dark repair was markedly lower compared with
photoreactivation, and was similar for both LP UV (0.26%) and 265 nm
UV-LEDs (0.26%). Consistent with the general trends of inactivation
and photoreactivation, the repair after irradiation using 280 nm UV-
LEDs was lower (0.11%), and was fairly comparable with the combina-
tion of 265 and 285 nm (75%) for both 3- and 4.5-log inactivation.

Moreover, the authors performed ESS (endonuclease sensitive site)
assay and noted that the increase in molecular length after exposure



Table 1
Log inactivation of various microorganisms by UV-LEDs under different operational conditions.

Log
inactivation

Organism λ (nm) UV fluence
(mJ/cm2)

k (cm2/mJ) Distance (cm) from
water surface

Distance (cm)
between LEDs

Number
of LEDs

Output
power (mW)

Volume
(mL)

Reference

1.9 E. coli 270 3.6 0.528 1 1–2 – – – Crawford et al., 2005
1 E. coli 365 55,263 0.00008 2 – – – – Hamamoto et al., 2007
1 E. coli 365 13,846 0.00007 2 – 8 – – Mori et al., 2007
3–4 E. coli K12 276 – – 1 – 10 6.1 25 Vilhunen et al., 2009
3–4 E. coli K12 269 – – 1 – 10 3.4 25 Vilhunen et al., 2009
1 E. coli 265 5.9 0.169 0.5–4 – 3 – 7 Chatterley and Linden,

2010
1 E. coli 255 3.3 0.303 4 1.5–2 8, 4 2.4, 2 – Bowker et al., 2011
1 E. coli 275 2.4 0.417 4 15–2 8, 4 2.4, 2 – Bowker et al., 2011
2.5 E. coli 260 12.8 0.195 – – 7 – 100 Nelson et al., 2013
1 E. coli K12 265 2.7 0.370 1.7 1 9 9.9 10 Oguma et al., 2013
4 E. coli K12 265 10.8 0.370 1.7 1 9 6.3 10 Oguma et al., 2013
7 E. coli 280 – – 1 – 1 0.55 10 Chevremont et al., 2012
2,7 E. coli 365 – – 1 – 1 350 10 Chevremont et al., 2012
4 E. coli K12 280 13.8 0.290 1.7 1 9 11.7 10 Oguma et al., 2013
1 E. coli K12 310 94.8 0.011 1.7 1 9 9.9 10 Oguma et al., 2013
N4 E. coli

25,922
255 41 – – – – – 50 Crook et al., 2015

5 E. coli 282 ~78 ~0.06 – – – 0.97 – Gross et al., 2015
3.5–6.3 E. coli

O157:H7
275 0.17–1.67 20.6–3.8 – – – – – Shin et al., 2016

3 E. coli 265, 285 7.2, 10.2 0.4, 0.29 4 – – – 5 Li et al., 2017
4.5 E. coli 265, 285 10.2, 15.3 0.44, 0.29 4 – – – 5 Li et al., 2017
N3 E. coli 260, 280 ≤12 – 4 – – – 5 Beck et al., 2017
5 E. coli 282 ~78 ~0.06 – – – 0.97 – Gross et al., 2015
3.5–6.3 E. coli

O157:H7
275 0.17–1.67 20.6–3.8 – – – – – Shin et al., 2016

3 E. coli
15,597

254 30 0.1 – – – – 30 Zhou et al., 2017

4 E. coli
25,922
E. coli
11,229
E. coli
15,597

265, 365 – – 0.7 – – 0.7, 3 W 15 Xiao et al., 2018

2.5 E. coli 265 4.9 0.51 2 – 1 10 50 Song et al., 2018
3 B. subtilis 269 400 0.008 1 1 39 4.56 30 Würtele et al., 2011
3 B. subtilis 282 400 – 1 1 35 6.65 30 Würtele et al., 2011
3.8 B. subtilis 282 ~78 ~0.04 – – – 0.97 – Gross et al., 2015
3.1
2.1

B. subtilis 265
280

125
125

0.02
0.007

– – – – 5 Li et al., 2018

1 T7 275 4.3 0.233 4 1.5–2 8, 4 2.4, 2 – Bowker et al., 2011
1 T7 255 5.1 0.196 4 1.5–2 8, 4 2.4, 2 – Bowker et al., 2011
1 φX174 280 2.8 0.357 – – – – – Aoyagi et al., 2011
1 φX174 255 1.7 0.588 – – – – – Aoyagi et al., 2011
1 Qβ 255 12.5 0.080 – – – – – Aoyagi et al., 2011
1 Qβ 280 28.7 0.035 – – – – – Aoyagi et al., 2011
1 MS2 255 12.8 0.078 – – – – – Aoyagi et al., 2011
2 MS2 260, 280 30.3, 38.5 – 4 – – – 5 Beck et al., 2017
1 MS2 255 26.1 0.038 4 1.5–2 8, 4 2.4, 2 – Bowker et al., 2011
1 MS2 280 30.5 0.033 – – – – – Aoyagi et al., 2011
3.2 MS2 265 41 0.078 – – – – – Aoyagi et al., 2011
2.3 MS2 265 60 0.038 – – – – – Bowker et al., 2011
1 MS3 275 28.6 0.035 4 1.5–2 8, 4 2.4, 2 – Bowker et al., 2011
~2.7 MS2 265 40 0.07 2 – 1 10 20 Song et al., 2018
~3.2
~3.3
~3.7

MS2 255
265
285

60
60
100

0.05
0.05
0.04

– – – – – Hull and Linden, 2018

3 Adenovirus 260, 280 64–68 – 4 – – – 5 Beck et al., 2017
1 Feline

calicivirus
265,
280, 300

8.8, 9.9,
142.9

0.113,
0.101, 0.007

8 – – – 10 Oguma et al., 2018

TE, tertiary effluent; GW, Greywater; Targetmicroorganisms purchased except for Crook et al. (2015) and Nelson et al., (2013) who used both purchased and naturally occurring E. coli in
GW, and in TE, respectively.
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to 280 nm LEDs followed by photoreactivation was lower compared
with LP UV and 265 nm UV-LEDs (Li et al., 2017). It essentially implies
that fewer dimers were repaired after irradiation using 280 nm UV-
LEDs. These results were also consistent with the plate counts
demonstrating that the overall log inactivation was greater after irradi-
ation using 280 nm UV-LEDs when photoreactivation was considered
(Li et al., 2017). The authors concluded that the reduced
photoreactivation after irradiation using 280 nm UV-LEDs was due to
the damage to photolyase and/or other related enzymes.

In a later study, Oguma et al. (2018) investigated the impact of UV
irradiation generated by 285 nm UV-LEDs on heterotrophic bacteria
(Htbc) for point of use application in flow through operation (flow
rate of 1mL/min). No regrowth of Htbcwas observed for up to 24h, pre-
sumably due to the lag time needed to repair the UV-induced damage
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and/or initiation of regrowth. After UV irradiation (reduction equivalent
dose (RED) of 20.1 mJ/cm2) the Htbc showed either negative or lower
concentration compared with the non-treated samples during the first
5 days of storage. RED is “the UV dose derived by entering the log inac-
tivation measured during full-scale reactor testing into the UV dose-
response curve that was derived through collimated beam testing”
(USEPA, 2006). It was noted that the concentration of bacteria was sim-
ilar on day 6 for both treated and non-treated samples but the UV-
treated samples showed greater bacterial count on day 7 (Oguma
et al., 2018). The authors assumed this apparent enhanced bacterial
countwas due to a 1-day lag time for treated samples but noted that fur-
ther investigation was warranted to confirm their hypothesis. The au-
thors also found that UV irradiation changed the composition of the
bacterial community resulting in enrichment of Methylobacterium cf.
Novosphingobium species. Importantly, Methylobacterium species are
considered UV resistant. During the 7-day regrowth period, the profile
ofMethylobacterium species showed similar growth curves at the stud-
ied flow rates of 0.5 and 1 L/min. It was concluded that the bacterial
count on day 0 of storage or straight after irradiation was the principal
factor in determining their regrowth profile. The RED of 78 mJ/cm2

was needed to achieve 1-log inactivation of Methylobacterium species
at the flow rate of 1 L/min. These results demonstrate that further re-
search determining the impact of UV irradiation using UV-LEDs on se-
lection of bacteria is needed under different experimental conditions.

4.2. Impact of combined UV wavelengths on disinfection and repair of
microorganisms

The impact of sequential UVA (365 nm) andUVC (265 nm) radiation
generated by UV-LEDs on the inactivation, photoreactivation and dark
repair of four E. coli strains was investigated by Xiao et al. (2018). The
study showed the resistance to UV irradiation generated using 265 nm
followed the trend: E. coli ATCC 25922 b E. coli ATCC11229 b E. coli
ATCC 15597 b E. coli ATCC 700891. This trend is in agreement with an
earlier study comparing the inactivation of three E. coli strains
(ATCC11229, ATCC 15597, ATCC 700891) using a LP mercury lamp
(Quek and Hu, 2008). E. coli strain ATCC 700891 is considered an ARB
with resistance to ampicillin and streptomycin and E. coli ATCC 15597
is considered UV resistant (Quek and Hu, 2008). Xiao et al. (2018) re-
ported that the contact time required to achieve 4-log inactivation of
the four strains ranged between 7 and 16 min using 265 nm UV-LEDs
under constant UV intensity (0.127 mW/cm2) conditions. UVA-LEDs
(365 nm) did not lead to any significant inactivation of the E. coli after
30 min irradiation at UV intensity of 6 mW/cm2. During sequential
UVA-UVC disinfection under different UVA (0–120 mJ/cm2) and UVC
fluences (0.635–2 mJ/cm2), an increase of 0.5 to 1.3-log inactivation
was noted for the three strains ATCC11229, ATCC 15597 and ATCC
700891. Despite the insignificant E. coli inactivation by UVA alone, it
led to a synergistic effect when used in combination with UVC
irradiation.

For ATCC 25922, pre-radiation by UVA (UV fluence 120mJ/cm2) led
to a decrease of 0.5–1.2-log in inactivation under the investigated UVC
fluences between 0.635 and 0.825mJ/cm2 (Xiao et al., 2018). Investigat-
ing the synergistic/adverse effect of UVA pre-radiation in the sequential
disinfection process for E. coli ATCC 15597 and 25922, the authors con-
cluded that the generation of ROS was not responsible for the observed
effects during the sequential UVA-UVC process considering the very low
fluences used in their study. Similarly, no significant generation of CPDs
occurred after UVApre-radiation as evaluated by enzyme-linked immu-
nosorbent assay (ELISA). For E. coli ATCC 15597, the total generation of
CPDs was 18% higher than for UVC alone, demonstrating that UVA pre-
radiation promoted their formation upon subsequent UVC irradiation
and led to the enhanced inactivation. Insignificant difference in CPD for-
mationwas observed between individual UVC and sequential UVA-UVC
exposure for ATCC 25922 despite lower inactivation after the sequential
process. The lower inactivation of ATCC 25922 during the sequential
process was attributed to its enhanced resistance after UVA pre-
radiation due to enhanced translesion DNA response (TLS). The TLS re-
sponse is activated by specialised DNA polymerases that enable the for-
mation of new DNA strands. The UV sensitive strains exhibited higher
TLS capacity than the UV resistant strains (Kuban et al., 2012) and
ATCC 25922 was considered as one of the most UV sensitive strains.

Xiao et al. (2018) also investigated photoreactivation and dark re-
pair of the four E. coli strains. During UVC disinfection, E. coli ATCC
15597 and 700891 exhibited greater photoreactivation compared with
ATCC 11229 and 25922. The effect of UVA pre-radiation was not signif-
icant in terms of photo-repair for all the investigated strains which was
attributed to the low UVA fluence used. Dark repair ability was, how-
ever, found to be significantly inhibited after UVA pre-radiation; it de-
creased from 16%, 12%, 10%, and 16% to 3%, 1%, 2%, 3%, for E. coli
15597, 11229, 700891, and 25922, respectively, after 2 h.

Direct comparison between bacterial inactivation and repair of DNA
usingUVC alone and in combinationwith higherwavelengths usingUV-
LEDs was carried out for Vibrio parahaemolyticus (Nakahashi et al.,
2014). V. parahaemolyticus is a gram-negative bacterium which causes
food poisoning via sea water and uncooked seafood. The authors ob-
served a synergistic effect when UVA- and UVC-LEDs were used simul-
taneously. They hypothesised this synergistic effect was due to
inactivating a recovery system, such as the SOS response, used for the
repair of damaged DNA; the bacterial SOS response repairs DNA that
has been severely damaged by UV irradiation. Similarly, the synergistic
effect of UVB (285 nm) and UVC (255, 265 nm) on the inactivation of
MS2 was reported by Hull and Linden (2018), which was attributed to
simultaneous damage to DNA and proteins.

Coupling UVA- and UVC-LEDs has also been reported to be superior
to single UVC-LED wavelength both for disinfection and minimising re-
activation of bacteria in wastewater effluent (Chevremont et al., 2012).
The authors showed that inactivation of all investigated bacterial com-
munities (mesophilic bacteria, fecal enterococci, total coliforms, and
fecal coliforms) was higher when the wavelengths were coupled
(280/365 nm and 280/405 nm) compared with single wavelength UV-
LEDs. For example, the UV fluence response was 1.6 and 7.7 mJ/cm2

per log inactivation for 280/365 nm and 280/405 nm, respectively,
which were much lower than UVA alone. For UVA, the UV fluence re-
sponse was 12.5mJ/cm2 for 365 nm and 88mJ/cm2 for 405 nm. Consis-
tentwith the generalfindings, UVC alonewasmuchmore effective than
UVA irradiation, i.e., 1 mJ/cm2 per log inactivation achieved at both 254
and 280 nm. The investigation of DNA repair showed no repair after
20 h of irradiation at room temperature (25 °C) and under light which
was due to the combined effect of direct and indirect damage inflicted
by the combination of UVA (280 nm) and UVC (365 nm) as discussed
in Section 2.1.

Another study (Beck et al., 2017) and an earlier study by Oguma's
group (Oguma et al., 2013), however, reported no synergistic effect of
combining dual or multiple wavelength UV-LEDs. Beck et al. (2017) in-
vestigated the inactivation of E. coli, MS2 coliphage, HAdV2, and Bacillus
pumilus spores using260nmand 280nmUV-LEDs both individually and
in combination. The authors concluded that the combination of wave-
lengths did not provide any advantage over individual wavelength
UV-LEDs. Comparing the individual wavelengths (265, 280, 310 nm)
with different combinations, Oguma et al. (2013) observed a decrease
in inactivation of E. coli for combined wavelengths (265/280, 280/310,
265/310 or 265/280/310 nm). The difference in the findings could be
due to several factors. Firstly, a direct and fair comparison is not possible
between these studies since each used different UV-LED wavelengths,
water matrices, experimental conditions (batch vs flow through sys-
tem), and different microbial strains. The other possible reason that
could contribute to the difference in the findings even under similar
conditions, is the method for calculation of UV fluence, as these studies
were carried out before the standard protocol for determining UV
fluence (Kheyrandish et al., 2018) was introduced. Nonetheless, knowl-
edge of how multiple wavelengths of UV-LEDs compare with single
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wavelength UV-LEDs for both bacterial inactivation and DNA repair is
critical for their practical application. This would also allow comparing
such results with those for LP and medium pressure UV lamps.

4.3. Pulse vs continuous irradiation

The ability of UV-LEDs to switch on and off without the need of a
warm-up time enables the use of pulsed irradiation (PI) which cannot
be achieved with mercury UV lamps. In addition to improved effective-
ness, PI is a potential way to further lower energy consumption and ex-
tend the lifetime of UV-LEDs, partly because pulsing helps to maintain
junction temperature below the critical threshold that can cause
overheating and damage (Lenk and Lenk, 2011). The impact of pulse
and continuous irradiation has been discussed in a previous study
(Song et al., 2016). Therefore, this section only briefly discusses this con-
cept and considers the most recent findings so that readers can obtain
an understanding of this unique feature of UV-LEDs.

A recent comparative study for the inactivation of E. coli and MS2 in
laboratory water, and E. coli and total coliforms in wastewater, under
continuous and pulse irradiation conditions using 265 nm UV-LEDs
was carried out by Song et al. (2018). Under similar UV fluence
(4.9 mJ/cm2), the authors found little enhanced germicidal effect on E.
coli for pulsed irradiation compared to continuous irradiation at differ-
ent frequencies (0.1 Hz–1 k Hz) and duty rates (10–90%) (the percent-
age of the exposure time of total operating time, or fraction of
illumination period to the total operation period) in buffered lab
water. This contrasts with previous studies that reported enhanced in-
activation of E. coli (Wengraitis et al., 2013), Bacillus globigii (Tran
et al., 2014), and Candida albicans and E. coli biofilms (Li et al., 2010)
under pulsed irradiation using 272, 269, and 365 nm UV-LEDs, respec-
tively. Song et al. (2018) reported a marginal decrease in the inactiva-
tion of E. coli at 90% and 75% duty rates. Similar findings were
reported for total coliforms and E. coli in wastewater and MS2 in buff-
ered water. Considering the similar level of inactivation achieved by
pulse and continuous irradiation, it is anticipated that the mechanisms
of disinfection are fairly similar for UV-LEDs of currently available out-
put power and intensity. However, further investigation would be
needed to confirm this hypothesis.

Despite the difference in thefindings, comparison between the stud-
iesmentioned above needs to be consideredwith caution due to the dif-
ference in the wavelengths, operational conditions (different duty rates
and frequencies), species of microorganisms and disinfection medium
(microbial suspension in water or biofilm on culture plates). Another
potential factor leading to these differences is themethod and approach
to measuring the UV fluence since Song et al. (2018) found that the UV
fluence delivered could not be simply assumed to be equivalent for
pulse and continuous irradiation modes based on the irradiation time.
For example, Li et al. (2010) assumed that similar UV fluence was deliv-
ered during pulsemode for 50% duty cycle by irradiating the sample for
twice as long as that of continuous irradiation. Song et al. measured the
UV fluence using two different chemical actinometry methods (iodide-
iodate (KI) actinometry and ferrioxalate (FeOx) actinometry) and found
that the delivered UV fluence was higher during pulse mode than dur-
ing continuous mode based on calculated irradiation time. This differ-
ence in the UV fluence under comparable irradiation time was
attributed to the imperfection of pulse waveforms during pulse mode,
which was thought to be due to issues related to the UV-LED and DC
power supply (Song et al., 2018).

These results demonstrate that additional validation, for example,
using chemical actinometry, could be required to make a direct and ap-
propriate comparison between different irradiationmodes. Future stud-
ies are therefore encouraged to consider these aspects to verify these
initial findings of Song et al. (2018) using different UV-LEDwavelengths
and under various operational conditions. Such efforts are also impor-
tant to enable a direct comparison between different studies using
other microorganisms. As pointed out by Bohrerova et al. (2008) and
concluded from this discussion, it is evident that one of the main prob-
lems in interpreting pulse irradiation results is the approach used to
compare them with the findings from continuous mode irradiation. It
highlights the need for a standardized approach for pulse irradiation
systems for determining UV fluence, similar to conventional mercury
lamp systems. It is important to note that pulsation could affect the per-
formance of UV-LEDs, which needs to be investigated to weigh up the
potential drawbacks against the possible performance enhancements.

Most of the literature findings on pulse irradiation were based on
studies using powerful xenon lamps and UV-LED based pulsed irradia-
tion has been investigated less. Enhanced disinfection efficiency of
pulsed irradiation generated by xenon lamps compared with continu-
ous irradiation by LP UV lamps has been reported for water disinfection
(Bohrerova et al., 2008) and food decontamination (Elmnasser et al.,
2007). Pulsed irradiation generated by xenon lamps, however, differs
considerably from that of UV-LEDs with regard to the emission spec-
trum, intensity, pulse frequency and duty rate (Song et al., 2016).More-
over, pulsation allows better thermal management by minimising heat
generation due to the cooling period between pulses and maximising
the pulse intensity of UV-LEDs (Krishnamurthy et al., 2004).

Clearly additional research should be carried out to determine the
impact of pulsation using different wavelength UV-LEDs for different
microorganisms. Limited studies have been conducted to investigate
the inactivation of some microorganisms (i.e., MS2) under different
modes of irradiation (Song et al., 2018) and the potential differences be-
tween different microorganisms are not well understood. Furthermore,
no study has looked into the impact of pulse cf. continuous irradiation
on ARGs, which is recommended to be performed in future studies. Ad-
ditionally, it is worth comparing pulse and continuous irradiation in
terms of repair of the microorganisms for further understanding of the
potential differences in inactivation mechanisms.

5. UV irradiation for controlling environmental antibiotic resistance

5.1. Controlling antibiotic resistance determinants by UV disinfection

Thus far, most studies have employed conventional LP UV lamps to
control antibiotic resistance (ARGs and ARBs). Considering the specific
characteristics of UV-LEDs and their advantages over LPUV lamps as de-
scribed in Section 3, it is expected that UV-LEDs will become promising
alternatives to UV lamps in future. It is therefore relevant to evaluate the
literature on conventional UV lamp systems, because of not only their
greater application to ARG and ARB inactivation, but also the objectives
shared with the UV-LEDs for such applications.

5.2. ARB inactivation using UV irradiation

A recent investigation looked at the inactivation of six antibiotic-
resistant E. coli strains isolated from the influent of a WWTP by UVC ir-
radiation using a LP UV lamp in a collimated beam set up (Zhang et al.,
2017). Using nine antibiotics, the authors demonstrated that the inacti-
vation curves for five antibiotic-resistant E. coli and one antibiotic-
sensitive E. coli showed two phases: an initial phase showing fast kinet-
ics (Phase 1) and a subsequent phase with slow kinetics or tailing
(Phase 2). The six E. coli strains could be divided into two groups
based on the inactivation curves. The first group consisted of the SER2
and E. coli ATCC 25922 strains for which the inactivation curves entered
the tailing phase at UV fluence of 8 mJ/cm2. The second group consisted
of multiple antibiotic resistant E. coli (SER6-1, SER6-2, INR6 and INR8)
forwhich the tailing phase started atUV fluence of 20mJ/cm2,markedly
greater than for the other two strains.

According to the literature, tailing during UV irradiation could po-
tentially be attributed to the formation of microbial self-aggregates
due to changes in surface characteristics (lipids) and the production of
extracellular polymers during UV irradiation as reported by Rainey
et al. (1993) and indirectly evidenced by Kollu and Ormeci (2015).
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Other studies (Blatchley et al., 2001; Mamane-Gravetz and Linden,
2005) have reported similar results after exposure to a comparable UV
fluence (15–25 mJ/cm2). It has been reported that antibiotic-resistant
organisms produce a greater amount of capsular material than
antibiotic-sensitive strains (Liu et al., 2011). Encapsulation is an impor-
tant bacterial protectionmechanism, and is prevalent for bacteria in the
natural environment (Reilly and Kippin, 1981). The production of this
capsular material by antibiotic-resistant organisms could promote the
formation ofmicrobial self-aggregates (Zhang et al., 2017)which conse-
quently contribute to a higher UV fluence requirement for reaching the
tailing phase (Kollu, 2014).

A summary of the various investigations for the inactivation of ARBs
by UV irradiation is provided in Table 2.

Inactivation of a strain of E. coli different from those used by Zhang
et al., (2017), ampicillin resistant E. coli (CGMCC1.1595), using UV
lamp irradiation at 254 nmdemonstrated that exposure to a fluence be-
tween 5 and 20 mJ/cm2 led to an inactivation of approximately 2-log
(Pang et al., 2016). The difference between inactivation at UV fluence
of 5 and 20mJ/cm2was fairly small (b0.5-log) considering the 4-fold in-
crease in fluence. Increasing the UV fluence to 40 mJ/cm2 (typical for
water disinfection) resulted in N5.5-log inactivation of the ampicillin re-
sistant E. coli. Using a similar UV fluence of 5 mJ/cm2 inactivation of
about 3-log was reported by Guo et al. (2009), which was 1-log higher
than that reported by Pang et al. (2016). Since E. coli inactivation follows
different kinetics for different strains, and the E. coli strains and the
water matrices used in these studies were different, the findings cannot
be directly compared. Pang et al. (2016) hypothesised that the E. coli
CGMCC 1.1595 incubation conditions allowed for tolerance to low
dose UV irradiation in their study and that possibly co-selection of
Table 2
Inactivation of ARBs by UV irradiation.

Mode Peak λ Source Volume
(mL)/flow
rate

Target Log
inactivatio

Bench scale
collimated
beam

NG LP and
MP
Lamp

10 Various E. coli
strainsc

4

Bench scale
collimated
beam

254 Lamp 10 MRSA, VRE, E. colid

and P. aeruginosae
4–5

UVA/LED/TiO2 365 LEDs 30 (18 LEDs) E. coli ATCC 700891c 3

Bench scale
collimated
beam

254 Lamp 15 E. coli CGMCC
1.1595f

4–6

UVA/TiO2 370
(320–400)

Lamp 200 Various E. coli
strainsg

BDL

Bench scale
collimated
beam

253.7 Lamp 15 TRB 3

Bench scale
collimated
beam

254 Lamp 15 E. coli CGMCC
1.1595h

N5.5a

Batch 254 Lamp 20 TRB isolates N4b

Batch 254 Lamp Various E. coli
strainsi

5–6

Batch 265, 365 UV-LEDs E. coli 700,891c 4, b0.1

NG, not given; DW, distilledwater;WW, wastewater; SE, secondary effluent; PB, phosphate bu
coccus; TRB, tetracycline resistant bacteria; ThRB, thiosulphate-reducing bacteria.

a Value considered 5.5.
b Value considered 4.
c Resistant to ampicillin and streptomycin.
d Resistant to β-lactam, aminoglycoside, quinolone, macrolide, sulfonamide, and tetracyclin
e Multiantibiotic resistant.
f Tetracycline resistant.
g Rifampicinresistant and chloramphenicol resistant.
h Ampicillin resistant.
i Resistant to a number of antibiotics including tetracycline, ampicillin, streptomycin and su
both UV irradiation and ampicillin resistance took place upon ampicillin
addition during cultivation of the organism.

A comparison of the inactivation levels of various culturable tetracy-
cline resistant bacteria isolates using a 254 nmUV lampwas undertaken
by Sullivan et al. (2017). The bacterial isolates investigated included
Aeromonas, Acinetobacter, Chryseobacterium, E. coli, Pseudomonas, and
Serratia. UV fluence of 69.8 mJ/cm2 (the lowest UV fluence in the test
range of up to 279 mJ/cm2) gave N4-log inactivation of all isolates, ex-
cept for Acinetobacterwhich was the most susceptible to UV irradiation
with N5-log inactivation. Although a further increase in the UV fluence
resulted in increased inactivation of all isolates, the increasewasnot sta-
tistically significant (p N 0.05). After 24 h, most of the isolates experi-
enced regrowth and repair after UV disinfection. Templeton et al.
(2009) reported similar findings and observed that the inactivation of
ampicillin and trimethoprim resistant E. coli by UV was similar to that
of antibiotic-sensitive E. coli in phosphate buffer.

Using a 254 nm collimated beam UV lamp set-up, Huang et al.
(2013) investigated the inactivation of tetracycline-resistant bacteria
(TRB) and antibiotic-sensitive E. coli in phosphate buffer. Both
antibiotic-sensitive and TRB strains of E. coli showed the same tolerance
to UV irradiation (t-test, p N 0.05). UV fluence of 10mJ/cm2 led to ≥4-log
inactivation of tetracycline-resistant E. coli and increasing the UV
fluence to 80 mJ/cm2 enhanced the inactivation to 6-log. These results
agree with those of McKinney and Pruden (2012) who reported
N4 log inactivation of tetracycline resistant E. coli in phosphate buffer
after UV fluence of ~8 mJ/cm2 but the reduction in wastewater was
~1-log lower at similar UV fluence.

Huang et al. extended their work in a later study of the impact of UV
fluence (2–20 mJ/cm2) on heterotrophic bacteria and TRB inactivation
n
Source UV dose

(mJ/cm2)
k (mJ/cm2) Matrix Reference

Purchased 6–13 for LP and
4.5–9 for MP

0.66–0.30
and
0.88–0.44

E. coli suspension
in sterile DW

Quek and Hu,
2008

Purchased 10–20 0.4–0.25,
0.015–0.01

PB and filtered
WW effluent

McKinney and
Pruden, 2012

Purchased 688–870 0.004–0.003 E. coli in sterilized
DW

Xiong and Hu,
2013

Purchased 10–80 0.4–0.075 PBS Huang et al.,
2013

Purchased 150–180 min – E. coli in Ringer
solution

Dunlop et al.,
2015

Isolated
from SE

20 0.15 Secondary
effluent

Huang et al.,
2016

Purchased 40 0.13 E. coli suspension
in PBS

Pang et al.,
2016

NG 69.8 0.057 Re-suspended
isolate culture

Sullivan et al.,
2017

Isolated
from SE

20 – PBS Zhang et al.,
2017

Purchased – – E. coli suspension
in milliQ

Xiao et al.,
2018

ffer; MRSA, Methicillin-resistant Staphylococcus aureus; VRE, Vancomycin-resistant Entero-

e antibiotics.

lfamethoxazole.
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in secondary effluent using the same 254 nm collimated beam set-up
(Huang et al., 2016). The authors also explored the inactivation and
dark repair potential of 16 tetracycline-resistant strains isolated from
the secondary effluent to investigate if there was any genus of TRB
that expressed tolerance to UV irradiation or high reactivation potential
after disinfection. They reported that the UV fluence of 20mJ/cm2 led to
3-log inactivation of TRB which was lower than that for heterotrophic
bacteria (N4.0-log) in the secondary effluent, resulting in a significant
increase in the proportion of TRB in the effluent. The tetracycline-
resistant Enterobacter-1was found to be the most tolerant to UV irradi-
ation among the investigated strains.

The TRB isolates and heterotrophic bacteria successfully reactivated
(dark repair) in the secondary effluent even at the UV fluence of
20 mJ/cm2. The final inactivation ratio of tetracycline-resistant
Enterobacter-1 was only 1.18-log for UV fluence of 20 mJ/cm2 after
22 h incubation, which was close to that of TRB (1.18-log) and hetero-
trophic bacteria (1.19-log) (Huang et al., 2016). Similarly, an increase
in bacteria resistant to tetracycline was reported by others along with
almost doubling of the proportion of TRB after UV disinfection (Guo
et al., 2013a, 2013b). An earlier study conducted on fecal coliforms sug-
gested an increase in resistance to tetracycline after UV disinfection
(Staley et al., 1988). Therefore, the potential health risk associated
with increased concentration of TRB and the reactivation of
tetracycline-resistant enterobacteria, aswell as other ARBs, in reclaimed
secondary effluent needs to be considered during wastewater reclama-
tion and reuse when UV disinfection is applied to such water matrices.

Furthermore, the impact of water quality parameters, including the
presence of suspended solids and humic acids has beenwidely reported
to decrease the efficiency of UV disinfection (Liang et al., 2013; Loge
et al., 1999; Mamane, 2008; Templeton et al., 2005). Coliform bacteria,
which are typically between 1 and 10 μm in size, have been shown to
be shielded during the UV disinfection of wastewater by being
enmeshed within particles N10 μm in diameter (Emerick et al., 2000).
Since a higher UV fluence is needed for microbial inactivation in the
presence of particles and humic substances, that required for inactiva-
tion of ARGs would be expected to be even higher.

It is important to highlight that the damage induced by LP mercury
lamps is related to pyrimidine and purine nucleobases since these bio-
molecules absorbmost UV at 254 nm (Dodd, 2012). Considering the ab-
sorption spectrum of protein has a peak around 280 nm, UV at this
wavelength could result in damaging repair enzymes and prevent
DNA repair. As mentioned in Section 4.1, the damage caused by LPmer-
cury lamps can be repaired by enzymes such as photolyase (Ingraham,
1994). Therefore, it would be advantageous to use combined UV wave-
lengths to simultaneously damage enzymatic repair proteins in addition
to DNA (as discussed in Section 2.1). It was reported that when DNA re-
pair mechanisms are considered in final inactivation efficiency, poly-
chromatic MP mercury lamps could be superior to LP mercury lamps
depending on the type of microorganism (Oguma et al., 2002). For ex-
ample, the final inactivation efficiency of E. coli was greater for MP
lamps than for LP lamps (Oguma et al., 2002).

MPmercury lamps have a fixed spectrummaking it difficult to iden-
tify and relate the effects and mechanisms to particular wavelengths
(Song et al., 2016). Furthermore, the peak intensities of MP mercury
lamps occur at wavelengths based on the emission properties of mer-
cury (Chatterley and Linden, 2010). A unique advantage of UV-LEDs
over UV lamps is that UV-LED-based systems can incorporate a LED
array of different UV wavelengths allowing custom designed units for
the specific target and/or a broad range of targets for maximising the
combined effect (Chatterley and Linden, 2010). Taking this critical ad-
vantage of combining different UV wavelengths into account, a combi-
nation of low and high wavelengths could be very useful for causing
wide-ranging and irreversible damage and consequentlyminimising re-
activation potential. More studies are therefore needed to identify the
best combinations of wavelengths for different microorganisms, to not
only investigate the potential synergistic effects, but also to explore
the benefits of the combined wavelengths for minimising subsequent
repair.

5.3. ARGs inactivation using UV irradiation

Water is one of the major routes of microbial dissemination in na-
ture and is recoganised as a significant reservoir of antibiotic resistance
(Rizzo et al., 2013). Antibiotic resistance is transferred by two mecha-
nisms: vertical gene transmission in which the genetic information is
inherited from the parent cells, or horizontal gene transfer (HGT), dur-
ing which a bacterium lacking resistance gains the resistance genes
other than from its parent cell and becomes resistant (i.e., antibiotic re-
sistant bacteria, ARB). The three mechanisms that are responsible for
HGT include conjugation (transfer of DNA from a donor cell to an accep-
tor cell during direct cell-cell contact), transduction (bacteriophage in-
troduces ARGs into microbial cells), and transformation (competent
microbes pick up free DNA from the environment) (Ochman et al.,
2000; Thomas and Nielsen, 2005). One of the important differences in
these resistance transfer mechanisms is the viability or infectivity re-
quirements of the donor source. Indeed, vertical gene transmission
and conjugation only occurs if the bacterium carrying the gene is viable
to enable its passage to the recipient cell. Similarly, the virus carrying
the gene must be infective for successful transduction. However, trans-
formation does not require a viable or infective donor microorganism
since bacteria in the environment can obtain ARGs from extracellular
DNA (Chang et al., 2017). Disinfection or other treatment processes con-
ventionally designed to inactivate microorganisms therefore do not
guarantee hindering the environmental spread of ARGs.

The HGT of DNA fragments usingmobile genetic elements, in partic-
ular class 1 integrons, is considered amajor contributor to the evolution
and dissemination of antibiotic resistance (Gillings, 2017). The associa-
tion of thesemobile elements with human activities and their consider-
able success in spreading genes, including ARGs, has even prompted the
suggestion of using them as a proxy for anthropogenic pollution
(Gillings et al., 2015) and to consider them as an environmental pollut-
ant (Gillings, 2018). ARGs are therefore of serious concern since they are
typically associated with mobile genetic elements, enabling them to be
passed between microorganisms including from dead to living cells by
transformation. Different forms of ARGs, including DNA carried within
bacteria and viruses, as well as extracellular, AKA cell-free, DNA, are
present inwater (Zhang et al., 2018)with the potential to transfer resis-
tance through the above-mentioned mechanisms.

It is therefore important tomove beyond the traditional paradigm of
pathogen inactivation as the sole aim of disinfection (McKinney and
Pruden, 2012) and include ARGs in future disinfection strategies. ARGs
are emerging contaminants and inactivation of ARB alone is not suffi-
cient as DNA could still be present which could contribute to antibiotic
resistance through different mechanisms (Ferro et al., 2017). Much
fewer studies have focused on ARGs inactivation using UV irradiation
compared with bacterial inactivation. A comparison of the inactivation
rate constant k (cm2/mJ) for ARGs given in Table 3 shows that the values
calculated are much lower than for bacterial inactivation (Table 2),
demonstrating a much higher UV fluence requirement for damaging
DNA to avoid transformation.

5.3.1. ARGs inactivation in pure water matrices
A few studies have beenperformed on the inactivation of ARGs using

LPmercury lamps. A recent study investigated the loss of the ampicillin
resistance gene blaTEM-1 and tetracycline resistance gene tetA in plasmid
pWH1266 using 254 nmat UVfluence of up to 430mJ/cm2 (Chang et al.,
2017). The transformation efficiency (the ratio of the ARB colonies de-
tected on selective plates (containing selected antibiotic) to the total
colonies detected on non-selective plates (without antibiotic)) of
Acinetobacter baylyiwas also studied under different fluence conditions
(11–430 mJ/cm2). Approximate UV fluence required per log10 loss of
transformation efficiency was found to be 20–25 mJ/cm2. Although



Table 3
Inactivation of ARGs by UV irradiation.

Mode Peak
λ

Source Volume
(mL)/flow
rate

Target Log
inactivation

UV dose
(mJ/cm2)

k (cm2/mJ) Matrix Reference

Full scale NG NG 130 mgd tetR 0 30,100 NG WW effluent Auerbach et al.,
2007

Bench-scale collimated
beam

254 Lamp 10 mecA, vanA, tetA, and
ampC

3–4 200–400 0.4–0.25,
0.015–0.01

PB and WW effluent McKinney and
Pruden, 2012

Batch 254 Lamp 1500 sul1, tetG, and intl1 2.5–2.7 12,477 0.0002 WW effluent Zhuang et al., 2015
Batch 254 Lamp 1800 sul1, tetX, tetG, intI1,

and 16S rRNA
b1a 62.4, 124.8,

249.5
0.016, 0.008,
0.004

WW effluent Zhang et al., 2015

Collimated beam 254 Lamp NG blaTEM-1, tetA 1b 20–25 0.05–0.04 Plasmid suspension in
DNase free water

Chang et al., 2017

Bench-scale
quasi-collimated
beam

254 Lamp 120 ampR, KanR 4 60–140 0.11–0.07,
0.15–0.09

Phosphate buffer Yoon et al. (2017)

Bench-scale
quasi-collimated
beam

254 Lamp 120 ampR 4 150 0.06 Phosphate buffer Yoon et al. (2018)

NG, not given; mgd, million gallons per day. WW, wastewater; PB, phosphate buffer.
a Value considered 1.
b 1-log reduction per UV fluence of 20–25 mJ/cm2.
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blaTEM-1 and tetA genes degraded at different rates, the rate of transfor-
mation efficiency loss after UV treatment was the same for both resis-
tance genes on the same plasmid. This finding suggested that the
transformation inactivation mechanism could be the same for both
types of resistance genes. Although the tetA gene is larger than the
blaTEM-1 gene, the first order reaction rate measured with qPCR was
faster for blaTEM-1 than that for tetA (Chang et al., 2017) suggesting
that DNA size alone could not be used to predict reactivity of a genome
with UV irradiation. A possible reason for greater damage to the smaller
gene could be the number of adjacent thymine bases as concluded by
McKinney and Pruden (2012).

A comparison of the impact on intracellular and extracellular DNA at
four UV fluences (50, 100, 200 and 400 mJ/cm2) showed that ampC and
tetA were more recalcitrant than mecA and vanA in both intracellular
and extracellular forms (McKinney and Pruden, 2012). According to
the authors, the disappearance of ARG amplicons correlates with the
number of adjacent T-T bases in the amplicon targets (r=−0.93). Con-
sidering these findings and relating them to those of Chang et al. (2017)
regarding the length of the genes and associated reaction rates, it can be
said that the T–T base content of DNA is more important than DNA size
when predicting a genome's reactivity with UV irradiation at 254 nm
(Chang et al., 2017). According to Chang et al. the blaTEM-1 gene
contained ∼1.5 times the number of adjacent T–T bases than tetA, but
was only 72% the length of tetA, and the blaTEM-1 gene reacted ∼1.2
times faster than tetA.

Furthermore, McKinney and Pruden (2012) suggested that the cell
envelope played a role in protecting vanA in Enterococcus faecium and
ampC in Pseudomonas aeruginosa from UV attack, which represent a
Gram-positive and a Gram-negative ARB, respectively. They concluded
that ampC present in P. aeruginosa was highly resistant to UV, which
could be attributed to the large amount of polymeric substances pro-
duced by the bacteria. In fact, intracellular ampC was even found to be
detectable after UV fluence as high as 1000 mJ/cm2. This variable re-
sponse of ARGs was found to correlate with the potential thymine
dimer sites with ampC having the least dimer sites and was therefore
less susceptible to UV damage. The gene mecA, which carried the most
dimer sites, was themost readily damaged ARG. The findings were con-
sistent with a recent investigation in which comparable loss of ampicil-
lin and kanamycin resistant genes was reported and which was related
to the fairly similar number of adjacent thymine sites in the genes (Yoon
et al., 2017). At UV fluence of 40 mJ/cm2, the reductions in extracellular
(e)-ARGs and intracellular (i)-ARGs (present within E. coli) in phos-
phate buffer were 1.8–2.6-log and 1.1–1.6-log, respectively. A much
higher UV fluence was required to achieve 4-log damage of ARGs,
e.g., the required UV fluences were 60–90 mJ/cm2 for e-ARGs and
100–140 mJ/cm2 for i-ARGs.

Some of the findings of Yoon et al. (2017) are in contrast to those re-
ported by McKinney and Pruden (2012). For example, Yoon et al. con-
cluded that the damage to i-ARGs occurred slowly (by a factor of ~1.7
(p b 0.05)) compared with the damage to the e-ARGs, demonstrating
that the cellular components could play a protective role against the
UV-induced i-ARG damage. However, McKinney and Pruden (2012) re-
ported insignificant difference in the damage rates of extracellular and
intracellular tetA genes during UV treatment of E. coli SMS-3-5. These
differences in the findingsmight be related to the different E. coli strains
and/or experimental conditions (e.g., the initial cell concentration).
Moreover, Yoon et al. reported that the rates of ARG damage were fairly
similar for both ampR and kanR (e-ARG, pH 8, p=0.84; i-ARG, pH 7, p=
0.18; i-ARG, pH8, p=0.56) orweremarginally lower than those of kanR

by a factor of 1.3 (e-ARG, pH 7, p b 0.05). The similar role of the cell en-
velope protecting the ARGs was reported for vanA in Enterococcus
faecium and ampC in Ps. aeruginosa, with ampC being the ARG most re-
sistant to UV. The authors noted the presence of markedly more extra-
cellular polymeric substances produced by the Ps. aeruginosa during
cell plating. These findings indicate that the cell structure may play a
protective role for different microorganisms, and whether this can be
reduced or impacted by operating conditions needs to be determined.
This would also help to explain the difference in findings as noted for
Yoon et al. (2017) and McKinney and Pruden (2012).

Using a similar LP UV set-up as in their earlier investigation, Yoon
et al. (2018) determined the loss of transformation efficiency of ampR

present in E. coli grown on LB agar plates and its damage during qPCR
after UV and UV/H2O2 (10mgH2O2) treatment. Four different amplicon
lengths were selected for qPCR analysis which included 192 bps,
400 bps, 603 bps and 851 bps. For UV fluence of 40 mJ/cm2, the loss of
transformation efficiency of e-ARG was 1- and 1.3-log after UV only
and UV/H2O2 treatment, respectively. Correspondingly, a much higher
UV fluence (150 and 125 mJ/cm2) was needed for achieving 4-log re-
ductions in transformation efficiency of i-ARG. However, a similar UV
fluence (150 mJ/cm2) was reported for e-ARG for 4-log reduction in
transformation efficiency. The fluence-based first-order rate constants
(k) were fairly similar (0.061–0.064 cm2/mJ) for both treatment pro-
cesses under the UV fluences investigated except for UV/H2O2 for e-
ARG for which the rate was slightly higher (0.073 cm2/mJ).

In agreement with the others (Chang et al., 2017; McKinney and
Pruden, 2012), Yoon et al. (2018) concluded that the extent of gene
damage was greater for larger amplicon size due to a higher number
of adjacent pyrimidine dimer sites available for UV attack. A comparison
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between the transformation assay and qPCR demonstrated that the rate
of gene damage as determined by qPCR was lower for the smallest
amplicon size (192 bps) (up to 4-fold) compared with loss of transfor-
mation efficiency. The rates obtained for transformation assays were,
however, comparablewith qPCR results for 400 and 603 bps. The largest
amplicon size (851 bps) yielded higher (1.1–2.5-fold) gene damage rate
comparedwith that obtained for loss of transformation efficiency. These
findings highlight the need for establishing a potential correlation be-
tween transformation and qPCR assays.

Consistent with their previous findings, Yoon et al. (2018) found
that the ARG damage rate was higher for e-ARG compared with i-ARG
during both UV and UV/H2O2 treatment. For example, for the largest
amplicon, the e-ARG damage rates ranged between 0.1 and
0.18 cm2/mJ compared with 0.072–0.073 cm2/mJ for i-ARG during UV
and UV/H2O2 treatment. These results also demonstrate fairly similar
rates of damage for i-ARGs during both treatments but higher
(0.18 cm2/mJ) for e-ARGs for UV/H2O2 compared with UV photolysis
only treatment (0.1 cm2/mJ). These results were attributed to enhanced
degradation of e-ARGs by HO•which in the case of i-ARGs was not able
to reach the genes due to scavenging by either cell membrane or cyto-
plasmic components.

The authors concluded that the rate of loss of transformation effi-
ciency was fairly comparable during both UV and UV/H2O2 treatments
for e-ARGs, however, their loss as measured by qPCR varied by up to
1.8-fold. These results indicate that qPCR quantified the e-ARG damage
caused by direct UVphotolysis, HO•, and/or ROS. Transformation assays,
however, only detected the damage related to direct UV photolysis. It
was attributed to potential repair of the damage caused by HO• and
ROS during the transformation assays. Therefore, despite the enhanced
ARG loss as quantified by qPCR assay, the corresponding transformation
efficiencywas not reduced. This finding is consistent with that of Chang
et al. (2017) reporting qPCR providing conservative assessment of the
transformation ability of ARGs. It is therefore important to understand
how transformation and qPCR assays (using different amplicon lengths
including the whole genome) compare when repair is potentially
minimised by using higher UV fluences or multi-wavelength UV-LEDs.

5.3.2. ARGs inactivation in wastewater matrices
Inactivation of ARGs in real wastewater has been increasingly re-

ported in recent years. As shown in Table 3, when using UVC lamps,
very high UV fluence was required for the inactivation of various ARGs
(tetG, sul1, intl1) and 16s rRNA. Yoon et al. (2017) investigated the
role of organics by determining the rate of ARG (amp and kan) damage
in awastewater effluent (DOC5.2mg/L). The authors reported that only
marginally higher UV fluence was needed for ARGs inactivation in
wastewater effluent compared with phosphate buffer. Similarly,
McKinney and Pruden (2012) concluded no significant difference in
the inactivation of ARGs in phosphate buffer and wastewater effluent
(TOC 4.61 mg/L). However, the UV fluence required to achieve 3- to 4-
log inactivation of ARGs (mecA, vanA, tetA, ampC) was much higher
(200–400 mJ/cm2) compared with that reported by Yoon et al. (2017).
It is worth noting that the wastewater samples used in both studies
were filtered for turbidity removal before the UV treatment.

Even higher UV fluence requirements (up to 12,477 mJ/cm2) were
reported in another study for achieving approximately 2.5-log reduc-
tion of four ARGs (sul1, tetG, intI1, and 16 s rDN) in wastewater (COD,
13–29 mg/L) (Zhuang et al., 2015). Some factors which may affect the
degree of inactivation of ARGs are the use of pure strains as in the case
of McKinney and Pruden (2012) whereas those used by Zhuang et al.
(2015) were mixed due to their presence in the municipal wastewater.
The impact of other wastewater constituents such as bicarbonate alka-
linity which ranged between 165 and 185 mg/L in the study of
Zhuang et al. (2015) cannot be overlooked. Furthermore, the use of
shorter length amplicons could limit the potential damage to the DNA
and make the comparison of the results difficult. As mentioned earlier,
it has been shown that the shorter amplicon used in qPCR leads to
underestimation of the damage to DNA and therefore loss of the biolog-
ical function of ARGs (Chang et al., 2017; McKinney and Pruden, 2012).

The authors (Zhuang et al., 2015) established a correlation between
the removal of COD and other parameters and found that it showed sig-
nificant correlationwith tetW(R=0.636, p b 0.05), intl1 (R=0.829, p b
0.01) and sul1 (R = 0.832, p b 0.10) which was attributed to COD that
could result in changing the microbial community composition. The
negative impact of water matrix (presence of COD, organics, turbidity,
suspended solids) on UV-based processes in water and wastewater
treatment is well known. An earlier investigation (Auerbach et al.,
2007) reported no inactivation of ARGs in wastewater effluent even
after subjecting it to a very high UV fluence of 30,100 mJ/cm2. It is im-
portant to highlight that the penetration of UV irradiation is signifi-
cantly impacted by the presence of organic matter, turbidity and
suspended solids, and it is therefore important to consider the impact
of the water matrix in order to reduce the irradiation requirements
and so improve energy/cost effectiveness.

Similarly, Zhang et al. (2015) investigated the inactivation of the
ARGs sul1, tetX, tetG, intI1, and 16s rRNA genes present in a municipal
wastewater treatment plant effluent (COD, 39 mg/L). At UV fluence of
249.5 mJ/cm2, log inactivation values of tetX and 16s rRNA genes were
0.58 and 0.60, respectively, while for others it ranged from 0.36 to
0.40. These levels of inactivation are much lower than those for
McKinney and Pruden (2012). Although it is not possible to draw a di-
rect comparison between different studies, it is evident that the inacti-
vation of ARGs in municipal wastewater effluent requires very high
UVfluencewhen comparedwith the pure strains in simplewatermatri-
ces. It should be emphasised that the UV fluence requirements are gen-
erally very high in real and complex wastewater matrices due to the
demand exerted by the wastewater constituents.

Limited research has been carried out on the inactivation of ARB and
no investigations of the inactivation of ARGs using UV-LEDs have been
published to date. As a result, no direct comparison of different wave-
length UV-LEDs for inactivation of ARGs is available. It therefore is im-
portant to investigate the extent of damage to ARGs (both i- and e-
ARGs) under specific UV wavelengths both alone and in different com-
binations. Some of the research needs are common for both UV lamps
and UV-LEDs. For example, of the investigations reported thus far
using UV lamps, few have looked at transformation efficiency, the po-
tential of which after different log inactivation of ARGs is important to
understand. It should, however, be noted that a high ARG log inactiva-
tion may not necessarily imply complete loss of transformation ability.
Because of repair mechanisms, the extent of DNA damage needed to
make the ARG useless, to inactivate the gene permanently, or to make
the ARG unsuitable for HGT is not known. Future studies therefore
need to investigate DNA damage, as quantified by qPCR, and compare
it with the transformation efficiency of the same UV-treated DNA to
benchmark the DNA damage needed for unsuccessful HGT and to mea-
sure the potential for antibiotic resistance expression after UV
treatment.

5.4. UV-based AOPs for inactivation of ARB and ARGs

As mentioned earlier, UV/H2O2 is one of the most widely investi-
gated and applied AOPs in water and wastewater treatment and relies
on the photolysis of H2O2 to generate HO• (Parsons, 2004). Some studies
have drawn a comparison between direct UV photolysis and AOPs for
damaging DNA. For example, the inactivation efficiency of plasmid-
encoded ARGs both in e-ARG and i-ARG forms during water treatment
with chlorine, UV (254 nm), and UV/H2O2 (10 mg/L) was investigated
in a recent study (Yoon et al., 2017). The authors used qPCR analysis
to quantify the damage to the ampR (850 bp) and kanR (806 bp)
amplicons (initial plasmid copies were 1014/mL) which are located in
the pUC4K plasmid. The e-ARGs were damaged faster, i.e., ~1.5-fold
greater damage occurred duringUV/H2O2 comparedwithUVonly treat-
ment (p b 0.01 for all cases, except ampR at pH 8) in phosphate buffer
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solution at all investigated UV fluences (40–140 mJ/cm2). The UV
fluence required for 4-log e-ARG inactivation was 60–90 mJ/cm2 using
UV only whereas the corresponding UV fluence using UV/H2O2 was
~50 mJ/cm2 except for ampR which needed 90 mJ/cm2 at pH 8. How-
ever, in the wastewater effluent, the contribution of HO• to i-ARG dam-
age was negligible for UV/H2O2 which was most likely the result of
scavenging of HO• by organics and inorganics.

A UV-based AOP (UV/H2O2) using 20 mg/L H2O2 and a wide spec-
trum 250 W lamp equipped with a UV filter (main emission
320–450 nm)was investigated for its potential to inactivate ARG blaTEM
(Ferro et al., 2016). It should be noted that thewavelength range used in
this study is not typically used in disinfection applications, and the
range of wavelengths used can significantly impact the resulting treat-
ment efficacy. The gene was quantified before and after treatment
using qPCR. The detection limit of residual antibiotic resistant E. coli col-
onies was set at 5 CFU/mL (initial concentration of 105 CFU/mL) which
was obtained after 240 min treatment (~2000 mJ/cm2). However,
blaTEMwas found to be present at a concentration of 2.8× 106 copies/mL
whichwas close to the initial value (not given by the authors) even after
300 min (UV fluence of 25,000 mJ/cm2). Similarly, no effect was ob-
served on DNA extracted from cell cultures after 90 min (3.8 × 108

copies/mL). It is noteworthy that the UV fluence applied was extremely
high and would not be practical for real applications. Even at such high
fluences, the treatment process could select for certain ARGs resulting in
potential transfer of antibiotic resistance to the environment.

The impact of pH, H2O2 dose and time of UV irradiation using a
254 nm UV lamp was investigated for the inactivation of sul1 (1.91
× 105–2.19 × 106 copies/mL), tetX (1.26 × 107–6.31 × 107 copies/mL),
tetG (1.66 × 105–1.51 × 106 copies/mL), intI1 (5.25 × 105–3.31 × 106

copies/mL), and 16 s rRNA genes (4.37 × 107–3.72 × 109 copies/mL)
(Zhang et al., 2016). A rapid inactivation of ARGs (≥1-log) was noted
during the first 5 min of irradiation at H2O2 concentration of 340 mg/L
and pH of 3. This H2O2 concentration and pH were considered best of
the investigated range since inactivation of ARGs was negatively im-
pacted below and above these values. Increasing the irradiation time
led to a gradual increase in the inactivation such that the log reduction
of sul1, tetX, tetG, intI1, and 16 s rRNA genes was 2.83, 3.48, 3.05, 2.98,
and 2.64, respectively, under the best pH (pH 3) and H2O2 dose
(300 mg/L) conditions.

UV/TiO2 has been investigated for the inactivation of microorgan-
isms including ARB as well as associated ARGs (Dunlop et al., 2015;
Rizzo et al., 2014; Xiong and Hu, 2013). A recent study investigated
the inactivation of ARB and ARGs (mecA and ampc) using a 254 nm LP
mercury lamp in the presence of a thin TiO2 film prepared by a dip coat-
ing method (Guo et al., 2017). The authors also investigated the impact
ofmatrix (phosphate buffer cf. drinkingwater) and the addition of H2O2

on the inactivation efficiency. They reported ~4.5–5.0- and ~5.5–5.8-log
reduction of ARB (initial concentration not given) during UV/TiO2 treat-
ment at UV fluence of 6 and 12mJ/cm2, respectively. Under similar con-
ditions, a much higher UV fluence was needed to achieve a comparable
inactivation of ARGs, i.e., 120 mJ/cm2 for 5.8- and 4.7-log reduction of
mecA and ampC (initial concentration not given), respectively. Further-
more, the authors noted that an increase in the dosage of H2O2 (ranged
over 340–3400 mg/L) enhanced (up to ~1.5-log) the inactivation effi-
ciencies of both ARB and ARGs.

Investigating the impact of H2O2 alone and UV/H2O2 treatment, Guo
et al. (2017) noted that UV irradiation improved the inactivation effi-
ciency of mecA and ampC by 1.3- and 2.2-log units, respectively. For a
UV fluence of 120mJ/cm2, approximately 2.3–2.9- and 1.4–2.7-log inac-
tivation of ampC and mecA was achieved with different concentrations
(340, 1700 and 3400 mg/L) of H2O2. With the addition of thin TiO2

film, the inactivation of mecA and ampC improved to 2.7–3.4- and
2.7–3.2-log, respectively. No matrix effect was reported by the authors,
but thesefindings need to be consideredwith caution since they did not
report the composition of the water, except turbidity which was 1.8
NTU.
Xiong and Hu (2013) investigated a photocatalytic disinfection
system using TiO2 film for the inactivation of antibiotic resistant E.
coli ATCC 700891 (contains ampicillin and streptomycin resistance
markers, initial concentration of 6 × 104 CFU/mL) using UVA-LEDs
(365 nm). Under the intensity range of 6–8 mW/cm2, the UV fluence
requirement for 3-log inactivation decreased from 870 mJ/cm2 to
688 mJ/cm2. Increasing the circle time (the authors used “circle” in-
stead of conventionally used “cycle” time and they defined circle
time as one “on” plus “off” time, and focused on the effect of pulse
frequency) from 20 to 2000 ms decreased log inactivation of E. coli
from 1.26 to 0.54. They postulated that the lower pulse frequency
and longer circle time provided more recovery time for bacterial
repair which resulted in slowing down their inactivation at similar
UV dose.

Due to increasing applications of UV lamp-based AOPs for control-
ling the spread of antibiotic resistant determinants, the use of UV-
LEDs for such applications is expected to be the focus in coming years.
Although there are no reports to date of using UV-LEDs as an AOP for
damaging ARB and ARGs, the common challenges that could influence
the inactivation and potential reactivation of ARB are those closely re-
lated to the impact of operating parameters in the application of con-
ventional UV-based AOPs. However, this is only relevant if the ARB
and ARG inactivation mechanisms and speciation of radicals generated
are similar during irradiation by UV-LEDs and conventional mercury
UV lamps at similar wavelengths. Another important concern is that
AOPs, like UV alone, might lead to enhanced resistance and selective
increase in some bacterial strains. The highly oxidizing conditions
damage the cell walls and membranes as well as internal compo-
nents (enzymes, DNA) which could lead to selecting resistant strains
with greater capacity to resist such stresses (Süss et al., 2009). Under
certain circumstances, both UV photolysis and AOPs have been
shown to increase the relative abundance of both ARB and ARGs,
even in the absence of direct selection by a specific antibiotic
(Ferro et al., 2017; Zhuang et al., 2015). Like UV disinfection, defence
and repair mechanisms can also lead to the survival of ARB (Rizzo
et al., 2013). Optimisation of the process and understanding the
mechanism of selection is therefore important to be addressed in
future studies.

5.5. UV/chlorine combination for disinfection

UV irradiation can be combined with chlorine for achieving
greater disinfection efficiency than that of each individual disinfec-
tant. UV photolysis of chlorine generates a diverse range of highly re-
active species such as HO•, and Cl• (redox potential of 2.4 V) (Beitz
et al., 1998; Watts and Linden, 2007). However, HO• was found to
be N5-fold the concentration of Cl• and therefore contributes more
to the process performance (Chuang et al., 2017). The generation of
HO• during a UV/chlorine AOP showed a synergistic effect due to
damage to the viral genome (Rattanakul and Oguma, 2017). It must
be noted that the pH has to be carefully controlled when HOCl is
used in the UV/chlorine AOP since it significantly affects the molar
absorption coefficient (Miklos et al., 2018). The photodecay rates
during the UV/chlorine process depend mainly on UV wavelength
which is related to the wavelength dependent molar absorption co-
efficient rather than quantum yield (Omary and Patterson, 2017;
Yin et al., 2018). The photodecay rate of chlorine was also shown to
increase with increasing pH at any wavelength.

Inactivation of B. subtilis spores was investigated in collimated beam
experiments using 265 nm and 280 nm UV-LEDs both alone and as an
AOP coupled with chlorine (Li et al., 2018). The water matrices used
were phosphate buffer and reclaimedwater collected from amembrane
bioreactor wastewater treatment plant. At UV fluence of 125 mJ/cm2,
the inactivation rate constants for 265 nm and 280 nm irradiation
were 0.024 and 0.017 cm2/mJ increasing to 0.046 and 0.035 cm2/mJ
after UV/Cl (4 mg/L) treatment, respectively. The authors also
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investigated the UV fluence of 40mJ/cm2 (recommended fluence for 4-
log inactivation of pathogenic microorganisms) during the primary
combined step followed by either UV or chlorine as a post treatment,
i.e., UV/Cl-UV and UV/Cl-Cl. The enhancement of the inactivation of
spores increased markedly during both processes with UV/Cl-Cl show-
ing greater inactivation than with UV/Cl-UV. The inactivation rate of
spores increased 2.1- and 1.6-fold for 265 and 280 nm, respectively,
after UV/Cl-Cl treatment compared with Cl alone treatment. It was con-
cluded that the role of HO• was crucial during the treatment as also
shown in other investigations for the inactivation of B. subtilis using
other AOPs (i.e., UV/H2O2) (Cho et al., 2006). The authors reported
lower inactivation of spores when present in reclaimed water, both for
265 and 285 nm during the UV/Cl-Cl process. However, the increase in
the reaction rates was 2.3- and 1.7-fold after UV/Cl-Cl compared with
Cl2 only treatment, which was fairly similar for phosphate buffer as
mentioned above.

Using LPmercury lamps, the sequential UV/chlorination processwas
investigated for sul1, tetX, tetG, intI1, and 16 s rRNA genes in municipal
wastewater effluent (Zhang et al., 2015). Compared with UV alone, se-
quential UV/chlorination led to synergistic values ranging between
0.006 and 0.031-log removals for the investigated genes (Zhang et al.,
2015). 16 s rRNA showed the highest synergy whereas tetX showed
the least. It is also important to note that the amplicon length used in
this study was short (163–280 bp) which, as mentioned earlier in
Section 5.3.2, makes it hard to evaluate the overall damage to the
genes. It must also be noted that the concentration of chlorine in the se-
quential process was 25 mg/L which is much higher than used in prac-
tice which rarely exceeds 2 mg/L (Government of Canada, 2016).

Both sequential and simultaneous UV/chlorine disinfection was
evaluated by Shang et al. (2007) for MS2 inactivation. When compared
with chlorine alone, the sequential and the simultaneous processes in
the primary disinfection stage resulted in enhanced MS2 inactivation
rates by 1.5–2.7 times upon secondary disinfection with chlorine. Im-
portantly, the UV fluence used was 51 mJ/cm2 which is not very high
considering the value generally recommended (40 mJ/cm2) for patho-
genic inactivation. Sequential and simultaneous UV/chlorine processes
were also investigated for inactivation of adenovirus and MS2 using
254 nm LP mercury lamps (Rattanakul et al., 2014; Rattanakul et al.,
2015). Using a much lower chlorine dose of 0.15 mg/L and with UV
fluence of 50 mJ/cm2, Rattanakul et al. (2015) achieved 4-log inactiva-
tion of HAdV-5with the combined chlorine/UV process. This level of in-
activation was much higher than individual UV treatment which
required a UV fluence of 100 mJ/cm2 for achieving 2-log inactivation.
Furthermore, the authors found that pre-treatment with chlorine
could increase the viral sensitivity to subsequent UV irradiation since
it had a synergistic effect on HAdV-5 inactivation, but not for the UV
followed by chlorine process. Similar results were reported in their ear-
lier investigation for HAdV-5 (Rattanakul et al., 2014). They also inves-
tigated inactivation of MS2 and reported it was also synergistic for
combined UV and chlorine treatment with 2.3-fold greater inactivation
than for the individual processes. The sequential UV‑chlorine and
chlorine-UV processes were also investigated for MS2 inactivation,
and both treatments showed synergistic effect for MS2 inactivation in
terms of time-based inactivation rates. The inactivation rate during
chlorine-UV sequential treatment was noted to be higher (0.11 s−1)
compared with the combined process (0.09 s−1), which was in agree-
ment with their earlier findings for HAdV-5.

The combination of UV and chlorine could also be advantageous for
minimising the potential for selection of resistant microorganisms due
to lower chlorine requirementswhichwould also be beneficial in lower-
ing the formation of DBPs. Reduced UV fluence is another potential ad-
vantage that could consequently reduce the energy and total cost of the
combined UV/Cl treatment. However, research in this particular area is
rather limited. Nonetheless, a combination of chlorination and UV irra-
diation appears to be a goodway to not only improve the inactivation of
ARGs and ARB, but also to reduce the possibility of bacterial re-growth
in water distribution systems, minimise microbial selection and the for-
mation of DBPs.

6. Energy assessment

Estimation of EEO using UV-LEDs at various wavelengths (265 nm,
280 nm, 300 nm)was carried out for 3-log inactivation of Ps. aeruginosa,
Legionella pneumophila, and surrogate microorganisms, including E. coli,
bacteriophage Qb, and B. subtilis spores (Rattanakul and Oguma, 2018).
A comparison of the EEOwith a 254 nmLPmercury lampwas alsomade.
Of the UV-LEDs, 300 nmwas the most energy intensive wavelength for
all microorganisms and the highest EEO required (17.4 kWh/m3)was for
the B. subtilis spores followed byQb (7.44 kWh/m3). A similar trendwas
observed for 265 nm and 280 nm UV-LEDs with lower EEO needed for
the bacterial species compared with the B. subtilis spores and Qb, al-
though that needed for the spores was lower than for Qb at these
wavelengths.

It was shown that irradiation at 280 nm required almost half the en-
ergy as at 265 nm for a similar level of inactivation. The greater energy
efficiency for 280 nm (WPE, 0.019) compared 265 nm (WPE, 0.006)
was attributed to the difference inWPE (the germicidal emission output
per electrical energy input) (Oguma et al., 2018). UV-LEDs emitting at
280 nmwere therefore the most energy efficient for all of the microor-
ganisms investigated. The highest EEO required for 300 nmUV-LEDswas
attributed to the lowest inactivation of all microorganisms despite the
highest WPE (0.026). The EEO value reported by Rattanakul and
Oguma (2018) for E. coli inactivation using 280 nm UV-LEDs was
lower (1.04 kWh/m3) compared with Beck et al. (2017). The lower
EEO for 280 nm was attributed to the ~4-fold higher WPE compared
with that for Beck et al. (2017). Moreover, the strains of E. coli used in
these two studies were different. According to Rattanakul and Oguma
(2018), the LP mercury lamp was the most efficient compared with all
UV-LED wavelengths with EEO ranging between 0.006 and
0.064 kWh/m3. For example, LP mercury lamps required 25–40-fold
less energy than the 265 nm UV-LEDs for 3-log inactivation of the mi-
croorganisms studied. Similar to the findings for UV-LEDs, the EEO re-
quirement using the LP mercury lamp was lower for the bacterial
species than for the bacteriophage Qb and B. subtilis spores.

A comparison of the energy efficiency was made for 260 nm and
280 nm UV-LEDs both individually and in combination for inactivation
of E. coli, MS2 coliphage, HAdV2, and B. pumilus spores (Beck et al.,
2017). For 1-log inactivation of E. coli, 260 nm was the least efficient
(0.464 kWh/m3) in terms of energy requirements compared with
280 nm (0.347 kWh/m3) and the combination of 260 and 280 nm
(0.379 kWh/m3) UV-LEDs. For MS2, the combination of both wave-
lengths was slightly more energy efficient than the individual wave-
lengths, but the results were not statistically significant. For 2-log
inactivation of B. pumilus, the required EEO was fairly similar for
280 nm (19.4 kWh/m3) and 260 nm (19.7 kWh/m3) with combined
wavelengths having the lowest EEO (17.8 kWh/m3). Similar results
were reported for 2-log inactivation of HAdV2, with 260 nm being
slightly more energy intensive (5.1 kWh/m3) compared with 280 nm
(4.4 kWh/m3) and the combination of both wavelengths
(4.972 kWh/m3). The authors compared LP and MP mercury lamps.
They concluded that the LPmercury lampwas the least energy intensive
for E. coli andMS2whereas a comparable EEL (electrical energy per 2-log
reduction)was noted for HAdV2 for the two lamps. Although theMPUV
lampwas 2.3-fold more energy efficient than the LP UV lamp, enhanced
inactivation (~2.3-fold) of HAdV2 at lowwavelengths (b240nm) during
MP UV irradiation resulted in comparable EEL for both lamps. Similar re-
sults were reported for B. pumilus regarding EEL. These findings would
be useful in the future development and application of the UV-LEDs
which could irradiate in the lower UVC range (b240 nm) and achieve
enhanced inactivation for some microorganisms.

The energy required to achieve certain level of inactivation is a useful
indicator for comparing UV lamps and UV-LEDs but also different UV-
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LED wavelengths. However, for comparison to be valid and appropriate
between different studies, it is important that the differences in target
microorganisms, system design, WPE, peak wavelengths and other op-
erational factors (mode of irradiation, duty cycle, etc.) are considered.
It is therefore important that these aspects are realised since it is antic-
ipated that increasing attention will be paid to the energy aspect (be-
tween different UV-LED wavelengths and UV lamps) in future
investigations.

A comparison with LP mercury lamps at this stage may not be fair
since they are markedly more electrically efficient than UV-LEDs. Al-
though higher (up to ~22% for 365 nm)WPE has recently been reported
for UVA-LEDs as discussed later in Section 7, it currently stands at 1–3%
for UVC-LEDs, which is much lower than that for LP UV lamps (30–40%)
(Autin et al., 2013). While the special features of UV-LEDs such as pulse
irradiation is shown to reduce energy demand when compared with
continuous irradiation (Ku et al., 2017), these results are for the degra-
dation of organics and are based on the time of irradiation rather than
UV fluence. It has beenmentioned previously that the UV fluence deliv-
ered cannot be simply assumed to be equivalent for pulse and continu-
ous irradiation modes based on the irradiation time. Similarly, the
impact of duty cycle on energy efficiency also needs to be considered
in future investigations. Similarly, there is a lack of direct comparison
of the EEO required using different wavelength UV-LEDs. Such compari-
son is very important to correlate and compare the inactivation effi-
ciency of different wavelengths with the energy requirements.

Ongoing developments will see substantial increase in the WPE of
UV-LEDs and they are projected to be much more competitive with
the LPmercury lamp systems. It is recommended that studies of the en-
ergy requirements for the inactivation of ARB andARGs for differentUV-
LED wavelengths and operational conditions be undertaken in future.
To date there has been no research on the energy required for different
levels of inactivation of ARGs using UV-LEDs, and hence no comparative
assessments with conventional UV lamp systems are available. More-
over, cost estimation has yet to bemade for UV-LEDs for disinfection ap-
plications, but it is known that at the current stage they are not
comparable (with respect to their output) to conventional LP mercury
lamps.
7. Future of UV-LED technology

Significant improvements in external quantum efficiency (EQE)
(ratio of the number of photons emitted from the LED to the number
of electrons passing through the device) due to developments in crystal
growth, chip processing, and packaging technologies, particularly for
UVA-LEDs, have been made recently. For example, for 375 nm, EQE of
up to 43.2% has been reported at an output power of 28.7 mW at
20 mA, and 30% for 365 nm (Muramoto et al., 2015). Likewise, the
WPE of UVA-LEDs (365 nm) has improved markedly to 22.1% (Tien
et al., 2017). The EQE of UV-LEDs decreases rapidly with increase in
the molar fraction of aluminium content, i.e., as the wavelength de-
creases (Kneissl et al., 2011), hence the EQE and WPE of UVC-LEDs are
much lower than for UVA-LEDs. Recent advancements for enhancing
the EQE of UV-LEDs through improvements such as high-quality
AlGaN epitaxial layers, transparent and reflective ohmic contacts, and
light extraction have been reviewed by Park et al. (2017).

In the past decade, the EQE of UVC-LEDs has increased from b0.1% to
N10% (Park et al., 2017). In 2015, the highest EQE in the 280–300 nm
rangewas 14.3% (Chen et al., 2017; Hirayama et al., 2014). By enhancing
the light extraction efficiency through additional features (a transparent
AlGaN:Mg contact layer, a Rh mirror electrode, an AlN template on a
patterned sapphire substrate, and encapsulation resin) a recent study
reached EQE efficiency of 20.3% for 285 nm (Takayoshi et al., 2017).
These modifications led to an increase of WPE from 2.2% to 5.7%. A cor-
responding increase in output power from 3.9 to 18.3 mW (20mA) and
from 9.3 mW to 44.2 mW (50 mA) was also reported.
As the output power has increased, the corresponding cost of UV-
LEDs has decreased, primarily due to mass production (Muramoto
et al., 2015). As mentioned earlier in Section 3, some UVA wavelengths
are approaching the efficiency equivalent of blue LEDs (Galbraith,
2016). These improvements are happening along with an increase in
the lifespan which is dependent on the wavelength of UV-LEDs (Chen
et al., 2017). For example, 365 nm and 250 nm UV-LEDs have been re-
ported to have a lifespan expectancy of 26,000 h and 2000 h, respec-
tively (Chen et al., 2017). Similarly, from a lifetime of a few hundred
hours in 2010, lifetime in excess of 10,000 h was reported in 2016 for
50 mW UVC-LED (285 nm) (Nikkiso, 2016). A much higher life expec-
tancy of ~45,000 h (approximately 3-fold more than existing LP mer-
cury lamps) was reported for 285 nm UV-LEDs (METAWATER, 2017).
Ongoing cost reductions in UVC-LEDs are projected to result in taking
over the UV curing market by 2019–2020 (Yole Development, 2016).
These developments have widened the range of applications of UV-
LEDs, and continuing improvements in their output power and energy
efficiency, and reduction in cost, are expected to make this technology
a competitive alternative to traditional UV systems.

In parallel with the increasing application of UV-LEDs for disinfec-
tion and oxidation of organic contaminants, their application for the in-
activation of ARGs has started to emerge. It is recommended that
particular focus be given to the advantages of the use of specific wave-
lengths, appropriate reactor design, and improving energy efficiency
since the UV fluence will need to be markedly higher to inflict substan-
tial DNA damage. Since UV lamps havemainly been used, with very few
investigations using UV-LEDs for this purpose, and given that inactiva-
tion of ARGs requires a significantly higher fluence than bacterial disin-
fection, the energy efficiency becomes particularly important when
using UV-LEDs.

Finally, the researchquestions related to the development ofUV-LED
reactors, fluence requirements and benchmarking UV fluence require-
ments for complete inactivation of ARGs vs disinfection remain to be ad-
dressed. One important area to facilitate widespread application of UV-
LEDs that some recent studies have attempted to address is develop-
ment of a standard protocol for comparison of the differentwavelengths
for disinfection and oxidation, for both UV-LED andUV lamp technology
by Kheyrandish et al. (2017, 2018). The authors developed a protocol for
accurate control and measurement of the output of UV-LEDs
(Kheyrandish et al., 2017), and estimation of the UV fluence and calcu-
lation of various factors including petri factor, water factor, divergence
factor, reflection factor, and collimation factor (Kheyrandish et al.,
2018).

Despite the well-established nature of UV lamp technology, there is
increasing interest in UV-LED technology given the advantages of LEDs
over UV lamp-based systems. However, the competitiveness of UV-
LEDs with conventional UV lamps needs to be demonstrated in terms
of the advantages they provide through, for example, the combination
of desired wavelengths and their potential synergistic effect, energy ef-
ficiency, and other operational advantages such as pulse vs continuous
irradiation. Considering the different mechanisms involved in disinfec-
tion and damage to DNA, investigation of the effectiveness of the com-
bination of low, intermediate, and higher wavelength UV-LEDs for
direct and indirect damage looks promising.

8. Conclusions

Disinfection using UV irradiation with a particular focus on control-
ling antibiotic resistance is reviewed in relation to the potential of UV-
LEDs as possible alternatives to UV lamps in future applications. UV-
LEDs have emerged as a potentially competitive and promising alterna-
tive source of UV irradiation to conventional mercury lamps for disin-
fection. Although the current low output power of UV-LEDs and high
cost are themain limitations to their application in water andwastewa-
ter treatment, significant developments in terms of wall plug efficiency,
external quantum efficiency, and output power have been made over
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the last few years. These developments, combined with improved reac-
tor design, are expected to improve the overall viability of their
application.

Increasing concern regarding the spread of antibiotic resistance bac-
teria (ARB) and genes (ARGs) further highlight the significant benefit of
UV technology since LP mercury lamp-based UV irradiation has been
used successfully to inactivate ARB and ARGs. However, the required
UV fluence and therefore energy requirement to achieve an adequate
level of DNA damage (i.e., to avoid environmental spread/transfer)
could be very high, which limits the large-scale application of conven-
tional UV lamps. Better understanding of the effectiveness of combina-
tions of different wavelength UV-LEDs for efficient control of ARB and
ARGs is required for developing the technology. Sincemost of the inves-
tigations have looked only at log inactivation of ARGs, it is important to
understand how the log ARG inactivation correlates with different
mechanisms of gene transfer with a view to determining the level of
ARG inactivation required to achieve the desired level of treatment.
These aspects need to be considered for UV irradiation in general and
UV-LEDs in particular, since their use for controlling antibiotic resis-
tance is limited. UV/chlorine and UV-based AOPs have been investi-
gated less than direct UV photolysis, although they could offer several
attractive advantages including enhanced inactivation of ARGs.

UV-based treatment processes could lead to selection for certain
ARGs, resulting in potential transfer of antibiotic resistance to the envi-
ronment. Further work on determining the appropriate conditions to
avoid selection pressure is required, including benchmarking the UV
fluence required to avoid selection pressure for various ARB and ARGs.
Consequently, disinfection under different operational conditions such
as wavelength, pulse irradiation and duty cycle need to be investigated.
Further research on energy assessment and repair mechanisms, partic-
ularly with different combinations of UV-LED wavelengths, could give a
better picture of the total inactivation potential of those combinations.
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